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Preface
This technical guidance document has been prepared to serve as a comprehensive aid in the
detailed selection, design, installation, and operation of indoor radon reduction measures .
for existing houses based on active soil depressurization techniques. It is intended for use
by radon mitigation contractors, building contractors, concerned homeowners, state and
local officials, and other interested persons.
This document is the third edition of EPA's technical guidance for indoor radon reduction
techniques. This document addresseS primarily radon reduction techniques based on active
soil depressurization technology, which is one of the most widely used approaches for
reducing radon in existing houses. The document also addresses active soil pressurization
and passive soil depressurization techniques, because these less widely used techniques
bear a number of similarities to active depressurization systems.
This edition incorporates additional and updated information on active soil depressurization techniques, reflecting new results and perspectives that have been obtained in this
developing field since the second edition ofEPA's technical guidance (BPN625/5-87/019)
was published in January 1988. Thus, this document should be viewed as replacing Section
5 ("Soil Ventilation") of the second edition.
This document does not provide guidance regarding indoor radon reduction techniques
other than active soil depressurization (and active soil pressurization and passive soil
depressurization). Persons interested in other techniques, including house ventilation, entry
route sealing, house pressure adjustments, air cleaners, and well water treatment, are
referred to the second edition of the technical guidance document.
Homeowners and occupants who are interested in a brief overview of the alternative radon
reduction techniques available, and of the steps to follow in getting a radon reduction
system installed in their home, are referred to the booklet entitled Consumer's Guide to
Radon Reduction, EPA-402-K92-003. Copies of that booklet, and of the second and third
editions of the detailed technical guidance document, can be obtained from the state
agencies and the EPA regiol1lal offices listed in Section 15. Copies of the second and third
editions of the technical guidance document can also be obtained from
ORD Publications Office
Center for Environmental Research Information
U.S. Environmental Protection Agency
26 West Martin Luther King Drive
Cincinnati, OH 45268-1072
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Glossary
ABS (acrylonitrile butadiene styrene)-A plastic that is resis-

Backdrajting (of combustion appliances)-A condition where

tant to deterioration (e.g., by soil chemicals), similar to
PVC. ABS is used to make rigid piping that is commonly
used; e.g., for residential sewer lines and for perforated
drain tiles.
'

the normal movement of combustion products up a flue,
resulting from the buoyant forces on the hot gases, is
reversed, so that the combustion products can enter the
house. Backdrafting of combustion appliances (such as
ftreplaces and furnaces) can occur when depressurization
in the house overwhelms the buoyant force on the hot
gases. Backdrafting can also be caused by high air pressures at the chimney or flue termination.

Active soil depressuriZlltion (ASD)-A cla'>s of techniques

for reducing radon concentrations inside buildings. These
techniques function by drawing radon-containing soil gas
away from the foundation and exhausting it outdoors
before it can enter the, building.

Backer rod-A compressible, closed-cell polyethylene foam

material, which is formed into ropes or cords of alternative
diameters. Backerrod can be force-ftt into wide cracks and
similar openings to serve as a support for caulking material.

Aggregate-As used here, aggregate refers to gravel or crushed

rock that is placed beneath concrete slabs during construction to provide an even, well-supported base for the concrete and to provide a capillary break for moisture purposes. The term ','gravel" may refer to crushed rock (e.g., Band joist-Also called header joist, header plate, or rim
pea gravel) or to naturally occurring material (e.g., riverjoist. A board (typically 2 x 10 in. l ) that rests (on its 2-in.
run gravel). The presence of sub-slab aggregate often
dimension) on top of the sill plate around the perimeter of
results in, good sub-slab communication. The optimal agthe house. The ends of the floor joists are nailed into the
gregate from the standpoint of radon mitigation is clean,
header joist that maintains spacing between the floor joists.
coarse aggregate, without substantial ftne material to block
the open spaces between the larger rocks. '
' Baseboard duct-,-A continuous system of sheet metal or
plastic channel ducting that is sealed over the joint beThe tertij. "aggregate" is also sometimes used in some
tween the wall and floor around the entire perimeter of the
areas to refer to sand or sand/pebble mixtures, which can
basement. Holes drilled into hollow blocks in the wall
also be used to support slabs and provide a capillary break.
allow suction to be drawn on the walls and joint to remove
Howeve~, in this document, the term is used only to refer
radon through the ducts to a release point away from the
to gravel or crushed rock. '
inside of the house.
Air changes per hour (ach)-The number of times within 1

Basement-A type of house construction where the bottom

hour that,the volume of air inside a house would nominally
be replaced, given the rate at which outdoor air is inftltrating the house. If a house has 1 ach, it means that all of the
air in the house will be nominally replaced in a I-hour
period

livable level has a slab (or occasionally an earthen floor)
that averages 3 ft or more below gnlde level on one or
more sides of the house.
Block cavities, block voids-The air space(s) within concrete

block or cinder block often used to construct foundation
walls. The block cavities form an interconnected matrix
within afmished wall.

Alarm-As .used here, a device that gives a visual or auditory

signal (such as a light or a buzzer) when the suction in an
ASD system moves outside the acceptable operating range
for that system. An alarm mayor may not also include a
gauge to provide a reading of the actual suction in the
system.
'

Block-wall depressurization (BWD)-A variation of the ASD

technology, where the system is attempting to depressurize the interconnected cavities inside the hollow-block'
foundation wall.

Alpha particles-A positively charged sub-atomic particle,

comparable to the nucleus of a helium atom, emitted
during decay of certain radioactive elements, such as
radon and some of its progeny. The type of radiation
responsible for the lung cancer risk associated with radon
decay products. Many of the measurement devices used to
detect ralion are based on the detection of alpha particles.

Readers more familiar with metric units may use the equivalents
listed at the end of the front matter.
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Glossary (continued)
Blowerdoor-A device consisting of an instrumented fan that
can be mounted in an existing doorway of a house. By
determining the air flows through this fan required to
achieve different degrees of house depressurization, the
blower door permits detennination of the tightness of the
house shell, and an estimation of the natural filtration rate.

living space but often contains utilities. Distinguished
from slab-on-grade or basement construction..

Crawl-space depressurization-A radon reduction approach
that has sometimes been applied to crawl-space houses,
where an exhaust fan (blowing crawl-space air outdoors)
causes the crawl space to become depressurized relative to
the living area above. This approach prevents radon-containing crawl-space air from flowing up into the living
area Appears to be second only to S:MD as an effective
alternative for treating crawl-space houses.

Chemical smoke-An inert fine powder, resembling smoke,
which is released at selected locations during diagnostics
in order to visualize the direction of air movement at those
locations. Chemical smoke might be used, for example, to
detennine whether soil gas appears to be entering the
house through selected openings in the slab. Chemical
smoke can be dispensed from specially designed guns,
bottles, or tubes, often by squeezing a rubber bulb on one
end of the device or by squeezing the sides of the plastic
bottle.

Cubic feet per minute (cfm)-A measure of the volume of a
fluid (measured in cubic feet) flowing within a fixed
period of time (expressed in minutes).

Depressurization-In houses, a condition that exists when the
air pressure inside the house is slightly lower than the air
pressure outside or the soil gas pressure. The lower levels
of houses are essentially always depressurized during cold
weather because of the buoyant force on the warm indoor
air (creating the natural thennal stack effect). Houses can
also be depressurized by winds and by appliances that
exhaust indoor air. ASD systems attempt to depressurize
the soil (i.e., to reduce the soil gas pressure to a value
lower than the pressure in the house).

Cold air return-The registers and ducting that withdraw
house air from various parts of the house and direct it to a
central forced-air furnace or heat pump. The return ducting
is at low pressure relative to the house because the central
furnace fan draws air out of the house through this ducting.

Communication (as in "sub-slab communication")-A measure of how well openings beneath the slab (e.g., through
porous gravel or soil under the slab) connect the sub-slab
region, permitting suctions (or flows) generated at one
point to extend to other points beneath the slab. Sub-slab
communication is classified here in three categories: good,
marginal, and poor. The concept of communication can
also be applied to communication between the sub-slab
region lUld the cavities in block foundation walls, communication beneath crawl-space membranes, etc.

Detached houses-Single family dwellings as opposed to
apartments, duplexes, townhouses, or condominiums. Those
dwellings that are typically occupied by one family unit
and which do not share foundations and/or walls with
other family ,dwellings.

Diagnostic testing:"-Tests conducted before or after the installation of a radon reduction system to aid in deciding
which radon reduction technology· to use, designing the
selected system, or evaluating the reasons why an installed
system is not performing as anticipated.

Contracwr (as in "radon contractor")-A building trades
professionnl who works for profit to correct radon problems; a radon remediation expert. Also referred to as a
rodon mitigator. Through EPA's Radon Contractor ProficicncyProgmm (RCPP), contractors can voluntarily demonstrate their proficiency. Some state radiological health
offices also maintain lists of qualified professionals.

Diffusive movement-The random movement of individual
atoms or molecules, such as radon atoms, in the absence of
(or independent of) bulk (convective) gas flow. Atoms of
radon can diffuse through tiny openings or even through
unbroken concrete slabs. Distinguished from convective
movement.

Com'ective movement-As used here, the bulk flow of radoncontaining soil gas into the house as the result of pressure
differences between the house and the soil. Distinguished
from diffusive movement.

Drain tile-Perforated piping, usually constructed of flexible

(e.g., of 4- to S-in. diameter) out of concrete slabs. Coring
drills can be operated dry (e.g., with a carbide bit) or wet
(e.g., with a diamond bit).

corrugated black high-density polyethylene or polypropylene, or of rigid ABS, PVC, or baked clay. Such tiles are
buried beside the foundation of the house to collect water
around the foundation and route it away from the foundation via a sump or a remote discharge.

Crawl space-An area beneath the living space in some

Drain-tile depressurization (DTD)-A variation Of the ASD

houses, where the floor of the lowest living area is elevated
above grade level. This space (which generally provides
only enough head room for a person to crawl in) is not

technology, where the area around the foundation is depressurized by drawing suction on drain tiles.

Coring drill-A large power drill that can cut circular cores
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Glossary (continued)
Effective leakage area-A pammeter detennined from blower

stalled over the foundation walls; used in lieu of standard
2- by 4-in. studs. In radon mitigation, one occasional use
of furring strips can be to attach the crawl-space membrane for SMD systems to the perimeter foundation wall.

door testing, giving a meaSure of the tightness of the house
shell. Conceptually, this leakage area reflects the square
inches of open area through the house shell, through which
ajr can infiltrate or exfiltrate.

Gamma meter-A portable, hand-held instrument that can be
Entry routes-Pathways by which soil gas can flow into a

used to measure the rate of energy release by gamma
radiation in microroentgens per hour.

house. Openings through the flooring and walls where the
-house contacts the soil.

Gamma radiation-Electromagnetic radiation released from
EPDM (ethylene propylene diene monomer; a terpolymer of
that monomer)-A heavy rubberized membrane used for
waterproofing flat roofs as a substitute for built-up tarand-felt roofs. For SMD systems in crawl-space houses,
EPDM is one logical material to be laid on top of the
polyethylene sheeting along the routes of expected foot
traffic within the crawl space to protect the polyethylene
from being punctured.

the nucleus of some radionuclides during radioactive decay. Some gamma radiation, caused by radionuclides in
the suri.-ounding soil and rock and cosmic radiation from
space, will exist in all houses. In infrequent cases, indoor
gamma radiation can also result from building materials
having elevated radionuclide concentrations.

Gauge-As used here, a device that provides a conti,nuous,
quantitative measurement of the suction within the piping
of an ASD system. Gauges mayor may not also be
equipped with an alarm that provides a visual or auditory
signal if the suction moves outside the acceptable range for
the system.

EXfiltration-The movement of indoor air out of the house.
Exhaustfan-A fan oriented so that it blows indoor air out of
the house. Exhaust fans cause outdoor air (and soil gas) to
infiltrate at other locations in the house, to compensate for
the exhausted air.

Grade (above or below)-The t:enn by which the level of the
ground surrounding a house is known. In construction,
grade typically refers to the surface of the ground. Struc-tures can be located at grade, below grade; or above grade
.
relative to the surface of the ground.

Expansion joint-A gap through a concrete slab, usually
about l/2-in. wide and filled with asphalt-impregnated
fibrous material. In some regions, such joints are installed
around the slab perimeter as the wall/floor joint. In other
cases, they are installed across the middIe of the slab
(perpendicular to the front and rear walls). They are referred to as expansion joints because they would compress
if the slab ever expanded. They would also reduce cracking if a segment of the slab shifted vertically relative to the
foundation walls or relative to another segment of the slab.

Ground fault interrupter switch-A switch that can be installed in the power cord leading to masonry drills that are
being used to drill or core holes through concrete slabs.
The switch is intended to reduce the risk of electrical
shock to the workers by shutting off power to the drill if
there were a power surge (e.g., if there were a short circuit
in the drill) or if the bit hit an electrical conduit beneath the
slab.

Flowable caulk-Refers to caulks (often urethane caulks in
this document) that are sufficiently fluid such that they
tend to flow like a viscous liquid prior to curing. Plowable
caulks have the advantage of flowing into cracks and
irregularities in the opening being sealed, thus fmming an
effective seal.

Heat exchanger-A device used to transfer heat from one
stream to another. In air-to-air heat exchangers for residential use, heat from exhausted indoor air is transferred to
incoming outdoor air, without mixing the two streams.

Footing(s)-A concrete or stone base, supporting a founda-

Heat recovery ventilators-Also known as air-to-air heater

tion wall, that is used to distribute the weight of the house
over the soil or subgrade underlying the house.

exchangers or heat exchangers.

Hollow-block wall, Block wall-A wall constructed using
Forced-air furnace (or heat pump)-A central furnace or
heat pump that functions by recirculating the house air
through a heat exchanger in the furnace. A forced-air
furnace is distinguished from a central hot-water space
heating system or electric resistance heating.

Furring strip-A small strip of wood (usually 1- by 2-in. or .
1- by 4-in.) that is commonly attached vertically to the
interior of block or poured concrete foundation walls
inside basements to support interior panelling being in-
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hollow rectangular masonry blocks. The blocks might be
fabricated using a concrete base (concrete block) Or using
ash remaining after combustion of solid fuels (cinder
block). Walls constructed using hollow blocks fonn an
interconnected network with their interior hollow cavities.
Foundation walls are most commonly constructed either of
hollow block or of poured concrete, although other materials (such as fieldstone or wood) are sometimes also used.

Glossary (continued)
House air-Synonymous with indoor air. The air that occu-

colored liquid. Two types of such manometers (a V-tube
and a curved inclined manometer) are commonly used as
pressure gauges peooanently mounted on ASD installations.

pies the space within a house.

Indoor air-That air that occupies the space within a house or
other building.

MagnehelicR gauge-A pressure gauge manufactured by the
ItJjU/ration-The movement of outdoor air or soil gas into a

Dwyer Instrument Co. that displays pressures on a calibrated face. Such gauges are sometimes used as permanently mounted pressure gauges on ASD installations.

house. The infiltration that occurs when all doors and
windows are closed is referred to in this document as the
natural closed-house infIltration rate. The reverse of exfIltmtion.

Membrane-As used here, sheeting (commonly polyethyl-

Installatron costs-As used here, the cost to the homeowner

ene) that is laid over the earthen or gravel floor of a crawl
space as part of a sub-membrane depressurization system.

of having an indoor radon reduction system installed in a
house. If the system is installed by a professional mitigator. installation costs will include labor (including fringe
benefits). materials, overhead, and profit.

Micromanometer-A pressure-sensing device capable of detecting pressure differences as low as 0.001 in. WG.
Commonly used in diagnostic testing; e.g., to assess subslab depressurizations created by a diagnostic vacuum
cleaner or a SSD system.

Ionizing radiation-Any type of radiation capable of producing ionization in materials it contacts. Ionizing radiation
includes high energy charged particles, such as alpha and
beta particles, and non-particulate radiation, such as gamma
rays and X-rays. By comparison, wave radiation, such as
visible light and radio waves, does not ionize adjacent
atoms.

Microroentgen-The roentgen (R) is a unit of measure of the
total ionizing energy being produced by radiation in a unit
mass of air. A microroentgen (~) is 1 millionth (10- 6) of a
roentgen. Gamma radiation is commonly measured in
units of J.IR/hr; i.e., the rate at which ionizing energy is
released by the gamma rays per mass of air.

Joist-Any ofthe parallel horizontal beams (commonly 2- by
IO-in. boards) set from wall to wall to support the flooring
for a living space or attic overhead. For example, joists in
the basement ceiling will support the flooring for the first
floor. If the basement has a plasterboard ceiling, the ceiling plasterboard will also be attached to these joists from
underneath.

Mitigator-See Contractor.
Non-flowable caulk, Gun-grade caulk-Refers to caulks that
are sufficiently viscous such that the caulk bead will tend
to retain its shape prior to curing. Distinguished from
flowable caulks. Non-flowable caulks are less effective at
settling into cracks and irregularities in the opening bei.ng
sealed but are required in cases where the opening does not
provide a channel to contain the fluid movement of the
flowable caulks or where the opening is on a vertical
surface.

LfJad-bearing-A tenn referring to walls or other structures
in a house that contribute to supporting the weight of the
house.

Make-up air, Outdoor source of draft air (to address combustion appliance backdrafting)-As used here, an outdoor supply of fresh air into the house to provide the
required draft air (and combustion air) needed for proper
movement of products of combustion up the flues of
combustion appliances. Such make-up air may be needed
in cases where an ASD system is found to be creating
backdrafting of combustion appliances through depressurization of the house. The teoo "make-up air" can also be
used to describe the supply of outdoor air into the house in
general, to prevent house depressurization by combustion
appliances and exhaust fans, in cases where an ASD
system has not been installed. "Make-up air" can also be
used to refer to fresh air drawn into the cold air return of
rorced-air furnace systems to ventilate and perhaps even
pressurize the house.

Operating costs-The costs to the homeowner/occupant of
continued operation of the radon reduction system. Operating costs include electricity to operate the ASD fan, the
house heating/cooling penalty resulting from the exhaust
of treated house air by the ASD system, system maintenance (such as occasional fan repair/replacement), and the
costs for periodic follow-up radon measurements to ensure
that the system is continuing to be effective.

Passive soil depressurization-Soil depressurization techniques that are analogous to ASD systems but which rely
on natural phenomena (thermal and wind effects) rather
than an active fan to develop the suction in the system.
Passive suctions will be much lower than fan-developed
suctions, and the performance of passive soil depressurization systems will always be lower, less reliable, and more
variable than that for active systems.

Mallometer-A pressure-sensing device that displays pressure differences between two locations by the level of a
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Glossary (continued)
.PE (polyethylene)-A polymeric, plastic-like material similar to PVC. Rigid polyethylene piping is sometimes used
in ASD system piping. Thin sheets of polyethylene (usually 6 to 10 mils thick) are commonly us('A! as the membrane over the crawl-space floor for SMD systems.

PVC (polyvinyl chloride}-A polymeric, plastic material that
is resistant to deterioration (e.g., by soil chemicals) and is
used in a wide variety of products. It is used to make rigid
piping that is commonly used; e.g., in residential sewer
lines, and as the piping for ASD systems. Flexible PVC
couplings can be used to join sections of rigid PVC piping.

Perimeter channel drain, Canal drain (sometimes referred to
as a "French" drain}-A water drainage technique in-· Radon-The only naturally occurring radioactive element
stalled in ~asements of some houses during initial conthat is a gas. Technically, the term "radon" can refer to any
struction. If present, typically consists of a 1- or 2-in. gap
of a number of radioactive isotopes having atomic number
86. In this document, the term is used to refer specifically
between the basement block wall and the concrete floor
to the isotope radon-222, the primary isotope present
slab around the entire perimeter inside the basement. This .
inside houses. Radon-222 is directly created by the decay
gap allows water seeping through block foundation walls
ofradium-226 in the uranium decay chain, and has a halfor flowing from on top of the slab to drain into the fill
life of 3.82 days. Another common isotope of radon (rabeneath the slab. Often, this approach is utilizing the subdon-220, also known as thoron) is a decay product of
slab fill as a dry well. Sometimes, an interior sub-slab
drain tile loop (or, rarely, the channel drain itself) channels
radium-224, in the thorium decay chain; thoron has a
this water to a sump in the basement. The term "French
much shorter half-life (56 seconds) than does. radon-222
and, hence, is generally not a serious problem inside
drain" is sometimes also used to refer to a large gravelfilled dry well on the exterior of the house (rather than
houses. However, where high thorium concentrations exist
in the soil very near the house or where high soil permedirectly under the slab), which drains water away from the
ability permits rapid movement of the thoron into the
foundation; that is not the definition intended in this docuhouse, thoron can sometimes be an important contributor
ment
.to total radon concentrations.
Picocurie (pCi)-A unit of measurement of radioactivity. A
curie is the amount of any radionuclide that undergoes Radon Contractor Proficiency Program (RCPP)-A volunexactly 3.7 x 1010 radioactive disintegratiollis per second, A
tary program established by the U.S. Environmental Propicocurie 'is one trillionth (10-12) of a curie, or 0.037
tection Agency through which a radon mitigator,by passdisintegrations per second.
ing an examination and by meeting certain other requirements, can demonstrate proficiency in this field.
Picocurie per liter (pCiIL)-A common unit of measurement
of the concentration of radioactivity in a gas. A picocurie Radon decay products (or radon progeny)-The four radioacper liter corresponds to 0.037 radioactive disintegrations
tive elements that immediately follow radon-222 in the
per second in every liter of air.
decay chain. These elements are polonium-218, lead-214,
bismuth-214, and polomum-214. These elements have
such short half-lives that they exist only in the presence of
Plenum-A chamber into which air is forced, drawn, or
radon. The progeny are ultrafine solids that tend to adhere
collected, prior to distribution to other locations.
to other solids, including dust particles in the air and solid
surfaces in a room. They adhere to lung tissue when
Polyethylene-see PE.
inhaled; the two decay products that are alpha emitters
Post-mitigation-Refers to any steps taken following the
(polonium-218 and polonium-214) can then bombard the
installation of a radon reduction system in a house.
tissue with alpha particles, thus creating the health risk
associated with radon. Also referred to as radon daughters.
Poured concrete wall-A foundation wall constructed by
pouring concrete within forms that are removed after Re-entrainment-Us.ed in this document to refer to the flow
of ASD exhaust gases back into the house after they have
construction. The most common alternative to hollowbeen discharged outdoors. Re-entrained exhaust can preblock walls.
vent indoor radon concentrations from being reduced to
the extent that would otherwise be possible by the ASD
Pre-mitigation-Refers to any steps taken prior to the installation of a radon reduction system in a house.
system. Discharge of the ASD exhaust above the house
eave and away from .openings in the house shell is intended to reduce (if not totally eliminate) re-entrainment.
P-trap-In plumbing applications, a horizontal section of
piping containing a U-shaped dip at one end (resembling a
horizontal letter "P") installed directly below drains. The
intent is for water to stand in the U, creating a plug that
prevents odors or vermin from the sewer from entering the
house through the drain.
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Glossary (continued)
Rotor] hammer drill, Hammer drill-An electric power drill
that includes a hammering motion in addition to the rotation of the drill bit, suitable for drilling through concrete.
The hammering motion is created by metal-to-metal contact within the drill. These drills are smaller and less
powerful than are electro-pneumatic roto-stop hammers.

RotO-Slop hammer, Electro-pneumatic row-stop hammerA large electrically driven power drill that provides a
hammering motion in addition to the rotation of the drill
bit, and which is larger and more powerful than a rotary
hammer drill. The hammering motion is created pneumatically, using compressed air generated by a compressor
within the device. The hammer usually requires two hands
to operate. The term "rota-stop" refers to the fact that the
device can be adjusted to eliminate the rotary motion so
that it can be used as a chisel or electric jackhammer.

quantitative radon measurement. Most commonly used in
pre-mitigation diagnostic testing.

Soil depressurization-Reducing the soil gas pressure (generally relative to the pressures inside a house), usually with
the objective of preventing the convective flow of soil gas
up into the house.

Soil gas-Gas that is always present underground in the small
spaces between particles of the soil or in crevices in rock.
Major constituents of soil gas include nitrogen and oxygen
(from the outdoor air), water vapor, and carbon dioxide.
Since radium-226 is essentially always present in the soil
or rock, trace levels ofradon-222 will exist in the soil gas.

Soil ventilation-Dilution of the soil gas with air drawn from
elsewhere, usually from the outdoors or from inside the
house. Such ventilation reduces the radon concentration in
the soil gas, thus reducing the amount of radon that would
enter the house when the soil gas enters. Note the significant distinction between "soil depressurization" and "soil
ventilation." Sub-slab pressurization probably functions
largely by a soil ventilation mechanism. SSO systems,
while often functioning largely by a soil depressurization
mechanism, may also have a tme soil ventilation component.

Sealing-Measures to close openings through slabs, foundation walls, crawl-space membranes, or other parts of the
house. Sealing can be intended to prevent soil gas from
entering the structure through the particular opening or to
prevent house air from leaking out through the opening
(short-circuiting into an operating ASO system). ''True''
sealing would refer to a 100% airtight seal, preventing all
convective air movement through the opening (and, usually, preventing diffusive radon movement as well). In
practice, many seals will not be 100% effective at preventing convective and diffusive movement. To adequately
reduce short-circuiting of house air into ASO systems,
"true" seals are not necessary.

Source term-Refers to the "strength" of the radon source in
the soil and rock underlying a house. This strength is
determined by the radium content of the soil and rock, the
fraction of the radon that actually enters the soil gas when
the radium decays, and the ease of soil gas movement
through the soil toward the house. In this document, the
term "source term" is often used to refer to the concentration of radon in the soil gas.

Sill pIale-A horizontal band (typically 2 x 6 in.) that rests on
top of a block or poured concrete foundation wall and
extends around the entire perimeter of the house. The ends
of the floor joists that support the floor above the foundation wall rest upon the sill plate.

Stack effect-The upward movement of house air when the
weather is cold caused by the buoyant force on the warm
house air. House air leaks out at the upper levels of the
house, and outdoor air (and soil gas) leaks in at the lower
levels to compensate. The continuous exflltration upstairs
and inflltration downstairs maintain the stack effect air
movement, so named because it is similar in principle to
hot combustion gases rising up a ftreplace or furnace flue
stack.
.

Slab-A layer of concrete, typically about 4-in. thick, that
commonly serves as the floor of any part of a house
whenever the floor is in direct contact with the underlying
soil.

Slab below grade-A type of house construction where the
bottom floor is a slab that averages between 1 and 3 ft
below grade level on one or more sides.

Sub-membrane depressurization (SMD)-A variation of the
Slab on grade-A type of house construction where the
bottom floor of a house is a slab that is no more than 1 ft
below grade level on any side of the house.

ASD technology commonly applied to crawl-space houses,
in which suction is drawn beneath. a membrane that has
been placed over the earthen or gravel crawl-space floor.

Sniffing (to estimate radon concentrations)-A specific adap-

Sub-membrane piping-Perforated piping, like drain tile,

tation of grab sampling techniques for radon measurement, to obtain a rapid estimate of the radon concentration
at potential entry routes (e.g., under slabs and inside block
wall cavities). Relative to standard grab sampling, uses a
much shorter counting time, and thus provides a less

that has been placed beneath the membrane of SMD
systems to aid in the distribution of the suction field
beneath the membrane.
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Glossary (continued)
SUb-slab depressurization (SSD)-A variation of the ASD

Walllfloor joint-The junction between the slab (of a base-

technology, where suction is drawn beneath the concrete
slab in abasement, slab-on-grade, or slab-below-grade
house.

ment or slab-on-grade house) and the foundation walls. In
many cases, this junction will be a small crack which is
perhaps only a hairline crack, or it can be perhaps 1/16~in.
.wide. In other cases, where this joint is a perimeter channel
drain, the gap will be 1 to 2 in. wide. In still other cases, the
perimeter wall/floor joint may consist of an expansion
joint (a l/2-in.-wide gap filled with asphalt-impregnated
fibrous material), usually to better accommodate any verti~
cal shifting of the slab relative to the foundation walls.
Where the slab and the footings/foundation wall have been
poured as a monolithic pour, there may be no crack, other
than potential settling cracks.

Suction field extension-A measure of how well suction
applied at one point (e.g., beneath the slab) extends to
other parts of the sub-slab region.

Suction pipes-Pipes, usually PVC, ABS, or PE, which are
installed (e.g., through slabs, walls, and membranes) in
order to maw suction as part of an ASD system.

Sump-A pit through a basement floor slab, designed to
collect water and thus avoid water problems in the basement. Water is often directed into the sump by dtain tiles
around the inside or outside of the footings.

Warm air supply-The ducting and registers that direct heated
house air from the forced-air furnace, to the various parts
of the house. The supply ducting is at elevated pressure
relative to the house because the central furnace fan is
blowing air through this ducting.

Sump pump-A pump to move collected water out of the
sump pit, to an above-grade discharge remote from the
house. "Submersible" sump pumps are desi.gned for operation with the entire unit near or below the water level in the
sump, and the motors are thus designed to be corrosionresistant. Submersible pumps are necessary any time the
sump pit is to be covered as part of the radon mitigation
system to resist rusting of the pump motor.

Waterless trap-A trap, similar in function to the P-trap
commonly used in plumbing applications but not requiring
water in order to block sewer (or soil) gas from flowing up
into the house via floor drains, etc. The trap is designed
such that a weighted ball or ring seats in a manner to
prevent gas entry, even if the water in the trap dries out.
Very useful in sealing floor drains or providing a water
path through sump covers in radon mitigation systems, in
cases where water flow is likely to be so infrequent that a
standard water trap might dry out. Marketed under the
.
trade name DranjerR•

Tight house--i.-A house with a low air exchange rate. If 0.5 to
0.9 ach is typical of modem housing, a tight house would
be one with an exchange rate well below 0.5 ach.

Top voids-The air space in the top course of blocks in
hollow-block foundation walls; that is, the course of block
to which the sill plate is attached and on which the walls of
the house rest.

WG, in. WG-The term "WG" stan4s for "water gauge."
Inches of water is a unit of measure of pressure (or
suction); 1 in. of water pressure would be that pressure
able to sustain the weight of a column of water I in. high.
Atmospheric pressure (i.e., the pressure created on the
surface of the earth by the weight of air in the atmosphere)
is 33.9 ft, or about 407 in., of water at standard conditions.
One inch of water gauge (1 in. WG) is the reading that
would be provided by a pressure measurement device (a
"gauge") if the pressure actually being measured by the
device were I in. of water greater than atmospheric (i.e., if
the absolute pressure being measured were 408 in. rather
than 407 in. of water). Also expressed as WC ("water
column").

Veneer, Brick veneer-A single layer of brick constructed on
the exterior face of an outer wall of a house or other
building (e.g., in lieu of wooden siding), to provide protection, insulation, and ornamentation. The brick veneer is
securely attached to the load-bearing frame or masonry
wall behind it, to prevent the brick from pulling away from
the house. However, the veneer is not designed to support
a load itself, other than the weight of the bricks.

Ventilation rate (of a house)-The rate at which outdoor air
enters the house, displacing house air. The ventilation rate
depends on the tightness of the house shell, weather conditions, and the operation of appliances (such as fails) influencing air movement. Commonly expressed in terms of air
changes per hour, or cubic feet per minute.

Working level (WL)-A unit of measure of the exposure rate
to radon and radon progeny defined as the quantity of
short-lived progeny that will result in 1.3 x lOS MeV of
potential alpha energy per liter of air. Exposures are measured in working level months (WLM); e.g., an exposure
to 1 WL for 1 working month (170 hours) is I WLM.
These units were developed originally to measure cumulative work place exposure of underground uranium miners
to radon and continue to be used today as a measurement
of human exposure to radon and radon decay products.

Visual survey (of a house)-A mandatory component of premitigation diagnostic testing. Involves inspection of the
house to aid in the selection and design of the radon
reduction measure.
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Metric Equivalents
Although it is EPA's policy to use metric units in its documents, non-metric units are used
in this report for the reader's convenience. Readers more accustomed to the metric system
may use the following factors to convert to that system.

Non-metric

Times

Yields metric

mil (0.001 in.)

0.0254

millimeter (mm)

inch (in.)

2.54

centimeter (cm)

foot (ft)

30.5

centimeter (cm)

square foot (ff)

0.093

square meter (m2)

cubic foot (fe)

28.3

liter (L)

gallon (gal)

3.78

liter (L)

cubic foot per minute
(cfm, or ft3jmin)

0.47

liter per second (LIsee)

inch of water gauge
(in. WG)

249

pascal (pa)

degree Fahrenheit (OF)
British thermal unit (Btu)
picocurie per liter
(pCi/L)
microroentgen
(J.tR)

5/9 (OF-32)
1,060

degree Centigrade (OC)
jou1e (J)
Beequerel per cubic meter
(Bqfm3)

37
2.58 x 10-10

xxii

cou1omb per kilogram
of air (Cjkg)

How to Use This Document
This document has been designed as a comprehensive
reference document that will most commonly be used by
professional mitigators or by other persons interested in
the detailed design and installation of indoor radon
reduction sy~tems for existing houses. As a result, the
document is lengthy. Because of the tremendous amount
of material to be covered, the discussion of the major
individual steps in selecting, diagnosing, designing, and
installing mitigation systems has necessarily been separated into different sections. The size of this document
can complicate its effective use, especially by the firsttime user.

ence EPA92d) and EPA 402-R-92-003
(EPA93).
•

lB. Take temporary measures to reduce ra-

don levels, prior to permanent mitigation, as warranted and as feasible.
The homeowner/occupant can increase house
ventilation and/or seal major soil gas entry
routes, as temporary measures while awaiting the installation of the pennanent mitigation system.

This section· is a step-by-step summary of how to use
this document. To some extent, it is also an overview on
how to go about selecting, designing, installing, and
operating a radon reduction system for an existing house.
The steps in this process are summarized in Figure H-1.
o

Many of the steps involved in this process will often be
conducted by a professional mitigator. However, some
steps (such as long-tenn operation of the system) will
commonly be the responsibility of the homeowner or
occupant.

Guidance for carrying out these temporary
measures is provided in Section 2.3 on page
. 24 of the second edition of the Technical
Guidance, EPA/625/5-87/019 (EPA88a).
Guidance for identifying radon entry routes
is provided in Section 2.2 (page 15) of the
second edition.

Ie. Arrange for permanent mitigatiolJ ofthe

Step 1. Determine that the hOllIse has a
radon problem and initiate action
to· accomplish mitigation.

,house.
•

The homeowner, relocation firm, etc., will
talk with one or more professional mitigators prior to selecting one to install a pennanent mitigation system in the house.

•

Owners should not consider installing a system on a do-it-yourself basis unless they
feel fully conversant with the principles of
mitigation and with the infonnation in this
manual.

•

See Section 2.5.1 (page 41) of the second
edition of Technical Guidance.

•

For assistance in locating and selecting a
mitigator, see the sources of information
listed in Section 15 of this document.

This step will be initiated or conducted by the
homeowner, relocation finn, etc., prior to involvement by the mitigator.

IA. Measure radon levels in the house to
determine whether there is a radon problem.
'
•

A summary ofthese measurement protocols
for homeowners is presented in A Citizen's
Guide to Radon, EPA/402-K92-001
(EPA92a).

Can be done by homeowner using charcoal
or alpha-track detectors; or owner can have
measurement done by a professional finn
(using anyone of a variety of measurement
methods).
Use EPA-recommended radon measurement
protocols. SeeEJ;>A 402-R-92-004 (ReferH-1

Step 1. Determine if house has a radon problem
1A. Measure radon levels (References EPA92d and EPA93).
18. Take temporary measures to reduce radon, if warranted.
1C. Arrange for mitigation.

L
Step 2. Select the appropriate radon reduction technique
2A. Conduct a visual inspection (Section 3.2).
Should a technique other than ASD be considered?
(In the large majority of cases, ASD will give the greatest,
most reliable, best demonstrated, and most cost-effective
reductions.)
Assuming that ASD is the technique of choice, which variation
of the ASD technology is appropriate? (Sections 2.2 and 3.2)
28. Conduct other diagnostic testing if needed in special cases to
assess whether techniques other than ASD should be considered
(Section 3.5). (Such diagnostics will often not be necessary.)

-

~
Step 3. Design the ASD radon reduction system
3A. Conduct a visual inspection (Section 3.2).
38. Conduct other diagnostic testing if needed (Sections 3.3, 3.4, 3.5)
(Such diagnostics will not always be necessary.)
3C. Develop the detailed design (Sections 4 through 10).
Select number of suction pipes (Sections 4.1, 5.1, etc.).
select location of suction pipes (Sections 4.2, 5.2, etc.).
Select suction pipe type and diameter (Section 4.3, 5.3, etc.).
select suction fan (Section 4.4, 5.4, etc.).
Design piping network and exhaust system (Section 4.6, 5.6, etc.).
- Identify sealing effort required (Section 4.7, 5.7, etc.).
3D. Estimate the installation cost (Section 13).

-

l
Step 4. Install the ASD radon reduction system
Installation of suction pipes (Section 4.5, 5.5, etc.).
Installation of piping network and fan (Section 4.6, 5.6, etc.).
Completion of sealing steps (Sections 4.7, 5.7, etc.).
Installation of gauges/alarms and labelling (Section 4.8, 5.8, etc.).

-

l
StepS. Confirm that installed ASD system is operating properly
SA. Conduct routine post-mitigation diagnostics to confirm proper
performance (Sections 11.2 through 11.5).
58. Conduct trouble-shooting diagnostics when system is not performing
adequately (Sections 11.6 through 11.11).

l
Step 6. Ensure proper long-term operation'and maintenance
6A. Provide basic operation/maintenance information to owner/occupant
(Section 12.1).
68. Continue to operate and maintain the system (owner/occupant
responsibility) (Section 12.2).
6C. Make periodic follow-up indoor radon measurements (Section 12.2.3).
60. Owner/occupant should understand system operating costs
(Section 13).

FigurcH·1.

A summary of the steps to be followed in using this document.
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Step 2. Select the appropriate radon reduction technique for that house.

Low pre-mitigation radon concentrations, combined with major soil gas entry routes, which might suggest that a
stand-alone sealing approach could be
considered.

The selection of a mitigation system depends upon
house characteristics and radon levels. In the majority of cases, professional mitigators will· determine
that the most efficient, reliable, and cost-effective
radon reduction technique will be some suitable
variation of the active soildepressurization (ASD)
technology. But in some cases, other approaches can
or should be considered.

Well-drained, gravelly, native soil, suggesting that active soil pressurization
may be preferred over ASD.
Suspected high well water radon concentrations, suggesting that well water
treatment may be needed instead of, or
in addition to, ASD.

2A. Conduct a visual inspection ofthe house,·
in accordance with Section 3.2 of this
document.

Suspected high-radium building materials contributing to indoor radon (rare in
most places), in which case some type
Of barrier coating or source removal
might be considered.

Are a combination of factors present that
. might complicate the application of ASD to
that house?
Suspected poor sub-slab communication.

•

Fieldstone foundation walls.

Ifthere are no factors ruling out ASD, which
variation of the ASD technology is appropriate? (See Section 2.2 of this document,
in addition to Section 3.2).

Inaccessible crawl space.

Sub-slab depressurization (SSD), preferred in almost all houses having slabs
(Le., basements and slabs on grade)
where drain tiles are not present.

Complex substructure.
High degree of finish.

Drain-tile depressurization in cases
where the tiles drain to a sump in the
basement (sump/DTD); an alternative
to SSD when a sump having drain tiles
is present.

Well water orbuilding materials strongly
suspected of being the radon source.
Are factors present suggesting that specific
other radon reduction approaches (other than
. ASD) might be candidates?

Drain-tile depressurization in cases
where the tiles drain to an above-grade
. discharge or dry well (DTD/remote discharge); an alternative to SSD that can
be considered when such tiles are
present

A tight basement, suggesting the possibility of applying basement pressurization; occupants whose Hfe-style would
be amenable to a basement pressurization approach.
A tight and/or inaccessible crawl space,
suggesting the potential for applying
crawl-space depressurization.

Block-wall depressurization (BWD),
usually used only as a supplement to
SSD, DTD, or SMD in cases where
these other techniques do not adequately
treat entry routes associated with the .
block walls.

Relatively low pre-mitigation radon concentrations, so that only perhaps 50%
radon reduction is required, in which
case a heat recovery ventilator might
be considered.

Sub-membrane depressurization
(SMD), the only ASD variation applicable in crawl-space houses having
earth- or gravel-floored crawl spaces.
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2B. Conduct any other pre-mitigation diagnostic testing required to enable final
selection ofthe appropriate radon reduction approachfor that house. (See appropriate portions of Section 3 of this document.)

suggests that building materials may be a
source.)

Step 3. Design the radon reduction technique for that house.

In many cases, no diagnostic testing beyond
the visual survey will be needed to make the
final selection of the radon reduction technique.

•

Blower door testing (Section 3.5.5) to detennine if the basement is sufficiently tight
to warrant practical consideration of basement pressurization. Basement pressurization is usually considered only when application of ASD is complicated (e.g., by poor
sub-slab communication and/or by fieldstone foundation walls) and alternatives to
ASD are thus being weighed.

•

Blower door testing (Section 3.5.5) to detennine if a crawl space is sufficiently tight
to make crawl-space depressurization an
effective alternative to SMD.

•

Blower door testing (Section 3.5.5) to detennine if the house is sufficiently tight to
warrant practical consideration of a heat
recovery ventilator to achieve the desired
degree of radon reduction. (Usually conducted only where alternatives to ASD must
be weighed; e.g., due to poor communication, fieldstone walls, and/or homeowner
preference for an HRV.)

•

•

Since this document addresses only ASD, the following' discussion focuses on the design of ASD
systems. For the design of other radon reduction
techniques, refer to the appropriate section of the
second edition of Technical GUidance, EPA/625/587/019 (EPA88a).

3A. Conduct a visual inspection ofthe house,
in accordance with Section 3.2 of this
document.
The visual survey discussed in Step 2A above,
in connection With selection of the reduction
technique, will also provide most of the information needed for effective design ofthe ASD
system. Often, this survey will be the only
"pre-mitigation diagnostic testing" needed to
design an ASD system.

Well water analysis (Section 3.$.2) to detennine whether well water treatment should
be considered as a supplement to, or replacement for, ASD in order to adequately
reduce airborne radon concentrations.
(Would usually be conducted only in cases
where wells in the area have been observed
to contain significantly elevated radon levels.)
Gamma radiation measurements orflux measurements (Section 3.5.3) to determine
whether building materials are a significant
source of radon arid, hence, whether barriers or source removal may be needed. (Often conducted only where local experience
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•

Factors that would influence the number
and location of SSD suction pipes (e.g.,
observed sub-slab aggregate, house floor
plan and finish, sub-slab utilities).

•

Factors that would influence the design of a
crawl-space SMD system (e.g., size of crawl
space, nature of the crawl-space floor, accessibility).

•

Factors that would influence the routing of .
the ASD exhaust piping (e.g., house finish,
accessibility of an existing utility chase,
presence or absence of an attic, location of
an adjoining garage).

•

Factors that would influence the degree of
slab or wall sealing that would be required
(e.g., the presence of a perimeter channel
drain between the slab and the foundation
wall).

•

Driving forces for radon entry that might
influence ASD design (Le., major exhaust
fans that could depressurize the house sufficiently to provide a major challenge to the
system). See also Section 2.2 on page 15 of
the second edition of Technical Guidance.

• Section 10 (Jor passive soil depressuriza3B. Conduct any other pre-mitigation diagtion systems)
nostic testing needed to permit effective
design ofthe ASD system. (See·appropriate portions of Section 3 of this docu- The information base supporting the design guidance for
the ASD systems in Sections 4 through 8 is presented
ment.)
•

If any pre-mitigation diagnostic test is re-

quired in addition to the visual survey, this
test will most often be a qualitative assessment of sub-slab communication (Section
3.3.1 of this document).

in Section 2.3 of this document. Data supporting the
guidance for active pressurization systems are ill Section 2.4, and for passive depressurization systems in
Section 2.5.
Guidance for selecting the number of suction pipes is presented in the first sub-section within Sections 4 through 10 (e.g., in
Section 4.1 for SSD systems).

Tells qualitatively whether sub-slab
communication is good, marginal, or
poor.

Guidance for selecting the location of the
suction pipes is presented in the second
sub-section (e.g., Section 4.2).

Is conducted primarily when visual evidence or other experience in the area
provides no clue regarding the general
nature of the sub-slab communication;
i.e., whether the system is likely to need
one SSD suction pipe or several.
•

Guidance for selecting the type and diameter of the suction pipes is presented in the
third sub-section (e.g., Section 4.3).

Other diagnostic tests to aid in ASD design
(beyond the qualitative communication test)
will often not be cost-effective for professional mitigators. These other tests include
Radon grab sampling or "sniffing" beneath the slab, inside block walls, and at
suspected soil gas entry routes (Section
3.4).

•

Guidance for selecting the suction fan is
presented in the fourth sub-section (e.g.,
Section 4.4).

•

Guidance for the design of the piping network and exhaust system is presented in
the sixth sub-section (e.g., Section 4.6).

•

Guidance for the design of the sealing effort required in conjunction with the ASD
system is presented in the seventh sub-section (e.g., Section 4.7).

Quantitative measurement of sub-slab
communication (Section 3.3.2).

3D. Estimate the costs to install the designed
ASD system.

Quantitative measurement of the flows
produced by the sub-slab region (Section 3.5.1).

..

The cost for installation by a professional
mitigator will depend on.the house and mitigation system characteristics, the mitigator's
practices, and the mitigator's labor rates
(induding fringe benefits), materials costs,
overhead, and profit margin.

..

Typical installation costs for each variation
of the ASD technology are presented in
Section 13 of this document (e.g., in Section 13.1.1 for SSD systems, Section 13.2.1
for sump/DTD systems,etc.)~

3C. Develop the detailed design of the ASD
sy~tem, using one of the fo.llowing sections of this document:
•

Section 4 (Jor SSD systems)

•

Section 5 (Jor sump/DTD systems)

•

Section 6 (Jor DTD/remote discharge systems)
Section 7 (Jor BWD systems)

•

Section 8 (Jor crawl-space SUD systems)

•

Section 9 (Jor active soil pressurization
systems)

See summary of installation costs for
the alternative ASD variations in Table
6, Section 13~8.
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Step 4. Install the radon reduction systeln in that house.
Since this document addresses only ASD, the following discussion focuses on the installation of
ASD systems. For installation of other radon reduction techniques, refer to the appropriate section of
the second edition of Technical Guidance (EPA/
625/5-87/019).

•

Measure suction (and possibly flow) in the
system piping, a step that can be completed
while a pressure gauge is being installed in
the system piping. See Section 11.3.

•

Measure the indoor radon concentrations
achieved by the system since this is the real
measure of system performance, as described
in Section 11.4.
Complete a short-term radon measurement within 30 days after system installation or ensure that the homeowner/
occupant completes such a measurement·
(Section 11.4.1).

4A. Proceed with the installation of the system in accordance with the design, using
the appropriate section of this document

(Sections 4 through 10).
As with the design guidance in Step 3C above,
the data base supporting this installation guidance is presented in Sections 2.3, 2.4, and 2.5
of this document.
•

•

Recommend that the· owner/occupant
also make a long-term radon measurement (Section 11.4.2).

Guidance for installing the suction pipes in
the slab, wall, or membrane is presented in
the fifth sub-section within Sections 4
through 10 (e.g., in Section 4.5 for SSD
systems).

•

SB. Conduct post-mitigation diagnostic tests
on a trouble-shooting basis, to determine
how a system that is not performing adequately can be improved.

Guidanc~ for installing the piping network
and tlte exhaust system is presented in the

•

sixth sub-section (e.g., Section 4.6).
•

•

Guidance for completing the sealing steps
required in conjunction with the ASD system is presented in the seventh sub-section
(e.g., Section 4.7).

Conduct suction field extension measurements beneath the slab, inside the block
wall, or beneath the SMD membrane (Section 11.6).
Probably the most effective and most
commonly used post-mitigation diagnostic when ASD systems do not perform well.

Guidance for installing gauges and/or
alanns on the systems, and for labelling the
system components, is presented in the
eighth sub-section (e.g., Section 4.8).

Most common reason for inadequate
performance is that suction field is not
extending adequately.

Step 5. Confirm that the installed system
is operating properly.

•

SA. Conduct post-mitigation diagnostic tests
that are required in all cases, even when
the ASD system appears to be operating
well, as described in Section 11 of this

Conduct radon grab sampling or "sniffing" measurements (Section 11.7).
Can be used to assess the relative importance of alternative potential entry
routes.

document.
•

Test for combustion appliance backdrafting, as described in Section 11.5.

As one specific example, high residual
radon concentrations inside an individual
block foundation wall in houses having
a SSD, DTD, or SMD system could
suggest that a BWD component should
be added to the system to treat that wall.

Complete a visual inspection of the installed system as a routine quality assurance
step, as described in Section 11.2, to confirm that all details have been completed
properly.
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•

Conduct chemical smoke flow visualization tests, as described in Section 11.8, to
help identify potential entry routes not being adequately depressurized.

•

Conduct well water radon analyses or
gamma surveys to assess building materials as a radon source, as discussed in Sections 11.10 and 11.11, if these tests were
not conducted prior to mitigation and if all
other possible reasons for elevated residual
post-mitigation radon levels have been eliminated.

Corrective action that can be taken if
the system operation ever moves outside the acceptable range (induding ,
steps the occupant can take directly prior
to calling a professional mitigator for
repairs).

6B. Continue to operate and maintain the
system properly.
This step is the responsibility of the homeowner or occupant.
•

'Step 6. Ensure proper long-term operation and maintenance of the ASD
system.

When the house is occupied, do not tum
the fan off or down to a lower power
setting than that at which it was left by
the mitigator.

6A. Provide the homeowner/occupant with
information to help ensure proper operation and maintenance ofthe system (Section 12.1).

Best radon reduction perfonnance is obtained when the fans are operated at full
power.

This step is the responsibility of the professional mitigator.
•

Take appropriate action if the suctions
in the system piping, as indicated on a
gauge, fall below (or rise above) the
acceptable range marked on the gauge
by the mitigator; or, if there is no gauge,
if a system alann or some other indicator suggests that the system may not be
operating properly. (See specific procedures in Section 12.2.1.)

According to EPA's interim mitigation standards (Reference EPA91b), the owner/occupant shall be provided with the following
infonnation.
A description of the system, at a central
label.
The system characteristics representative of proper operation (e.g., the proper
range of readings that can be expected
on any pressure gauge mounted on the
system piping).

A professional mitigator may have to be
called in to make repairs.
There are some simple diagnostic steps
the owner or occupant can take directly·
prior to calling a mitigator.

The name and telephone number of the
mitigator, to contact if the system stops
perfonning properly.

At some interval (4 to 10 years), the fan
will have to be repaired or replaced.

A statement indicating any required
maintenance by the owner/occupant.

G

Other infonnation that might be provided,
depending on the mitigator's practice, indudes

.

Copies of warranties and manUfacturer's
brochures.
-

Ensure continued proper operation of the
system fan (Section 12.2.1 of this document).

The operating principles of the system.
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Periodically inspect the system piping in an
effort to ensure that blockage by ice or
moisture does not occur·(see Section 12.2.2).
Periodically inspect seals in the system piping, and seals that were installed in the
house foundation as part of the mitigation
system (Section 12.2.2).

Repair seals as necessary.
With crawl-space SMD systems, "seal
repair" may involve occasional major
repairs or replacement ofmembrane.

Measurements more frequent than once every 2 years are advisable if there is any
apparent change in system performance (e.g.,
a change in system suctions) or if the house
has been modified.

6C. flrfake periodic follow-up indoor radon
measurements to confinn that the mitigation system is continuing to perfonn
adequately (Sections 12.2.3 and 13.1.2).

6D. EPA recommends that the owner/occupant be advised of the annual operating
costs associated with operation and maintenance of the ASD system (Section 13).

EPA recommends re-testing at least once

The operating costs consist offour elements:

•

•

every 2 years.
The electricity to operate the fan.
Can be done directly by homeowner/
occupant using a charcoal or alpha-track
detector; or, aprofessional measurement
firm could be hired.

The house heating/cooling penalty, resulting from treated house air being exhausted by the system.
The cost of system maintenance (repair/
replacement of fans on all ASD systems, repair of seals, and occasional
major repair/replacement of membrane
for crawl-space SMD systems).

Measurement should be made in frequently occupied part of house.
Long-term measurement (e.g., with alpha-track detector) is probably advisable unless some recent apparent change
in system performance warrants a more
rapid measurement (e.g., using a charcoal detector).

The cost of periodic follow-up indoor
radon measurements.

The range oj values jor these operating
costs are summarized in Table 6 in Section
13.8, jor the alternative ASD variations.
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Section 1
Introduction
1.1

Purpose

This technical guidance dOCument is designed to aid in the
selection, design, and operation of indoor radon reduction
techniques using soil depressurization in existing houses. In
particular, it draws from the experience of numerous researchers and radon mitigators over the past eight years and distills
this information into practical guidance. The guidance should
enable the design, installation, and evaluation of soil depressurization systems with increased confidence, with reduced
system costs, and/or improved system performance, under a
variety of conditions.

As the term is used here, "guidance" represents a recommendation of what EPA considers to be a reasonable course of
action for a given set of conditions, based oil experience to
date. Often, al~mative reasonable courses of action are possible. Where this situation occurs, this document attempts to
provide readers with sufficient background to permit an informed decision for their specific sets of circumstances. A
mitigator will Sometimes face special circumstances where
the guidance in this document might not represent the preferred approach in that specific case; a careful, informed
judgement of the necessary approach must be made in such
special cases. Following the EPA guidance will not, in all
cases, guarantee a fully successful mitigation system. However, by effectively drawing upon the prior experience, use of
the guidance should reduce the risk of installing an unsuccessful system and Should facilitate making the subsequent modifications needed to achieve success.
The term "guidance" must be distinguished from the term
"standard." Guidance is a recommendation of what generally
appears to be good practice. In many cases here, the guidance
is a recommendation of multiple alternative cOUifses of action
that apP,ear reasonable, from among which the user can choose.
Users of this document have the option of following these
recommendations or of using a different approach where
warranted by their particular circumstances.
By comparison, standards are prescribed procedures or requirements which must be met. As discussed later, EPA has
issued interim standards and is in the process of developing
fmal standards that radon mitigation contractors must follow
if they wish to be listed under the Agency's Radon Contractor
Proficiency Program (RCPP). Many of these standards are
mentioned at appropriate locations in this document. Where
individual standards are mentioned, the text clearly indicates
which features are standards (and are thus considered manda-

tory for RCPP-listed mitigators) and which features are guidance (and are thus subject to the judgement of the user).
This document updates and replaces Section 5 (Soil Ventilation) of the second edition of EPA's Technical Guidance
(EPA88a). Other EPA publications providing information on
indoor radon reduction in houses include
-

Consumer's Guide to Radon Reduction (EPA92c), a booklet which provides a concise overview for homeowners of
alternative radon reduction techniques.

- Application ofRadon Reduction Methods (EPA89a), which
is intended to direct a user through the steps of diagnosing a radon problem, selecting a reduction method, and
designing/installing/operating a radon reduction system
in existing houses, Withless detail than is presented in the
technical guidance documents.
.
- Radon Contractor Proficiency Program Interim Radon
Mitigation Standards (EPA91b), which list the criteria
that commercial mitigators are expected to meet if they
are listed as proficient under the RCPP. Final radon
mitigation standards, which will replace the interim standards, are currently in preparation.
- Radon Reduction in New Construction: An Interim Guide
(EPA87a), a brochure summarizing features that can be
incorporated into a house during construction to reduce
indoor radon levels.
- Radon-Resistant Construction Techniques for New Residential Construction: Technical Guidance (EPA91a),
EPA's technical guidance document specifically for radon reduction in houses during construction.
Further information on the indoor radon problem in general
can be obtained from the following EPA publications, among
others:
- A Citizen's Guide to Radon (Second Edition) (EPA92a),a
booklet providing background concerning radon and summarizing health risks, measurement methods, and reduction approaches.
-

Technical Support Document for the Second Edition of
the Citizen's Guide to Radon (EPA92b); this support
document provides the information supporting the guidance in the Citizen's Guide.

- Radon Rejerence Manual (EPA87b), which provides additional background infonnation on indoor radon (e.g.,
nature and origin, health effects, geographic distribution,
and measurement).

1.2

Scope

This technical guidance document addresses the design, installation, and operation of soil depressurization systems for
rodon reduction in existing houses. Alternative radon reduction methods, including structure ventilation, sealing of entry
routes, structure pressure adjustments, air cleaning, and well
water treatment, are not addressed here. Until the third edition
of the Technical Guidance is expanded in the future to update
these other reduction methods, readers interested in these
other methods are referred to the second edition.
The emphasis in this document is on active soil depressurization, i.e., on systems which use a fan to depressurize the soil.
However, active soil pressurization, where the system fan is
reversed to blow outdoor air into the soil, is covered in
Section 9. In addition, passive soil depressurization is also
addressed in Section 10; with passive systems, natural phenomOM, including the indoor vs. outdoor temperatures and
the flow of winds over the roof-line, are relied upon to provide
the depressurization instead of a fan.

grade, crawl spaces, and combinations of these). These techniques can be applied to address essentially any pre-mitigation radon concentration, from extremely elevated to only
slightly elevated.
Soil depressurization techniques can treat only that radon
entering the house as a component of soU gas. Thus, this
document addresses only those cases where the radon problem is due to naturally occurring uranium/radium in the
underlying soil and rock or to contaminated ftll underneath
the house (e.g., uranium mill tailings). Soil depressurization
techniques cannot treat cases where the airborne radon in the
house enters with the well water or emanates from the building materials (due to, for example, contaminated aggregate
used in the concrete ).

1.3

Content

This document consists of five major elements.

1. General infonnation on soil depressurization technology,
including the principles involved with each variation of
soil depressurization (Section 2.1) and the conditions
under which each variation is particularly applicable or
inapplicable (Section 2.2). This information also includes
a detailed summary of the available data demonstrating
the performance of each variation as a function of the
range of house design, house operation, system design,
system operation, and geology/climate variables (Sections 2.3, 2.4, and 2.5).

nlis document focuses on the retrofit of radon reduction
methods into existing houses as distinguished from the incor-.
porotion or radon-resistant features into new houses during
construction. Separate guidance has been issued on the subject of new construction (EPA87a, EPA91a). The soil depressurization methods described in this document will be generally applicable to new construction. However, incorporation
of reduction methods during the construction phase pennits
certain house construction features to be modified to improve
system performance. Thus, the approach to system design and
installation and the utilization of other reduction approaches
(such as sealing) can be quite different for new construction
relative to retrofit into existing houses.

2. A description of the diagnostic test procedures that can be
used prior to mitigation to enable cost-effective design
and installation of systems. See Section 3. Procedures are
described for the full range of possible pre-mitigation
diagnostic tests. Emphasis is placed on the three premitigation diagnostic tests most commonly found to be
cost-effective in aiding the design of soil depressurization
systems: a visual survey of the house; sub-slab suction
field extension measurements; and radon grab sampling
and sniffing.

As reflected by the title, this document focuses on detached
houses, as distinguished from multi-family dwellings (apartments, condominiums) and from large buildings, such as
schools and commercial buildings. Separate technical guidance has been issued fOf. school buildings (EPA89b). The
active soil depressurization methods described in this document will be generally applicable to these other types of
buildings. However, because of the size and of some impor.:
tant differences in construction methods used in these larger
buildings, the approach used in system design and installation
of the soU depressurization system can be different. Moreover, other reduction approaches (such as building pressure
ndjustment through modifications to the ventilation system)
can more often playa role in these large buildings.

3. Detailed guidance on the design and installation of each
variation of the soil depressurization technique. This
detailed guidance is included in Sections 4 through 8,
with one section devoted to each of the soil depressurization variations. Guidance on design and installation of
, active soil pressurization and of passive soil depressurization-to the extent possible, given the much more
limited experience with these two approaches-is presented in Sections 9 and 10, respectively.
4. A description of the diagnostic test procedures that should
be used following installation of a system to ensure that
the system is operating properly and/or to diagnose the
cause of the problem if it is not performing adequately.
See Section 11.

As discussed in Section 2.1, this document addresses all
variations of the soil depressurization approach, including
sub-slab depressurization, drain-tile depressurization, blockwall depressurization, and sub-membrane depressurization in
cmwl spaces. One or more of these variations can be applied
to each of the house substructure types (basements, slabs on

5. A description of system operation and maintenance requirements (Section 12).
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In addition, estimated installation and operating cost ranges
for these systems are presented in Section 13. These cost
ranges should be inclusive of most, but not all, of the soil
depressurization installations throughout the continental U.S.,
in 1991 dollars.

tively inexpensive when a mitigator's labor costs do
not have to be incurred.
b) by mitigators, either in conjunction with active soil
depressurization or in circumstances where active soil
depressurization is not applicable.

1.4 Reason for Focus on J!ictive
Soil Depressurization

2. The available data for active soil depressurization has
increased the most signIficantly since the second edition
was published in 1988; hence, it is for this technique that
the most significant improvements in technical guidance
can be provided.

This revision to the second edition of EPA's Technical Guidance focuses on active soil depressurization for two reasons.

1. Active soil depressurization is the most consistently effective ra«;ion reduction method in existing houses, and is
the technique most widely used by commercial mitigators.
Active soil depressurization systems have consistently
been found to provide high indoor radon reductions with
good relrnbility. Most commercial mitigators appear to
include active soil depressurization as the central component in most of their installations, especially when reductions greater than perhaps 50% are required. By comparison, the other mitigation approaches-house or crawlspace ventilation (with or without heat recovery), entry
route sealing, house pressurization (or crawl-space pressurization or depressurization), and indoor air cleanershave each been found to be distinctly less effective and/or
less reliable than active soil depressurization. In addition,
some of tliese techniques offer other drawbacks-e.g., a
potential impact on occupant comfort and life-style in the
case of house pressurization and uncertainty regarding
the actual effect on health risk in the case of some of the
particle-removal based air cleaners. In part for those
reasons, these other techniques are less well demonstrated than is active soil depressurization. Many of these
other techniques offer little, if any, reduction in installation or operating cost relative to active soil depressurization. These other techniques are most commonly used

This document includes sections on active soil pressurization
and on passive soil depressurization, as well as on active soil
depressurization. The pressurization and passive techniques
are included here because they each have certain similarities
to active soil depressurization, and because this technical
guidance document thus provides the most appropriate context in which to present these techniques. However, it must be
recognized that

a) by homeowners on a do-it-yourself basis. Some of
these techniques can sometimes be implemented easily without special skills, and some of them are rela-
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-

Pressurization and passive techniques are far less well
demonstrated than is active soil depressurization; hence,
less rigorous technical guidance can be provided for these
other techniques, and the guidance that is presented here
is less well supported.

-

Passive soil depressurization techniques will always be
less effective than active soil depressurization. The effectiveness of passive soil depressurization techniques in
existing houses is unpredictable, higffly variable, and
often moderate, at best. Passive systems will likely fmd
their greatest application in new construction, where features can be incorporated into the house during construction to help improve passive performance.

-

Although active soil pressurization techniques will occasionally provide greater radon reductions than does active
soil depressurization in a given house (usually where the
underlying native soil is highly permeable), these occasions appear to be fairly infrequent.

Section 2
Principles, Applicability, and Past Performance
.
of Soil D.~pressurization Systems
2.1

Principles of Active Soil

the void network around the perimeter of a basement,
just above slab level; these holes are then enclosed
within a plenum ("baseboard") sealed to the wall and
slab around the perimeter, and the plenum is connected
to a fan.

Depress~rization
The general principle of soil depressurization is to draw
radon-containing soil gas away from the house foundation
before it can enter and to exhaust this soil gas outdoors.
Where a fan is used to create the necessary suction, the
approach is referred to as active soil depressurization (ASD).
The vast majority of soil depressurization systems that have
been installed are ASD systems.

-

There are several common variations of the ASD process. For
the purposes of this document, these variations are defined as
follows:

Sub-membrane depressurization (SMD), for crawl-space
houses having dirt floors. Plastic sheeting' is placed
over some or all of the dirt floor, creating a plastic
"slab." One or more individual suction pipes penetrate
this sheeting to draw suction under the plastic (analogous to SSD), or suction is drawn on a loop of perforated drain tiles placed under the plastic (analogous to
DID).

The primary mechanism by which ASD often functions is to
create a negative pressure in the soil or aggregate immediately
under/beside the foundation, i.e., under the concrete floor
slab, or inside the hollow-block foundation wall, or underneath a membrane laid over a dirt crawl-space floor. If the gas
pressure in the soil under/beside the foundation surface is
negative relative to that inside the house, then flows through
any openings through the foundation (e.g., through slab cracks
and block pores) will consist of clean house air flowing
- Drain-tile depressurization (DID). Some hl,Juses have outward through these openings, rather than soil gas flowing
a loop of perforated drain tile immediately beside the inward. For the system to be effective, this soil depressurizafooting, either inside or outside the footing, for water tion must be maintained at least near the major openings/entry
drainage purposes. The nature of the DTD system routes. (Good depressurization can be less crucial; e.g., in
depends on how the drain tiles have been designed to central, uncracked regions of slabs where there are no entry
routes for convective soil gas flow into the house.) Especially
. direct the water away from the house:
in cases where a SSD or DID system is found to be maintainwhe~e the tiles drain to a sump inside a basement,' ing an excellent suction field in the aggregate underneath a
the sump is capped, and the fan draws suction on slab, it is clear that flows through the slab openings have thus
the sump/drain tile network (referred to as "sump/ been reversed everywhere.
DTI)");
A second mechanism by which ASD appears to function-to
where the tiles drain to an above-grade discharge at a greater or lesser extent in different circumstances-is dilua low spot on the lot or to a dry well, the tile loop is tion of the radon-containing soil gas beneath the slab and
tapped into at an appropriate point outdoors, and the around the foundation. ASD systems can draw house air and
fan connected to depressurize the loop (referred to outdoor air down into the soil around the foundation, diluting
the radon in the soil gas. Thus, even when a negative soil gas
as "DID/remote discharge").
pressure is not being maintained immediately under/beside
- Block-wall depressurization (BWD). One or more indi- the foundation in some places, any soil gas entering the house
vidual suction pipes are inserted into the void network at those locations may contain less radon, and the ASD system
within a block foundation wall and connected to the can sometimes still be effective if the dilution is sufficient.
fan. Alternatively', in what is referred to as the "baseboard duct" approach, a series of holes is drilled into

-

Sub-slab depressurization (SSD). One or more suction
pipes are inserted into the aggregate or soil beneath a
concrete slab (either vertically down through the slab
from the space above, or horizontally through a foundation wall below slab level, from outdoors or from
inside an adjoining basement). Suction is then drawn
on these pipes using the fan, with the collected soil gas
then vented outdoors.
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Most ASO systems probably function through a combination
of the two mechanisms above. Where the slab is fairly tight
(so Ulat little house air is drawn into the soil) and the native
soil is fairly tight (so that little outdoor air is drawn into the
soil). the soil depressurization mechanism is undoubtedly the
predominant component. But where the slab is leaky and the
native soil is highly penneable, so that more air is drawn into
the soil, the soil gas dilution component probably becomes
incfC.'\Singly important. In cases of extremely penneable native soils. where flows of outdoor air into the system become
so high that it is difficult to maintain an adequate suction field,
tlle dilution mechanism may become the predominant component. As discussed later, in such cases, it is sometimes preferable to use soil pressurization techniques (which function
largely by dilution) mther than to attempt soil depressurization.

-

Perhaps a third mechanism, referred to here as "air-barrier
shielding." might also sometimes play a role. Operation of
ASD systems is postulated to create flows of outdoor air down
through the soil into the system. This subtle flow of ambient
air under essentially unmeasurable pressure gradients may be
creating a shield around the foundation, diverting soil gas
which would otherwise flow toward the foundation. This
mechanism could explain why SSO systems in houses having
marginal sub-slab communication sometimes obtain good
radon reductions despite the failure of the SSD system to
establish measurable depressurizations everywhere beneath
the slab. It could also explain why SSD systems in basement
houses with block foundation walls can achieve high radon
reductions despite failure of the SSD system to create measurable depressurizations within the wall cavities; the walls
become a less important source because the soil gas is intercepted before it Can enter the void network. Of course, this
·'air-barrier shielding" could also be interpreted as nothing
more than a variation of the two mechanisms listed previously. That is, the soil is in fact being depressurized at the
remote location where the conceptual air barrier diverts the
soil gas flow. in accordance with the first mechanism; the
depressurization is just too small to measure. Or, the soil gas
is just being diluted by the ambient air flow, in accordance
with the second mechanism.

- Fans sufficiently powerful to develop adequate suctions in the system piping at the flows that are encountered. Even where communication is satisfactory, fans
developing adequate suction increase the likelihood
that sufficient depressurization will extend through the
aggregate, soil, or wall voids, remote from the suction
points. Where communication is very poor, it becomes
all the more important that the fans achieve at least
some minimum suction (although very high-suction
fans will not necessarily provide significant additional
extension of measurable soil depressurization).

In practice. ASO systems are commonly designed assuming
that the flrst mechanism above is the sole mechanism that can
be relied upon. That is. effective depressurization of the soil
and flU material is assumed to be necessary immediately
under/beside the exterior surface of the foundation, at least in
the vicinity of openings through the foundation. In particular,
ASO variations involving depressurization beneath a concrete
floor slab (SSD, and DID il).. cases where the drain tile loop is
inside the footings) must achieve effective depressurization
immediately under the slab. (There are specific cases, with
some ASO variations, where comprehensive depressurizations are difficult and often unnecessary to maintain under/
beside some foundation surfaces; these cases will be discussed later.) To maintain effective soil depressurization near
all entry routes through the foundation, the ASD system
requires a suitable combination of the following factors.
-

Adequate communication within the aggregate and soil
immediately under the slab (or under the membrane
covering the dirt floor in the crawl-space). With good
communication, the suction field generated by a suction point can extend beneath the slab to entry routes
remote from the suction point. Good communication
thus reduces the need to locate suction points close to
all of the entry routes. Where SSD or DTD are being
relied upon to Q"eat entry routes associated with the
foundation wall, or where BWD systems are being
relied upon to treat slab-related entry routes, communication between the sub-slab and the void network
within the block wall, or between the sub-slab and the
soil on the outside of the footing/foundation wall, can
sometit:nes also be of concern (in addition to the communication within the sub-slab aggregate/soil).

-

A system design intended to minimize pressure loss in
the system, so that fan suction is effectively used in
establishing a suction field in the soil rather than in
simply moving gas through the system piping. Among
the steps that can by implemented to reduce pressure
loss in the system are a) use of system piping with a
sufficiently large cross-sectional area; b) reducing the
length of the piping runs and the number of elbows and
other flow obstructions; and c) excavating a hole under
the slab under SSD pipes, to reduce pressure loss as the
soil gas accelerates to piping velocity.

-

Closure of major openings in the slab or foundation
wall beneath or beside which the soil is being depressurized (e.g., closure of important slab openings when
sub-slab depressurization is used). If such openings are
not adequately closed, indoor air will flow out through
these openings and will enter the suction system. The
ability of the soil suction field to extend effectively to
remote entry routes could be seriously hindered by
house air flowing into the soil/aggregate through unclosed openings.

These factors will be repeatedly addressed in the subsequent
discussions of the individual ASD variations.
The general principles indicated above are discussed further
below, as they pertain to each of the specific variations of the
ASD technique.

Suction points located sufficiently close to the entry
roules.
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2.1. 1 Active Sub-Slab Depressurization

(SSD)
In active SSD, a fan is used to draw soil gas away from the
foundation by means of individual suction pipes which are
inserted into the region under a concrete slab. The pipes are
commonly inserted vertically downward through the slab
from inside the house, as illustrated in Figure 1. When more
convenient, they can also be inserted horizontally through a
foundation wall at a level beneath the slab, as in Figure 2.
Horizontal penetration through a foundation wall is most
likely to be convenient when the slab is near grade level, and
the penetration can be made from outdoors (as shown in
Figure 2) or through the stub wall from inside an adjoining
basement.
The intent of the SSD system is to create a low-pressure
region underneath the entire slab. If a depressurization can be
maintained under the slab which is sufficiently large so as not
to be overwhelmed by depressurizations created inside the
house by weather effects and homeowner activities, this would
prevent soil gas from entering the house through cracks and
other openings in the slab. It could also reduce or prevent soil
gas entry into the void network inside hollow-block foundation walls in the region around the footings, thus at least
partially preventing radon entry via the walls. Sometimes, the
depressurization can extend under the footings or through the
block walls to inhibit soil gas entry into the house through
below-grade openings in the exterior face of the foundation
wall.
Were the system to function solely by the primary mechanism
discussed earlier, i.e., by maintaining a measurable depressurization in the soil everywhere that it contacts the foundation, a
soil depressurization of about 0.015 in. WG, measured during
mild weather, would nominally be required to ensure that
subsequent cold weather and winds would rarely depressurize
the house sufficiently to overwhelm the system. If exhaust
appliances were off during the measurement, the soil would
nominally have to be depressurized by an additional 0.01 to
0.02 in. WG to ensure that the system would not be overwhelmed when these appliances were turned on. However,
some experience suggests that the other mechanisms mentioned earlier, including soil gas dilution and perhaps airbarrier shielding, can come into play to varying degrees,
depending upon the circumstances. These other mechanisms
could explain why good radon reductions are often achieved
by SSD systems even in cases where portions of the sub-slab
are only marginally depressurized, to an extent far less than
the nominally required 0.025 to 0.035 in. WG. They could
also explain why SSD systems appear to prevent radon entry
through wall~related entry routes in many (but definitely not
all) cases, even when no depressurization (or only minimal
depressurization) can be measured inside the wall voids.
The central issues with SSD systems are the number of
suction pipes needed, where they must be placed, and the
suction that the fan must maintain in the pipes, in order to
establish an adequate sub-slab depressurization near all (or at
least the major) soil gas entry routes. The resolution of these
issues is determined largely by the communication beneath
the slab, i.e., by the ease with which suction at one point can

extend to other parts of the slab and to the surrounding soil.
Where a good and uniform layer of aggregate (gravel or
crushed rock) was placed under the slab during construction,
communication immediately underneath the slab will generally be very good. In such cases, one (or perhaps two) suction
pipes will generally be sufficient, and can be located with
some flexibility, even if the communication within the native
soil, underlying the aggregate, is poor. Where there is good
aggregate, the system can be pictured as using the aggregate
layer as a large collector or plenum, into which the soil gas in
the vicinity of the house is drawn and then exhausted outdoors. Where there is not a good layer of aggregate, or where
the layer is uneven or interrupted to a significant degree, more
suction pipes will commonly be needed, and their location
near to the major entry routes (such as the wall/floor joint)
will be increasingly important, depending upon the communication within the underlying soil.
Although poor communication within. the underlying soil will
not impact the ability of SSD to depressurize slab-related
entry routes when sub-slab aggregate is present, it would
hinder the suction field from extending through the soil under
the footings. Thus, it could impact the ability of SSD to
depressurize entry routes associated with the outer face of the
foundation walls. It would also reduce the flow of outdoor air
down through the soil, thus reducing the possible roles of soilgas dilution and air-barrier shielding as mechanisms in determining SSD performance.
Where drain tiles are located inside the footings und~r the
slab, the drain~tile depressurization approaches described in
Sections 2.1.2 and 2.1.3 are essentially a variation of SSD.
However, in this document, the term "sub-slab depressurization" is used only to refer to cases where individual pipes are
inserted into the sub-slab region in the manner depicted in
Figures 1 and 2, or in closely-related adaptations of that
approach.

SSD has been one of the most widely applied and effective
approaches used by the radon mitigation industry, especially
in treating high-radon houses. SSD should be one of the first
techniques considered in any house, especially where there is
no sump and where sump/ DTD is thus not an option.

2.1.2 Active Sump/Drain-Tile
Depressurization (Sump/DTD)
Drain tiles surround part or all of some houses in the vicinity
of the footings to collect water and drain it away from the
foundation. The drain tiles may be perforated rigid plastic
(usually ABS or PVC), perforated flexible plastic (high-density polyethylene or polypropylene), or porous clay. Drain
tiles will generally be located right beside, or just above, the
perimeter footings. They can be either on the side of the
footings away from the house (in which case they are referred
to here as "exterior" drain tiles), or on the side toward the
house (referred to as "interior" drain tiles). In houses with
slabs, interior drain tiles would be under the slab, embedded
in any sub-slab aggregate. Sometimes (although not commonly) interior drain tiles are not located beside the footings
but extend underneath the slab in some different pattern:
Exterior drain tiles are usually buried in a bed of aggregate
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SUb-slab depressurization (SSO) using pipes inserted horizontally through the foundation wall from outdoors.

beside the footings; this exterior aggregate bed is sometimes
(but not always) covered with a material such as geotechnical
cloth or roofing felt, intended to reduce pluggage of the gravel
bed with dirt.
I

A typical sump/DTD system is illustrated in Figure 3. An airtight cover is sealed over the sump pit. Suction is then drawn
on the drain tile network by connecting a suction pipe to the
sump/drain tile system. While the suction pipe can be installed
through the sump cover, it can be advisable instead to connect
the suction pipe to the tiles at a location remote from the
sump, as illustrated in the figure.· Installation of the suction
pipe remote from the sump will facilitate subsequent maintenance of the sump pump, and will reduce the suction loss that
will result if air leaks develop around the sump cover (e.g., as
a result of improper re-installation of the cover after subsequent sump pump maintenance).

Both interior and exterior drain tiles can discharge collected
water by either one of three methods. If the lot is sufficiently
, sloped, the water can be routed to an above-grade discharge at
a low point on the lot, remote from the house. As an alternative, the water can be directed to a dry well away from the
house. Or, in basement houses when the lot is not sufficiently
sloped, the water is drained to a sump inside the basement,
from which the water is pumped to an above-grade discharge.
,This section addresses the case where the tiles drain to a The drain tiles shown in Figure 3 are interior tiles, although
sump.
,exterior tiles can also drain to a sump. Where the drain tiles
:9
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Drain-tile depressurization (DTD) where the tiles drain to a sump in the basement.
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Because of the typical effectiveness of sump/DID, this approach should be among the first considered in any basement
house having a sump with drain tiles. Sump/DTD will commonly be the preferred approach when the sump connects to
an interior loop of tiles, whether or not there is a layer of subslab aggregate. However, when there is aggregate, SSD is a
competitive option, and SSD might still be selected instead of
sump/DID under some conditions (e.g., if there is a high.
degree of floor/wall fmish at the location where the suction
Where the tiles are interior tiles, the principles involved with pipe would have to be inserted into the drain tiles). Where the
this DTD system are basically the same as those for the SSD drain tiles form an exterior loop, SSD in the basement may
variation described in the previous section. However, DID on sometimes be preferred over sump/DTD, especially if there is
interior tiles offers two key advantages. First, the tiles provide sub-slab aggregate, since SSD will apply the suction beneath
a network that helps distribute the suction under the slab and the slab rather than outside the footings. However, sump/DID
are located in a zone which will necessarily always have been can still be a good choice if there is a reasonably complete
excavated and backfilled during construction (and hence will exterior loop of tiles (i.e., on at least three sides of the house),
generally have some communication, even under houses where especially if the owner wants to keep all of the system piping
little or no aggregate has been placed). Second, the tiles are outside the house (tapping the suction pipe into the tiles
located right beside two of the major soil gas entry routes: the outdoors, remote from the sump). If there are only exterior
joint between the perimeter foundation wall and the concrete tiles, and if these tiles do not form a reasonably complete loop,
slab inside the house; and the perimeter footing region where suction on the tiles will not be delivered directly to some
soil gas can enter the void network inside block foundation. portion of the perimeter; this will be of greatest concern when
walls. Thus, interior drain tiles provide a convenient, in-place the native soil has low permeability. In such cases, SSD might
network that enables suction to be easily and effectively warrant greater consideration as the initial approach.
drawn over a wide area, particularly where it is usually needed
the most. These features are particularly important in cases 2.1.3 Active Drain-Tile Depressurization
where sub-slab communication is marginal or poor; they are (Above-GradeIDry-Well Discharge) .
less important in cases where there is a good layer of sub-slab
Where the tiles drain to an above-grade discharge or to a dry
aggregate.
well, a different basic DID design is required, as illustrated in
Because sump/DTD with interior tiles generally ensures ef- Figure 4. A check valve is installed in the discharge line, to
fective suction immediately beside the footings, this approach prevent outdoor air from being drawn into the system via the
may be more likely than SSD to treat the block walls at points discharge line. Suction is then drawn on the drain tile network, as illustrated. The suction pipe will often be connected
around the perimeter where the tiles are present.
to the drain tile loop immediately beside the footings; it can
Where the tiles draining into the sump are exterior tiles, the also connect to the discharge line, as shown in Figure 4. The
sump/DTD system will still be expected to divert soil gas drain tiles shown in the figure are exterior tiles, which will
away from the void network in block foundation walls. How- commonly be the case when there is remote discharge, alever, because the suction on exterior tiles is being applied though interior tiles can also drain remote from the house.
outside the footings, any suction field created beneath the slab
will depend upon extension of the exterior suction through the The principles involved with DTD/remote discharge are the
bottom course of blocks or beneath the footings, into the sub- same as those described in the preceding section for sump/
slab region. This extension, in turn, will depend upon the DTD.
permeability of the underlying native soil. Limited suction
field data from sump/DTD systems with exterior tile loops Because DID/remote discharge can be effective, and because
suggest that, as expected, the sub-slab depressurizations cre- the system will be entirely outside the house (making it
ated by such systems can be lower than those by systems potentially less obtrusive and less expensive than other ASD
having interior loops. Suction on an exterior loop does appear options), this approach should be among those considered in
to treat the w~/floor joint inside the footings, at locations any case where remotely-discharging drain tiles exist. As in
where tile is present, but the reduced sub-slab d~pressuriza the sump/DID case, DID/remote discharge will most often
tions might result in lesser treatment of slab-related entry be the preferred approach when there is an interior loop of
tiles, especially when there is not a good layer of sub-slab
routes toward the central portion of the slab.
aggregate; a good aggregate layer would make SSD more
The chances of achieving effective treatment with sump suc- competitive. DTD/remote discharge will also often be setion (with either interior or exterior tiles) are greatest when the lected when there is a reasonably complete exterior loop (i.e.,
tiles form a nearly complete loop around the perimeter (i.e., around at least three sides of the house). When the drain tile
around at least three sides of the house). However, good loop is exterior to the footings, there is an increased chance
performance can sometimes be achieved even when there is that SSD may turn out to be the technique of choice, rather
only a partial loop, on one or two sides. This is especially true than DID/remote discharge, because SSD will apply the
when there is.an interior loop and aggregate under the slab. suction directly under the slab.
With exterior tiles, good performance with partial loops appears to depend on good permeability in the native soil.
are exterior tiles, and where the suction pipe taps into these
exterior tiles remote from the sump, the piping will connect to
the tiles outside the house and will look more like that shown
in Figure 4 for DTD/remote discharge systems. (Of course,
when exterior tiles drain to a sump, the remote discharge line
in Figure 4 will be absent, and the suction pipe will thus be
connecting to the drain tile loop immediately beside the
footings rather than to the discharge line.)
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Exhaust (Released
Above Eave)

Notes:
1. For clarity, suction pipe is depicted
Installed in the drain tile discharge
line. Commonly, the suction pipe might
instead be installed directly in the
tile loop beside the footings.

3"X4" Rectangular
4
Metal D,ownspout
4" Round-to-3"X4" 4
Rectangular Adapter

2. Figure depicts one option for

connecting the rigid 4" dlam. suction
pipe to 4" flexible corrugated
drain tlle. Alternative methods of
connection to 3" and 4" flexible
tile, or to rigid plastic or clay
tlle, are presented In text.
3. The reverse flow valve shown
represents one design currently
on the market. Other valve
configurations are available.

4. The exterior downspout exhaust
stack illustrated here Is one of
several possible stack
configurations.
5. Closing various slab openings,
especially the perimeter joint,
will sometimes be important for
good DTD performance.
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Drain-tile depressurization (DTD) where the tiles drain to an above-grade discharge remote from the house.
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2.1.4 Active Block-Wall Depressurization
(BWD)
When the foundation wall is constructed of hollow concrete or
cinder blocks, the interconnected network of block cavities
within the wall can serve as a conduit for soil gas. Soil gas
which enters the wall through mortar joint cracks, pores, and
other openings in the exterior face of the blocks below grade
can move either vertically or laterally throughout the wall
inside this void network. Where the house has a basement,
with the interior face of the blocks inside the basement, the
soil gas can then be drawn into the house through any openings in the interior face, such as holes around utility penetrations, mortar joint cracks, and the pores in the block itself.
Even more importantly, if the cavities in the top course of
block open to the basement, the walls will act as a chimney,
with soil gas flowing up through the void network and into the
basement through these uncapped top voids. Even in slab-ongrade or crawl-space houses with hollow-block foundations, it
is sometimes possible (if the top cavities are not closed) for
soil gas in the block voids to. flow up into the wooden framing
resting on top of the wall, and hence into the house, even
though the foundation wall itself does not extend up into the
living area. I
The principle of BWD is to draw the soil gas out of this void
network using a fan drawing suction on the voids. The fan
would presumably increase the flow of soil gas into the voids,
but would draw the soil gas into the system piping and exhaust
it outdoors rather than permitting it to enter the basement.
Where the block walls are the primary entry route, and where
the BWD system is able to adequately depressurize the void
network, this. approach would most directly treat that entry
route. The depressurization created within .the voids by a
BWD system will sometimes extend under the slab, depending upon the.communication between the voids and the subslab, and upon the communication within the sub-slab fill.
Thus, the walVfloor joint, and perhaps some slab-related entry
routes more remote from the walls, will sometimes also be
treated by a BWD system.
Figure 5 illustrates one method for implementing BWD. This
approach, referred to as the "individual pipe" approach, involves insertion of one or two suction pipes into the void
network in each wall to be treated; these pipes are then
connected to ,One or more fans. A second approach for implementing BWD, referred to as the "baseboard duct" approach,
has been used occasionally. In this approach, a series of holes
is drilled into the void network around the perimeter of a
basement, just above slab level; these holes are then enclosed
within a plenum ("baseboard") sealed to the wall and slab
around the perimeter, and the plenum is connected to a fan.
For clarity, Figure 5 shows BWD being used as a stand-alone
technique; however, more commonly where BWD is used, the
primary mitigation system will be a SSDsystem, with depressurization of one or more selected walls implemented as a
component of that SSD system.
A key problem with BWD is that the numerous and oftenconcealed wall openings (especially open top wall voids, and
block pores) are very difficult to close adequately. Thus,
despite efforts to close these openings, large amounts of house

air (and possibly outdoor air) will leak into the BWD system
through these openings. Therefore, it has often proven to be
difficult or impractical to maintain sufficient depressurization
throughout the entire wall. Thus, the wall-related entry routes
have sometimes not been adequately treated (along with centrally located slab-related routes), with the result that radon
reductions have not been consistent either within a given
house over time, or between houses, when BWD is used as a
stand-alone method. As an added concern, substantial house
air leakage into a BWD system has sometimes depressurized
the basement sufficiently to cause backdrafting of fireplaces
and. other combustion appliances (as well as increasing the
heating/cooling penalty of the system). Where backdrafting
occurs, an outdoor supply of combustion air must be provided, or else the BWD system might be operated in pressure
instead of suction. Basement depressurization resulting from
BWD systems can also increase soil gas influx through walland slab-related entry routes not adequately depressurized by
the system, thus reducing net radon reduction performance,
and sometimes even increasing basement concentrations (e.g.,
House 19 in Reference Sc89).
In view of these concerns, BWD is looked upon as a technique
which would be used largely as an occasional supplement to
SSD systems, rather than as a method that would commonly
be used by itself. The role of BWD as a supplement to SSD
can be very important in some cases. Even where a SSD
system has very effectively depressurized the entire sub-slab
region, occasional cases have been encountered where this
sub-slab depressurization did not adequately prevent soil gas
from entering the void network, requiring simultaneous treatment of the walls using BWD (e.g., Houses.3 and 16 in
Reference Fi91).

2.1.5 Active Sub-Membrane
Depressurization (SMD) in Crawl Spaces
In houses having a crawl space with a dirt floor (including dirt
floors covered with gravel and/or with a plastic vapor barrier),
a variation of SSD or DID can be implemented if a "slab" (in
the form of a plastic membrane) is placed over the dirt floor.
Suction can be drawn underneath this plastic "slab," either
using individual suction pipes penetrating the membrane
(analogous to SSD), or through suction on a length or a loop
of perforated drain tile placed beneath the plastic (analogous
to DID). Examples of both SMD approaches are illustrated in
Figures 6 and 7.
SMD has been demonstrated to be the most effective radon
reduction method for crawl-space houses. It should be one of
the frrst methods considered in any crawl-space house where
the crawl space is accessible for system installation and where
the required radon reductions are sufficiently great (greater
than about 50%) such that natural ventilation of the crawl
space will not be adequate. Use of an exhaust fan to depressurize the entire crawl space, preventing radon-containing
crawl-space air from flowing up into the living area, has also
been found to be eff~tive, as well as less expensive than
SMD to install. However, crawl-space depressurization is
usually less effective than SMD, and has a much higher
heating penalty, since much of the air exhausted by the
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Notes:
1. Closure of top block voids can be
very important to avoid degradation
of BWD performance and increased
heating/cooling penalty caused by
excessive leakage of house air into
the system.

Exhaust Option 2
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2. Options for use of individual pipe
BWD as a supplement to SSD are
illustrated in a later figure.
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Block-wall depressurization (BWD) using the individual-pipe approach,
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Notes:

Exhaust Option 2
Exhaust Released
Above Eave

'I. The specific configuration depicted for the pipe penetration
through the membrane is one of a number of alternatives. '
Other options are shown in a later figure.

2. The membrane seams must always be sealed near the suction
point. Sealing of more remote seams may not always be
necessary, but is advisable.

3. The membrane can often be effectively sealed against the
foundation wall using a continuous bead of properly selected
sealant (urethane caulk for cross-laminated polyethylenes,
other adhesive for regular polyethylenes). Other options
for sealing the membrane against the wall are discussed in
text.

Flexible
Coupling
Exhaust Fan
(Rated for
Exterior Use
or Enclosed)

Exhaust Option 1
To Exhaust Fan
Mounted in Attic
Strapping (or Other
Support) Will Sometimes
Be Necessary

Floor
Joist

-----.-----

-----.---Sealant

.:

Crawl
Space

-

III
-lJ"-----.J--!---L'-

Connection to
Other Suction
Point(s), If Any

Slope Horizontal Legs
Down Toward Membrane

.:

Membrane Sealed
Against Wall
with Bead of
Caulk or
Adhesive2,3

Hollow-Block
...
_.:
Foundation Wall ~ :~"==l='=::I1

k----

)

Semi-Rigid Plastic
Plate Resting on Top
of the T-Fitting, to
Prevent Membrane from
Being Sucked into the
Ends of the T-Fitting'

Hose Clamp and
Caulk, Sealing
Membrane
Around Pipe
Penetration'
.~

.

.".

..

~
~

•

'

A

•

'

,

'

'A

'A'

' ' - -_ _, - -_ _- ' ' - - ',-

, " ' Dirt Floor in ' ,

Crawl Space'" , :
. .' .

'

Figure 6.

Sealant

=,

.. .' . ' '.
. .. . .. . .'
. ":,
,

"

Membrane

=--==, ,,=.-.--~:""--'M==::::!:::~~=~~::::;:.
:;::::.;=::::::::~
. ...
.

';:"~

0;: .
,.,-~":""'!!='~'=;:::.¥=il:.....:,~-.:..., ,

.'

PVC Suction Pipe

-J

'.'

•

PVC T-Fitting Under
Membrane, to Support .
,
Pipe and to Help
1
Distribute Suction

"

..
,....,..., . " ..
" ,:', .' .. : ..' '.' '. , ,
. ..
~ '.
.. '., .. . ' . ...
".'
..
Adjoining Sheets of
Membrane Overlapped
by about 12 Inches
Sealed with Caulk or
2
Other Adhesive
'...

,

'

Sub-membrane depressurization (SMD) for the case where individual suction pipes penetrate the membrane (SSD analogue);
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Notes:
1. The perforated piping is depicted here as a straight
length down the center of the crawl space.
Alternative configurations are discussed in the text.

Exhaust Option 2
Exhaust Released
Above Eave

r~

2. The perforated piping depicted in the inset is
flexible corrugated piping. Rigid perforated
Schedule 40 pipe could also be,.used.

~
~I

3. The membrane seams should always be sealed near
the perforated piping. Sealing of remote seams may
not always pe necessary, but is advisable.
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4. The membrane can often be effectively sealed against
the foundation wall using a continuous bead of an
appropriate sealant. Other options for sealing the
membrane against the wall are discussed in the text.
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Sub-membrane depressurization (SMO) for the case where suction is drawn on perforated piping beneath the membrane (DID
analogue).
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depressurization fan will be treated house air drawn down
from the living area.
The principles involved in SMD are similar to those for SSD
and DID.
-

If adequate suction can be maintained beneath the
plastic, soil gas entry into the crawl space should be
reduced or eliminated By this sub-membrane depressurization mechanism, gas flows through seams or
punctures in the membrane should be crawl-space air
being drawn down into the sub-membrane region, rather
than soil gas flowing up into the crawl space, from
which it might enter the living area.

-

The other mechanisms discussed earlier for ASD systems may also come into'play: dilution of the soil gas
radon levels under the membrane, resulting from the
increased flows of air into the sub-membrane region
(from the crawl space, the block walls, and outdoors);
and air-barrier shielding.

-

In crawl spaces having block foundation walls, the
SMD system might help prevent soil gas entry through
the block cavities into the crawl space and into the
living area overhead, analogous to SSD and DID.
However, there are not sufficient data in houses where
block crawl-space walls are a major living-area entry
route to assess how consistently or reliably SMD will
thus treat the walls.

In addition, there may be an element of crawl-space depressurization contributing to the performance of SMD systems.
Significant leakage of crawl-space air into the SMD system
through membrane openings can cause such depressurization
of the entire crawl space relative to the living area, reducing or
completely reversing the normal flow of crawl-space air up
into the living area. This can be an effective mitigation
method in its own right (He92).
Where the crawl space has a floor of bare earth, which is often
the case-Le., where there is not a layer of gr'avel on the floor
bene~th the membrane-suction beneath a Slvro membrane is
analogous to SSD with no aggregate under the slab. Thus, just
as with SSD in houses having poor sub-slab communication,
the sub-membrane depressurizations maintained in SMD systems are generally fairly low, and measurable suction field
extension beneath the membrane is limited. These lower
depressurizations may mean that SMD systems will be less
likely; e.g., to treat wall-related entry routes, in cases where
that might be necessary. However, SMD systems have generally proven to be very effective in crawl-space houses, despite
reduced sub-membrane suctions.
Where the crawl space is large, where significant reductions
in indoor radon concentrations are desired (e.g., to 2 pCiIL or
less), and/or where the soil comprising the crawl-space floor
has very low permeability (with no gravel on the floor), it has
sometimes been found necessary to take steps to help the submembrane suction field extend adequately around the crawl
space. The most common steps are installing additional suction pipes through the membrane (analogous to installing

multiple suction pipes in a SSD system), or connecting the
suction system to perforated piping under the membrane (as in
Figure 7).
A key remaining issue in the design of SMD systems is how
much effort should be made to reduce crawl-space air leakage
into the system by sealing the membrane against perimeter
foundation walls and interior piers, and at seams between
sheets of plastic. Some results suggest that such comprehensive sealing of the membrane may not always be necessary in
order to achieve good radon reductions in the living area. This
result is probably a commentary on the limited sub-membrane
depressurizations needed to adequately reduce soil gas flow
into the crawl space in some cases. It may also be a commentary on the relative benefits of the mechanisms other than submembrane depressurization discussed above, especially submembrane soil gas dilution and crawl-space depressurization.
Comprehensive sealing of the membrane is often conducted
routinely by mitigators. Mitigators report that complete sealing is needed in order to ensure the best radon reduction
performance. Complete sealing also will help avoid possible
backdraftingof combustion appliances in the crawl space as a
result of the crawl-space depressurization that can occur if the
SMD fan draws too much crawl-space air out through the
unsealed seams. Furthermore, complete sealing will reduce
the amount of treated air drawn out of the living area and
exhausted by the SMD system, thus reducing the heating/
cooling penalty. Until further research confirms the conditions under which incomplete membrane sealing is acceptable, it is advisable to seal the membrane everywhere.
This issue extends to the question of whether the entire crawlspace floor even has to be covered by the membrane. This
question is important because portions of crawl spaces are
often inaccessible or are occupied by, for example, the furnace and water heater. Good radon reductions have sometimes been achieved even in cases where the dirt floor was not
entirely covered. This result could be suggesting that a) some
sections of the dirt floor are less significant sources of radon
than others; b) suction on a portion of the soil can extend
sufficiently to intercept the soil gas before it reaches the
uncovered sections of floor; and/or c) depressurization of the
entire crawl space is contributing to the observed reductions,
through a' different mechanism than soil depressurization.
Until this question is better understood, it is advisable to
ensure that the entire crawl-space floor is covered by the
membrane, if at all possible.
In isolated cases, relatively good radon reductions have been
achieved with "sub-membrane depressurization" without the
membrane, i.e., by drawing suction on pipes embedded in the
bare soil in the crawl space. Referred to here as "site ventilation," this approach is analogous to the "radon wells" in
Sweden, and would appear to require certain geological characteristics in order to be successful. The soil would have to be
relatively permeable laterally, and less permeable vertically
toward grade, so that the suction field would extend through
the soil over the area of the crawl space, but would not be
dissipated by extensive leakage of crawl-space air down from
above. A strata of porous, gravelly soil, capped with a layer of
claysoil, would be an ideal example of a geology conducive
17

to Olis approach. Site ventilation cannot be expected to be
sufficient by itself in most locations. However, the fact that
SMD can sometimes be effective even when the membrane
does not cover the entire floor could be indicating that a site
ventiJation component may exist in some SMD installations..

2.2 Applicability of Active Soil
Depressurization
Where properly designed and operated, ASD systems (especially SSD, DTD, and SMD) have consistently demonstrated
high, reliable radon reductions in a wide range of houses.
Radon reductions greater than 90% are common when premitigation levels are significantly elevated. Performance has
been demonstrated in thousands of commercial installations
(and numerous experimental installations) over the past 8
years, in houses having the full range of substructure types.
Installation costs of ASD systems are typically moderate.
Exact costs can vary from house to house: a range of $80052,500 appears generally representative for most commercially installed ASD systems (He91b, He91c, H091, EPA92c),
with an average cost of $1,135 for SSD and DID obtained
from an EPA survey of private-sector mitigation (H091).
Other radon reduction approaches have one or more of the
following disadvantages, relative to ASD:
~

Some other approaches are more expensive to install than
ASD. Air-to-air heat exchangers for house ventilation
have an average installation cost of $1,606 according to
Reference Ho91. Entry route sealing as a stand-alone
method can sometimes be more expensive than ASD,
depending upon the extent of the sealing and the amount
of floor/wall fmish that must be removed and re-installed
to pennit the sealing.

b) Most odler approaches are less effective than ASD. Airto-air heat exchangers provide reductions no greater than
25-75%; entry route sealing as a stand-alone method
provides 0-50%; natural crawl-space ventilation provides
0-50%.
c)

Other approaches are generally less well demonstrated.
House pressurization has been successfully tested in only
a limited number of houses; most of the other alternatives
to ASD listed in a) and b) are also less well demonstrated
than ASD.

In view of their demonstrated high radon reductions in a wide
variety of houses, and in view of their moderate cost, ASD
systems should be one of the fIrSt approaches considered in
essentially any house. These systems are applicable in treating
houses having very high pre-mitigation radon concentrations
(e.g., above 100 pCi/L). ASD will generally be required in
order to reliably achieve 4 pCi/L and less in any house where
the pre-mitigation level is above about 8 to 16 pCi/L. (Only
house pressurization and crawl-space depressurization appear
to offer potential for achieving reductions as great as ASD,
and these other techniques are much less well demonstrated,
are not as widely applicable, and can offer other complications.) And ASD can also be cost-effective in treating houses
having only slightly elevated pre-mitigation levels (e.g., 4 to
10 pCiIL), potentially providing greater and more reliable

reductions at less long-term capital and operating cost than the
other alternatives for achieving moderate reductions, namely,
house ventilation and entry route sealing.
Techniques other than ASD would be considered most seriously in unusually difficult houses having combinations of the
following complications:
a)

very poor sub-slab communication, requiring a large
number of suction pipes;

b)

fieldstone foundation walls which are an important entry
route, since such walls can be difficult to treat and are not
amenable to BWD;

c)

a very high degree of floor/wall/ceiling finish on the story
in contact with the soil, thus complicating the placement
and routing of suction pipes;

d)

homeowner resistance to aspects of the ASD system, e.g.,
appearance, need to maintain a fan, etc.

Generally, anyone of the above complications, by itself,
could be overcome by suitable design. However, especially
when there are multiple problems, the effort required to
overcome them could make the ASD system more expensive
(or would create a greater aesthetic impact) than would an
alternative mitigation approach, such as house pressurization
or house ventilation. Of course, the applicability of one of
these other approaches would itself depend upon other characteristics of the house, such as the pre-mitigation radon level
and the natural ventilation rate of the house (which would
determine the effectiveness of house ventilation), and the
tightness of the basement (which would impact basement
pressurization). Mitigation experience to date suggests that
only afew percent of the houses in this country are likely to be
truly inappropriate for ASD (Bro90, Mes90b, Sh90, St90,
We90).
Where ASD is being considered for a specific house, the
applicable variation of the technology is usually selected as
follows:
a)

In basement houses having sumps with drain tiles, sump/
DTD will be one of the frrst ASD options considered.
Sump/DID will most likely be successful when the drain
tiles form a loop inside the footings, or when there is
good aggregate beneath the slab regardless of the drain
tile configuration. Sump/DID will least likely be successful when the drain tiles are outside the footings and
form only a partial loop (i.e., a loop around fewer that
three sides of the house).

b)

In basement houses having drain tiles draining to a remote above-grade discharge or dry well, DTD/remote
discharge will be one of the first options considered, with
the same considerations listed in a) above for the sump/
DTD case. It should be anticipated that a supplemental
SSD system could turn out to be required, in addition to
the DID system if installed, if the drain tiles form an
exterior loop around fewer than three sides of the house.
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c)

In any base,ment or slab-on-grade house, SSD will generally always:be one of the fIrst ASD variations considered.
Where the house has drain tiles, SSD can be considered
as an ,alternative or supplement to sump/DTD or DID/
remote discharge. The exact design of the SSD system
will have to be developed reflecting the degree of subslab communication, degree of interior fInish, etc.

than SSD, or of installation of the SSD pipes from
outdoors. Some obstructions that cause poor communication, such as sub-slab forced-air supply ducts, will sometimes not signifIcantly increase the number of suction
pipes required, if there is a layer of aggregate (Fi90,
He91a). In such cases, the system may be functioning
more by soil gas dilution or by air-barrier shielding (as
discussed in Section 2.1), rather than by creating an
unambiguous depressurization beneath the slab.

d) BWD would generally never be installed initially as a
stand-alone mitigation method unless prior experience
with similar houses in the locality indicated that the block
walls were the predominant source and were suffIciently
leak-tight (e.g., top voids capped), such that BWD offered clear potential for being the most cost-effective
approach in that hous,e. Likewise, unless experience with
other similar houses in the locality suggested otherwise, it
would generally not be effIcient to install a BWD component on a SSD system, until initial operation of the ,SSD
system confmned that it was not effectively treating the
wall-related entry routes and that a BWD component is
indeed required.
e)

• In houses which a) do not have drain tiles (so that DTD is
not an option); or b) which have only a partial loop of
tiles outside the footings (so that DTD is likely to leave
some portion of the perimeter ,foundation untreated).
However, if sub-slab communication is good, SSp can
sometimes still be the best selection even in a house'
having drain tiles, in cases where the system pipe routing
is simplifIed by avoiding the need to tap into the dram '
tiles; the extent or condition of the drain tiles is questionable; or rain gutter downspouts, window well drains, or
other such drains empty into the drain tiles, making the
tiles diffIcult to seal and depressurize.
'

SMD would be the ASD technique used in any crawlspace house, or in the crawl-space wing of a combinedsubstructure house if that wing is found to need treatment.

• In houses having any pre-mitigation radon concentration
(high, moderate, or only slightly elevated).
SSD is capable of achieving the very high radon reductions required in houses having extremely high pre-mitigation concentrations (e.g., above 100 pCi/L). It (along
with DTD, where drain tiles exist) is the most reliable
approach available for providing the necessary reductions
in any basement or slab-on-grade house requiring more
than about 50-75% radon reduction (i.e., any house having pre-mitigation concentrations greater than 8 to 16
pCi/L). The one other approach which appears capable of
achieving reductions greater than 50-75%, in addition to
ASD, is house pressurization. This technique has been far
less well demonstrated than ASD, and is applicable primarily when the basement can be reasonably well isolated from the living area to permit pressurization of the
basement. (The presence of forced-air furnace ducting
between the basement and the living area could seriously
complicate efforts to isolate the two levels.)

The subsections below list in further detail the specifIc house
features which determine when each of the in(lividual ASD
variations is likely to be most applicable.

2.2.1 Active Sub-Slab Depressurization
SSD will be most applicable under the following conditions.
• In any house having a concrete floor slab (basements,
slabs on grade, and paved crawl spaces).
• In houses having good communication immediately beneath the slab, although houses having poor communication can also be treated. Good communication is most
commonly associated with a good layer of aggregate
(gravel or crushed rock) under the slab. Poor communication can result from a) lack of, or uneven distribution of,
aggregate (combined with a relatively impermeable native soil underlying the slab); or from b) sub-slab obstructions (such as forced-air supply ducts and interior footings or grade beams) which interrupt the aggregate.

Even when pre-mitigation concentrations are less than 8
to 16 pCi/L, and other less effective techniques can be
considered (such as house ventilation and entry route
sealing), SSD is still a viable candidate approach. It can
be less expensive than some of these other approaches
(e.g., air-to-air heat exchangers and extensive sealing
efforts), and will commonly provide much greater radon
reductions. For example, a house having a pre-mitigation
level of 6 pCiIL might be expected to be reduced to 3 pCi/
L by a house ventilation approach that doubled the ventilation rate, but could realistically be expected to be
reduced to 1 to 2 pCiIL with SSD. This is important if an
objective is to achieve near-ambient levels indoors.

With good communication, design of a SSD system is
simplifIed, with only one or two suction pipes commonly
needed, and with flexibility in choosing where the pipes
are located. Poor communication does nOlt render SSD
inapplicable; however, it does require more care in selecting the number and location of suction pipes, and perhaps
also in other design aspects (such as a higher-suction
fan). Mitigation performance might still be reduced despite this increased care. Very poor communication (requiring a large number of carefUlly located suction pipes)
combined with extensive interior fmish (complicating the
siting and installation of pipes indoors) could warrant
more serious consideration of mitigation techniques other

• In houses with hollow-block foundation walls as well as
poured concrete foundation walls. SSD can also be applicable in houses having fIeldstone walls, although there is
an increased chance that some other mitigation technique
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will be needed to supplement or replace SSD. While
hollow-block walls increase the significance of wallrelated entry routes, and thus increase the chance that
some additional wall-related treatment might be needed,
adequate reductions can commonly be achieved with
SSD alone in houses having such walls. If there is reasonably good sub-slab communication, and/or if the SSD
suction pipes are located sufficiently close to the walls,
SSD often (but not always) appears to adequately reduce
or prevent soil gas entry through wall-related routes. In
the case of block walls, the system is probably intercepting the soil gas in the vicinity of the footings, reducing or
preventing its entry into the void network through mortar
joint cracks and other openings near the base of the wall.
Depending upon the permeability of the native soil, the
suction field may also extend under the footings, possibly
treating entry routes on the exterior face of block or
fieldstone walls.

placement (or combined with fieldstone foundation walls),
will render SSD impractical on the basis of technical and/or
cost considerations. In houses having slabs and no drain tiles
(so that DTD is not an option), and having pre-mitigation
levels above 8-16 pCijL, the only other options available
besides SSD for achieving post-mitigation levels of 4 pCijL
and less are a) BWD; b) basement/house pressurization; or c)
measures involving modifications to the house, e.g., removal
of the existing slab and pouring a new slab over a good bed of
clean, coarse aggregate. These other options will not always
be applicable or practical, either.

2.2.2 Active Sump/Drain-Tile
Depressurization
Sump/DTD will be most applicable under the following conditions.
•

Depending upon the nature and significance of the wallrelated entry routes, and the ability of SSD to intercept
soil gas before it reaches the exterior face of the wall,
there are definitely cases SSD does not adequately reduce
or prevent entry through wall-related routes. In those
cases, SSD will have to be supplemented by some additional wall treatment (e.g., BWD treating selected block
walls).
In houses having fieldstone foundation walls, SSD can
still be a reasonable choice (or a reasonable component of
a combined mitigation system) if the slab is an important
entry route. However, if sub-slab communication is poor
and if the fieldstone wall is a major entry route, SSD may
not be able to develop an adequate suction field or airflow in the soil to intercept the soil gas entering through
the wall. In such cases, a technique other than SSD may
be needed-basement pressurization, house ventilation,
or sealing or isolation/ventilation of the fieldstone wall.

In any (basement or "slab-below-grade") house having a
sump pit with drain tiles entering the sump. Sump/DTD
should always be one of the first mitigation approaches
considered when a sump with tiles is present. It should be
noted that sometimes a sump pit will exist but will not
have tiles draining into it; suction on such a sump pit
would not be DTD, but rather, would be SSD, with the
tile-less sump simply serving as a ready-made hole through
the slab.

• In houses where the tiles that drain into the sump form a
loop beside the footings that is nearly complete (i.e., on at
least three sides of the house). This is especially true if
either a) the tiles are outside the footings, and sub-slab
communication is good to marginal; or b) they are inside
the footings, and the communication beneath the slab is
marginal to poor. A nearly complete loop is not important
if the tiles are under the slab and if there is good communication immediately beneath the slab. (An incomplete
loop would also exist in the case where a portion of a
complete loop is damaged or blocked with silt.) Sump/
DTD can also be tried as the initial approach even when
the loop is not nearly complete and communication is
marginal, but there would be an increased chance that this
initial installation might subsequently have to be supplemented with a SSD system.

• In houses where at least a portion of the slab is not
finished, so that suction pipes can be installed through the
slab where required in an aesthetically acceptable manner
without disturbing the existing wall, floor and ceiling
fmish. However, even where the slab is entirely finished,
pipes can usually be a) installed in an inconspicuous
location (e.g., in closets); or b) concealed behind new
fmish (e.g., boxed in behind new wall-board); or c)
inserted under the slab from outside the living area, as in
Figure 2. Some of these steps in finished houses will
increase costs, but will often not be so severe as to render
SSD inapplicable in practice. Almost all houses have at
least some portion of the slab unfinished (e.g., a utility
room); where sub-slab communication is good, that limited unfmished space can be sufficient, wherever it happens to be locat!Xl on the slab.

Where the tile loop is outside the footings, the system will
be depending upon extension of the suction field through
the native soil beneath the footings, through the block
foundation wall, or through below-grade utility channels
penetrating the foundation, to treat the sub-slab region.
Likewise, the system will be depending upon extension
of the field through the native soil to treat sections of the
footing where the tile does not exist. Probably for these
reasons, the best results with exterior tiles have been
observed (with good to marginal sub-slab communication) when the tiles exist on at least three sides of the
house (Fi91, KIn). Similar concerns exist when the tiles
are inside the footings, but sub-slab communication is
marginal to poor. There have been cases where moderate
to high radon reductions (40 to 90+%) have been achieved
with exterior loops on less than three side~ (Mi87, Sc88,
He89, Kl92); the higher reductions with partial exterior

In summary, SSD can be one of the first options considered in
any house having a slab. It can be considered regardless of the
sub-slab communication, the pre-mitigation radon concentration, the nature of the foundation wall, or the degree of interior
finish. In general, only very poor sub-slab communication,
combined with heavy interior finish which limits suction pipe
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loops likely have been obtained in cases where the native
soil had relatively good permeability.
Where the tiles are inside the footings, and where communication is good, the extent of the tiles is far less
significant. Just as a SSD system can perform very well
with only one SSD suction pipe when communication is
very good, likewise a sump/DTD system can perform
well with a limited segment of drain tile when communication is good.
•

•

•

In houses without potential major soil gas entry routes
remote from the perimeter walls, in cases with exterior
drain tiles. Such remote entry routes could include, for
example, interior load-bearing walls (especially hollowblock walls) or fireplace structures which penetrate the
slab and rest on footings underneath the slab; and interior
expansion joints in the slab. While the suction.applied to
an exterior loop of tiles has been shown to e~tend under
the slab (Fi91, Kl92), this extension may be weaker than
that with SSD or with interior tiles. The perimeter foundation walls and waWfloor joint are receiving the strongest treatment; these perimeter entry routes ,are commonly the major ones (especially with block walls), so
that effective treatment of these routes is often sufficient
wh~re there are not major interior entry routes. Where
there are interior routes remote from the perimeter, these
rout.es will provide the system with an increased challenge. Available data suggest that, if the exterior loop is
complete and if the fan performance is slllfficient, DTD
on exterior loops can produce significant reductions in
indoor radon in houses with such interior entry routes,
. especially if the sub-slab communication is good and/or
if the permeability of the native soil is relatively good.
However, the risk of reduced performance is increased.

•

In houses where extensive wall finish or other obstructions do not hinder installation of a suction pipe into the
sump or into the perimeter tiles remote from the sump. If
access to the sump and tiles is constrained, and if there is
good sub-slab communication, SSD may be preferred
over sump/DTD even in cases where a sump with a
nearly-complete loop of tiles is present.

•

In houses where the drain tiles do not become flooded,
Le., where the sump pump is operating properly. If the
drain tiles become blocked with water, the suction being
drawn by the fan will not be distributed around the tile
loop.

In some cases, there will be some uncertainty whether the tiles
around a given house form a complete loop, or whether they
are partially silted shut, or whether they are inside or outside
the footings. In such cases, judgement must be used. If there is
a reasonable likelihood that the tiles go around three sides of
the house, the advantages of the sump/DTD approach might
make it cost-effective to attempt before proceeding to SSD or
some other approach, especially if only moderate radon reductions (50 to 85%) are required.
As indicated above, there will be cases where SSD may be the
most applicable technique for a given house, rather than
sump/DTD, even in cases where a sump and a complete loop
of tiles is present. These cases include, for example, houses
where the sump or tiles cannot be conveniently accessed, or
houses where there is a drainage problem.

2.2.3 Active Drain-Tile Depressurization
(Above-GradeIDry-Well Discharge)
DTD/remote discharge will be most applicable under the
following conditions.

In houses having any pre-mitigation radon concentration
(high, moderate, or only slightly elevated). In view of the
high radon removals and the moderate cost of sump/
DTD systems, they can be considered for treating any
pre-mitigation level, as discussed for the case of SSD in
Section 2.f..1.
In houses having any type of foundation wall (block,
poured concrete, or fieldstone), as discussed for SSD in
Section 2.2.1.

• In houses where the area over the slab is largely fmished
living space. The installation can generally be confined to
the area immediately over the sump, if the suction pipe
taps into the sump. If the suction pipe taps into the tiles at
a point remote from the sump, the installation will be
confined to that one point around the. perimeter, which
can be selected to minimize the impact; if the tiles form
an exterior loop, this point will be outdoors. Thus, in
houses having moderate to poor sub-slab communication,
so that a SSD system would require multiple suction
pipes, it is likely !hat a sump/DTD system can be installed
. with a less significant aesthetic impact or with less significant modifications to the existing finish, compared to
SSD.
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•

In any (basement or "slab-below-grade") house having
drain tiles draining to an above-grade discharge or dry
well. DTD/remote discharge should be one of the first
mitigation approaches considered when a such a drain tile
system is present.

•

In houses where the drain tiles form a loop beside the
footings that is nearly complete (i.e., on at least three
sides of the house), if either a) the tiles are outside the
footings, and· sub-slab communication is good to marginal; or b) if they are inside the footings, as will commonly be the case with remote discharge, and the communication beneath the slab is marginal to poor. If the
tiles are under the slab and if there is good communication immediately beneath the slab, it will be sufficient if
the tiles form only a partial loop (less than three sides of
the house) or form some other pattern. Partial exterior
loops may be sufficient in cases where the permeability
of the native soil is relatively good. The rationale for this
criterion is as described previously in Section 2.2.2, for
the sump/DTD case..

•

In houses without potential major soil gas entry routes
remote from the perimeter walls, in cases with exterior
drain tiles, as discussed in Section 2.2.2.

•

In houses having any pre--mitigation radon concentration
(high, modemte, or only slightly elevated), as discussed
for in Sections 2.2.1 and 2.2.2.

experience in a given locale, where trends may become
apparent of the conditions under which a BWD component is typically required.

•

In houses having any type of foundation wall (block,
poured concrete, or fieldstone), as discussed for SSD in
Section 2.2.1.

•

In houses where the area over the slab is heavily finished
living space. Because the DID/remote discharge system
is usually installed entirely outside the house, this system
will tend to be less expensive and less obtrusive than
other approaches that could necessitate modifications in
the finished space.

• In houses where one or more of the block walls is a
particularly important entry route, especially in cases
where sub-slab communication is sufficiently poor such
that it will be more difficult for a SSD system to address
this wall-related entry. Notwithstanding the fact that SSD
will usually be the frrst technique of choice, as discussed
above, many mitigators can relate experiences where a
stand~alone BWD system treating one or two selected
walls proved to be extremely effective.

•

In houses where the drain tiles do not become flooded, for
the reason discussed in Section 2.2.2. Flooding would be
most likely in cases where the tiles drain to a dry well.

• In houses where there are no major openings in the block
walls, or where the openings are accessible for reasonably convenient closure. This includes not only the perimeter foundation walls, but also any interior block walls
which are to be treated by the BWD system, and which
penetrate the slab and rest on footings underneath the
slab. Block walls are commonly so leaky that large
amounts of air are drawn through the walls and into the
BWD system from the basement (assuming a basement
house, the substructure to which BWD is most commonly
applied). In addition to creating a significant house heating/cooling penalty, this leakage makes it very difficult to
maintain a suction field inside the wall cavities, potentially resulting in radon reductions which are insufficient
and unpredictable, and which are variable over time. It is
impractical to make a block wall air-tight; even painting
the wall to close the block pOres and hairline mortar joint
cracks would not make the wall air-tight, and such extensive effort is not generally required for BWD to be
reasonably successful. However, it is crucial that major
openings not be present in the wall to be treated, or, if
present, that they be closed.

2.2.4 Active Block-Wall Depressurization
BWD applies only to houses having hollow-block foundation
walls. Among block-wall houses, BWD will be most applicable under the following oonditions.
•

In houses where a SSD system has already been installed,
and where post-mitigation diagnostic testing and indoor
radon measurements indicate that this SSD system is not
adequately reducing mdon entry through the block walls.
BWD systems, as stand~aloneinstallations (Le., without a
SSD component), have generally proven less effective
and less consistent than SSD systems. Therefore, a SSD
system will often be the first choice, with a BWD component being added only if the SSD system by itself proves
unable to adequately reduce wall-related entry. Where
post-mitigation diagnostics indicate that the initial SSD
system is not adequately reducing radon concentrations
inside the block walls, a combined SSD+BWD system
may either be required, or may be preferable to the
possible option of adding additional SSD pipes near the
walls.

In particular, BWD treatment of a wall will most likely be
successful in cases where

It can be difficult to predict the need for a BWD supplement prior to the installation of the initial SSD system; as
a result, the BWD component may often be added follow- .
ing the initial installation. SSD systems may sometimes
treat wall-related entry through interception of the soil
gas before it enters the void network, rather than by
actually creating a measurable depressurization within
the block cavities. As a result, if pre-mitigation sub-slab
suction field extension measurements are conducted using a diagnostic vacuum cleaner, failure of the vacuum
cleaner to create measurable depressurization inside the
cavities might not necessarily mean that an operating
SSD system will not adequately reduceradonentry through
the walls. In addition, high radon concentrations in the
walls prior to mitigation might well not reflect the concentrations that will exist after a SSD system begins
ope.mtion. Thus, the ability to use pre-mitigation diagnostics to foresee when a SSD system will need to be
supplemented by a BWD component will depend upon
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-

a course of solid cap block closes the top of the wall.
Or, ifthere is no solid cap block, the open voids in the
top course are accessible for effective closure.

-

there is no frreplace or chimney structure built into the
wall, potentially concealing routes for air leakage and
soil gas entry.

-

there is no exterior brick veneer, concealing a gap
between the veneer and the interior block or sheathing
through which air can flow down into the void network.

-

the block does not have particularly high porosity,
since high porosity facilitates air flow through the face
of the block. True cinder block (as distinguished from
concrete block) is often highly porous. Concrete block,
which is much more common than cinder block, will
occasionally have higher-than-normal porosity when
there is a reduced amount of cement present in the mix
from which the blocks were fabricated. Particularly
porous blocks are characterized by more sharply-de-

not all of the walls may have had to be treated by some of
the respondents to the survey. EPA's experience has
indicated that where any significant closure of wall openc
ings is required (e,g., closure of·open voids in the top
course of block), and where all walls must be treated, the
labor involved will almost always result in an installation
cost greater than the average reported in the survey.

fmed grains of aggregate on the surface, deeper pits
between the grains, and a rougher .te:xture. In less
porous blocks, these features are more smoothed out by
the cement.
-

•

the wall is reasonably integral, and does not contain an
excessive number of wide mortar joint cracks or missing mortar. (All walls will have some hairline mortar
joint cracks.)

•

In houses where the block wall is reasonably accessible,
i.e., is not covered with sheetrock or panelling, and is not
otherwise blocked. Effective treatment .of a wall will
require one or more individual pipes penetrating that
wall, or a baseboard duct running the length of the wall. If
the wall is difficult to access, this can add significantly to
the installation cost.

• In houses where there are no obvious major slab-related
soil gas entry routes remote from the wall, in cases where
BWD is being considered as a stand-alone method without SSD. EPA data (He87, Fi91) indicate that BWD by
itself can create a weak suction field beneath the slab,
potentially treating some slab-related entry routes remote
from the wall. However, this suction field will not always
extend effectively under the slab, even if the wall openings are effectively closed. Thus, houses with badly
cracked slabs, for example, would not be good candidates
for BWD,except in conjunction with SSD.
• In conjunction with SSD, individual-pipe BWD is applicable in houses having any pre-mitigation radon concentration (high, moderate, or slightly elevated), as discussed
in Section 2.2.1. When used in conjunction with SSD, the
BWD treatment can some-times be limited to perhaps
one or two walls which diagnostics indicate are the major
entry routes not being treated by the SSD system. The
likely moderate.cost of such a SSD+BWD system, combined with its high effectiveness, makes it a good candidate even when only a moderate degree of radon reduction is required.

As a stand-alone technique, however, BWD can sometimes be more expensive, if all walls must be treated. This
could limit its applicability to houses having pre-mitigation concentrations greater than 8 to 16 pCijL, where the
required level of reduction would be sufficient to justify
the increased system cost.

In houses of any substructure where the block foundation
walls can provide an entry route into the living area.
BWD has most commonly been used in houses having
basements. However, on occasion, BWD components
have also been found to be an important addition to SSD
installations in slab-on-grade houses, in some cases where
open voids on the top of the stem foundation wall (at slab
level) provided access to the living area. No data have
been found defining experience withBWD in crawlspace houses having block foundations.

• The baseboard duct BWD approach would best be considered in houses having a perimeter channel drain (sometimes referred to as a "canal" drain or "French" drain)
around the perimeter wall/floor joint. SSD would still be
one of the fITst mitigation approaches considered, even
where a perimeter channel drain is present. However, the
drain should be closed in an appropriate manner, as
discussed in Section 4.7.1, in order to ensure effective,
reliable performance of the SSD system and to reduce the
heating/cooling penalty; this closure will increase the
.cost of the SSD system. Application of the baseboard
duct BWD approach where a perimeter channel drain is
present covers the drain, a step which is likely to be
required regardless of the mitigation approach used, while
a) taking advantage of this ready-made access under the
slab to provide sub-slab treatment around the entire slab
perimeter; and b) uniformly treating the wall voids close
to the footing region. When used as a stand-alone technique, baseboard 9uct BWD over a perimeter channel
drain is in fact a combination of SSD and BWD.

2.2.5 Active Sub-Membrane
Depressurization
S:MD will be most applicable under the following conditions:
• In houses having dirt-floored crawl spaces (including dirt
floors covered with gravel or a vapor barrier), or in
basement houses where a portion of the basement has a
dirt floor. SMD has consistently been found to be the
most ·effective approach. for reducing radon concentrations in houses with dirt-floored crawl spaces (Fi90,
Py90), although not necessarily the least expensive; it
should always be one of the fITst approaches considered
for such houses. Crawl spaces having concrete slab floors
would generally be treated using SSD. Crawl spaces
having concrete wash floors (i.e., floors consisting of an
unfinished layer of concrete about 2 in. thick or less) may
be treated using SMD if the concrete wash is too badly
cracked to enable SSD.

The increased costs result from the possible need to treat
all walls in the.stand-alone case rather than just one or
two, which increases the cost ofpipe/duct installation and
of wall sealing. In the case of the baseboard duct BWD
variation, installation of the baseboard duct around the
entire perimeter has consistently made this the most
expensive ASD approach. The average installation cost
of the baseboard variation according to EPA's survey
was $1,588 (H091), compared to $1,135 for SSD, although costs above $2,000 could be anticipated in some
cases. In the case of the individual-pipe BWD variation,
the average cost reported in the survey was $1,045; this
cost is somewhat less than that of SSD, suggesting that

• In crawl-space houses where the crawl space is reasonably accessible, i.e., has adequate headroom, a reason-
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is not well isolated, there is an increased chance that a)
crawl-space depressurization will not be able to effectively depressurize the crawl space, and will thus not be
able to provide effective radon reductions at reasonable
exhaust fan capacity; b) the amount of treated house air
drawn down from the living area will be high, thus
increasing the heating and cooling penalty associated
with crawl-space depressurization; and/or c) the installation cost of the crawl-space depressurization system will
be increased, due to the effort required to provide the
needed isolation. Poor crawl-space isolation thus would
tend to make crawl-space depressurization less competitive with SMD. Features that tend to make the crawl
space less tight include forced-air heating ducts penetrating the flooring between the crawl space and the living
area, other unclosed openings through the flooring, absence of a wall separating the crawl space from an
adjoining basement, and the presence offoundation vents.

ably level floor, and limited obstructions (such as furnace
and water heater, interior load-bearing walls and support
piers, storage, etc.). It has been found that complete
cove.rage of the crowl-space floor with the plastic membrone, and sealing the membrane at all junctions, are
oflen not necessary. Thus, inability to access some limited portion of a crawl space due to one or more of the
above problems does not necessarily render SMD inapplicable. However, SMD will provide its best performance when the crawl space is entirely or largely accessible. SMD will be inapplicable in crawl spaces which are
largely or completely inaccessible (e.g., "suspended
floors," which sometimes provide no more than 12 in. of
headroom anywhere in the "crawl space," and which
sometimes have no access to the "crawl space").
•

In crawl-space houses where natural crowl-space ventilation (opening foundation vents) is not an option forradon
reduction, i.e., in houses where radon reductions of more
than about SO% are required in the living area, or where
cold winters and the presence of water pipes in the crawl
space complicate or discourage the use of natural ventilation.

However, even where the crawl space is relatively tight,
SMD will commonly provide greater radon reductions at
lower exhaust flows (i.e., lower heating/cooling penalty).
Thus, SMD should always be considered, even where the
house may be amenable to crawl-space depressurization.

Available data (Na8S, Tu8?, Fi89, Py90, Py91, Fis92)
suggest that the living-area reductions achievable by opening foundation vents are variable, and typically no greater
than about 50%. Thus, where greater reductions are re~
quired, natural ventilation is not a reliable option. Even
where reductions no greater than 50% are needed to
achieve, for example, 4 pCiIL in the living area, SMD
could still be a desirable option, since it could provide
even greater reductions and thus reduce living area concentrations to even lower values.

The presence of combustion appliances in the crawl
space could make crawl-space depressurization inapplicable, due to concerns that that approach could cause
back-drafting of the appliances.
•

poured concrete foundation walls. In the relatively limited testing to date in crawl-space houses, there has been
no clear indication that possible radon entry into the
crawl space or living area via the void network inside
block walls presents a problem that cannot be treated by
SMD. To be safe, when treating crawl-space houses
having block foundations, some mitigators design the
SMD system in a manner to increase its likelihood of
treating the wall cavities.

Also, in cold climates, open vents could result in water
pipe freezing in the crowl space, and cold floors in the
living area above. While the pipes can be insulated, these
difficulties might discourage some homeowners from
using natural ventilation on a year-around basis.
•

In crawl-space houses having either hollow-block or

In crawl-space houses where crowl-space depressuriza- 2.3
Performance of Active Soil
tion is less likely to be a viable radon mitigation option,
i.e., in houses where the crawl space is not well-isolated Depressurization Systems
from the outdoors and/or from the living area, or where This section reviews the experience· to date with each of the
there are combustion appliances (such as a gas-fired ASD variations, to suggest the performance that might be
'expected with these techniques under various conditions.
furnace) in the crawl space.
Available results are summarized from research, developCrawl-space depressurization has consistently been found ment, and demonstration projects, and from the experience of
to be second only to SMD in effectiveness for reducing commercial radon mitigators.
radon levels in crawl-space houses (Fi89, Fi90, Py90,
Py91, Tu9lc). It is less expensive than SMD to install, The subsequent discussions for each ASD variation will adbut it is commonly more expensive to operate because it dress the current understanding of the effects of the following
generally draws a greater amount of treated house air out classes of variables on system pelformance:
of the living area.
a) House design variables, including, for example, sub-slab
communication, forced-air ducts and other obstructions
Crawl-space depressurization will be most effective in
under the slab, the nature of any drain tile loop, foundacases where the crawl space is well isolated, i.e., where
tion wall material of construction, house size, presence of
the perimeter walls are relatively tight, and where the
an adjoining wing on the house, presence of major/
flooring between the crawl space and the overhead living
.inaccessible radon entry routes, and crawl-space features,
area (or the wall between the crawl space and any adjoining basement) are relatively tight. Where the crawl space
such as accessibility and nature of the floor.
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b) House operating variables, including, for example, the
characteristics of the heating/ventilating/ ,air conditioning
(HVAC) system, and the operation of any exhaust fans.
c)

Mitigation system design variables, including, for ex'ample, the number, nature, and location of SSD suction
pipes, the nature of any. suction pit excavated under the
slab where the SSD pipes penetrate, the degree of slab
sealing carried out in conjunction with ASD installation,
configuration of the SMD system in the crawl space, etc.

d)

Mitigation system operating variables, including, for example, the capacity of the suction fan.

e)

Geology and climate variables that could influence system operation and performance, e.g., the source strength
(or the concentration of radon in the soil gas), the permeability of the underlying native soil, and weather conditions that could influence radon entry (temperature, winds,
precipitation).
.

Much of the information summarized here has become available since the second edition of this document was published
in January 1988 (see Section 5 in Reference EPA88a). While
EPA88a accurately indicates the general performance of (and
confidence in) these systems, there is now a broader and, more
extensive understanding of the conditions which influence
system performance.

2.3. 1 Active Sub-Slab Depres~iurization
Active SSD has been one of the most widely used radon
reduction techniques. While there is not an accurate count of
the number of SSD installations that have been made over the
past six years, the number appears to be greater than ten
thousand (H091). Such systems have been installed throughout the United States, and in some other countries.
SSD systems have consistently provided radon reductions of
80 to 99%, except in cases where sub-slab communication
was extremely poor, where well water was a significant
contributor to airborne radon concentrations, or where certain
design problems arose. In some cases, a BWD or SMD
component had to be added to the SSD system to achieve
these high reductions. The highest percentage reductions are
obtained when the pre-mitigation level is highly elevated.
Because the system can never reduce indoor concentrations
below outdoor levels (which average roughly 0.4 pCi/L around
the country), a SSD system could not achieve percentage
reductions as great as 90% when pre-mitigation levels are in
the range of 4 pCi/L.
The EPA research, development and demonstration program
has tested SSD (sometimes in combination with other ASD
variations) in a total of 85 basement houses, representing a
range of house design and geology/climate variables (Re87,
Mi87, Sc88, Fi89, He89, Ni89, Tu89, Du90, Gi90, Mes90a,
Py90, Du91). These 85 houses had pre-mitigation values
ranging from a low of about 10 pCi/L, to a high of over 1,000
pCi/L. Over 80% of these houses were reduced to postmitigation values below 4 pCi/L in the basement (and typically even lower values upstairs); over 50% were reduced to 2

pCi/L and less, and about 25% were reduced to 1 pCi/L and
less. Those houses still above 4 pCijL remain elevated due to
one or more of the following reasons: extremely poor sub-slab
communication; re-entrainment of SSD exhaust back into the
house, in some cases where the radon concentrations in the
eXhausts were dramatically elevated (Mi87, Fi91, He91d);
and contributions to the airborne levels from radon in the well
water (Ni89, Fi91, He91d). The re-entrainment problem can
be addressed through additional care in the design of the
system exhaust; the problem with the well water would require that a water treatment step be installed. The problem of
very poor communication may be more difficult to address,
with possible solutions including the addition of more suction
pipes, increasing the fan capacil:y or making other changes in
system design, adding, for example, a BWD component, or
attempting another mitigation approach, such as basement
pressurization.
The percentage of these basement houses that were reduced to
2 pCi/L and less could presumably also be increased by
further imProvements on the current SSD installations. At the
time that many of these installations were made early in the
program, efforts commonly stopped once the ability to achieve
EPA's initial guideline of 4 pCi/L was demonstrated.
The post-mitigation measurements reported for the 85 basement houses represent a range of measurement methods and
durations, ranging from several-day measurements with continuous monitors and charcoal detectors, to 3- to 12-month
alpha-track detector measurements. Thus, some of these measurements better represent the long-term performance of these
SSD systems than do others. However, it is clear that, overall,
the SSD systems are being very effective.
The EPA program has tested SSD in 40 slab-on-grade houses,
representing a range of house and geology/climate variables
(Fi89, Fo89, Fi90, Gi90, Mes90a, Roe91 , Tu91b, Tu91c,
F092). These 40 houses fall into two categories: 11 represent
the mid-Atlantic coast and the Midwest (Fi89, Fi90, Gi90,
Mes90a), and are characterized by a good layer of aggregate
under the slab; the remaining 29 represent Florida and the
Southwest (F089, Roe91 , Tu91b, Tu91c, F092), and are characterized by low-permeability packed sand (and/or clay)
der the slab, generally with no aggregate. The pre-mitigation
indoor levels ranged between 7 and 30 pCi/L at all locations,
except for nine of the Florida houses (F089, Roe91, F092),
where some individual pre-mitigation readings were as high
as 40 to 100 pCi/L.

un-

Of the EPA slab-on-grade study houses having good aggregate, one- or two-pipe SSD systems were sufficient to reduce
all 11 of them below 4 pCi/L, 10 of them to 2 pCi/L and less,
and 7 of them (almost two-thirds) to 1 pCi/L and less. These
reductions were achieved despite the presence of sub-slab
forced-air heating supply ducts, disrupting the communication beneath the slabs in a number of the houses. However, of
the 29 houses in Florida and the Southwest with poor sub-slab
communication, only 19 of these houses (about two-thirds)
have to date been reduced to 4 pCi/L and less, despite the use
of multiple suction pipes (as many as nine pipes in one Florida
house). These 19 houses reduced to 4 pCi/L and less represent
5 of the 6 of New Mexico houses, and 14 of the 23 Florida
25

Ability to reliably achieve 2 pCi/L and less is not well
demonstrated in poor-communication houses.

houses. Seven of the 29 houses (about one-quarter) have been
reduced to 2 pCi/L and less, and only two (both in New
Mexico) have been reduced to I pCi/L and less, based upon
short-tenn measurements. The apparent conclusion is that,
where a good aggregate layer exists, relatively simple SSD
systems can provide excellent reductions in slab-on-grade
houses, despite sub-slab obstructions. But where the material
directly under the slab is a low-penneability packed sand!
clay, more extensive SSD systems will be needed, and residual (post-mitigation) mdon levels will tend to be higher.
TIle difficulty experienced in achieving residual levels below
2 to 4 pCi/L in the Florida houses could also be in part due to
the higher pre-mitigation values in some of th~e houses.

• Nature ojjoundlltion wall. In a majority of basement
houses where sub-slab communication is good, SSD perfonnance appears generally similar regardless of whether
the foundation wall is constructed of poured concrete or
of hollow block (He87, Gi90). Often, any reduced performance observed in block-foundation basement houses
relative to poured-foundation houses appears small, perhaps even within the uncertainty of the radon measurements (He87). However, there will be some percentage of
cases where SSD clearly is not adequately treating the
entry routes associated with block walls, and a BWD
component will be required, or will be more practical
than attempting to address the wall entry routes through
more SSD pipes (He87, Sc88, Ni89, Tu89, Py90, Sh90).
The potential need to add a BWD component appears to
be greatest when sub-slab communication is poor, hindering interception of soil gas by the SSD system before
it enters the void network. In infrequent cases, presumably where the walls are particularly important radon
sources, wall treatment has sometimes been required
even when communication has been reasonably good,
and when the SSD system has appeared to be effectively
depressurizing the entire sub-slab (Section 7.3 in Fi91).

This experience with SSD in basement and slab-on-grade
houses under the EPA R,D&D program is also generally
reflected in the experience of other researchers (Er84) and
commercial mitigators. Respondents to EPA's mitigator survey (H09!) indicated that SSD (or, where appropriate, DTD),
sometimes in conjunction with sealing, is the technique used
in about 90% of basement and slab-on-grade houses. In aNew
Jersey survey (DeP9I), 75 to 85% out of almost 1,200 commercial installations surveyed in that state were found to
involve SSD. In addition, discussions with a number of mitigators who have installed 250 mitigation systems or more
apiece, confirm that SSD is very effective over a broad range
of applications (Bar90, Bro90, Mes90b, Sh90, St90, We90).
According to these mitigators, one- or two-pipe SSD systems
are sufficient in a large majority of the houses mitigated. For
some more difficult basement and slab-on-grade houses (as
few as 10 to 20% of the total in some geographical locations),
three, four, or more suction pipes are required in order for
SSD to be effective, or a BWD component is required. In only
about 1% of the houses treated by these mitigators were
conditions so unfavorable that SSD was practically not applicable; these cases usually involved extremely poor sub-slab
communication (such as wet clay under the slab), high degrees of interior imish, irregular house configurations, and
additions to the house.

An attempt was made to study the effect of the foundation
wall on SSD performance in slab-on-grade houses in
Ohio having good sub-slab aggregate (Fi90, He91a); As
it turned out, any effect of wall material could not be
separated out from the effect of house size, because all of
the large houses (generally greater than 1,700 fe) had
block foundations, and all of the small ones (less than
1,400 ft2) had poured concrete. All of the smaller houses
with poured foundations were reduced from pre-mitigation levels of 13 to 30 pCiIL down to 1 pCi/L and less
with one suction pipe. However, the larger, block-foundation houses were usually reduced only to within the
range of 1 to 3 pCi/L, and sometimes required two
suction pipes to reach that range. The one small (1,100
fe) house with a block foundation did perform more
poorly than the small poured-foundation houses, achieving only 1.5 to 2.5 pCi/L with one suction pipe. One slabon-grade house with good aggregate tested in Maryland
(Mes90a) had a block foundation and was larger than any
of the Ohio houses, yet was reduced from pre-mitigation
levels of 7 to 16 pCi/L down to below 1 pCiIL with only
one SSD pipe, comparable to the Ohio poured-foundation
houses. This Maryland house had styrofoam insulation
board on the interior face of the foundation wall below
the slab, possibly reducing the short-circuiting of outdoor
air into the system through the wall and thus contributing
to the good performance. (In all of the houses, the slab
was elevated above grade by 6 to 12 inches in at least
some locations around the perimeter, creating the possibility that outdoor air could leak into the system through
the walls.)

The following discussion summarizes the results to date, as
they address each of the house, mitigation system, and geology/climate variables that can influence system design, operation, and perfonnance.
a)

House design variables

• SUb-slab communicatwn. Numerous studies in both
basement and slab-on-grade houses having good communication (Tu89, Du90, Fi89, Gi90, Mes90a, Fi91), as well
as commercial experience, have consistently demonstrated
that such houses can be reduced below 4 pCi/L, and
generally below 2 pCi/L, with only one or two suction
pipes. "Good communication" generally coincides with a
layer of aggregate beneath the slab. (See definition of
"aggregate" in the Glossary.) Where communication is
poor (F089, Tu89, Py90, Du91, Fi91, Roe91, Tu91b,
Fo92), reductions below 4 pCi/L are still commonly
achieved, but generally require more suction pipes and
more careful pipe placement to ensure that an adequate
suction field is established everywhere beneath the slab.

From the above data, it appears that air leakage into the
system via the block walls might be contributing (along
with house size) to reduced SSD performance in slab-on-
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grade hO\lses having good aggregate. This effect could be
reduced when there is insulation board inside the block
foundation. Any detrimental effect of lhe block walls
does not appear adequate to prevent achieving levels
below 4 pCi/L with one to two suction pipes in slab-ongrade houses with good aggregate, even when sub-slab
forced-air supply ducts are present, and even when the
suction pipes are placed near the perimeter. However,
wall effects could increase the number of pipes required
to achieve near-ambient indoor levels in block-foundation houses. The relatively small effect of the block
foundation in the good-aggregate case might be attributed
to adequate extension of the suction field beneath the
slab, through the aggregate, despite any leakage of outdoor air that might be occurring through. the foundation
walls.

With either basement or slab-on-grade houses having
block foundation walls, another wall-related variable
which could influence the performance of SSD alone is
whether the voids in the top course of block were capped
during construction. If the top voids are capped, there is
an increased likelihood that better reductions will be
achieved with fewer SSD pipes, and that a BWD component will not be needed in the ASD system. In basement
houses, the closure of the top voids during construction
would be apparent from the presence of a solid cap block
as the top course. In slab-on-grade houses, the closure
would take the form of either a) a solid top block (which
could be an L-block), with the slab poured inside the stem
wall (or to the notch in theL); orb) the slab poured on top
of the stem wall, closing the top cavity. The nature of
block stem wall in a slab-on-grade house can be difficult
to determine.

But in slab-on-grade houses in Florida, where sub-slab
communication is often very poor, block walls appear to
have a more significant impact on SSD performance. In
one house (House C4) where SSD suction pipes were
tested both toward the slab interior and near the slab
perimeter, pre-mitigation indoor levels of 38 to 67 pCi/L
were reduced to 5.5 pCi/L by the operation of two suction
pipes toward the interior of the slab, but only to 9.4 pCi/L
by two pipes near the perimeter (according to 3- to 4-day
continuous radon monitor measurements) (F092). The
poorer performance with the perimeter pipe locations is
presumably due to outdoor air short-circuiting into the
system via the walls, which commonly extend perhaps 12
in. above grade. In a second house (House C1), originally
at 40-70 pCi/L, four interior pipes generally reduced
indoor levels to 2.2-3.4 pCi/L, whereas five perimeter
pipes achieved a level of only 4.5 pCiJL. In a third house
(C5), originally at about 20 pCi/L, two interior pipes
reduced levels to 8.0 pCi/L, whereas two perimeter pipes
achieved only 11.0 pCi/L. This wall effect is conf'mned
by measurements in test slabs and by computer modelling
(Fu91). Where communication beneath the slab is very
poor, the impact of air leakage into the system through
block walls might be expected to have a more visible
effect.

• House size. Where there is a good layer of sub-slab
aggregate and where there are no complicating factors,
one or two SSD pipes have sometimes treated residential
basement slabs and slabs on grade as large as 1,850 to
2,700 ff, reducing indoor levels to 1 to 2 pCi/L and less
(Fi89, Fi90, Mes90a). Such reductions in such large
houses have sometimes been observed even where some
complicating factor is present (e.g., sub-slab forced-air
supply ducts, very high pre-mitigation concentrations, or
block foundation walls, as discussed above). Where such
complicating factors are present, one or two pipes will
commonly be sufficient to reduce large houses to 3 to 4
pCi/L and less, if not below 1 to 2 pCi/L (Fi90, Mes90a),
when there is good aggregate. In such cases, house size is
not a significant variable.
Underscoring this/conclusion from residential testing,
tests on large slab-on-grade schools and commercial buildings have demonstrated that where communication is
good and there are not sub-slab obstructions, a single
suction pipe (and a properly sized fan) can be sufficient to
treat slab areas as great as 50,000 ff (Cr92b). No house
would be anywhere near this size.
But where sub-slab communication is not good, large
house slabs will require a greater number of suction pipes
located properly in order to provide sufficient suction
field extension.

Not all slab-on-grade houses having very poor communication and block foundations have exhibited the same
difficulties encountered in the Florida houses. Three such
houses were tested in New Mexico (Houses AL02, AL03,
and AL04 in Tu91b). Two of these houses have been
reduced below 4 pCi/L with one to three suction pipes,
and one has been reduced below 2 pCi/L, despite placement of the pipes near the perimeters. This difference in
achievable radon levels between the Florida and New
Mexico houses may be due to better suction field extension around the foundation or through the underlying soil
in New Mexico resulting from the geology or dry climate
in the Southwest, or resulting from local construction
practices (e.g., the presence of insulation board around
the foundation in some cases). It could also result, in part,
from the fact that the pre-mitigation levels in New Mexico
were lower, 7 to 18 pCi/L in these three houses, compared to levels up to 103 pCi/L in a few of the Florida
houses.

• Atfjoining wings. In basement houses having an adjoining slab-on-grade or crawl-space wing, a SSD'system
treating the basement slab alone, without direct treatment
of the adjoining wing, is sometimes sufficient to provide
the needed radon reductions throughout the entire house
(Sc88, Fi89, Mes90a). The adjoining wing is most likely
to also require direct treatment when a) the adjoining
wing provides important entry routes, and has distinctly
elevated soil gas radon concentrations under its foundation; and b) communication beneath the basement slab is
poor, hindering the extension of the basement suction
field under the adjoining wing, and hindering interception of soil gas before it reaches the foundation of the
adjoining wing (Mes90a).
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• Sub-slab obstructiolls. Obstructions can be present under

treat the adjoining slab on grade when there is good
aggregate, as discussed previously (Mes90a). This effect
might sometimes be due to interception of soil gas before
it reaches the slab-on-grade foundation, and not always to
a measurable extension of the basement suction field into
the aggregate beneath the slab on grade. The permeability
of the underlying native soil could also playa role. Where
aggregate is present, grade beams (thickened slabs) are
likely to be poured on top of the aggregate, so that suction
fields have been observed to extend past grade beams
(Cr91). The effect of interior footings and grade beams
on SSD systems will likely depend upon the permeability
of the underlying soil, to permit the suction to extend
under the interior obstruction.

the stabs in basement and stab-on-grade houses which
could potentially interrupt suction field extension even in
cases where aggregate is present. Such obstructions inctude footings supporting interior load-bearing walls,
grade beams, sub-slab forced-air supply or return ducts,
and sunken living rooms in slab-on-grade houses.
Testing in seven slab-on-grade houses in Ohio having
sub-slab forced-air supply ducts has indicated that, where
a good layer of aggregate exists, SSD performance is not
dramatically reduced by such ducts, even though sub-slab
depressurization measurements suggest that the ducts are
interrupting suction field extension (Fi90, He91a). The
ducts did appear to increase the likelihood that two suction pipes would be required to reduce the house below 4
pCi/L, and that the fan would have to be operated at full
capacity. However, even the largest house in the Ohio
project (2,600 ft2 slab) was reduced below 2 pCi/L with
two suction pipes (89% reduction), despite sub-slab ducts.
In one large (2,700 ft2) slab-on-grade house in Maryland
having sub·slab supply ducts and good aggregate, levels
were reduced below 1 pCi/L (over 90% reduction) with a
single suction pipe (Mes90a).

Where sub-slab communication is poor, it would be
anticipated that interior obstructions would generally create a more serious problem than they do in the goodcommunication case.
b) House operating variables

• .Operation of central furnace fan, and exhaust
fans. Operation of a central furnace fan in a basement
house, when the cold air return ductwork is in the basement, has been found to cause incremental increases in
basement depressurization typically ranging between 0.002
and 0.02 in. WG (Mi87, Ha89, Hu89, Ma89b, Tu89,
Tu90). Similar increases in depressurization have been
observed in rooms within slab-on-grade houses, when
cold air returns are in those rooms (Cu92). This depressurization results because the low-pressure cold air return
ducting is typically very leaky, so that the central fan is
withdrawing significant amounts of air from the basement and distributing most of it to other locations in the
house. Various exhaust fans in basement houses have
been found to be creating increases in basement depressurization ranging from 0.001 to 0.02 in. WG for clothes
driers (Mi87, M.a89b, Tu90), 0.004 to 0.008 in. WG for a
whole-house fan (Tu90), and 0.008 to 0.02 in. WG for an
attic fan (Tu90). Again, similar increases in depressurization have been observed in the living area of slab-ongrade houses from operation of such exhaust fans (Cu92).

Even in one 1,900 ft2 slab-on-grade house (House AL04)
in New Mexico having no aggregate (slab resting directly
on dry sand/clay soil), the house has been reduced to 1 to
2 pCi/L (a reduction of about 85%) with only three SSD
pipes despite the presence of sub-slab supply ducts
(Tu91b). In one other house with sub-slab supply ducts
and no aggregate (House AL02, having a slab of 2,000
ft2). levels were reduced below 4 pCi/L with only one
pipe; however. these post-mitigation levels tend to spike
with decreases in barometric pressure, for reasons that
mayor may not be associated with the sub-slab ducts.
More data would be required in poor-communication
houses before a conclusion could be drawn regarding
how consistently the degree of success seen with sub-slab
ducts in the New Mexico project might be expected in
other such houses. In addition, no data exist on SSD
pcrfonnance in houses having forced-air return ducts
under the slab (with or without aggregate). Since return
ducts operate at low pressure, they would be competing
with the SSD system for the soil gas, and would provide
SSD systems with a greater challenge than do supply
ducts.

SSD systems can be designed to develop sufficient subslab depressurizations during cold weather with the exhaust appliances off, so that the system will nominally
not be overwhelmed by these additional basement depressurizations when the appliances come on. Where a
good layer of aggregate exists, sub-slab depressurizations
sometimes well in excess of 0.01 to 0.02 in. WG can be
maintained under most or all of the slab by one or two
suction pipes, during cold weather with the appliances off
(e.g., Gi90, Mes90a, Fi91). Where there is not an aggregate layer, more suction pipes would be required to
maintain sub-slab depressurizations that great, and it is
more important to locate the pipes near the entry routes
(especially the wall/floor ioint) to help ensure that the
depressurization extends to those entry routes.

There is not a definitive data base available on the effects
of the other types of obstructions under house slabs. In
the testing of SSD systems in large slab-on-grade school
buildings, which are more likely than houses to have
interior footings and grade beams, experience has been
that. even when aggregate is present, slab treatment by a
given SSD pipe will not reliably extend past an interior
footing supporting an interior block load-bearing wall
which completely bisects the slab (Cr91). However, in
testing in houses where such an interior footing commonly appears in the form of a stem wall separating a
basement from an adjoining slab-on-grade wing, suction
on the basement slab alone has been found adequate to

Depending upon site-specific factors, there may not necessarily be a significant impact on long-term average
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indoor concentrations if the pressure differential· across
some portion of the slab is occasionally reversed by
operation of these exhaust fans. Moreover, since SSD
seems to work by mechanisms in addition to soil depressurization(in particular, .by soil gas dilution), it may in
fact not be necessary to guarantee that the sub-slab de.pressurizations being established by the system are greater
at every sub-slab location than every potential basement
depressurization that the system may ever encounter.
However, where the SSD system can reasonably be designed to provide sub-slab depressurizations of about
0.01 to 0.02 in. WG everywhere during cold weather with
the appliances off, in order to ensure that Ithe system will
essentially never be overwhelmed, it is advisable to do so.

sponding to one pipe per 350 to 750 ftz) have proven
inadequate to reliably achieve less than 4 pCi/L in some
Florida slab-on-grade houses having poor sub-slab communication (F092). Some commercial installations have
been reported having as many as eight (St90) to eleven
(Bro90) .suction pipes in worSt-case basement houses
where communication was truly poor. In one large basement house (2,260 ft2 slab) with no measurable suction
field extension beneath the slab, 20 suction pipes (about
one pipe per 100 ft2) reduced 3-month winter-quarter
concentrations in the basement to 2 pCi/L (Sc88), raising
doubts regarding the viability of achieving near-ambient
. radon concentrations with SSD alone in that house, at
least in the basement during cold weather.

Where slab pressure measurements are made during mild
weather, the (conservative) target sub-slab depressurization with .exhaust appliances off would be increased to
0.025 to 0.035 in. WG, to include the further basement
depressurization caused by the thermal stack effect dur~
ing cold weather. (This conservative maximum basement
depressurization is thought to be high; combustion appliances would back-draft if such basement depressurizations wer~ maintained for an extended period.) The stack
effect is discussed further in 2.3. Ie (Climatic conditions).

Where communication is moderate to poor, various investigators have used pre-mitigation diagnostic tests to
aid in deciding how many suction pipes will be needed at
what locations in order to adequately depressurize the
sub-slab (EPA88b, F090, Fi91, Tu91a, and Tu91b, among
others). These tests commonly involve use of a vacuum
cleaner to determine the ease of suction field extension
under the slab. A large number of mitigators report that
the vacuum cleaner testing, although useful as a qualitative indicator of good vs. poor communication, generally
appears to over-predict the number of SSD pipes actually
required to achieve the required radon reductions when
used for quantitative design (F090, Fi91, Si91, Sau92).
That is, the sub-slab suction field generated by the vacuum
cleaner is more limited than it should be, suggesting that
more SSD pipes will be needed to provide the desired
depressurization than are in fact required to adequately
reduce indoor radon levels. Perhaps in some cases, the
disagreement between the vacuum cleaner and the SSD
results occurs because the vacuum cleaner diagnostic test
has not been conducted properly-e.g., insufficient time
has been allowed for the vacuum cleaner to establish its
suction field at remote test holes (Hj92). (See Section
3.3.2.) This result may also be indicating that the SSD
system is working by mechanisms in addition to depressuriZation-e.g., by soil gas dilution, which the vacuum
cleaner flows are sometimes too low to reproduce.

Where forced-air supply ducts are located under the slab,
then the SSD system faces an even greater challenge. Not
only must the system overcome any depressurization of
the house caused by leaky cold air returns, but it must
also overcome pressurization of the sub-slab region caused
by the supply ducts. Testing in a total of eight slab-ongrade houses having sub-slab supply ducts (Fi89, Fi90,
Mes90a) has demonstrated that, where good aggregate is
present, the SSD system can generally maintain good
radon reductions despite operation of a central furnace
system having such ducts. There are no data available on
the effects offorced-air return ducts under the slab, which
would present the SSD system with an entirely different
challenge than do supply ducts.
c)

Mitigation system design variables

• Number ofsuction pipes. Where there has ~en a good

• Location ofsuction pipes. Where there is a good layer

aggregate layer beneath the slab, radon reductions to 2
pCi/L and less have commonly been achieved in both
basement and slab-on-grade houses using only one or two
suction pipes (Tu89, Br090, Du90, Fi89, Gi90, Mes90a,
Mes90b, We90, Fi91). Residential slab areas as great as
1,850 ft2(Fi89) to 2,700 ft2 (Mes90a) have been tt:eated
by a single suction pipe under favorabk conditions, as
have school slabs as large as 50,OQO ft2 (Cr92b).

of aggregate, the one or two suction pipes can usually be
located just about anywhere, as necessary to avoid finished areas and to accommodate the homeowners' living
patterns. If there is no constraint regarding pipe location,
placement of the pipes near what would appear to be the
more important potential entry routes would intuitively
seem to be advisable (e.g., toward the fully below-grade
block foundation wall in a walk-out basement); but the
. pipes should never be placed too close to a major slab
opening, such as an unsealed perimeter channel drain,
which would permit excessive air short-circuiting into the
system. If there are constraints on pipe location, this is
generally not a problem when sub-slab communication is
good; there are numerous instances where large slabs
have been very effectively treated (reducing'indoor levels
to 1 to 2 pCi/L) with a single pipe at one end. Examples
include House 21 in Reference Sc88, House 43 in Reference Fi89, and House 488 in Reference Mes90a.

.But when communication is marginal or poor, more pipes
will be required to maintain adequate sub-slab depressurization at the major entry routes. Mitigators report two to
four suction pipes commonly being required in "typical"
marginal-communication houses (Br090, Mes90b), about
one pipe per 350 to 750 ft2. However, depending upon
how poor the communication is, how widely the entry
routes are distributed, and how large the house is, even
more pipes can be required. Three to five pipes (corre-
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Where the sub-slab region can conveniently be accessed
from outdoors, as is often the case in slab-on-grade
houses, pipes penetrating through the foundation wall
from outdoors appear to give reductions comparable to
those achieved when the pipes penetrate down through
the slab from indoors when communication is good (Fi90).
Such exterior penetrations have even been successfully
used in basement houses, in cases where the basement is
so heavily finished that interior pipes are not practical

the fact that the communication under the New Mexico
slabs appears as poor as that under the Florida slabs.

• Size of suction pipes. The suction loss in the system
piping is detem'lined by the gas velocity in the pipe (and
hence the pipe diameter), as well as by the length of
piping and the number of elbows and other obstructions
in the piping. For a given piping configuration, the pipe
diameter necessary to adequately reduce suction loss can
be calculated based upon the capabilities of the SSD fan
being used and upon the suction that must be maintained
beneath the slab. Four-inch diameter pipe has been the
size most commonly used, since 4-in. PVC piping is
readily available, and provides reasonably low suction
loss over the range of flows typical of most SSD installations (commonly 25 to 100 cfm in houses having good
communication). Three-in. diameter piping can usually
be considered where desirable for aesthetic reasons (e.g.,
to permit concealment within stud walls), where flows
are sufficiently low, and/or the piping run is sufficiently
short, and/or fan capacity is adequate. When very low
flows (e.g., 10 cfm) are expected in a particular suction
pipe in poor-communication houses, 2-in. piping can be
considered for that particular pipe.

(KI89).
When communication is moderate to poor, more care is
required in locating the multiple suction pipes near the
major entry routes, since the suction field will not extend
so far from the pipes. General experience, together with
measurements of the "radon entry potential" around slabs
(Tu9la, Tu91b), have indicated that the wall/floor joint,
and block foundation walls where present, are consistently among the major entry routes. Interior slab locations are usually major routes only where there is some
major slab opening at an interior site (e.g., a cold joint, or
an interior block foundation wall or fireplace structure
which penetrates the slab). Consequently, suction pipes
are commonly placed near the perimeter walls when
communication is poor (e.g., Sc88, Tu91b), with pipes
placed at interior locations primarily when there is an
interior entry route. Again, a suction pipe should not be
placed too close to a major unsealed slab opening, to
avoid excessive short-circuiting of house air into the
system.

Another consideration in selecting pipe size is to reduce
flow noise in the piping. As fl<1w"velocity in the pipe
becomes greater than roughly 1,000 to 1,500 ft/min, pipe
noise becomes increasingly audible (An92, Br92). These
velocities correspond to roughly 90-130 cfm in a 4-in.
pipe, or 50-75 cfm in a 3-in. pipe. The noise level tends to
be greatest at elbows and other flow obstructions.

In addition to having the pipes near the major entry
routes, location of the pipes around the perimeter in poorcommunication cases also takes advantage of the fact that
sub-slab communication will generally be best in the
vicinity of the footings. The region around the footings
had to be excavated and backfilled during construction;
thus, the soil will tend to be looser and more permeable at
tlk'lt location, and some soil subsidence may even have
taken place there after the slab was poured, possibly
creating an air gap under the slab.

• Pit size under SSD pipe. Excavating a pit beneath the
slab, at the point where the SSD pipe penetrates, decreases the pressure drop experienced by the soil gas in
accelerating from its low velocity beneath the slab up to
the velocity that exists in the system piping. Such pits
would thus permit the suction being developed by the fan
to more effectively produce a suction field beneath the
slab, rather than being consumed in accelerating the soil
gas. In addition to reducing the pressure loss due to gas
acceleration, pits may also function in some cases by
intersecting more permeable fractures and strata in the
soil/fIll underlying the slab.

TIle one case where perimeter placement of suction pipes
appears to be undesirable in poor-communication houses
has been in sIab-on-grade houses with block foundations
and shallow footings in Florida (F090, F092), as discussed above under Nature offozlndation wall. A similar
result has been reported in Arizona and southern California (Kl92). Because of the extremely poor sub-slab communication in the Florida houses, location of the SSD
pipes near the perimeter probably is resulting in enough
outdoor air short-circuiting into the SSD system through
the above-grade block foundation wall and perhaps through
the soil under the footings, to unacceptably reduce the
already-weak suction field extension through the subslab fill material. Location of suction pipes near perimeter block walls in slab-on-grade houses has not been
found to be a significant problem at other sites, including
Ohio (Fi90) and Maryland (Mes90a), where aggregate is
present under the slabs. Nor did it appear to be a major
problem in New Mexico sIab-on-grade houses, despite

Pits are most important where the sub-slab communication is marginal or poor, where the fan can use all the help
it can get in developing an adequate sub-slab suction
field. Pits will also be beneficial in gOOd-communication
cases. The higher flows when communication is good
might result in suction losses due to acceleration even
greater than those in the low-flow poor-communication
cases, if the pit were not present. However, the goodcommunication houses would be better able to sustain
that suction loss without as great an impact on SSD
performance. Thus, pits are typically excavated in goodcommunication as well as poor-communication houses,
although the pits are probably most cruCial for the poorcommunication cases.
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The benefits of increasing the pit size in poor-communication hou~es will depend upon the nature of the sub-slab
fill material and of the underlying soil-(i.e., the presence
of fractures and strata in the underlying material). In one
study (Ma89a), increasing pit depth from zero to 4 ft
increased the effective distance over which the measurable suction field extended, by factors ranging up to 10 in
fourpoor-communication basement houses in Tennessee.
These increases resulted from reduced acceleration pressure losses, as predicted by a mathematical model of
suction field extension, and also from increases sometimes observed in the effective permeability of the subslab soil/fill, presumably achieved through intersection of
fractures and strata.

All three of the studies discussed above focused on the
effect of pit size on measured sub-slab depressurizations,
not the effect of the pits on the actual radon reduction
performances of the SSD systems. Given the Previous
observations that measurable depressurizations everywhere under the slab are not always required for effective
radon reductions, the effect of the pits on radon reductions might have been better than their effect on the
depressurizations in some of the cases where depressurizations were not significantly increased by the pits.
In practice, most mitigators excavate a sub-slab pit of 6 to
18 in. radius, the size that can be conveniently prepared
by reaching through the hole that has been drilled through
the slab for the suction pipe. From the standpoint of
reducing suction losses due to soil gas acceleration, cal- _
culations indicate that there would be no significant ben_efit in making the pit any larger than 12 to 18 in. (Br92).
The only potential benefit of a larger pit would be increased possibility of intersecting permeable fissures or
strata.

In another study (F089, F092), in four poor-communication slab-on-grade houses in Florida, tests were made
with three different pit configurations (no pit, pit 10 in.
square by 12 in. deep, pit 15 in. square by 19 in. deep).
The results showed that the pits could increase measurable sub-slab depressurizations by up to 0.005 to 0.02 in.
WG at test holes 15 to 20 ft from the SSD suction pipe.
However, there was not a clear relationship between pit
size and the resulting increase in depressurization.

• Degree of slab sealing. Sealing of the wall/floor joint
and of other slab openings would generally be expected
to improve SSD performance, by improving the distribution of the suction field beneath the slab. Slab sealing
would also be expected to reduce the amount of house air
withdrawn by the system, thus reducing the house heating
and cooling penalty, A variety of generally anecdotal
measurements have been made by individual investigators regarding the effect of slab sealing on system performance, usually in cases where some major opening (such
as an initially unclosed perimeter channel drain) appeared
to be degrading the performance of an existing SSD
system. The effects of such sealing would be expected to
be site-specific, depending upon such factors as the size
of the slab opening, the sub-slab communication, and the
proximity of the suction pipe to the opening.

In a third study (Py90), the effects of a range of pit
dimensions were tested in four basement houses in Tennessee having poor communication. In this study, wide,
shallow pits (28 in. square by 10 in. deep) provided better
sub-slab depressurizations in two houses (by 0.002 to
0.05 in. WG) at distances of 8 to 25 ft from the suction
pipe, than did narrow, deep pits (4 in. square by 30 in.
deep). In two other houses, pit -sizes were increased from
zero (no pit) to, first, 10 in. square by 12 in. deep (10 x 12
in.); then to 20 x 16 in.; and then to 24 x 18 inches. Subslab depressurizations generally increased with increasing pit size, with some important differences between the
two houses. In the fIrst of these latter two houses, which
had better communication thap. did the other, the depressurizations were increased by 0.001 to 0.064 in. WG at d) Mitigation system operating variables
distances of 9 to 38 ft from the suction pipe, and increas• Fan capacity. The centrifugal in-line tubular fans curing the pit size above 20 x 16 in. did not provide signifirently being installed in many residential mitigation syscant impn,wements. But in the second house, no increase
tems typically range in size from approximately 50 watts
in pit size was able to make the measurable suction field
with 4-in. diameter couplings (capable of moving about
extend beyond 8 ft from the suction pipe; within that 8-ft
125 cfm at zero static pressure) to approximately 90 watts
distance, the depressurization continued to increase dis- with 6-in. couplings (capable of moving about 270 cfm at
tinctly with increasing pit size, even above 20 x 16
zero static pressure). Fans as small as 29 watts have been
inches.
used by some mitigators (Str91). In general, the 90-watt
fans will provide more effective treatment of entry routes
From the above results, it is apparent that pits can defiin a given house, lower indoor concentrations, and better
nitely be helpful in extending the suction field in houses
insurance against the system being temporarily overhaving poor sub-slab communication, consistent with
whelmed by weather effects or homeowner activities,
theory. The most cost-effective size for a pit will be sitespecific. Depending upon how low the sub-slab permecompared to the 50-watt fans. However, these larger fans
create a higher system operating cost, due to increased
ability is, and depending upon whether fractures are
power consumption and an increased heating/cooling
present in the sub-slab material, pits will not always serve
penalty resulting from withdrawal of a greater amount of
to extend the measurable suction field to distances sigtreated air out of the house.
nificantly greater than can be achieved without pits.
However, pits will usually increase the Ineasurable deWhere a 90-watt in-line fan at full power is not necessary
pressurization that is achieved within this distance.
to achieve the desired reductions, an operating cost savings of roughly $70 per year (He91b, He91c) might be
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(Rouse ESP113 in Pr87), living-area radon levels increased from 4.3 to S.OpCi/L when fan power was
reduced sufficiently to decrease the suction in the system
piping from 1.7 to 0.8 in. WG, and the flows from 36 to
23 cfm.

achieved by using a SO-watt fan, or by operating a 90watt fan at reduced power. But this reduction in operating
cost will essentially always be accompanied by an increase in the residual radon levels in the house, even if
levels remain below 4 pCi/L. Therefore, it is recommended that a safety factor be used in selecting the fan
size and operating conditions, rather than risking increases in homeowner exposure by under-sizing the fan
in an effort to achieve relatively modest reductions in
operating cost.

The effect of reduced fan capacity was' also tested in nine
slab-on-grade houses in Ohio having good sub-slab aggregate (Fi90, Re91a). In most houses having two SSD
pipes, the effect of fan capacity was tested with both
pipes operating, and also with each pipe operating individually. Where the system was reliably treating the
house with the fan at full power, decreasing the 90-watt
fan from full power to ;:me-eighth of full power increased
indoor radon levels from an average of 1.1 pCi/L to an
average of 2.2 pCi/L (averaged over all houses). In three
of these cases, decreasing fan power did not increase
indoor levels. Only in cases where the SSD system was
marginal with the fan at full power, were indoor levels
increased above 4 pCi/L when fan power was reduced.

TIle annual cost savings of $70 from switching to the'
smaller fan translates into only $S to $6 per month
savings in electricity and heating/cooling costs, a differential which many homeowners may not be able to distinguish within the nonnal monthly variations in their utility
bills. The reductions in the capital cost of the fan would
also be only modest, with the 90-watt fans currently
being no more than $10 more expensive than the SO-watt
fans (He91b, He91e). On a national scale, however, consistent use of the larger fan will result in increased
pollutant release from electrical power plants and increased consumption of natural resources (coal, oil and
gas). The trade off between reduced indoor radon levels
with the larger fan, on the one hand, vs. increased energy
costs, increased power generation requirements, and increased resource consumption on the other hand, is a
decision that each individual mitigator and homeowner
will have to make for their individual situations.

Occasionally, the 90-watt centrifugal in-line tubular fans
will not be 3,(lequate for a given SSD installation. Under
these circumstances, the question shifts from one of how
small the fan can be, to one of whether an even larger fan
(or multiple fans) might be warranted.
If the problem in a given installation is that system flows
are too high (so that the 90-watt fan cannot move enough
air to develop adequate sub-slab depressurization), then a
higher-volume fan is needed. Higher-volume centrifugal
in-line fans that have most commonly been used include
100-watt units with either 6- or 8-in. couplings, capable
of moving up to 410 cfm at zero static pressure. (Increased volume can also be achieved by operating two
smaller fans in parallel; however, for a given total volumetric flow rate, a single larger fan will generally have
lower capital and operating costs than two smaller ones
having a combined volumetric flow capacity equal to that
of the one larger fan.) From a practical standpoint, SSD
systems in residential applications will not commonly
have this problem of the flows being too high. If flows are
so high that a 41O-cfm fan appears to be needed, it is
likely that air is short-circuiting. into the system somewhere, and the need is for some additional sealing rather
than for a larger fan.
.

Testing in both basement and slab-on-grade houses has
shown that the 90-watt centrifugal in-line fans can sometimes be operated at reduced power and still achieve
indoor levels of 4 pCi/L and less, if communication is
good, if the source strength is not too high, and if the
house is not too large. However, even where there is good
aggregate, a reduction in fan power results in some
increase in radon levels, even though levels remain below
4 pCi/L. In one basement house in New Jersey (House 3)
having good communication and a 2-pipe SSD system
(Du90), a 9O-watt fan reduced basement concentrations
from 180 pCi/L to 0.8-1.0 pCi/L in two separate6-day
measurements with the fan at full power; levels increased
to 1.8 to 2.3 pCi/L in two 6-day measurements with the
fan reduced to 7S% offull power, and to 3.7 to 4.6 pCi/L
in two several-day measurements with the fan reduced to
50%. In another good-communication basement house
having an adjoining paved crawl space (House 7 in
Du90), with a SSD + BWD variation involving suction
on a baseboard duct over a perimeter channel drain, postmitigation levels in the basement increased from 0.3 pCi/
L to 2.7 pCi/L when the 90-watt fan was reduced from
full power to 50% of full power. (Pre-mitigation levels
were 34 pCi/L.)

More commonly, the problem with SSD systems where
the 90-watt fan is inadequate will be that the 90-watt fan
is drawing very little flow. This will be the case when
sub-slab communication is poor. In poor-communication
cases, the typical SO- and 90-watt centrifugal tubular fans
operate at maximum suction and at low flows, at the
extreme end of their normal performance curve. Under
these conditions, some investigators have considered using high-suction, low-flow fans and blowers better designed to operate at those conditions (EPA88b, F090,
Cra91). High-suction fans and blowers can generate from
perhaps 4 to more than 40 in. WG suction, compared to 1
to 2 in. WG maximum for the centrifugal in-line fans.
These high-suction units have the disadvantages of significantly greater capital and operating costs; in addition,

In another study (Ma88) in three basement and basementplus-craWl-space houses having good communication and
two-pipe SSD systems (OR-IS, -17, and -18), reduction
of a 9O-watt fan to 2S to SO% of full flow resulted in only
limited increases, if any, in indoor radon levels. In one
bascment-plus-slab-on-grade house in Washington state
having good communication and a one-pipe SSD system
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sponded. to about one pipe per 500 ftz of slab area, on the
average.

units not manufactured specifically for radon mitigation
are commonly much more noisy. Several high-suctions
blower currently being marketed for radon reduction are
quiet, but have a higher capital cost (more than $600,
compared to less than $100 for a 90-watt in-line fan) and
a higher power consumption (generally greater than 150
watts) (Cra91, Ra92). Another disadvantage of some of
these blowers. is that since their performance curve is
designed for low-flow operation, a relatively small increase in flows (due, for example, to leaks that develop in
the system over time) could cause the fan to become
overwhelmed, losing its effectiveness.
High-suction regenerative blowers were tested in two
basement houses in New York, each having poor communication and pre-mitigation concentration basement concentrations of 21 pCi/L (Houses OP-Ol and OP-09 in
Ni89). In each house, the blower drew on four SSD pipes
around ea<;;h basement perimeter. In House OP-09, this
high-suction system reduced basement concentrations to
3.4 pCilL. But in OP-Ol, the regenerative blower reduced
basement .levels to only 11 pCilL. By comparison, a
typical tubular fan drawing on a single, central SSD pipe
in House OP-Ol provided only slightly poorer reductions,
to 14 pCi/L. It was subsequently found that the block
foundation wall was the primary entry route requiring
direct treatment in this particular house, and OP-Ol was
ulthnately reduced below 4 pCilL with a combined
SSD+BWD system. The regenerative blower was clearly
not much more able than the in-line fan to extend suction
to the points (perhaps outside the foundation) where soil
gas was entering the wall void network, despite the
location of suction pipes immediately beside the wall.

In summary, available data on the use of high-suction
fans/blowers are limited. In very poor-communication
houses with low flows, such blowers would be operating
more comfortably on their performance curve than would
the standard in-line fans, and they thus might have a
longer lifetime. However, at the present time, the limited
results are mixed regarding whether radon reduction performance would be significantly improved by such blowers. It has not been demonstrated that such high-suction
fans/blowers will in fact consistently result in an extension of a sub-slab suction field to portions of the slab that
would not be reached by a standard 90-watt in-line centrifugal fan, although some additional extension would
intuitively be expected. Accordingly, definitive guidance
cannot currently be given regarding under what conditions such blowers would be worth the increased cost
(and sometimes increased noise) that they would entail.

• Fan in suction vs. pressure. The case where the SSD
fan is reversed, so that it pressurizes the sub-slab region
with outdoor air rather than depressurizing it, will be
addressed in Section 2.4.
e)

Geology/climate variables

• Source strength. "Source strength" refers to the amount
of radon which the underlying soil can supply to a house,
and depends upon both the radon concentration in the soil
gas and the rate at which the soil gas can move through
the soil. Most commonly, a high source strength results
from a high radon concentration in the soil gas; in this
document, soil gas concentrations greater than 2,000 pCi/
L will be referred to as "high~"

In testing on one of the poor-communication slab-ongrade houses in Florida (F089), measurements were made
comparing the sub-slab depressurizations created by the
standard 90-watt centrifugal tubular fan «2 in. WG), and
by two different blowers capable of developing 2.3 and 6
in. WG static pressure. The results showed. that the highsuction blowers increased the sub-slab depressurization
at test holes (within about 15 ft of the suction hole) where
the in-line fan had generated measurable depressurization
to begin with. Sub-slab depressurization ~t these holes
was increased by an amount proportional to the increased
suction in the SSD pipe. However, the blowers did not
extend the measurable suction field to greater distances
than the in-line fan had provided. These tests did not
include measurements of the effects of the different fans/
blowers on the radon levels in the house.

High source strengths necessitate more care in the design
of SSD systems, even where sub-slab communication is
good, because:
a) any soil gas entry route lef~ untreated by the system
will be potentially significant, in view of the concentration of radon that can enter the house through that
opening; and
b) re-entrainment of the SSD system exhaust back into
the house can be more significant, in view of the
radon concentrations that will exist in the exhaust
(with re-entrainment of only 0.1% of the exhaust
being sufficient in worst-case houses to create indoor'
levels of 4 pCi/L and greater) (Fi91).

One firm reports having tested a high-sllction blower
(typically operating in the range of 4 to 14 in. WG) in 42
basement houses in New England having very poor
communi-cation, with packed sand and/or clay beneath
the slab, and with system flows of about 20 cfm (Cra91).
Indoor levels were reportedly reduced below 2 pCi/L in
all of these houses, usually with only two suction pipes,
based upon short-term post-mitigation measurements.
Three-quarters of the houses were reportedly reduced
below 1 pCiIL. Pre-mitigation indoor concentrations averaged about 20 pCi/L. The two suction pipes corre-

Basement and slab-on-grade houses having high source
strengths have commonly demonstrated the greatest difficulty in achieving post-mitigation indoor levelssignificantly below 4 pCi/L (Sc88, F089, Fi91, F092). Such
houses may have difficulty achieving near-ambient indoor levels.

• Permeability oj underlying soil. In most cases, the
performance of a SSD system is determined by the com33

munication within (the permeability of) the material immediately below the slab, rather than that of the native
soil. The material below the slab will commonly be
gravel or crushed rock, or perhaps native soil that has
been disturbed during construction of the house; such
materials will generally have better permeability than the
undisturbed native soil. If the native soil is relatively
impermeable but the material directly under the slab is
fairly permeable, good SSD performance is commonly
achieved (e.g., Fi90).

system a greater indoor depressurization to overcome.
Basement depressurization in a two-story house created by the stack effect during cold weather would be
approximately 0.015 in. WG (Sau89).
If sub-slab depressurizations being created by a SSD
system were being measured during mild weather
with exhaust appliances off, the conservative rule of
thumb would thus be that the system should be designed to maintain a depressurization of at least 0.015
in. WG everywhere to avoid being overwhelmed by
the stack effect when cold weather arrives. In addition, to avoid being overwhelmed by the incremental
basement depressurization created when exhaust appliances are turned on during cold weather, the SSD
system should nominally maintain an additional subslab depressurization of up to 0.01 to 0.02 in. WG, as
discussed previously in Section 2.3.1b. Thus, ideally,
sub-slab depressurizations measured during mild
weather with appliances off should total about 0.025
to 0.035 in. WG everywhere in order to ensure that the
system will never be overwhelmed during cold weather
with the appliances on.

However, the permeability of the native soil can be
important in some cases. Soils having moderate permeability might aid the SSD system in treating entry routes
associated with block foundation walls, either through
extension of the sub-slab suction field under footings to
the exterior face ofthe wall, or through dilution of the soil
gas with ambient air dmwn through down the soil. This
statement is based on the observation that a BWD component has more commonly seemed to be needed, in addition to or instead of SSD, when the sub-slab communication has been very poor (Ni89, Py90, Fi9!).
Where the permeability of the native soil is relatively
high, SSD performance can suffer, apparently because
outdoor air flowing down through the soil and into the
system can interfere with the extension of the suction
field. This problem was encountered in basement houses
built on glacially deposited, excessively drained sandy
and gravelly soils in the Spokane River Valley (Tu87). In
5 of these houses where both pressurization and depressurization of the sub-slab were tested, reversing the fan to
pressurize the sub-slab (an approach which depends upon
the ability to maintain high flows through the system)
was consistently found to provide better radon reductions
than did SSD (which is better able to maintain adequate
suction fields in cases where flows are moderate to low).
Similar results were observed in 1 house built on a very
well-dmined gravel soil in New York (KIl90).

But as re-iterated several places in this document, this
target depressurization is usually a very conservative
design goal. Commonly, sub-slab depressurizations
much less than these ideal targets will still provide
satisfactory SSD performance. Thus, an expensive
upgrade of a SSD system in an attempt to achieve
these high depressurizations is often unnecessary.
However, where the SSD system can reasonably be
designed to achieve such depressurizations, it is probably advisable to do so.
Furthermore, this conservative maximum basement
depressurization of 0.025 to 0.035 in. WG due to
thermal and appliance effects is thought to be high for
many cases. Houses which are in milder climates,
which are leaky, or which do not have some of the
major depressurizing appliances (e.g., clothes driers,
whole house fans, central furnace fans) will encounter
lower worst-case basement depressurizations. In addition, the upper end of the range assumes that the major
depressurizing appliances are operating during the
coldest weather; among these appliances, whole-house
and attic fans will in fact not be operated in cold
weather, and clothes driers will be operated only
intermittently. Combustion appliances in the basement would backdraft if depressurizations as great as
0.035 in. WG were actually maintained for any extended period. But although this basement depressurization range may be conservatively high for many
houses, it is used throughout this document as a
reasonable, conservative design tool which can be
useful as long as it is properly understood.

Another way of stating the above observation is that at
least two mechanisms are contributing to SSD performance, as discussed earlier: soil depressurization and soil
gas dilution. With relatively tight native soils, soil depressurization is likely the more important of the two
mechanisms, and SSD is the technique of choice. But
with highly permeable native soils, high air flows are
established through the soil; soil gas dilution becomes the
predominant mechanism, and maintenance of a sub-slab
suction field becomes more difficult, with the result that
active soil pressurization may become the technique of
choice.

• Climatic conditions. Weather conditions can influence
the performance of SSD systems in several ways.
a) Cold temperatures will increase the depressurization
created by the thermal stack effect on the lower level
of the house, depending upon the height of the house
and the temperature difference between indoors and
outdoors. This depressurization will increase the driving force for radon entry, and will give the SSD

Where an aggregate layer exists beneath the slab, SSD
systems can commonly achieve sufficient sub-slab
depressurizations to compensate for the worst-case
stack effect and exhaust appliance effects with one or
two suction pipes (e.g., Gi90, Mes90a, Fi91). Where
34

face might not be a problem when the soil gas is not
thus diverted by the cap. Another possible way of
viewing this could be that the moisture cap on the
surface could be blocking the flow of ambient air
down through the soil into the SSD system, thus
reducing the benefits of the soil gas dilution and airbarrier shielding mechanisms postulated at the beginning of Section 2.1

sub-slab communication is not good, more suction
pipes, and more careful placement of the pipes, would
be necessary to achieve 0.025 to 0.035 in. WG.
Where slab pressure measurements are made during
cold weather with exhaust appliances on-i.e., with
the system experiencing its worst-case challengeany measurable sub-slab depressurization should be
sufficiept (0.001 to 0.002 in. WG).

In the second mechanism by which precipitation might
affect SSD performance, moisture in the fIll under the
slab could reduce the communication within the fill,
possibly reducing performance (unless the moisture
also blocks radon entry). Such changes in sub-slab
communication with precipitation have been reported
in Florida (F090), although the actual effects on SSD
performance have not been closely studied.

. b) Winds blowing against a house will create negative
pressures across the house shell on the downwind side
at the roof, and will create positive pressures on the
upwind side. The net effect of these pressure changes
on SSD system performance will vary from house to
house, depending upon where the major openings
through the house shell are, and where the major soil
gas entry routes are. Data on wind speeds and directions around mitigated houses have bee:n collected in
only a few studies (fu87, Ma88, Tu88a, Du90, Tu91b).
The data from these studies has not been fully analyzed. From the analysis to date, no generally applicable, unambiguous effect of wind velocity has been
demonstrated.
c) Decreases in barometric pressure sometimes appear to
create significant short-term spikes in indoor radon
levels and brief degradations of SSD performance. In
two slab-on-grade houses in New Mexico (fu91b),
decreases in barometric pressure were found to consistently cause spikes to 10 to 20 pCijL, where the
SSD system was otherwise maintaining levels below
2 to 4 pCi/L. This barometric pressure effect appeared
to be independent of other weather-related variables
often associated with barometric pressure changes,
namely, winds and precipitation. Similarly, others
have reported that indoor radon concentrations commonly spike when barometric pressure falls (Kl92).
The probable mechanism responsible for this barometric effect is that the indoor pressure decreases
rapidly in conjunction with the drop in barometric
pressure, while the soil gas pressure decreases more
slowly. This lag in equilibration of the soil gas pressure results in a temporary increase in the house
depressurization relative to the soil, increasing the
driving force dramatically (by an amount potentially
on the order of inches of water) and overwhelming the
SSD system.

Of the investigators who have measured precipitation
as part of mitigation projects (Tu87, Ma88, Tu89,
Du90, Tu91b), those reporting results to date generally indicate no discernible effect of precipitation on
SSD performance (Tu89, Du90). However, more definitive data are needed.
t)

•

Mitigation system durability
A number of investigators have made measurements
around SSD systems, installed either as parts of a R,D&D
project or as a commercial installation, in order to assess
how well the systems were performing 1 to 4 years
following installation (Ni89, Pr89, Du91, Fi90, Fi91,
Gad91, Ha91). These studies have addressed both the
radon concentrations being maintained in the houses, and
the reasons for any observed degradation in performance
(decreases.in system suctions and flows, hardware failure, or homeowner intervention).

• Radon reduction performance. In general, except
where a SSD fan failed or where the system was turned
off by the homeowner, systems that were installed as part
of a R,D&D project have maintained fairly consistent
indoor radon concentrations over the 1- to 4-year periods
covered by the various studies. .
One of the largest and longest-term durability studies
(Fi91) has addressed 38 basement houses in eastern Pennsylvania having very high pre-mitigation concentrations,
where systems were installed under an EPA project during the period 1985-87 (Sc88). Twenty of these houses
had SSD systems (one with a BWD component). Winterquarter alpha-track detector measurements in the basements and living areas were compared for the winters of
1986-87, 1987-88, and 1988-89 (Sc89, Sc90b). In 7 of the
20 SSD houses, the 1988-89 winter-quarter reading was
greater than the average over all three winters by 1.0 pCi/
L. or more, suggesting a possible degradation in system
performance over the two to four years since installation.
. The value of 1.0 pCi/L represents the estimated 95%
confidence interval in the measurements, considering
both the alpha-track measurement uncertainty and the
natural radon variations in the house. Testing indicated

d) Precipitation, in the form of rain or snow, might
influence SSD performance via two different mechanisms.
In the first mechanism, the resulting cap of snow or
water-saturated soil at grade level can divert soil gas
toward the foundation which would otherwise escape
to the outdoor air remote from the house. As one
example of how this might create a problem, this
diverted soil gas might result in increased entry via
the exterior face of a block foundation wall which is
not being treated by the SSD system. In this hypothetical case, failure of the system to treat the exterior
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that, in four of the seven houses varying by more than 1.0

of the six, and marginally (by 1 to 3 pCiIL) in three
others. The increases resulted from condensate plugging
the exhaust piping in one house, partial blockage of the
grade-level exhaust pipe in two others, and radon leakage
out of the pressure side of the fan (which was inside. the
basement) in one or two others. These problems reflect
the fact that these SSD installations were some of the ftrst
in the U.S., and were among those contributing to the
understanding that now exists regarding sloping exhaust
piping to avoid condensate accumulation, and avoiding
fans inside the house.

pCi/L., the increase was likely due to variations in reentrainment of the SSD exhaust (containing up to 8,000

pCi/L), or in radon released from well water. In a fifth
house, the increase was demonstrated to be due to a
dnunntic increase in radon entry through an opening
through the poured concrete foundation wall, well above
the slab; basement concentrations were reduced to 2 pCil
L by closing that wall opening. In only two of the seven
houses could the increase not be explained by one of the
factors above. In these two, 1988-89 readings varied from
the three-winter average by 1.0 and 1.3 pCi/L, respectively. In view of the conservative nature of the ± 1.0 pCil
L confidence interval, and in view of the small absolute
variation in concentrations over the three winters, it is not
clear that the observed increases in fact represent any real
system degradation. Measurements ofsystem piping flowsl
suctions, and of sub-slab depressurizations, confirm that
in none of these cases were the radon increases due to
reduced fan perfonnance, or to failure to adequately
depressurize the sub-slab.

While some preliminary measurements have been made
to assess the durability of SSD systems installed by
private mitigators (Ha9l, Gad9l), defmitive results are
not yet available:

• System suctions and-flows. System suctions and flows
have remained relatively steady over time in those durability test projects where those data have been reported
(Pr89, Fi9l). In the SSD installations in Pennsylvania
(Fi9l), system conditions remained remarkably steady
over the two to four years that the systems had been
operating, except when the fan failed. It was found that,
when the capacitor in the fan circuitry fails, the fan can
continue to operate for an extended period at dramatically
reduced suction and flow, as discussed later.

In summary, it was concluded from the Pennsylvania
testing that, ovemll, none of the SSD systems have experienced any significant degradation over the years in their
nbility to treat the radon entry routes, except in cases
where the fan failed (discussed later) or where the homeowner turned the system off.

• Sub-slab depressurizations. In four basement houses
in the Tennessee Valley (Du9l), sub-slab depressurizations showed no discernible change over the course of a
year, when the mitigation systems were operating normally. In 20 Pennsylvania houses having SSD systems
(Fi9l), sub~slal) depressurizations remained generally high
after 2 to 4 years of operation.

In another study (Ha91, Gad9l), three- to six-month
alpha-track detector measurements were made in ten
basement houses in New Jersey over a 2-year period,
after SSD systems had been installed as part of an earlier
R,D&D project (Tu89, Du90). In none of the houses did
there appear to be any significant deterioration in radon
levels in the house, except in two cases where the homeowner turned off the fan. ([wo of the houses did show
seasonal variations in radon levels.)

• Equipment durability. Of the 20 fans.operating since
1985-87 on SSD systems in the Pennsylvania project,
four have failed to date, all due to failure of the capacitor
in the fan circuitry (Fi91). All 20 ofthese fans are 90-watt
centrifugal in-line tubular fans from one vendor. Of the
14 SSD installations in New Jersey (Tu89, Du90), three
90-watt tubular fans have failed since 1986-87, two due
to capacitor failure and one due to bearing failure (Ha9l,
Gad91). One private mitigator who has installed approximately 100 fans of the same type that is in the Pennsylvania study houses, estimates that roughly 10 failures have
occurred over the past 5 years, about one-third due to
capacitors and two-thirds due to bearings (Mes90b). The
vendor of these particular fans has indicated that, at least
in the earlier models, the capacitors installed in the fans
had a rated operating lifetime of 40,000 hours (about 4.5
years of continuous operation), in which case additional
failures can be expected in the near future as these
installations age. Depending upon the brand of fan, capacitors can often be replaced relatively easily.

In a third study (Ou91), continuous radon measurements
were conducted for a year or more in four basement
houses in the Tennessee Valley having SSD systems (two
having SMD components) installed under a R,D&D
project (Ma88, Ma89a, Ma89b). While radon measurements did increase slightly in all four houses over the
yC<1r, in no case was the increase greater than 0.9 pCi/L
(with the ave.rage increase being 0.5 pCi/L), and in no
case did the indoor levels exceed 2.7 pCilL. No clear
degradation of system perfonnance is apparent.
In 10 houses in Ohio having SSD systems (Fi90), quarterly alpha-track measurements conducted over a I-year
period generally remained in the range of 1 to 2 pCi/L
and less, with no quarter-to-quarter deterioration apparent over the year. No seasonal variation was apparent.
In an earlier study (Ni89), 14 New York houses which
hnd received radon mitigation systems as part of a 1984
project (Ni85) were re-visited in 1986-87 to assess the
long-tenn effectiveness of these early installations. Of
the six basement houses having SSD systems, radon
levels appeared to have increased by 4 to 20 pCilL in two

When the capacitor fails, the fan will commonly stop
operating after a relatively short time because the coils in
the motor will bum out. However, in one case (Fi9l), the·
fan continued to operate at dramatically reduced power
for a year or more after the capacitor failed. Due to the
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drop in fan perfonnance, radon levels in the house increased significantly (from 1.9 to 8:8 pCi/L in the basement, compared to pre-mitigation values of 148 pCi/L).
Yet, because the fan was running, it would have sounded
to the homeowner as if it were operating nonnally. This
result underscores the need for an flow- or suctionactuated alarm or indicator on SSD systems,
If power to the fan is interrupted after the capacitor fails,
the fan will not re-start when power is restored.

• Homeowner intervention. Homeowners have occasionally turned SSD systems off, commonly due to fan
noise, or in an effort to reduce the cost of electricity when
windows are open during mild weather (Fi91, Ha91).
Fans have been turned off when the owners were away. In
two inStarlces, the fans were turned off because the speed
controller on the fan created radio interference (Fi90,
Ha91). Fans were recorded as having been turned off in
eight of the 38 study houses in Pennsylvania (Fi91), and
in two of the eight houses tested during the durability
. testing in New Jersey (Ha91).
With the centrifugal tubular fans commonly used in SSD
systems, fan noise can be largely eliminated if the fan is
mounted properly with flexible couplings, to avoid vibration in the exhaust piping and the house structural members.
'
Turning the fan off when windows are open during mild
weather should be discouraged, since it is generally impractical to ensure that the fan is consistently turned back
on when windows are closed. Annual alpha-track measurements in the Pennsylvania study houses (Sc90b),
where pre-mitigation levels were very high, showed that
the open windows did not generally compensate for the
system being off. The result was that annual average
levels in houses with the fans off during the summer,
were usually greater than the winter-quarter values in
these same houses, since the systems were usually left on
all winter.
There is usually no problem with fans being turned off
while the house is unoccupied, as long as the fans are
consistently turned back on when the owners return.

even when a sump with tiles is present.) While the exact count
is uncertain, sump/DTD systems have likely been installed in
thousands of houses.
As with SSD systems, sump/DTD systems have commonly
provided radon reductions of 80 to 99%. Exceptions have
generally occurred primarily in cases where poor sub-slab
communication is combined with other problems, such as an
incomplete drain tile loop and a high source strength. The
highest percentage reductions are obtained when the premitigation level is highly elevated. In some cases where the
basement house had an adjoining slab-on-grade or crawlspace wing, the sump/DTD system had to be combined with a
SSD or SMD component treating the adjoining wing.
The EPA research program has tested sump/DTD in a total of
16 basement houses, sometimes in conjunction with SSD or
SMD treating an adjoining slab-on-grade or crawl-space wing
(Re87, Mi87, Sc88, Fi89, Ni89, Du90, Gi90, Mes90a). These
houses had pre-mitigation concentrations ranging from about
10 pCi/L to greater than 2,000 pCi/L. In all 16 houses, an
interior loop of tiles (inside the footings) drained into the
sump, although some houses (Mi87) reportedly had exterior
loops also; none of the sumps had only exterior tiles. All but 1
of these 16 houses were reduced below 4 pCi/L; 11 were
reduced below 2 pCi/L, and 7 (more than 40%) were reduced
below 1 pCi/L.
All seven of the houses reduced below 1 pCi/L were in the
Washington, D. C., area (Gi90, Mes90a), where achieving
such low concentrations has generally proven to be easier than
in many other parts of the country. The readings below 1 pCi/
L have been confmned by annual alpha-track measurements
in five of the seven houses. The sub-slab communication was
good in all seven houses, and pre-mitigation concentrations
were generally below 10-20 pCiIL.
The one house which was not reduced below 4 pCi/L was
House C32D in Mi87, which remained elevated (with postmitigation readings of 5-13 pCi/L) even though the sump/
DTD system was creating a very effective depressurization
(over 0.1 in. WG) everywhere beneath the basement slab
(Br92). This house probably remained elevated for two reasons.
The house had an extremely high source strength, with
one pre-mitigation measurement as high as 1,357 pCi/
L. As discussed previously,

In those instances where radio interference occurs due to
the speed controller, options include a) re-Iocating the
controller in a manner to shorten and re-Iocate the wire
between the controller and the fan, thus modifying the
source of the interference; b) using a more expensive
controller; or c) eliminating the controller, operating the
fan at full power.

a high source strength increases the significance of
any entry route left untreated by the system. Although the slab was effectively depressurized, it is
believed that the surrip/DTD system was not ad'equately preventing the flow of very high-radon
soil gas via the block wall cavities.
.

2.3.2 Active SumplDrain-Tile
Depressurization

a high source strength means that any re-entrainment of system exhaust will present an increased
problem, since radon levels in the exhaust will also
likely be very high. Re-entrainment had been an
early problem in this house, and some reduced'reentrainment may have been continuing even ·after

Active sump/DTD is probably the second most used variation
of the ASD technology, after SSD. Sump/DTD is likely the
most common system installed in houses having a sump
connected to drain tiles. (As discussed in Sections 2.1.2 and
2.2.2, SSD can sometimes be selected rather than sump/DTD
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initial modifications had been made to the system to
take care of this problem.

complete interior loop (Br92). The nature and extent of the
tiles in ilie other house were not reported.

The house had an adjoining crawl-space wing which
was not treated.

Active sump/DTD systems were installed in a number of
block basement houses as part of remedial work in several
mining communities in Canada (Ar82). Radon reductions of
60 to 80% were reported for these early installations. Some of
the key details regarding these installations were not reported.
such as the nature and extent of the drain tile loops. and the
nature of the sub-slab communication. In addition. other steps
(such as source removal) were commonly implemented in
conjunction with the DTD. so that the effects of the DID
system alone cannot always be separated out.

AU four of the houses which were reduced below 4 but not
below 2 pCi/L were among the earlier houses tested in the
EPA program. and most of them offered various complications. Two of them (Houses C30A and C39A in Mi8?) had
extremely high source strengths, and had adjoining slabs on
grade which might not have been being adequately depressurized by the SSD component treating the slab-on-grade wing.
Another house (House AR-20 in Ni89) had an unclosed
perimeter channel drain at the time that the post-mitigation
reading of 2.3 pCi/L was obtained. and showed a notable
degradation in system performance a year later when the
measurement was repeated with the perimeter channel drain
closed, casting some doubt on the final results.
In summary, sump/DTD with interior drain tile loops appears
consistently able to reduce even high-level basement houses
to 4 pCi/L and less. except in instances where there is a
combination of difficulties such as high source strength and
untreated adjoining wings. Incomplete drain tile loops combined with poor sub-slab communication might also be expected to present a problem. Where communication is reasonably good, sump/DTD with interior tiles wil1likely achieve 2
pCi/L and less in the large m~ority of cases.
The EPA data base does not include testing in houses where
an exterior loop (outside the footings) drains into the sump.
However. as discussed later. mitigators in some regions of the
country have reported extensive experience with such systems
(KI92).
Thepost-mitigation measurements reported for these 16 houses
represent a range of measurement methods and durations.
Some of these measurements are from annual alpha-track
measurements. while others are from 4-day to 2-week continuous radon monitor readings. However. it is clear that,
overall, the sump/DTD systems are being very effective.
The positive experience under the EPA R,D&D program with
sumplDTD systems having interior tiles. is generally reflected
in the experience of other investigators and of commercial
mitigators.

Numerous commercial mitigators have reported installing
large numbers of sump/DTD systems in cases where ilie drain
tiles form interior loops. inside ilie footings (e.g., Mes91,
Br092). The performance of iliese systems is reported to be
generally high. although comprehensive performance data for
all of these installations are not available.
Mitigators working in some regions of the country. such as the
eastern slopes of ilie Rocky Mountains, have reported extensive experience with sump/DTD systems in cases where the
tiles which drain into the sump are outside the footings
(KI92). These systems have been reported to give consistently
good performance when the exterior tiles form a complete
loop around full basements. The underlying soil in these
houses is commonly decomposed granite. a gravel/clay mix
with a permeability that is variable. but sometimes relatively
high. There is often no imported crushed rock placed under
these basement slabs. with the native decomposed granite
having been used in lieu of crushed rock. The good performance of these exterior-loop systems. despite the absence of
crushed rock, may be due in some cases to the relatively good
permeability which sometimes exists in the native soil.
The following discussion summarizes the results to date with
sump/DTD systems, addressing each of the house, mitigation
system, and geology/climate variables that can influence system design. operation, and perfOlmance. In many cases. the
effects of the variables on sump/DTD systems are similar to
the effects discussed for SSD systems in Section 2.3.1; in
those cases, the discussion here is abbreviated.
a)

House design variables

• Sub-slab communication. Among the EPA study
Radon reductions of 70 to 95% were reported with four early
sump/DTD installations in basement houses in New York
(Ni85). Three of these houses were reduced below 4 pCijL in
the basement. one of them below 2 pCi/L. These reductions
were achieved despite a variety of complications, including a)
two of the basements had adjoining crawl spaces (which were
either actively or passively ventilated as part of the mitigation
effort); b) one of the houses (with a crawl space) had only a
partial exterior drain tile loop, which would generally be
expected to give poorer performance than interior loops; and
c) tlle 24-watt fans used were much smaller ilian the 90-watt
units commonly used today. All four houses had pebble
aggreg.1te under the slab (Br92). In addition to the one house
having an partial exterior loop. two of ilie other houses had a

houses where communication was known to be good (13
of the 16 houses). sump/DTD reduced levels below 4
pCi/L in all but one case. That one case was House C32D
in Mi8? where a very high source strength and an
adjoining wing were complications. In 10 of these 13
good-communication houses, levels fell below 2 pCiIL.
Even in the one EPA study house where the communication was reported to be marginal (House AR~16 in Ni89),
levels were reduced to below 2 pCijL. In the two EPA
study houses where ilie communication was not reported
(Mi8?), levels were reduced below 4 pCi/L. despite high
source strengths. In the four sump/DTD installations
reported in Ni85. all of which involved good communication.levels were reduced below 4 pCijL by three of them.
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despite the use of low-power (24-watt) fans and, in some
cases, incomplete loops and untreated adjoining wings. In
all of these houses (except for one or two in Reference
Ni85), the drain tiles were inside the footings.

earlier, some of these had other complications which may
have been playing more of a role than was the block wall,
such as very high source strengths and inadequatelytreated adjoining wings. In the one house which was not
reduced below 4 pCi/L (House C32D in Mi87), postmitigation diagnostics suggested that the block foundation walls were apparently still a radon source, despite
excellent depressurization of the sub-slab by the sump/
DTD system (Br92); but again, the continued importance
of the block walls was likely due to the unusually high
source strength under· this house. The one house with
marginal communication that was reduced below 2 pCi/L
(Ni89) did happen to have a poured concrete wall.

Where sub-slab communication is good and where the
tiles are inside the footings, mitigators report routinely
achieving concentrations well below 4 pCi/L with sump/
DTD (Mes91, Bro92).
Thus, when the tiles are inside the footings, sump/DTD
consistently gives good performance when communication is good (Sc88, Fi89, Ni89, Du90, Gi90, Mes90a,
Mes91, Bro92). Even where communication is marginal,
sump/DTI> might be expected to give reasonable performance with interior tiles (Ni89). The drain tiles would be
distributing the suction near the major entry routes (the
perimeter walVfloor joint and the base of the block foundation walls). Sump/DTD systems with interior tiles are
most likely to be inadequate as stand-alone methods
when ther~ is a combination of complications, including
poor sub-slab communication, an incomplete tile loop, a
high source strength, and/or an untreated adjoining wing
which is an important radon source. But even in those
cases, sunip/DTD could still be an important component
of any system that is installed.

In summary, sump/DTD with complete interior drain tile
loops would generally be expected to do a fairly good job
at treating block foundation walls. The suction is being
distributed around the entire perimeter of the wall at its .
base, thus potentially preventing soil gas from entering
the void network inside the wall. However, where potentially complicating factors exist, such as a high source
strength (or perhaps such as poor sub-slab communication and an incomplete tile loop), the limited data suggest
that the presence of a block wall rather than a poured
concrete wall may increase the chances that system performance will be reduced.

• House size. One of the EPA study houses had a base-

As indicated earlier, good radon reductions have been
reported i~ basements. having no sub-slab crushed rock
and with exterior drain tiles, when the tiles form a nearly
. complete loop around the house (Kl92). At least in some·
cases, relatively good permeability in the underlying
decomposed granite may be contributing to this effectiveness.

ment floor slab larger than 2,000 ft2, and was reduced
below 2 pCi/L with the sump/DTD system (Fi89). This
house had a complete interior drain tile loop and aggregate beneath the slab. With the drain tiles aiding in
distribution of the suction, it would be expected that
sump/DTD should be. able to treat fairly large slabs. This
would especially be true when the tile loop is complete
and/or where there is good sub-slab communication.

• Extent of drain tile loop. Since most of EPA's study
houses and many of the commercially-mitigated houses
appear to have nearly complete interior drain tile loops,
there are not sufficient data to quantify the effects of this
variable. Where there is good communication and where
the drain tiles are inside the footings, it willI probably not
be so important that a complete loop be present. Where
the communication is poor, or when the tiles are outside
the footings as in Colorado (Kl92), the n{',ed for a complete loop will likely be more important, to ensure that
suction reaches the entire perimeter. The effect of incomplete exterior loops is discussed in Section 2.3.3a, in
connection with drain tiles that discharge remote from the
house.

• Adjoining wings. The one study directly addressing the
need to treat adjoining wings in basement houses (Mes90a)
found that, with either a SSD or a sump/DTD system in
the basement, the need to treat the adjoining slab on grade
or crawl space was greatest when a) the adjoining wing
provides important entry routes; and b) communication
beneath the basement slab is poor. Five of. EPA's 16
sump/DTD study houses were not reduced to 2 pCi/L or
less; of these, 4 had adjoining wings which were potentially important sources, in view of the source strengths in
those studies (Mi87, Sc88). In one of those cases (House
C32D in Mi87), the adjoining wing was not being treated .
at all.

• Nature offoundation wall. Where sub-slab communiIn some cases where the drain tiles are outside the footings, these tiles have sometimes been observed to extend
around the slab-on-grade wing as well as the basement in
split-level houses (Kl92). In such cases, sump/DTD would
have an increased likelihood of treating both wings effectively. (It should be noted that, when there are interior
tiles leading to the basement sump, it is much less likely
that these tiles will extend around the adjoining slab on
grade.)

cation is reasonably good, the nature of the foundation
wall (block vs. poured concrete) does not appear to make
any difference on sump/DTD performance. Of the 11
EPA study houses reduced below 2 pCi/L by sump/DTD,
and of the 7 reduced below 1 pCiIL, more than half had
block foundations. However, the data are too limited to
determine. whether block foundations become more of a
problem when communication is poor.
Of the five EPA study houses not reduced to 2 pCiIL or
less, four had block foundations; howeve:r, as indicated
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• Sllb-slab obstructions. No data are available on the

It would not generally be expected that higher-flow fans,
larger than the 90-watt fans (capable of moving up to 270
cfm at zero static pressure), would be needed on residential sump/DTD systems. Flows too great to be handled by
the 90-watt fans would usually be suggesting that air was
short-circuiting into the system.
'

ability of sump/DTD systems to deal with sub-slab obstructions, such as interior footings or forced-air ducts. If
the tiles draining into the sump are interior tiles, then,
unless the obstructions interrupt the tiles, it would be
anticipated that the sump/DTD system would likely do a
better job than SSD in distributing the suction field
around these obstructions. If the tiles are exterior tiles,
and especially if the obstruction is an interior footing
supporting a load-bearing wall penetrating the slab, or is
otherwise an interior entry route, it would be anticipated
thIl.t the obstruction would have a greater likelihood of
degrading sumpl DTD performance.
b)

• Fan in suction vs. pressure. See Section 2.4. No data
have been found where a system has been installed to
pressurize a sump/drain tile network. Soils so poorly
drained that a sump is necessary in the house, will probably not be sufficiently permeable to warrant sump/drain
tile pressurization rather than depressurization.
However, cases may occasionally be encountered where
a sump has been installed in a house built on a highly
permeable native soil, because of a particular builder's
standard procedures or because of code requirements in
the region. In such cases, sump pressurization might be
considered.

House operating variables

• Operatioll. of celltral furnace fan, alld exhaust
fans. See comments in Section 2.3.1b, regarding the
effect of these variables on SSD systems.

c)

Mitigation system design variables
e)

Geology/climate variables

• Size ofsuction pipe. Active sump/DTD systems gener• Source strength. As with SSD systems (Section 2.3.1e),

ally have system flows toward the upper end of the range
observed for SSD systems. Because the drain tiles facilitate air collection from around the entire perimeter, flows
are generally greater than 50 cfm, and are often greater
than 100 cfm, with the 90-watt fans. At these flows,
mitigators will probably often fmd that pipe diameters of
at least 4 in. will be desirable to limit the suction loss and
pipe flow noise.

sump/DTD systems installed in houses having high source
strengths have demonstrated the greatest difficulty in
achieving post-mitigation indoor levels of 2 pCi/L and
less (Mi87).

• Permeability of the underlying soil. See the discussion concerning SSD systems (Section 2.3.1e). Although
.the data base with sump/DTD systems is limited, it might
be expected that, with the drain tiles located immediately
beside the foundation walls, these systems might sometimes be better able than SSD systems to treat entry
routes associated with block foundation walls, when the
permeability of the underlying soil is poor. When the
drain tiles are outside the footings, as commonly reported
in Colorado (Kl92), relatively good permeability in the
underlying soil may be among the factors that can contribute to extension of the suction field beneath the footings and beneath the slab (which, in that part of the
country, is commonly poured on the native soil with no
crushed rock).

• Degree of slab sealing. No data have been reported
quantifying the effect of slab sealing on sump/DTD performance. Since the drain tile loop enables the system to
effectively draw air from around the entire perimeter, it
would be expected that caulking the wall/floor joint,
whereveraccessible, might significantly reduce the amount
of air entrained by the system, if the joint is more than a
hairline crack. Such reduced entrainment would reduce
the heating/cooling penalty, if not improve system performance.
d)

Mitigation system operating variables

• Fan capacity. Except possibly for a few of the earliest

• Climatic conditions. Although less data are available

installations. all 16 of the sump/DTD systems installed
under the EPA program have used 90-watt centrifugal inline tubular fans with 6-in. couplings, operating at full
capacity. Some mitigators report that, where communication is good, good radon reductions can be achieved with
smaller fans (e.g., 50-watt fans with 5-in. couplings),
despite the lower flows and suctions with those fans
~es91).
'

for sump/DTD systems than for SSD systems regarding
the effects of climatic variables, the SSD results discussed in Section 2.3.1e would be expected to be generally applicable to sump/DTD systems as well.
f)

Mitigation system durability

• Radon reduction performance. Of the 38 EPA mitigation installations in eastern Pennsylvania which have
been monitored since 1985-87 (Fi91), one (House 29)
involved sump/DTD with interior tiles. Winter-quarter
alpha-track detector measurements in that house over the
3 years following installation remained very steady, with
no one winter's reading varying from the three-winter
average (1.9 pCi/L) by more than ± 0.5 pCi/L.

Data have not been reported quantifying the effect of fan
capacity on system performance. Because of the higher
flows sometimes observed from sump/DTD systems, use
of smaller, lower-flow fans might sometimes reduce the
radon reduction performance of the system.
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In another study (Gad91), 4- to 6-month alpha-track
measurements were repeated over a 2-year period in one
house in New Jersey having a sump/DID system (House
4 from Du90). Concentrations in the basement remained
steady between 2 and 3 pCilL during all five measurement periods.
In two houses in Ohio having sump/DID systems (Fi90),
quarterly alpha-track measurements over a I-year period
generally remained steady between 1 and 2 pCi/L in the
basement, except during one quarter in one of the houses
when the fan failed due to improper mounting.
During the year following installation of five sump/DID
systems in Maryland (Mes90a), annual alpha-track measurements were conducted (Mes90c). All five houses
remained at 1 pCilL and less over the year.

• System suctions andflows. System suctions and flows
remained steady over the 3 years since installation, in the
one sump/DID installation among the 38 systems that
have been monitored in Pennsylvania (Fi91).

field from incomplete exterior loops will not always effectively extend through relatively impermeable native soil around
the outside of the footings to reach sections of the foundation
where tiles are not present, to treat the foundation wall and the
wall/floor joint at those locations. Also, the exterior suction
fieldcan be hindered in extending underneath the footings or
through the foundation wall to reach any entry routes that may
exist in the central portion of the slab. However, cases have
been reported where good reductions were a.chieved with
DTD/remote discharge when the exterior tiles extended beside only one or two sidesof the house; this good performance
may be the result of relatively high permeability in the native
soil.
By comparison, interior drain tiles (more common when the
tiles drain to a sump) can better extend suction around the
perimeter and to interior entry routes even when the loop is
not complete, at least when aggregate is present beneath the
slab. Because results to date from active DID/remote discharge system,s are all from systems treating exterior tiles, the .
observed performance with DTD/remote discharge are variable, depending upon the extent of the drain tile loop and the
permeability of the native soil, probably among other factors.

• Sub-slab depressurizations. In the one Pennsylvania
house (Fi91), sub-slab depressurizations remained very
high (0.64-0.69 in. WG) in the 3 years since installation.

• Equipment durability. Nine of the 16 EPA sump/DID
installations were monitored for a year or more following
installation. Only one of the nine fans failed, a wallmounted unit in Ohio (Fi90). That failure was the result
of improper mounting, rather than to an inherent problem
with the fan.

• Homeowner intervention. No cases of homeowner
intervention were reported for EPA's sump/DTD installations.
In general, the frequency of such intervention for sump/
DTD systems would be expected to be somewhat greater
than that discussed in Section 2.3.1e in connection with
SSD systems. The owner or service personnel will occasionally have to remove and re-install the sutrnp cover for
sump pump maintenance, and there would be some risk
that the cover may not be re-installed properly.

2.3.3 Active Drain-Tile Depressurization
(Above-GradeIDry-Well Discharg'e)
Active DTD, in cases where the tiles discharge remote from
the house (to an above-grade outfall or to an und.erground dry
well), is less common than is sump/DID in many parts of the
country, but is fairly common in some locations.
Drain-tile systems with remote discharges commonly (but do
not always) involve exterior drain tile loops, outside the
footings. DID systems on exterior tiles are expected to be
more dependent upon the presence of nearly complete loops
to ensure adequate treatment. That is, the loop should ideally
extend around all four sides of the house in full basements, or
around the three buried sides in walk-out basements. The need
for a nearly complete loop is expected because the suction

Most of EPA's direct data on the performance of DTD/remote
discharge systems are from tests in eight houses in Pennsylvania (Sc88, He89, Fi91). In all of these houses, the tiles were
outside the footings, and drained to an above-grade discharge.
The houses were all basements with block foundation walls.
Five of these houses had essentially complete exterior drain
tile loops (Houses 10, 12, 15,26 and 27). From winter-quarter
alpha-track measurements in these houses over the 3 years
following installation, three of these houses were reduced
below 4 pCi/L in the basement, and two (Houses 15 and 26)
were reduced below 2 pCi/L. Of the two houses not reduced
below 4 pCilL according to the alpha-track measurements
(Houses 10 and 27), it has been demonstrated (Fi91) that the.
failure of the system to achieve levels below 4 pCi/L was not
due to inadequate treatment of the foundation by the DID/
remote discharge system, but rather, was due to a) re-entrainment of the system exhaust (radon levels in the exhausts were
650 to 2,300 pCilL); and b) in the case of House 10, radon
released from well water (which contained 26,000 pCilL). Redirection of the system exhausts, and treatment of the well
water in House 10, reduced basement concentrations in both
houses to below 2.5 pCi/L.
In summary, in all five EPA study houses having complete
exterior loop/>, DID/remote discharge reduced all five to
below 4 pCilL in the basement (actually, below 3pCi/L), and
reduced two below 2 pCi/L, when supplemented in one case
by well water treatment. These concentrations generally correspond to radon reductions of 90 to 99+%, except in the case
of House 12, where the relatively low pre-mitigation concentration (11 pCilL) caused the percentage reduction to be lower
(77%).
The remaining three houses with DTD/remote discharge systems in the Pennsylvania study had incomplete exterior loops
(Houses 13, 14; and 16). In none of these houses was the DTD
system by itself able to reduce the house below about 10 pCiI
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L (5c88. He89). In House 13. where the tiles may have been
beside portions ofthree sides of the house, the DTD system by
itself reduced basement concentrations to 11 pCi/L (84%
reduction). based upon short-term measurements. Adding a
separate one-pipe SSD system to supplement the DTD system
in House 13 decreased levels to 2.5 pCi/L, based on 3- to 4month alpha-track measurements during each of three winters. The other two houses had tiles beside only two sides of
the house. or had an entire wing without tiles. The DTD
system reduced basement levels to 15 pCi/L in House 14
(74% reduction) and 150 pCi/L in House 16 (37% reduction)
(Sc88. He89). In these cases, the DTD systems were abandoned in favor of BWD systems.

The following discussion summarizes the results to date with
DTD/remote discharge systems, addressing the individual
variables.
a)

House design variables

• Sub-slab communication. The effect of sub-slab communication on the performance of the exterior DTD
systems discussed above is unclear.
Many of the numerous Colorado houses discussed above
(Kl92) did not have crushed rock beneath the slab, suggesting limited communication; yet, good radon reductions were reported. This result could be suggesting that
sub-slab communication may not be critical if the exte~
rior tiles are beside all three or four buried sides of the
house. The permeability of the native soil in this region is
variable; in some cases, this permeability may have been
high enough to help compensate for the lack of crushed
rock. Also, it is not recorded to what extent these houses
may have had soil gas entry routes at the interior of the
slab, which might have challenged the DID system in
these potentially poor-communication cases if the suction
field were extending only weakly inward from the perimeter. Sub-slab communication would be expected to be
less important for exterior DTD performance if the main
soil gas entry routes are the perimeter walls and the
perimeter wall/floor joint.

In summary, in the three EPA study houses where the exterior
loop was incomplete, the DTD system sometimes provided
modemte to high reductions (74 to 84%) even when the tiles
were beside only two or three sides of the house. In one case,
only low reductions (37%) were achieved when the tiles did
not ex.tend around a wing of the house. Thus, even when the
tiles are incomplete, depressurization of an exterior drain tile
loop can sometimes be considered where only moderate reductions are needed. However, with the high pre-mitigation
levels in the Pennsylvania houses, where high reductions were
required, in no case was DTD adequate by itself to reduce
levels below 4 pCi/L when the loop was not complete.
Commercial mitigators have reported good success with DTD/
remote discharge in hundreds of houses in and near Colorado
where exterior drain tile loops extended around all four sides
of the house (full basements) or around the three buried sides
(walk-out basements) (Kl92). In a few cases, good reductions
were reported even in cases where the tiles extended beside
only one or two sides of the house. These results were
obtained despite the fact that there was no crushed rock
beneath the slab; the slab was resting directly on graded native
soil, which is commonly decomposed granite (a gravel/clay
mix. of variable permeability). The effective performance is
attributed to possibly good permeability in the native soil in
some cases, permitting the suction field to extend through the
soil beneath the footings and beneath the slab; and the tendency of the ex.terior dmin tiles to intersect channels through
which utility lines penetrate through the foundation, thus
providing a relatively high-penneability route for the suction
field to extend through the foundation walJ/footings and beneath the slab (Kl92).

Among the EPA study houses, the two Pennsylvania
houses giving the best results above (Houses 15 and 26,
both having complete loops and achieving less than 2
pCi/L in the basement), were the two houses having the
poorest communication (Fi91). This result would suggest
that, with exterior tiles (which are probably functioning
by treating the base of the block foundation wall and the
wall/floor joint), the completeness of the tile loop is more
important than good communication beneath the slab.
The other three houses having complete loops and ultimately being reduced to 2 to 4 pCi/L (Houses 10, 12, and
27), had much better communication than did Houses 15
and 26.
Among these five Pennsylvania houses having complete
exterior loops, the two houses having poor sub-slab communication had the lowest sub-slab depressurizations
created by the exterior DTD system (with no depressurization measured at some of the test holes in House 26,
and respectable readings of generally 0.014-0.048 in.
WG in House 15). By comparison, two of the three
houses having good communication achieved better subslab depressurizations, 0.056-0.085 in. WG; the third
house with good communication (House 12) had readings
more comparable to the poor-communication houses,
0.014-0.018 in. WG. (For reference, the one sump/DID
installation in Pennsylvania with interior tiles and good
communication achieved sub-slab depressurizations of
0.625-0.685 in. WG.) From the above measurements, it
would appear that good sub-slab communication improves the chances that adequate sub-slab depressurizations will be achieved with exterior DTD systems, increasing the likelihood that any entry routes in the central

In one other early study (Sa84), 80% radon reduction (to a
post-mitigation level of 8 pCi/L) was achieved in one house
by suction on an exterior dmin tile loop with above-grade
discharge. The tiles apparently extended around the three
sides of the house that were below grade, fonning a U with
each leg of the U discharging to grade. Suction was drawn by
two 50- to 6O-watt squirrel-cage blowers, one on each leg of
the U; squirrel-cage blowers tend to produce higher flows and
lower suctions than do the 90-watt centrifugal fans commonly
used ~oday. This was a "berm" house with poured concrete
foundation walls, good sub-slab aggregate, and forced-air
supply ducts beneath the slab.

42

or two sides of the house (Kl92). Success with such
partial loops appears to depend upon relatively good
permeability in the native soil underlying the foundation.
Under this condition, the suction field from the partial
loop might be expected to better extend around the portion of the perimeter without tiles, and beneath the slab. .

portion of the slab would be treated. However, from the
House 12 results, good sub-slab communication does not
ensure that these systems will necessarily achieve high
depressurizations. And, especially from the House 26
results, where both communication and sub-slab depreSsurizations were poor, but where levels below 2 pCi/L
were consistently achieved nevertheless, it is apparent
that good communication and good depressurization are
not necessarily required for good radon reductions. This
confmns that treatment of the perimeter block walls and
the wall/floor joint (generally aided by having a complete
drain tile loop), rather than achieving good sub-slab
depressurization, is the key requirement for exterior DID
systems.

• Entry routes in center of slab. The available data are
not adequate to quantify the effects of interior entry
routes on the performance ofexterior DTD systems. Only
one of the Pennsylvania houses had a major interior route
(House 27, which had a hollow-block structure penetrating the middle of the slab to support a fireplace on the
floor above) (He87). The system in House 27 achieved
levels below 4 pCi/L (93% reduction) despite this interior
entry route, perhaps because the complete loop and the
good sub-slab communication resulted in sub-slab depressurizations of 0.056-0.081 in. WG.

The three Pe;',nsylvania houses having only partial exterior loops (Houses 13, 14, and 16) each had variable
communication, ranging from excellent under some portions of each slab to very poor under other parts (Fi91).
House 16 had generally good communication beneath the
basement slab, but very poor communication beneath the
adjoining paved crawl-space addition where the drain
tiles did not extend. Thus, in these houses, it is not
possible to assess to what extent the inadequate performance of the DID/remote discharge system was due to
the incomplete tile loops, and to what extent it was
impacted by poor sub-slab communication. But, as indicated above, it is suspected that, in the absence of major
entry routes in the central portion of the slab, the completeness of the loop is probably the more important
variable.

From the preceding discussion, it would be expected that
interior entry routes will likely be most important in cases
where poor sub-slab communication, poor permeability
in the native soil, an incomplete drain tile loop, or other
factors prevent the suction field from the exterior tiles
from extending beneath the slab.

• Nature of the foundation wall. The available data are
not sufficient to determine the impact if the foundation
wall were poured concrete rather than block.
All of the houses in Pennsylvania had block foundations.
Complete drain tile loops are ideally located to treat entry
through block walls, so that the nature of the foundation
wall may not be particularly important when the loop is
complete. Since poured concrete walls substantially reduce wall-related entry routes, exterior DTD systems
with partial loops may perform better when the wall is
poured, since leaving a portion of the wall untreated
would then be less of a problem. Poured concrete walls
might further hinder the extension of the exterior DID
suction field into the region beneath the slab, compared to
relatively porous block walls.

The one house addressed in Sa84, which had essentially a
complete loop (on the three sides of the house below
grade), had good aggregate. However, due to the sub-slab
forced-air ducts, communication was probably not good.
The lower percentage reduction (80%) and higher residual radon levels (8 pCi/L) in this house were more
likely due to the unusual features of this house (a berm
house) and to the design of this early DID system, than to .
the nature of the sub-slab communication.

• Extent of drain tile loop. As discussed above, the
exterior tiles common with DTD/ remote discharge systems may function to a large extent by treating the base of
the foundation wall and the wall/floor joint. The extent to
which the suction field from these systems will extend
beneath the slab is quite variable, and is not always
clearly related to how good the sub-slab communication
is. In addition, with the exterior tiles, the suction field
probably extends only weakly through the native soil
outside the footings to regions where the tiles are not
present, if the native soil has relatively low permeability.
Under these conditions, the extent of the drain tile loop
could be a very important variable in determining the
effectiveness of these systems with exterior tiles. It may
often be important that the tiles be located on three or
four sides of the house.

• House size. The data are insufficient to enable a defini-

However, ¢xperience with DID/remote discharge in Colorado indicates that suction on exterior tiles can sometimes
be effective even in cases where the tiles are on only one

The reader should be aware that, in other parts of the
country, it is possible that exterior drain tiles will not
extend around the adjoining wing, possibly leaving un-

tive statement regarding the effect of house size. Only
one of the five Pennsylvania houses having complete
loops had a slab larger than 1,000 ff (House 10, where
the slab was 1,300 ff). Presumably, if the exterior drain
tile loop were complete and were thus treating the entire
perimeter, the size of the slab would not be particularly
important, unless there was a significant entry route in the
central portion of the slab.

• Atfjoining Wings. Experience in Colorado suggests that,
in many cases, exterior tiles around a basement will also
extend around an adjoining slab-on-grade wing (K192).
In such cases, it would be anticipated that.DTD/remote
discharge may effectively treat both wings.
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treated both the adjoining wing and the side of the basement abutting the wing. None of the EPA study houses in
Pennsylvania where DTD/remote discharge has been effectively tested had adjoining wings.

extend the suction field under the slab, the 90-watt fans
will usually be the logical choice, rather than a smaller
unit. The 90-watt fans have also routinely been used in
the Colorado installations.

• Sub-slab obstructions. The house in Sa84, with sub-

• Fan in suction vs. pressure. See Section 2.4. Soils so

slab forced-air ducts, is the only house reported with an
exterior DTD system having sub-slab obstructions. The
olher unique features of this berm house prevent a clear
interpretation of the effects of these ducts on system
performance.

poorly drained that drain tiles are necessary will not
usually be sufficiently permeable to warrant DTD pressurization rather than depressurization.

Where an obstruction is not associated with an interior
entry route, it might be expected that the obstruction will
not significantly interfere with exterior DTD performance,
since the system appears to perform largely by treating
the foundation wall and walVfloor joint immediately adjacent to the tiles. But where the obstructions are associated with interior entry routes-e.g., an interior loadbearing wall or sub-slab ducts-it could be expected that
the obstruction will sometimes degrade system performance, by providing an entry route potentially not effectively treatable by the exterior system.
b)

e)

See the discussion for these variables in Sections 2.3.le.

f)

Mitigation system durability

• Radon reduction performance. The only durability
data on DTD/remote discharge systems are from the five
houses in Pennsylvania (Fi91). In all cases except House
10, where exhaust re-entrainment and well water contributions caused larger fluctuations, none of the winterquarter alpha-track measurements over a three-year period varied from the three-winter average by more than ±
1 pCi/L. In no case was a progressive degradation in
performance apparent.

House operating variables

• Operatio1l. of central furnace fan, and exhaust
fans. See comments in Section 2.3.1b. To the extent that

• System suctions and flOWS. In all five Pennsylvania
houses, the suctions and flows in the DTD suction pipe
remained steady, within the accuracy of the measurement, over the 3 to 4 years following installation.

exterior DTD/remote discharge systems will sometimes
provide lesser sub-slab depressurizations that will SSD or
sump/interior DTD systems, the exterior DTD system
may sometimes be more prone to being overwhelmed by
basement depressurizations created by these fans.

c)

Geology/climate variables

• Sub-slab depressurizations. No degradation in subslab depressurizations were apparent over the 3 to 4 years
after installation.

Mitigation system design variables

• Equipment durability. One of the five 90-watt DTD/
• Size of suction pipe. Four-in. diameter pipe has been
lIsed on all of the EPA-sponsored DTD/remote discharge

remote discharge fans (in House 15) failed over the 4
years since installation. This fan failed due to bearing
failure, the only fan in Pennsylvania to fail for a reason
other than capacitor failure. This failure rate (one in five)
is roughly the same as the rate for fans on the SSD
systems.

installations (Sc88). The flows from all five of the systems still operating in Pennsylvania have been above 100
cfm, confmning that pipe of at least that size will generally be needed. Flows in the Colorado systems have
generally been somewhat lower, 50 to 80 cfm (Kl92); 4in. piping has routinely been used in the Colorado installations as well. The 4-in. piping is also convenient for
connecting to the exterior drain tiles, which are usually
either 3 or 4 in. in diameter.

• Degree of slab sealing. No data have been reported

• Homeowner interventioll. In one case (House 15), the
homeowner turned the fan off due to the noise created by
the worn bearings.

2.3.4 Active Block-Wall Depressurization

• Fan capacity. All five of the exterior DTD systems in

BWD has occasionally been used as a supplement to SSD in
basement houses, in both R&D study houses and in commercial installations, when one or more of the block foundation
walls had appeared to be an important radon entry route which
has not been adequately treated by SSD alone. The BWD
component in these combined SSD+BWD systems is usually
accomplished using the "individual pipe" approach, i.e., by
inserting a PVC pipe into one or more of the block cavities in
the wall(s) to be treated, and tying this pipe into the SSD
system piping.

Pennsylvania have the 90-watt centrifugal tubular fans.
Given the relatively high flows in these systems (>100
cfin) and the need for high suctions in an attempt to

In the large majority of cases, SSD alone will be sufficient,
and the BWD component will be unnecessary. However, in

quantifying the effect of slab sealing on DTD/remote
discharge performance. As with the sump/DTD systems
(Section 2.3.2c), because the tiles are immediately beside
the footings, caulking the walVfloor joint would usually
be a desirable step wherever the joint is accessible and
whenever it is more than a hairline crack.
d)

J\.1itigation system operating variables
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pipes. Among these six houses having stand-alone individualpipe BWD systems,

some parts of the country-in particular where basement subslab communication is poor or where the source strength is
high-mitigators are commonly prepared to supplement SSD
systems with BWD components in block-foundation houses,
where high radon concentrations inside the walls or other
local conditions suggest that a BWD leg into one or more of
the walls might be necessary (Mes90b, Sh90, J091).
BWD as a stand-alone method, without SSD, has been tested
in a few R&D study houses having basements. It does not
appear to have been widely used commercially, although
mitigators have occasionally encountered isolated cases where
one or two block walls were particularly important radon
entry routes and where a stand-alone BWD system treating
those walls proved to be extremely effective. One fmn markets a "baseboard-duct" BWD system nationally through licensees (E188), sometimes used in conjunction with basement
water control. But even this BWD system often has a SSD
component; the baseboard ducts are often connected to a
retrofitted, perforated sump crock installed through the basement slab to handle water collected in the baseboard ducting,
and the suction is drawn on this sump (providin,g SSD) as well
as on the baseboard channel drain.
From the limited available data, BWD as a stand-alone method
can be effective in basement houses suited to this approach.
Well-suited houses include houses which permit good closure
of all major wall openings and which do not have major slab- .
related entry routes remote from the walls. Usually, standalone BWD will be considered primarily in houses where the
walls are the predominant entry route, and where marginal or
poor sub-slab communication will prevent a SSD system from
adequately treating the walls.

-

All six of the houses except House 19 achieved radon
reductions of 92 to 99% in the basement. The percentage reductions are high because the pre-mitigation
levels were extremely elevated, as great as 400 pCi/L.
Thus, despite the high percentages, only three of the
houses were reduced below 4 pCi/L (with two of these
three being reduced to 2 pCi/L and less, and one to 1
pCi/L).

-

Four of these houses (Houses 3, 8, 14, and 19) were
particularly suitable for BWD: the walls were unfinished and accessible, the top block voids were generally accessible for closure, and there were no complications such as a block fireplace structure in the walls,
exterior veneer, or high block porosity. Houses 3, 8,
and 14 were reduced below 4 pCi/L with a single fan
depressurizing the system; Houses 3 and 14 were reduced below2 pCilL. These low post-mitigation levels
have been confirmed by winter~quarteralpha-track measurements over the 3 years following installation. These
three houses, which were apparent beforehand as being
distinctly amenable to the BWD approach, are the only
Pennsylvania houses where BWD has been unambiguously successful.

-

The fourth "amenable" house above (House 19) has
consistently averaged 31 pCi/L in the basement since
installation (no reduction from the pre-mitigation value
of 32 pCi/L) (Fi91). All major openings in the walls
had been effectively closed, and smoke tracer testing
confmned that the single fan was depressurizing the
wall voids every-where. The slab in this house is badly
cracked, and diagnostic testing confmned that soil gas
is entering the house through these cracks. Thus, the
BWD system would appear to be effectively treating
the walls, but the suction field is not extending beneath
the slab to treat the slab-related routes remote from the
walls. As aresult, the ability to identify a priori houses
which will be truly amenable to stand-alone BWD is in
question. As a minimum, the absence of potentially
important slab-related entry routes remote from the
walls would appear to be one of the criteria for determining amenability. The walls (and the walVfloor joint)
must be the primary (or sole) entry routes.

Stand-alone BWD has also been made to perform reasonably
well in less suitable houses, though this has often required
some effort to adequately close wall openings and to boost
suction in the walls (e.g., with multiple fans or more suction
pipes). Moreover, the ability to reliably achieve indoor levels
below 4 pCi/L with stand-alone BWD systems in such less
amenable houses has not been consistently demonstrated. .
EPA's experience has suggested than one cannot always
reliably predict which houses will be truly suitable, nor how
much effort will be required to make the stand-alone BWD
system give the desired reductions. In addition, due to the
amount of house air that can be drawn into the system through
the walls, the house heating/cooling penalty and the threat of
combustion appliance backdrafting are likely to be increased,
especially in houses less amenable to the BWD approach.
Results from stand-alone BWD systems have been reported
only for seven basement houses in Pennsylvania (He87, Sc88),
one basement house having an adjoiriing slab on grade in New
Jersey (Tu89),and three basement houses in New York (Ni89).
(The Pennsylvania study also included five other basement
houses having block-wall pressurization systems, discussed
in Section 2.4.)
.

As a point of interest, the BWD system in House 19so unsuccessful in reducing basement concentrationsis extremely effective in reducing levels upstairs, to
below 1 pCilL (Sc89, Fi91). The BWD system is
thought to be depressurizing the basement, preventing
the flow of the 31 pCi/L basement air upstairs.
-

Of the seven houses in Pennsylvania, six (Houses 3, 7, 8, 14,
16, and 19) involved the individual-pipe variation of the BWD
process. In these five, there were one or more pipes installed
in each of the perimeter walls, with House 16 having nine
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Two of the six Pennsylvania houses having stand-alone
individual-pipeBWD systems (Houses 7 and 16) offered difficulties in wall closure. These difficulties
included inaccessible top voids, and exterior brick veneer. While radon reductions of 92 and 98% were
achieved in these houses, respectively, basement levels
remained elevated (32 pCilL in House 7 according to

shon-tenn measurements, 5.3 pCi/L in House 16 based
upon three winters of alpha-track measurements). To
achieve these reductions, various special steps were
taken in system design (using two suction fans in
House 7, using 6-in. diameter piping for the major
piping run in House 16 to reduce pressure loss). Had
the pre-mitigation concentrations in these two houses
been lower, the percentage reductions would have been
lower, but it is possible that post-mitigation levels
might have gotten below 4 pCi/L. These results indicate that in houses not amenable to stand-alone BWD,
good reductions can sometimes still be achieved, but
special steps may be required, and the ability to reduce
levels below 4 pCi/L is uncertain. In these cases, standalone BWD is not the best choice.
In House 16, the nine-pipe BWD system was subsequently temporarily replaced with a three-pipe SSD
system, to determine which would perform better (Fi91).
The two SSD pipes in the basement very effectively
depressurized the entire basement slab (to 0.323-0.363
in. WG), although the one SSD pipe in the adjoining
paved crawl-space addition achieved more marginal
sub-slab depressurizations in that wing (0.001-0.020
in. WG). Even with apparently excellent treatment of
the basement slab, the SSD system alone resulted in
distinctly higher indoor radon levels than did the BWD
system alone (13 pCi/L in the basement, compared to 4
pCi/L with the BWD system, and 5 pCi/L upstairs,
compared to 2 pCi/L with the BWD system). While the
marginal treatment of the paved crawl space by the
SSD system might have been contributing to the reduced perfonnance of that system, these results suggest
there can be cases where SSD systems cannot adequately treat all of the wall-related entry routes, even
when the system is depressurizing the sub-slab very
well. Thus, there will be cases where the SSD system
must be supplemented with a BWD system. Possibly,
placement of additional SSD pipes near the walls in
House 16 could have improved the wall treatment by
the SSD system. However, House 16 would appear to
be a case where a combination of SSD + BWD could
be the optimum approach for reliably reducing the
house below 4 pCi/L.
111c one house tested with a stand-alone BWD system in New
Je.rsey (Tu89) was an individual-pipe system in a basement
house having an adjoining slab on grade (House LBL-I0).
Two BWD suction pipes were installed in the wall voids of
the stem wall separating the two wings. This relatively simple
BWD system reduced basement concentrations from 146 pCi/
L to 3 pCi/L. By comparison, a stand-alone SSD system tested
in this house (with two SSD pipes extending all the way
through the stem wall to beneath the adjoining slab on grade)
gave about the same results. The success of the two-pipe
BWD system in New Jersey is very different from the experience with the more extensive systems in Pennsylvania The
difference might result from the stem wall being a particularly
important source in the New Jersey house, and/or to some
depressurization beneath the adjoining slab being obtained by
the BWD system.

The three New York houses (AR-Ol, OP-Ol, and OP-16)
having stand-alone BWb systems were all individual-pipe
installations in houses having marginal sub-slab communication (Ni89). In the. two houses which either had solid cap
blocks (AR~Ol) or where a substantial effort was undertaken
to close the voids in the top course of block (OP-16), suction
on one to three walls reduced radon levels to about 2 pCi/L
(from pre-mitigation levels of 17 to 55 pCi/L). BWD had been
selected for these houses because higher radon levels had
been measured inside the block cavities than beneath the slab,
suggesting that wall entry was important.
Even in the third New York house (OP-Ol), where no wall
sealing was performed and where suction was drawn only on
one wall, levels were reportedly reduced from 21 to about 3
pCi/L. In House OP-Ol, this one-wall BWD system gave
lower post-mitigation readings than did a one-pipe SSD system which was tested back-to-back with the BWD system.
The SSD system alone gave readings of 5 to 7 pCi}L, compared to the 3 pCiIL for the BWD system alone. The apparent
success of the BWD system in House OP-Ol was achieved
despite several factors which would suggest that it would not
be amenable to BWD as a stand-alone method: unsealable top
block voids; the ability to treat only one of the walls; high subslab radon concentrations; and an extensively cracked slab,
offering entry routes remote from the foundation walls. This
success in OP-Ol may have been due, at least in part, to the
following factors (Br92):
-

the block foundation walls extended all the way up to
the attic. Thus, even though the top voids (in the attic)
could not be sealed, there would be an increased resistance to air flow from the top voids down into the
BWD system, increasing the suctions that could be
maintained inside the cavities at basement level.

-

three suction pipes were installed in the one wall, with
the result that suction is thought to have extended
around the comers into the adjoining walls. Thus, at
least parts of two other walls were also being treated.
Perhaps these three walls were the major entry routes.

-

the post-mitigation level was probably depressed by
the fact that this measurement was made during mild
weather. Cold-weather post-mitigation results were not
reported.

One of the seven Pennsylvania houses having a stand-alone
BWD system (House 11) received the baseboard-duct variation of the technology (He87, Sc88). This particular house
was in fact one (end) unit in a multi-unit townhouse structure,
with a perimeter channel drain around the entire structure.
Only moderate radon reductions (about 65%, to 21 pCi/L)
were achieved. The testing in this one unit could not fairly
represent the results that might be achieved in a detached
house where the full perimeter channel drain could be accessed;· in addition, the owners of this house discontinued
participation in the project before testing could be completed.
Thus, the results from this townhouse are not felt to be a fair
representation of the performance that might be expected with
a stand-alone baseboard-duct system in a detached house.
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BWD (generally the individual-pipe variation) has been tested
in a number of cases as a supplement toa SSD system. The
benefits of adding a BWD component to a SSD system will
depend upon the significance of the walls as an entry routes,
and the abilitY of the SSD system by itself to address wallrelated entry. A BWD component is most commonly needed
when sub-slab communication is poor, hindeting the extension of the SSD suction field around the base of the walls.
In three houses in Pennsylvania, SSD Systems were tested
with and without a BWD component. In each case, the BWD

component consisted of one or more individual pipes into
each of the petimeter walls, connected into the SSD piping
and treated by a single fan. In one house with moderate to
good communication (House 3), a one-pipe SSD system depressutized the sub-slab to 0.024-0.093 in. WG, and was
adequate to reduce basement levels to about 3 pCi/L; a
supplemental five-pipe BWD component further reduced levels below 2 pCi/L (Fi9l). In the second house, House 20,
which had poor communication (He87, Sc88), a BWD component was necessary in order to reduce basement concentrations to near 4 pCi/L; the SSD system by itself was marginally
inadequate, achieving 5 to 8 pCi/L in the basement. In this
house, the BWD component consisted of one 2-in. diameter
(equivalent) wall suction pipe tapped into each of the five 4in. SSD pipes, which were immediately beside the walls. The
BWD pipes caused suction in the SSD pipes to fall from about
0.9 in. WG to about 0.2 in. WG. (Well water treatment was
also necessary in House 20, as discussed in Fi91.)
But in the third house in Pennsylvania (House 7), with variable communication (ranging from low to good), addition ofa
BWD component caused performance to degrade significantly (increasing basement concentrations from about 4 to 26
pCi/L). Analogous to House 20, the BWD component in
House 7 was achieved by tapping one 2-in. (equivalent) wall
suction pipe into each of the seven 4-in. SSD pipes. As in
House 20, the air flow out of the BWD component of the
system in House 7 caused the suction in the SSD pipes to
decrease significantly, from about 0.9 in. WG to about 0.1 in.
WG. But in House 7, the reduced suction in the SSD piping
resUlted in a significant reduction in the performance of the
SSD component of the system which more than offset any
benefits from the BWD treatment of the walls.
In one basement house in New Jersey having an adjoining
paved crawl space and having poor communication (LBL-12
in Tu89), SSD in the basement reduced levels only to 5 pCi/L.
Addition of a 'suction pipe into the cavities of the block wall
separating the two wings, and connecting it to the SSD
system, reduced levels to 2.3 pCi/L.
In testing in New York (Ni89), BWD was tested in conjunction with SSD in four houses. One of these houses (OP-Ol), a
full basement house, has been discussed earlier in connection
with testing of BWD alone and SSD alone. In House OP-Ol,
combined operation of the one-pipe SSP system and the
BWD system on one wall reduced basement levels from 21
~,~. pCi/L to about 3 pCi/L during cold weather. By compadson,
SSD alone had achieved only 5-7 pCi/L; BWD alone had
achieved 3 pCi/L, but that had been during mild weather.

The other three New York houses had been basement houses
having adjoining slabs on grade (AR-04, -05, and -09), reportedly with relatively good communication beneath the base- .
ment slab. Grab radon measurements inside the block cavities
were in all cases comparable to, or higher than, the radon
measured beneath the basement slab, indicating the importance of wall-related entry. In each case, a SSD system in the
basement was supplemented by a BWD leg treating the stem
wall between the two wings. In all three houses, adding the
BWD component made a significant improvement compared
to the SSD component alone. In two of the cases, the BWD
component was required to reduce basement concentrations
below 4 pCi/L (achieving levels of about 2 pCi/L).
In these three New York houses (Ni89), and in New Jersey
House LBL-12 discussed previously (Tu89), the depressurization of the stem wall may have also been providing some
depressurization beneath the adjoining slab on gnide. To that
extent, these results woUld be generally consistent with results
observed by others (Mes90a), indicating that, in basement
houses having adjoining slabs, SSD beneath the adjoining
slab is sometimes required in addition to SSD in the basement.
Where a BWD component is being added to a basement SSD
system, the stem wall separating the basement from any
adjoining wing is commonly the first wall to which suction is
applied; it will often contain the highest radon levels, and, as
stated above, suction on this stem wall may also be treating
the adjoining wing.
In three basement houses in Tennessee having adjoining crawl
spaces (Py90), with poor communication beneath the basement slab, a BWD component (along with sealing of the top
block voids and, in one case, the surface of the highly-porous
block wall) was required, in addition to two-pipe, two-fan
SSD systems, in order to reduce levels to 4 pCi/L. In the two
houses where crawl-space soil was exposed, a SMD component was required also.
The preceding discussion has focused on BWD (and SSD +
BWD) systems in basement houses, since almost all of the
BWD data have been obtained on that substructure type.
BWD components to SSD systems have been tested in three
cases in slab-on-grade houses.
In one slab-on-grade house in Ohio having a block foundation
wall beneath the slab petimeter (House 1 in He9la), suction
was drawn on a hole cored hotizontally all the way through
the foundation wall from outdoors, below slab level. The 90watt fan was mounted directly over this hole, with no pipe
extending through the wall, and with no attempt to close the
block cores surrounding the hole. Under these circumstances,
there should be a significant BWD component to this
SSD+BWD system. This combined system reduced indoor
levels from about 20 to about 3 pCi/L. By compadson, when
the fan was remounted on a pipe inserted through the wall,
and the surrounding voids foamed in an effort to reduce the
BWD component, levels rose to about 8 pCi/L. Levels fell
again when the pipe and foam were removed, re-establishing
the BWD component. Thus, the BWD component can-clearly
be important in some cases. Based upon results from some of
the other slab-on-grade houses tested in the Ohio project, the
BWD component appeared to be most important where the
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SSD system was marginal (i.e., in large slabs having only one
suction point).

system can sometimes actually reduce overall system
performance. In House 7 in Pennsylvania, high suctions
were needed in the SSD system piping in order to achieve
adequate suction field extension beneath the slab; addition of the BWD pipes resulted in high air flows from the
walls which reduced the system suction and degraded the
overall performance.

In two other slab-on-grade houses in New Jersey (Os89a), a
combination of SSD + BWD was tested, again using suction
pipes penetrating horizontally through the block foundation
wall from outdoors. In each of these houses, there were three
suction pipes manifolded to a single fan, with one pipe penetrating all the way through the wall into the sub-slab region,
and the other two pipes temlinating inside the block cavities.
Radon reductions of 99% were obtained in both of these
houses, reducing indoor levels from pre-mitigation values of
7()()'I,OOO pCifL, to post-mitigation concentrations of 6-8
pCi/L. (1'he effects of deleting the BWD component were not
tested.)

• Access

to close major wall openings. Best results
with BWD systems have consistently been achieved in
cases where major wall openings either have not existed
or have been accessible for closure (He87, Sc88, Ni89,
Py90). It is particularly imPOltant that the block voids at
the top of the wall be closed, either with a solid cap block
installed during construction, or through a sealing effort
during mitigation. When major wall openings exist and
cannot be effectively closed, there is an increased likelihood had poorer BWD performance will be achieved
(e.g., Houses 7 and 16 in Sc88). One house where good
BWD performance was achieved despite the inability to
close the top block voids (House OP-Ol in Ni89) was
atypical; the block walls extended up into the attic, creating increased flow resistance for air flowing down through
the top voids, thus increasing the suction that the BWD
system was able to maintain in the cavities at basement
level.

TIle importance of the BWD component in these slab-ongrade houses probably resulted from the treatment of wallrelated soil gas entry, and from extension of a sub-slab suction
field through the relatively permeable backftll material around
the perimeter immediately inside the footings. As discussed in
Section 2.3.1c, in connection with perinleter placement of
SSD pipes in Florida slab-on-grade houses (F090, F092), air
short-circuiting into the SSD+BWD system through the porous blocks might sometimes be expected to degrade system
performance. In the Ohio house discussed above, the
SSD+BWD system was subject to being overwhelmed when
the forced-air furnace fan (with sub-slab supply ducts) was
operated continuously. Tlms, reliable guidance cannot currently be offered regarding the conditions under which a
BWD component can best be added to a SSD system in slabon-grade houses.

• Entry routes in center of slab. The data from House
19 in Pennsylvania (He87, Sc88) suggest that slab-related
entry routes remote from the walls (such as extensive slab
cmcking) can sometimes make it impossible for a standalone BWD system to adequately treat the house, necessitating a SSD component. However, occasional cases have
been reported where a stand-alone system gave adequate
performance despite extensive slab cracking (House OP01 in Ni89). The ability of stand-alone BWD to adequately treat such houses will depend upon a) whether
the perinleter walls are the predominant entry route,
despite the slab cracks; and/or b) the ability of BWD
suction to extend under the slab to treat the interior
cmcks.

The following discussion summarizes the results to date with
BWD, addressing the individual variables.

a)

House design variables

• Sub-slab communication. A stand-alone BWD system (or a BWD component on a SSD system) appears
most applicable when sub-slab communication is poor
(Ni89, Tu89, Py90, Sh90, Fi91, J091). This is undoubtedly because the poor sub-slab communication prevents
the SSD system from effectively intercepting the soil gas
before it enters the wall void network.

Stand-alone BWD systems have been found to create
measurable (but often marginal) depressurizations beneath the slab; depressurizations ranging from 0.001 to
0.012 in. WG have been measured under the central slab
in Houses 8, 14, and 16 in Pennsylvania (Fi91). Under
these conditions, some ability to treat interior slab entry
routes would be anticipated. Nevertheless, it is recommended that SSD components always be considered in
conjunction with BWD systems, especially when there
are interior slab-related entry routes.

However, where the walls are major entry routes, BWD
components can occasionally still be important even when
sub-slab communication is good. The results from Houses
3 and 16 in Pennsylvania (Fi91) demonstrate that, even
when communication is good and a SSD system can
effectively depressurize the entire sub-slab, a BWD component can still provide improved performance. In the
case of House 16, a stand-alone BWD system provided
better reductions than a stand-alone SSD system. The
unusually high source strengths under these houses may
be the explanation why effective sub-slab depressurization by the SSD system was unable to adequately reduce
radon entry through the walls.

• Nature ofthe foundation wall. BWD is applicable, of
course, only with block foundation walls. Best performance has generally been observed where the walls: a)
have solid cap blocks as the top course, or have top void
accessible for closure; b) walls not containing complicating entry routes such as block frreplace structures; and c)
are not unusually porous.

On the other hand, where sub-slab communication is
margin.al, adding a multi-pipe BWD component to a SSD
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• House size. The data are insufficient to enable a defini-

The data base for stand-alone BWD systems in combined-substructure houses is inadequate to permit an assessment regarding the effect of an adjoining wing on the
design and performance of such systems. BWD as a
stand-alone technique has been reported in only one
house having an adjoining wing (House 16 in Sc88,
where three individual BWD pipes in an adjoining paved
crawl space supplemented six BWD pipes in the basement). In this case, the treatment of the walls in both
wings was inadequate to reliably reduce the basement
from 395 pCiIL to below 4 pCilL (achieving 5.3 pCiIL
according to winter-quarter alpha-track averages). The
living area was reduced below 2 pCilL, according to the
winter-quarter alpha-tracks. It is suspected that residual
radon levels would have been higher if BWD pipes had
not been extended into the walls of the adjoining crawl
space. Poor communication beneath the crawl-space slab
was probably preventing the BWD pipe in the basement
stem wall from establishing much of a SSD component
beneath that adjoining slab. However, testing was not
conducted with and without the BWD pipes in the walls
of the adjoining wing; thus, it is not possible to quantify
how important it was to treat the adjoining wing in that
way, nor to understand the complications being created
by the adjoining wing in this one house.

tive statement regarding the effect ()f house size. Among
the houses where stand-alone BWD systems have given
the best results, many have had relatively small slabs
(570 to 860 fe), but one (House 14 in Pennsylvania) had
a slab of' 1,300 fe. And among the houses where standalone BWD systems have given poorer results, one had a
small slab (570 ft2), one a larger slab (1,100 ft2). Intuitively, houses having longer perimeters are likely to
require more BWD suction pipes with stand-alone systems; for, example, House 16, with 1,040 ft2 of slab area,
received nine BWD pipes, and is still not reliably below 4
pCi/L in the basement.
There is no evidence that slab size plays a role in determining whether a BWD leg must be added to a SSD
system, unless perhaps the increased slab size is combined with poor communication.

• Adjoining wings. In a total of four basement houses
having adjoining slab-on-grade or paved crawl-space
wings (Ni89, Tu89), depressurization of the block stem
wall separating the wings proved to be necessary in
conjunction with SSD in the basement. This could be
suggesting that, with adjoining wings, the stem wall can
be a particularly important entry route, perhaps because
the soil adjoining the basement beside that wall is "capped"
with a slab that helps direct the soil gas toward that wall.

b) House op~rating variables

• Operation of central furnace fan, and exhaust
fans. As discussed in Section 2.3.1b, central furnace fans

SSD beneath an adjoining slab on grade or paved crawl
space, asa supplement to SSD beneath the basement slab,
has sometimes been found to be necessary to effectively
treat such combined-substructure houses (Sc88, Mes90a).
The BWD treatment of the stem wall in the four houses in
Ni89 and Tu89 may well have also been providing a SSD
component under the adjoining slab. And likewise, the
SSD treatment of the adjoining wings in Sc88 and Mes90a
was likely also providing a BWD compolllent treating the
stem wall. In all cases in Sc88 and Mes90a, the SSD
pipes treating the adjoining slab were inserted horizontally through the stem wall from inside the basement;
hence, the suction beneath the adjoining slab was being
generated immediately beside the stem wall.
In summary, it is likely that, in combined-substructure
houses with block foundations, the radon entry associated
with the adjoining wing is a combination of a) entry into
the basement through the block stem wall; and b) entry
directly into the adjoining wing through routes in that
wing. The relative importance of these two pathways will
likely vary depending upon site-specific factors. The
stem-wall BWD components added in Ni89 and Tu89,
and the adjoining-slab SSD legs added in Sc88 and
Mes90a, were both likely providing a combination of
SSD + BWD treating both pathways. The adjoining-slab
SSD approach, where the pipes penetrate all the way
through the wall into the region beneath the adjoining
slab, would likely be better at treating the entry directly
into the adjoining wing.

(with cold air returns in the basement), and various other
exhaust fans (including whole-house exhaust fans, attic
fans, and clothes driers), have been observed to cause
basement depressurizations of 0.001 to 0.02 in. WG. No
quantitative measurements have been reported for the
depressurizations created by BWD systems inside block
walls. However, pressure measurements in the BWD
piping are generally low, 0.01 to 0.15 in. WG (Sc88),
one-tenth or less of what is commonly measured in SSD
pipes. These low suctions in the piping suggest that the
depressurizations inside the wall are probably quite low,
and perhaps not measurable in some locations. Standalone BWD systems have been reported to create subslab depressurizations ranging from 0.001 to 0.012 in.
WG in three Pennsylvania houses having moderate to
good sub-slab communication (Fi91); these depressurizations are much lower than are commonly measured with
SSD systems when communication is good.
Based upon the above discussion, it is expected that
stand-alone BWD systems will be much more subject
than SSD systems to being overwhelmed by the basement
depressurizations created by appliances.
c)

Mitigation system design variables

• Method of distributing suction to walls (individualpipe vs. baseboard-duct approach). Insufficient data are
available to permit a meaningful comparison of the relative performance of these two approaches. Most published data address the individual-pipe approach. In no
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cases have both approaches been tested back-to-back in a
single house, to compare performance.

the individual-pipe approach, in terms of its ability to be
successful when fewer than all four walls are directly
treated.

• Number ofsuction pipes. In all six of the Pennsylvania
• Location of suction pipes. No defmitive data are

houses where the individual-pipe BWD approach has
been tested as a stand-alone measure, one or more BWD
pipes were installed in each perimeter foundation wall
and in each interior load-bearing block wall that penetrated the slab. Where there was a discontinuity in a
wall, dividing the wall into two sections, a pipe was
installed in each section. As indicated previously, this
complete coverage of the walls was adequate to reduce
the three most amenable houses below 2 to 4 pCi/L in the
basement during the winter, but was inadequate to reduce
the less amenable houses below 4 pCi/L in the basement.
No testing was conducted to reduce the number of pipes
in the amenable houses, to determine whether fewer pipes
would have been sufficient in those cases. Qualitative
(smoke tracer) measurements suggested that suction on
one perimeter wall would sometimes extend around the
corner into the adjoining perimeter wall, but would not
consistently do so.

available regarding the optimum point at which to insert
an individual BWD sl,1ction pipe into a block wall. Commonly, pipes have been installed roughly midway between the two ends of the wall, although obstructions
have often required that the pipes be installed off this
mid-point. Where multiple pipes have been installed in a
single wall, the pipes have been installed at roughly equal
distances from the two ends of the wall and from each
other. In the Pennsylvania houses (Sc88), BWD pipes
were generally installed near the bottom of the wall, in an
effort to improve the treatment of the wall/floor joint and
the footing region, and to improve extension of the suction field under the slab.

• Size of suction pipes. Where BWD has been used as a
stand-alone technique, flows have been high, due to the
leakiness of the walls. Under these conditions, piping of
at least 4 in. diameter has essentially always been used, to
reduce pressure losses in the piping. In some cases in
Pennsylvania, to further reduce pressure losses, the 4-in.
diameter legs into the walls were connected to a 6-in.
diameter trunk line leading to the exhaust fan. Since
exhaust flows with the 90-watt centrifugal fans were
sometimes as great as 150 to 200 cfm with these systems,
piping pressure losses were sometimes as great as 0.25 in.
WG. But in none of the Pennsylvania cases did pressure
losses between the fan and the wall entry points appear to
be a primary cause of poor system performance.

The one house in New Jersey having a stand-alone individual-pipe BWD system (Tu89) achieved substantial
reduction (from 146 to 3 pCi/L in the basement) with two
BWD pipes in only one of the basement walls (the stem
wall beside the adjoining slab on grade).
Of the two amenable houses in New York having standalone BWD systems (Ni89), reductions to about 2 pCi/L
in the basement were achieved with BWD pipes in only
one to three of the perimeter walls. The one less amenable
house (OP-O!) appears to have been significantly reduced
with three suction pipes in one wall, although there are
not cold-weather data with only the BWD system operating to confmn this favorable result.

Where a BWD component has been tapped into a SSD
system, and the combined piping directed to a single fan,
it has commonly been necessary to restrict flow into the
BWD piping. Otherwise, system suction can be reduced
to such an extent that performance of the SSD component
deteriorates, offsetting any benefits adding of the BWD
component. This restriction ofBWD flow can be accomplished by using 4-in. pipe for both the SSD and the
BWD piping, and by installing dampers or valves in the
BWD legs to allow the flow from those pipes to be
reduced. Perhaps more commonly, this restriction has
instead been achieved by reducing the BWD legs to 1or 2
in. in diameter.

In summary, with stand-alone individual-pipe BWD systems, there are some limited data (from New Jersey and
New York) suggesting that installation of a suction pipe
into each wall is not always necessary, especially when
the house is amenable to BWD. This result is consistent
with isolated experiences of commercial mitigators. This
situation will occasionally occur when one or two walls
are the predominant entry routes, perhaps due to a high
source strength near those walls. However, there are
other limited data (from Pennsylvania) suggesting that,
when a house is not amenable to BWD, one pipe in each
wall will not be sufficient. Given the limitations of the
data, if a stand-alone individual-pipe BWD system is
being considered for a given house, it would appear
logical during the planning process to anticipate that one
pipe will be required on each perimeter and interior loadbearing wall, unless or until evidence becomes available
indicating that fewer pipes will be sufficient.

As discussed previously, tapping 2-in. BWD suction
pipes into 4-in. diameter SSD pipes in two houses in
Pennsylvania (Houses 7 and 20 in Sc88) resulted in
comparable drops in the suctions in the SSD pipes in both
houses (from about 0.9 to about 0.1-0.2 in. WG). However, the impacts on basement radon concentrations were
different in the two houses. In House 20, the BWD
component improved performance, whereas in House 7,
, performance degraded, despite effective depressurization
of the block walls. Apparently because of the specific
characteristics of House 7, a pipe diameter even smaller
than 2 in. would be warranted, if a BWD component is to
be helpful at all.

No data are available from stand-alone baseboard-duct
BWD systems, indicating whether it will sometimes be
sufficient to install baseboard ducts on only some of the
walls, or along only a portion of a wall. Presumably, the
baseboard-duct approach would be at least comparable to
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Commercial mitigators also report using 1- to 2-in. diameter BWD suction pipes, when adding BWD components
to SSD systems (Mes90b, Kl92). Some mitigators also
use dampered or valved 4-in. pipe for the BWD legs,
although other mitigators express concern :regarding possibly inadequate reliability of the dampers and high costs
of the valves. The successful SSD + BWD installations
that have been reported using 4-in. pipe for the BWD legs
without dampers or valves, have been cases where the
BWD component consisted of one or two pipes treating
only the stem wall between a basement and an adjoining
slab on grade (Ni89, Tu89).

e)

• Source strength. High source strength could be contributing to some of the apparent effects of other variables
discussed earlier for stand-alone BWD systems. Both of
the Pennsylvania houses which offered difficulties in
wall closure and which were not consistently reduced
below 4 pCiIL in the basement (Houses 7 and 16) also
likely had the highest source strengths of any of the
houses tested with stand-alone BWD systems. As an
indicator that the source strengths were likely high, the
pre-mitigation radon concentrations in these basements
were 402 and 395 pCi/L, respectively, the highest among
the tested houses. Thus, source strength, as well as difficulties in wall closure, could have been contributing to
the lesser success in these two houses.

• Degree of wall sealing. Best performance with standalone BWD systems has consistently been achieved in
houses where the block wall had a top course of solid cap
blocks, or where the open voids in the top course were
accessible for effective closure. However, the actual effect of closing the top voids has not been well quantified;
in almost all cases, the closure was completed before
system performance measurements were made. In only
one case have results been reported with and without the
top voids Closed (House OP-16 in Ni89). In that house,
pre-mitigation concentrations in the basement (about 55
pCi/L) fell only to 23 pCi/L when a stand-alone individual-pipe BWD system was activated without closing
the top voids (according to a I-week continuous measurement made in March). Closure of the top voids reduced
basement levels to 2.3 pCi/L, based upon a 5-day continuous measurement the following July. The difference
in weather between the two measurements, as well as the
closure of the top voids, could have contributed to the
much lower reading obtained after closure.

On the other hand, the one house in New York (OP-Ol)
where BWD successfully reduced levels below 4 pCiIL
despite the fact that suction was drawn on only one
uncapped wall, also had one ofthe lowest source strengths.
Cold-weather pre-mitigation radon levels in the basement
were 21 pCiIL. The relatively lower source strength could·
have facilitated the apparent success of BWD in this
house.
Intuitively consistent with the above results is the fact
that both of the houses which were reduced below 2 pCi/
L with stand-alone BWD systems (House 14 in Pennsylvania, House AR-Ol in New York) appeared to have
relatively low source strengths (with pre-mitigation basementconcentrations of36 and 17 pCiIL), combined with
the ability to effectively close the top voids. The remaining houses which were reduced below 4 pCiIL, but not
below 2 pCi/L, all had higher pre-mitigation levels (55 to
350 pCi/L).

The effects of other types of wall closure on BWD
performance have not been well defined. In one Tennessee house where a basement SSD system was being
supplemented by BWD on a block wall on the interior of
a stone foundation wall (House DW43 in Py90), coating
the porous face of the. block wall with a surface bonding
cement reduced basement radon levels from about 18
pCi/L to 4-5 pCi/L with the system operating. Such
coating of the block surface is usually necessary only
when the block is unusually porous.
d)

Geology/climate variables

However, it is noted that even houses which apparently
have relatively high source strengths (with pre-mitigation
basement concentrations of 150 to 350 pCiIL) have been
reduced below 4 pCi/L with stand-alone BWD systems,
where the house was amenable. And conversely, in one
house where the source strength appeared relatively lower
(House 19 in Pennsylvania, with a pre-mitigation basement level of 32 pCi/L), BWD was unsuccessful. Thus,
the source strength (or the pre-mitigation indoor concen- .
tration, as a surrogate for source strength) does not, by
itself, suggest whether a stand-alone BWD system might
be successful.

Mitigation system operating variables

• Fan capllrcity. Most of the testing ofBWD systems, and
of SSD+BWD systems, appears to have been conducted
using the 90-watt, 270-cfm centrifugal in-line tubular
fans at full power. In view of the generally high flows
expected from BWD systems, use of smaller fans would
not appear to be advisable. No data have been reported
quantifying the effect of fan capacity on BWD pelformance.

A high source strength could be an important factor in
determining whether a BWD component needs to be
added to a SSD system. Failure of a stand-alone SSD
system to fully treat a block wall will be more serious
when the remaining soil gas which continues to enter the
wall has extremely elevated radon concentrations.

• Fan in slJction vs. pressure. Block-wall systems with
• Permeability of underlying soiL There are no data

the fans operating to pressurize the wall cavities, are
discussed in Section 2.4.

relating the performance ofBWD systems (or the need to
add a BWD component to a SSD system) to soil permeability. However, it might be anticipated that poor soil
permeability could increase the likelihood that a BWD
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component might be needed on a SSD system, since this
could reduce the ability of the SSD system to treat the
exterior face of the block wall, or to intercept the soil gas
before it reaches the foundation.

• Climatic conditions. Because of the relatively low
depressurizations created inside the wall cavities and
beneath the slab by stand-alone BWD systems, it would
be expected that BWD will be much more subject than
SSD to being overwhelmed by weather-induced depressurizations of the basement. The thermally induced depressurization of the basement during cold weather would
be about 0.015 in. WG in a two-story house (Sau89). By
comparison, the sub-slab depressurizations maintained
by stand-alone BWD systems have been measured ranging from 0.001 to 0.012 in. WG in houses having moderate to good sub-slab communication (Fi91). Depressurizations inside the walls have not been reported, but they
are likely well below the suctions of 0.01 to 0.15 in. WG
measured in BWD pipes near the point where they penetrate into the wall.

1)

Mitigation system durability

• Radon reduction performance. Of the 38 EPA mitigation installations in eastern Pennsylvania which have
been monitored since 1985-87 (Fi91), five have been
stand-alone BWD systems. Winter-quarter alpha-track
measurements in those houses over the 3 years following
installation have remained very steady in all five houses.
Only in one house (House 19) did anyone winter's
reading vary from the three-winter average by more than
± 0.5 pCi/L. And even in House 19, where depressurization of the basement by basement air leakage into the
BWD system apparently was increasing radon entry
through slab cracks, basement concentrations remained
remarkably steady over the years (31.3 ± 2.5 pCi/L).

2.3.5 Active Sub-Membrane
Depressurization
Active SMD has consistently proven to be the most effective
approach for treating crawl-space houses. Radon reductions in
the living area of the house have commonly been reduced by
80 to 98% by SMD in EPA study houses. Lesser reductions
have been observed in some cases, where pre-mitigation
levels were low, where there was an untreated adjoining wing,
or where a combination of factors prevented adequate distribution of suction beneath the membrane (large crawl space,
very poor soil permeability, inadequate number of suction
pipes through the membrane, or inadequate sealing of the
membrane). In houses where a basement or a slab-on-grade
living wing adjoins the crawl space, a SSD or DTD system
treating the adjoining wing is often advisable, in addition to
(or perhaps instead of) the SMD component in the crawl
space.
SMD has occasionally been tested back-to-back against other
crawl-space treatment techniques: natural crawl-space ventilation (i.e., opening foundation vents); forced (fan-assisted)
crawl-space ventilation with the fan mounted to blow crawlspace air outdoors (in an effort to achieve crawl-space depressurization); and forced ventilation with the fan blowing outdoor aii into the crawl space (in an effort to achieve crawlspace pressurization). SMD has always provided distinctly
better reductions than have the other approaches (Fi90, Py90,
Py91, He92). The technique which has generally proven
second in effectiveness, after SMD, has been crawl-space
depressurization. There is undoubtedly a crawl-space ventilation/ depressurization component to SMD systems, as well,
since crawl-space air leaks into the SMD system through
openings in the membrane and is exhausted. However, concentrating the ventilation/depressurization in the region beneath the membrane appears to more effectively intercept the
radon and prevent its entry into the living area.

• System suctions andflows. System suctions and flows Based on EPA's mitigator survey (H091), commercial mitigaremained steady over the 3 years since installation, in the
five stand-alone BWD installations that have been monitored in Pennsylvania (Fi91).

• Equipment durability. There have been no fan failures
among the five stand-alone BWD installations under the
Pennsylvania project. Two of these five fans are the
standard 90-W8tt centrifugal tubular units; the remaining
three are 9O-watt wall-mounted centrifugal units having
comparable fan curves.

• Homeowner intervention. Two of the five BWD fans
in Pennsylvania are known to have been turned off at one
time or another over the 3 years following installation. In
one case, the fan became unplugged accidentally; in the
second, the owner turned the fan off during the summer
when windows were commonly opened. This experience
is consistent with that for other ASD techniques.

tors report using SMD over one-third of the time in crawlspace houses. According to this survey, about one-third of the
crawl-space houses are treated using natural crawl-space ventilation or forced ventilation (crawl-space pressurization or
depressurization), and the remaining third are treated using
barriers or sealing. From discussions with mitigators in regions where crawl-space houses are relatively common (Sh91,
An92, How92, Kl92), SMD is the technique of choice in
houses having an accessible crawl space with no adjoining
wing. Where there is an adjoining basement or slab-on-grade
wing which is being treated using SSD or DTD, the crawl
space wing may be treated using one of the ventilation approaches or sealing rather than SMD, although sometimes a
SMD component is added to supplement the SSD system.
Where the crawl space is inaccessible for installation of a
SMD system, a crawl-space ventilation approach is usually
employed' (Tu91c, He92, Kl92).
EPA has obtained results from testing SMD systems in 10
crawl-space houses not having adjoining wings (Ni89, Os89b,
Fi90, Py90, Du91). Pre-mitigation concentrations in the living
area typically ranged from 3 to 33 pCi/L, although one house
had a level of 160 pCi/L. Nine of these houses were reduced
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below 4 pCi/L, and six were reduced below 2 pCiIL. The
house having the pre-mitigation level of 160 pCiIL was among
those reduced below 2 pCiIL, although the SMD system had
to be supplemented with a BWD component and a well water
treatment system to achieve this reduction (Ni89). The apparent performance in this latter house may be exaggerated, since
post-mitigation measurements made in April are being compared against pre-mitigation measurements made the preceding October through December. The one house not reduced
below 4 pCiIL had an unusually shaped crawl space (100 ft
long and 23 ft wide), and was reduced from 33 to 5 pCi/L in
the living area (Py90). In an effort to treat this long house with
highly impermeable soil, porous matting was placed beneath
portions of the, membrane to aid in extension of the suction
field, two suction pipes penetrated the membrane, and the
membrane was' sealed everywhere (Py90).
All of the houses except one had radon reductions of 80% or
greater in the living area. The house having a lesser percentage reduction (63%) experienced this relatively low percentage because of low pre-mitigation concentrations, 7 pCi/L
(Py90). A secon.d house with low pre-mitigation levels (3 pCi/
L) might also have had living-area reductions below 80%, but
this is uncertain because post-mitigation levels in the living
area were not reported (Os89b).
The installations in the 10 houses above vary in their designs.
In some cases, more than one suction pipe penetrated the
membrane. In some cases, the SMD suction pipe was drawing
suction oli a length or a loop ofperforated piping placed under
the membrane. In some cases, the membrane was sealed
everywhere (at seams between sheets, around the crawl-space
perimeter, around interior piers); in other cases, it was sealed
only in some locations, or nowhere. In a f~~w cases, the
membrane did not cover the entire crawl-space floor. In two
cases, porous matting was placed beneath at least a portion of
the membrane to improve suction field distlibution. In a
number of these cases, the system performance might have
been improved,by taking additional steps, such as increasing
the number of suction pipes or increasing the membrane
sealing effort. Such additional steps might have increased the
number of the houses reduced below 2 pCi/L.

In all 11 houses where an adjoining basement was also being
treated, the combined SSD/DID + SMD system achieved
radon reductions greater than 90%. All of the houses were
reduced below 4 pCi/L, and 9 of the 11 were reduced below 2
pCi/L in the basement.
Among the three houses with an untreated adjoining slab-ongrade living wing (Py90), two were reduced below 4 pCi/L,
and none were reduced below 2 pCi/L in the living area above
the crawl space. Both houses reduced below 4 pCi/L experienced radon reductions of 80% or greater. The one having the
best results (92% reduction, to a post-mitigation level of 2.2
pCi/L) had no membrane at all, but was being treated by four
suction pipes buried in bare soil (i.e., what is referred to in this
document as site depressurization). The one house not reduced below 4 pCi/L achieved only moderate reductions
(from 28 to 15 pCi/L, a reduction of 46%). It is not clear why
the SMD system in this last house performed so poorly.
Perhaps the slab on grade was an important radon source,
although it was relatively small (a 300 ft2 converted garage)
compared to the crawl space (900 ftz).
The expelience of commercial mitigators with SMD systems
has been more limited than with SSD and DID systems.
Houses having a crawl-space substructure represent a relatively limited percentage of the housing stock (about 14% of
the total new housing starts in the U.S~ between 1976 and
1983, according to the National Association of Home Builders). Moreover, crawl-space houses may be less prone to
having elevated radon levels in the living area. Mitigators
working in regions having a relatively high percentage of
crawl-space houses report that properly designed SMD systems are consistently very effective, commonly reducing indoor radon levels below 2 pCi/L (Sh91, An92, How92, K.l92).
The following discussion summarizes the results to date for
each of the variables that can influence system design, operation, and performance.
a)

House design variables

• Nature ojcrawl-space floor. Many crawl spaces have
floors comprised of bare native soil. In some cases, this
soil flooris covered with a layer of gravel, and/or with a
plastic vapor barrier. Crawl spaces having a concrete slab
as a floor, or an integral unfmished concrete "wash"
floor, are usually considered for treatment using SSD,
and are thus not considered in this discussion of SMD.

The pre- and post-mitigation measurements reported for the
10 houses represent a range of measurement methods and
durations, ranging from several-day measurements with continuous monitors or charcoal detectors, to 3- to 12-month
alpha-track detector measurements. Thus, some of these measurements better represent the long-term performance of these
SMD systems than do others. However, it is clear that, overall, the SMD systems are being very effective.

Where the crawl-space floor is bare soil, the permeability
in the native soil is often poor. Despite this, good performance of SMD systems has generally been achieved
without special provisions to extend the suction field,
unless the crawl space has been larger than about 1,500
ff. In those cases where permeability was poor and the'
crawl space was large, performance has been improved
through the use of perforated piping under the membrane
(Fi90, Du91, An92, K.l92), multiple individual suction
pipes (Py90), or sub-membrane matting (Py90). As discussed later, the effects of one vs. two suction pipes in
such cases have been defined (Py90). Unfortunately, the
systems have not been tested with and without perforated

In addition to the results from the 10 "pure" crawl-space
houses (having no adjoining wings), EPA has also obtained
results from SMD systems in 14 houses where a basement or
slab-on-grade living wing adjoined the crawl space (Sc88,
Gi90, Mes90a, Py90, Du91). In 11 of the 14 houses, a basement adjoined the crawl space; in all of these houses, the
SMD system was supplemented with a SSD or DTD system in
the basement. In the three houses where a slab on grade
adjoined. the crawl space, the slab-on-grade wing was not
directly treated;
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plastic is in good condition, it does not generally appear
that SMD performance is degraded by making use of the
existing plastic (Fi90).
"

piping. or with and without matting. so that the exact
effects of those design selections are not clear..
In one house in Tennessee where the permeability of the
floor soU seemed relatively good from visual appearance
(House DW31 in Py90). a reduction of 92% was achieved
in the living area (to 2.2 pCilL) wiili no membrane at all
(i.e.. site depressurization). In that case. four suction
pipes were installed. drawing suction on covered pits in
the four quadrants of the crawl space. Testing of a simpler
site depressurization system in four crawl-space houses
in Ohio (Fi90). where the clay soil was impermeable. and
where the system consisted of a single pipe embedded
about 10 ft deep into the soU outside the crawl space,
gave no measurable indoor reductions. Site depressurization would be expected to work best in cases where a
suction could be drawn on a relatively permeable soil
layer capped by a relatively impermeable layer. House
DW31 in Tennessee is the only house where the site
depressurization approach has been successfully demonstrated to date in the U.S.

Most of the crawl-space houses tested in the EPA projects
have had relatively flat. even floors, which facilitated
placement of the membrane sheets over the floor. More
irregular floors. such as those with rock outeroppings,
could impact the ability to cover the entire floor, or could
require sub-membrane matting (or a thicker membrane)
to reduce the risk of membrane punctures due to traffic in
the crawl space. Typically, with flat floors, 6- to 10-mil
iliick polyethylene membranes (or thinner cross-laminated membranes of equivalent thickness), without mat~
ting. have been used both in the EPA projects and commercially. More expensive 15- to 20-mil polyethylene
has been used in two of the EPA projects where floors
were flat but heavy traffic was expected (Os89b. Gi90);
reinforced resin industrial pit liner material has been used
in one study where extremely rugged floors were encountered in northern Alabama (Ma88). In one house in New
York having rock outcroppings in the crawl space (House
OP-05 in Ni89), matting was placed beneath the membrane where it covered the" rocks, apparently in part to
improve sub-membrane communication as well as to
provide puncture resistance.

Where the crawl-space floor is covered with gravel•. it
would be expected that the gravel would facilitate the
distribution of suction beneath the membrane with a
single suction pipe. analogous to the effect of gravel
beneath a basement slab. Gravel could also increase
flows beneath the membrane. facilitating the leakage of
crawl-space air into the system via any unsealed seams in
the membrane. This increased air flow mayor may not
make complete sealing of the membrane more important
when gravel is present. Gravel was present on the floors
of 5 of the 24 EPA study houses discussed previously
(F190. Mes90a). The crawl spaces with gravel in Fi90
were relatively large. one as big as 2,700 ft;2; however. the
SMD systems all used sub-membrane perforated piping.
so that any role of the gravel in enabling a single pipe to
treat such large houses was not determined. The crawl
spaces with gravel in Mes90a were small (300 ftZ) wings
adjoining basements; such small wings would be expected to be effectively treated whether there were gravel
or not. and. in addition. the effects of the basement
treatment masked any role of the gravel. The crawl
spaces in a given project having gravel floors did not
produce higher flows or lower suctions in the SMD
piping than did those in the same project having floors of
bare soil.

• Crawl space accessibility. In some cases. inaccessible
portions of the crawl space can apparently be left uncovered by ilie membrane without serious degradation in
SMD performance.

be down on some portion of ilie crawl-space floor. Such

In one house in Ohio where the central portion of the
crawl space was inaccessible due a forced-air air conditioning unit, no attempt was made to cover the central
crawi space (House 24 in Fi90). (Pre-existing vapor
barrier material was present in the central portion of this
slab, but it did not cover the floor completely.) New
membrane for the SMD system was extended out from
the perimeter wall for the width of one sheet (about 8 ft),
around the entire perimeter. Suction was drawn on a loop
of perforated piping placed around the perimeter. beneath
the membrane. Living area concentrations were reduced
from 16 to below 2 pCi/L with this system. Because the
perforated piping was immediately beside the perimeter
wall, it was felt necessary to carefully seal the perimeter
of the membrane to the wall, to reduce crawl-space air
leakage into the system. The results from this house show
that complete coverage of the floor is not always necessary. However. in this case, the cost saving achieved by
avoiding coverage of the central area was partially offset
by the cost involved in sealing the membrane to the
perimeter wall, a step which might have been less necessary had the suction been drawn toward the central portion of the slab.

p~existing barriers may not be sufficiently complete, or
sufficiently neatly deployed. to serve as the membrane
for a SMD system. However. such existing sheeting has
commonly been incorporated into the membrane for the
system. with the pre-existing plastic being straightened
out and overlapped, and with new plastic being put down
over areas not already covered. Where the pre-existing

In some cases. the crawl space is largely or completely
inaccessible. For example, some crawl spaces have only
about a foot ofheadroom throughout ("suspended floors").
In such cases, SMD is not an option. Forced exhaust
ventilation of the crawl space (crawl-space depressurization) will commonly be preferred in such cases; however,

In summary. it would be expected that gravel could
improve SMD performance. by improving suction field
extension. However, the available data are not sufficient
to permit determination of the effect of gravel floors.
In many cases. a

pr~existing

vapor barrier will already
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if backdrafting of combustion appliances is a concern,
crawl-space pressurization may be preferred (Tu91c).

in the living area with a SMD system and no adjoining
basement wing (House 22 in Fi90). The good performance in that particular house may be due in part to the
fact that there was gravel over the floor. and a perimeter
loop of perforated piping was installed, facilitating distribution of the suction field beneath the membrane. In a
second house, having a crawl space of 2,050 ff (House
28 in Fi90), living area levels were also brought below 12 pCiIL even though there was no gravel to aid in suction
field distribution. But· again. two parallel lengths of
perforated piping were installed beneath the membrane; in addition, the membrane was sealed everywhere, and the pre-mitigation levels were only
slightly elevated (5 pCi/L).

• Nature offoundation wall. There are insufficient data
on SMD systems to enable an assessment of the effect of
block vs. poured concrete foundation walls. All but three
of EPA's 24 crawl-space study houses had block foundations; the three having poured foundations did not achieve
better reductions than did those having block foundations. Since all but 2 of the 24 houses were reduced below
4 pCiIL. and since 15 were reduced below 2 pCi/L, it
would appear that to the extent that the blocks may have
been contributing to radon entry, the SMD system was
largely addressing that entry route.

All of the other 13 crawl-space study houses that were
reduced below 2 pCi/L in the living area were smaller
(with crawl-space floor areas ranging between 300 and
1,300 ff). Each of these other houses also had one or
more other factors working in their favor: low pre-mitigation concentrations (as low as 3 to 5 pCiIL in several
cases); an adjoining basement wing that was also being
treated with SSD or DID (responsible for most of the
measured radon reductions); sub-membrane perforated
piping; gravel on the floor; or, in one case, simultaneous
BWD and well water treatment supplementing the SMD
system.

Some mitigators take steps to help ensure that a SMD
system will treat the block wall (Sh9l, An92, KI92).
Steps include, for example, extending the membrane up
the entire interior face of the wall inside the crawl space
(Sh9l), or drilling holes through the interior block face
beneath the level at which the membrane is attached
(K192). There are no data defming the effectiveness of
these steps.

• House size. In summary, the data are too limited, given
the number of variables being varied, to make a defmitive
statement regarding the effect of house size on. SMD
performance. However, it would appear that where perforated piping is placed beneath the membrane, or perhaps
if gravel is preseht on the crawl-space floor. the size of
the crawl space is not critical. With perforated piping
and/or gravel, crawl spaces as large as 2,700 ft2 have
consistently been reduced below 2 pCi/L.

Among the 15 EPA study houses that were reduced to 2
pCi/L and less (out of the 24 houses total). only three
houses were reduced below 2 pCi/L in the living area by
SMD alone (without SSD in an adjoining basement)
which did not have sub-membrane perforated piping to
help distribute the suction field in the crawl space. One of
the three houses had a 300 ft2 crawl space and an adjoining basement, but obtained levels below 2pCi/L when
only the SMD leg of the mitigation system was operating
(House 582 in Mes90a). The second house had a 930 ft2
crawl space (Os89b). The third house (House OP-05 in
Ni89) had a 1,500 ff crawl space (Br92). Each of these
houses had other circumstances that may have aided in
achieving the low levels. The house with the 300 ft2crawl
space. in addition to having only a small crawl space
wing, had a gravel floor and a low pre-mitigation radon
concentration (4.3 pCi/L). The second house had low premitigation levels in the living area to begin with (3 pCiIL,
based on grab samples), and did not have good postmitigation measurements in the living area. The third
house. House OP-05, included fibrous matting under
portions of the membrane over bedrock outcroppings, to
aid in suction field extension. Moreover, this house required BWD and water treatment components to be reduced below 2 pCifL, and the low post-mitigation measurement was made during mild weather (April).

But where perforated piping is not placed beneath the
membrane, and where there is no gravel on the floor,
SMD performance seems consistently to be reduced.
Levels still often appear to be reduced below 4 pCi/L
under these conditions, even with crawl-space floor areas
as large as 1,500 to 2,000 ft2. However, without submembrane perforated piping or gravel, then~ is an increased likelihood that multiple suction pipes through the
membrane will be required; and/or living-area concentrations will be less effectively reduced (or may even remain
elevated).
Accordingly, with crawl spaces of 1,500 to 2,000 ft2
where no gravel is present, and, in some cases, in even
smaller crawl spaces, serious consideration should be
given to installing perforated piping beneath the membrane, especially if it is desired to reduce living-area
concentrations to 2 pCiIL and less. Some mitigators have
reported often achieving levels below 2 pCi/L with SMD
systems having one individual suction pipe and no submembrane perforated piping (Sh9l, How92). However.
the data from EPA's relatively limited number of study
houses suggests that living-area levels below 2 pCiIL
may not be reliably achieved, even in relatively small
crawl spaces, unless perforatedpiping or gravel are present.

The nine EPA study houses not reduced to 2 pCijL or less
had neither perforated piping nor gravel beneath the
membrane. Seven of these nine houses were reduced to
living-area concentrations below 4 pCifL, though not
below 2 pCiIL; these seven houses had crawl-space floor
areas ranging from 300 to 2,000 ft2. Only one of these
seven houses had a crawl-space floor area greater than

One EPA study house having a crawl-~pace floor area of
2.700 ft2 was reduced from 17 pCi/L to below 1-2 pCi/L
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1,500 fl1 (House DW29 in Py90, with a floor area of
2,000 ft1 and a pre-mitigation level of 16 pCiIL). In this
house, a one-pipe system achieved only 7 pCi/L in the
living area, and a second pipe had to be installed to
reduce living-area levels to 3 pCi/L.

significantly smaller (a converJ:ed garage having only 300
ff).
Of the 15 EPA crawl-space study houses reduced below 2
pCi/L, 9 had adjoining basement wings which were being
treated with SSD or DTD, supplementing the crawl-space
SMD system. Stated another way, out of the 11 study
houses having an adjoining basement wing being treated
by SSD or DTD, only 2 were not reduced below 2 pCi/L.

Of the two EPA study houses not reduced below 4 pCi/L
by SMD, one (House DW27 in Py90) had an unusually
elongated floor plan, with a crawl-space floor area of
2.300 ft1, which likely contributed to its poor performance. Even a second individual suction pipe through the
membrane could not reduce levels below 5 pCi/L. The
other house (DW60 in Py90) had a crawl-space floor area
of only 900 ftl, but had an untreated adjoining slab-ongrade wing. Again, neither had sub-membrane perforated
piping or gravel on the floor.

While not definitive, the above data, taken overall, seem
to be clearly suggesting that any wing adjoining the crawl
space should normally be treated in addition to (or instead
of) SMD in the crawl space. The relative importance of
treating the adjoining wing vs. the crawl space may vary .
from house to house. However, in most cases, SSD or
DTD in the adjoining wmg will probably be important;
and, in many cases, it will likely be more important than
SMD in the crawl space.

• Adjoining wings. Where the EPA study houses have
had basement wings adjoining the crawl spaces, treatment of the basement (using SSD or DTD) has commonly
supplemented the crawl-space SMD system. In most
cases, the relative contributions of the SSD/DTD component and the SMD component have not been isolated, so
that it cannot be determined how necessary the SMD
component was (or how necessary the SSD/DTD component was).

b) House operating variables

• Operation of central furnace fan. Investigators
who have measured sub-membrane depressurizations
in SMD systems not having perforated piping or gravel
beneath the membrane, consistently report that depressurizations drop below 0.01 in. WG within 6 to 10
ft of the suction pipe (Os89b, Py90), and below 0.001
in. WG within 10 to 15 ft (Py90).

In three basement-plus-crawl-space houseS in Maryland
where the individual contributions of the two components
were separated out (Mes90a), the two components together always achieved lower indoor radon levels than
did either component alone. But in two of the three
houses, basement treatment alone was sufficient to reduce levels below 1-2 pCilL, and the SMD component
had only a minor incremental effect The one house
where the SMD component was important (House 1357)
was the only house where basement sub-slab communication was poor, and where the crawl-space appeared to
be an important radon source based upon soil radon
concentrations. In that house, basement concentrations
were reduced from 11 to 3 pCi/L with SMD treatment
only. whereas basement SSD by itself (with a one-pipe
SSD system) reduced levels only to 6 pCi/L. The two
components together reduced the basement to 1.2 pCi/L.
The success of the basement-orny treatment in the other
two houses could be due in part to the low pre-mitigation
concentrations in these other houses (4.2-4.8 pCilL).

Where a central forced-air furnace is present in the crawl
space, operation of the furnace fan can be expected to
have several complex effects. One effect will be that the
leaky cold-air return ducts will create some depressurization of the crawl space, mitigated to some extent by the
general leakiness of crawl spaces. This depressurization
would work against the sub-membrane depressurization
created by the SMD system, tending to draw sub-membrane gases up into the crawl space through leaks in the
membrane. A second effect will be that the radon-containing crawl-space air that is sucked into the return
ducting will be distributed throughout the house, dramatically increasing the interzonallTansfer of air between the
crawl space and the living area.
The question is whether the furnace fan will depressurize
the crawl space sufficiently to overwhelm the sub-membrane depressurization, drawing more soil gas into the
crawl'space and then helping to distribute it throughout
the house. Based upon the data from Os89b and Py90
above, a crawl-space depressurization as low as 0.001 in.
WG could nominally be sufficient to overwhelm the
system.

The three EPA study houses which had slab-ongrade living areas adjoining the crawl spaces were
all treated with SMD only, with no attempt to apply
SSD to the adjoining slab (Py90). In two of these
houses. treatment of the crawl space alone was
sufficient to reduce living-area concentrations from
16-26 pCi/L, down to 2-3 pCi/L. These two houses
include one (DW31) where the slab-on-grade wing was
almost as large as the crawl space, and where the SMD
system included four suction pipes and no membrane
(i.e., site depressurization). However, the third house
wirh an adjoining slab on grade was reduced only from 28
to 15 pCi/L. despite the fact that the crawl space was
relatively small (900 ft2) and the adjoining slab was

Limited data have been reported for two Alabama houses
regarding the effects of a central furnace fan in the crawl
space on crawl-space pressures (Houses HUll and 0012
in Ma89b). In 0012, central fan operating decreased the
pressure in the crawl space (relative to outdoors) by less
than 0.001 in. WG. Nominally, this increase in crawlspace depressurization could help to overwhelm submembrane depressurization at pointS remote from the
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S:MD suction pipes. But in House HUll, operation of the
central fan appeared to increase the crawl space pressure
(by somewhat more than 0.001 in. WG) relative to outdoors. If. this measurement is correct, the central fan
would be aiding the S:MD system, increasing the effective
sub-membrane depressurization relative to the crawl space.
These reported central fan effects are somewhat in question. The pressure effects are small (often. below the
sensitivity of the measurement device); and the numbers
are the average of several measurements made over the
course of a day, so that temporal variations could have
influenced the results.

other remained above 4 pCi/L despite the use of two
suction pipes.
In addition to the results on 'these EPA-sponsored
installations, commercial mitigators report routinely
using sub-membrane perforated piping whenever levels below 2 pCi/L are desired and/or when the crawl
space is sufficiently large (An92, How92, KI92).
All nine of the EPA study houses which have used submembrane piping have been reduced to 2 pCi/L and less
in the living area (Sc88, Fi90, Gi90, Du91). The premitigation concentrations in these houses were typically
15-30 pCi/L, but were 40-60 pCi/L in two cases. These
reductions were achieved despite relatively large crawl
spaces (most ranging from 1,000 to 2,700 ftZ, except in
three houses where the crawl-space was a 200 to 600 ftz
wing adjoining a basement). In three of the four "pure"
crawl-space houses in Ohio (Fi90), this good performance might have been aided by the presence of gravel
on the crawl-space floor. In the two Alabama houses
(Du91), the two Maryland houses (Gi90), and the one
Pennsylvania house (Sc88), which had basements adjoining the crawl spaces, simultaneous SSD or DTD in the
basement wing was undoubtedly contributing significantly to the high reductions achieved by the SSD + S:MD
(or DTD + S:MD) systems.

The measurements of crawl-space pressmes in Ma89b
were not accompanied by measurements of crawl-space
radon concentrations or of S:MD system performance.
Thus, it is unknown whether the measured pressure effects would have in fact overwhelmed a SMD system, or
have increased indoor radon levels.
The effects of. the central furnace fan on interzonal air
transfer between the crawl space and the living area have
been reported on these same two houses (Ma89b). These
data, based upon freon tracer testing, confrrm that interzonal flows can increase significantly (e.g., from about
50 to about 200 cfm in HUll). Thus, to the extent that a
central fan in the crawl space did increase crawl-space
radon levels, the forced-air system would serve to distribute the ra(lon through the house.
c)

Among the nine essentially "pure" crawl-space houses
where no perforated piping was installed beneath the
membrane (Ni89, Os89b, Py90), in only two cases were
concentrations in the living area reduced below 2 pCi/L
(although levels were reduced below 4 pCi/L in all but
two of the houses, as discussed in the section on House
size). Among the two houses where concentrations were
reduced below 2 pCi/L, one had a very low pre-mitigation level of 3 pCi/L (Os89b); the second required a
BWD and a water treatment component, in addition to a
three-pipe SMD system, to achieve this level in mild
weather (Ni89).

Mitigation system design vari.ables

• Method ofdistributing suction beneath membrane.
Two primary approaches are considered for distributing
suction: 1) drawing suction on perforated piping beneath
the membrane (analogous to DID); and 2) installing one
or more individual suction pipes through the membrane
at various points, with no sub-membrane perforated piping (analogous to SSD). No data exist comparing a S:MD
system in .a single house with and without perforated
piping beneath the membrane.

Six of EPA's crawl-space study houses had adjoining
basements being treated by SSD or DID, with no perforated piping beneath the membrane in the S:MD component (Mes90a, Py90). Of these six, four were reduced
below 2 pCi/L without the perforated piping (Mes90a).
However, the crawl-space wings in these four combinedsubstructure houses were relatively small (300 to 600 ftz),
and the basement SSD or DID component of the mitigation system was playing the major role in achieving the
high reductions. In only one of these houses (House 582)
was the SMD component adequate by itself to reduce
basement concentrations below 2 pCi/L; and this house
had the benefit of a low pre-mitigation level (less than 5
pCi/L in the basement) and gravel on the crawl-space
floor to aid in extending the suction field.

In summary, as discussed previously under the section on
House size, the data are not fully definitive, given the
number of variables that were being varied. However, the
trend clearly suggests that perforated piping may be
important in a crawl space of any size if the living area is
to be reduced to 2 pCi/L or less. And, especially if the
crawl-space floor area is larger than 1,500 to 2,000 ft2,
perforated piping may be important to ensure levels below 4 pCi/L, at least without multiple suction pipes.
All nine of EPA's S:MD installations using sub-membrane perforated piping were reduced below 2 pCi/L,
regardless of floor area (up to 2,700 ft2). Only 3 of the 12
,stand-alone S:MD systems without perforated piping reduced the living area below 2 pCi/L, and all of these had
special circumstances which aided the achievement of
this low level. Of the two houses larger than 1,500 ftz not
having sub-membrane perforated piping, one required
two suction pipes to be reduced below 4 pCi/L, and the

The other two houses with adjoining basements and
without sub-membrane perforated piping on the S:MD leg
of the system (Houses DW14 and DW78 in Py90) were
reduced below 4 pCi/L, but not below 2 pCi/L. These two
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houses had crawl-space wings of about 300 and 1,100 ft2,
respectively.

tions below 0.002 to 0.005 in. WG (measured during cold
weather) may be sufficient; however, such limited depressurizations may occasionally be overwhelmed by
exhaust appliance operation. Sub-membrane depressurizations have been found to drop below that value within
6 to 10 ft of the SMD suction pipe. Thus, on the basis of
measured sub-membrane depressurizations, one would
estimate that, where no gravel is present to aid suction
field extension, one S:MD suction pipe would be required
roughly every 100 to 400 rf if a depressurization of 0.01
in. WG were desired, or every 400 to 900 ft2 if a depressurization of 0.001 in. WG were sufficient.

Another approach that has been considered to aid in
suction field extension beneath the membrane is to place
porous matting beneath the membrane. This approach has
the additional benefit of providing support to reduce the
risk of membrane punctures, but the matting would add
significantly to the installation cost. Sub-membrane matting has been tested in only two houses (Ni89, Py90). The
results have not been defmitive, with one of the houses
still above 4 pCi/L (Py90), and the other requiring a
BWD and water treatment component (and three S:MD
pipes) to be reduced below 4 pCi/L (Ni89).

But in apparent contradiction to this calculation, houses
with crawl spaces as large as 1,500 ft2 have consistently
been reduced below 4 pCiIL in the living area (from premitigation levels as high as 20 pCiIL) with a single
suction pipe penetrating the membrane at a central location. This has been the case even when there is no gravel
on the floor to help distribute the suction field, and when
the membrane is not fully sealed.

• Number of suction pipes

(where perforated piping is
not placed beneath membrane). No systematic study has
been conducted to assess the effect of the number of
individual SMD suction pipes penetrating the membrane
in cases where no sub-membrane perforated piping is
used. In general, only one suction pipe has been installed.
The only houses in which the effect of one vs. two suction
pipes has been tested have been those cases where the
fU"St pipe proved to be insufficient to reduce living-area
concentrations below 4 pCi/L.

The EPA program has included 13 crawl-space study
houses (including 6 with adjoining wings) having crawl
spaces of 1,500 ff or smaller, where S:MD systems have
been installed with no sub-membrane perforated piping
(Ni89, Os89b, Gi90, Mes90a, Py90). Of these 13, in only
one case was one pipe insufficient to reduce living-area
concentrations below 4 pCi/L (House DW60 in Py90,
with a 900 ft2 crawl space, which had a small adjoining
slab-on-grade living area). On the other hand, the only
houses among these 13 which were reduced below 2 pCi/
L with a single pipe were four of the houses where the
crawl space.was a relatively smaIl (300 to 600 ft2) wing
adjoining a basement which was also being treated using
SSD or DTD (Gi90, Mes90a). It is known that the basement SSD or DTD component, not the SMD component,
was responsible for the low levels achieved in those four
houses.

In summary, a single pipe has commonly been sufficient
to reduce crawl-space houses as large as 1,500 ft2 below 4
pCi/L in the living area, even when there is no gravel on
the floor. This is the case despite the fact that the limited
sub-membrane suction field extension data suggest that,
theoretically, a single pipe should not be able to effectively treat an area that large, and despite the fact that the
membrane has not always been fully sealed. However,
one pipe has generally been insufficient to reduce these
houses below 2 pCi/L, except where the crawl space is
small (600 ft1 or less, from the available data) and is a
wing adjoining a basement which is also being treated.
Data are limited from houses having crawl spaces larger
than 1,500 ft2 • However, these limited .data suggest that,
with such larger crawl spaces, more than one suction pipe
will likely be needed, at least when there is no gravel on
the floor. Ifgravel were present to help extend the suction
field, it might be expected that a one-pipe system would
do a better job. Intuitively, complete sealing of the membrane should help reduce the number of suction pipes
needed in these larger houses, although the available data
are too limited to pennit a definitive statement regarding
the benefits of membrane sealing.

Data are available from only two houses having crawl
spaces larger than 1,500 fe, where no perforated piping
was placed beneath the membrane (Py90). Neither house
had gravel on the crawl-space floor. The f]fst house,
House DW27, had an unusually long" narrow crawl space
(approximately 100 ft by 23 ft, with a total floor area of
2,000 ff). One S:MD suction pipe, toward one end of this
crawl space, could reduce the living-area concentrations
in this house only from 33 to 8-12 pCi/L. Adding a
second suction pipe, located toward the other end of the
crawl space, could reduce levels only to 5 pCi/L, despite
the fact that the membrane was sealed everywhere (around
the perimeter and around piers, and at seams between
sheets), and despite the fact that porous matting was
strategically placed beneath portions of the membrane to
improve suction field distribution. A smaIl section (250
ft2) at one end of the crawl space had been paved, and
served as a basement on the same level as the crawlspace; this small basement was not treated with SSD, and
thus could have been partly responsible for the failure of
this house to be reduced below 4 pCiIL.

Where sub-membrane depressurizations have been measured (Os89b, Py90), measurable depressurizations (i.e.,
down to 0.001 in. WG) have usually been found to extend
no more than about 10 to 15 ft from the suction pipe in
cases where the crawl-space floor is bare soil (no gravel,
no malting). The rule of thumb discussed in Section
2.3.1e for basement houses is that, ideally, sub-slab depressurizations of approximately 0.015 in. WG (measured during mild weather) would be desirable to ensure
that a SSD system is not overwhelmed by the thermal
stack effect during cold weather. Sub-slab depressuriza-
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• Location Ofsuction pipes (or ofperforated piping).

The second house having a large crawl space, House
DW29, had a crawl-space floor area of 2,000 ff and an
adjoining slab-on-grade living area (a converted garage)
of 600 ff. With the membrane sealed around piers and
seams near the pipe penetrations but nowhere else, and
with no treatment of the slab on grade, one pipe toward
one end of the crawl space reduced living-area concentrations from 16 to 6-7 pCi/L. A second pipe, toward the
other end, reduced levels to 3 pCi/L.

The available data do not pennit an assessment of the
effect of pipe location.
Where perforated piping has been placed beneath the
membrane, the data are insufficient to identify any difference between placement of the piping as a loop around
the perimeter vs. alternative configurations in a more
central location. Some mitigators who use perforated
piping prefer'a strip of piping down the middle of the
crawl space, for simplicity and to minimize air leakage
into the system through the perimeter seam and through
the block walls. Other researchers suggest a perimeter
loop of piping, because wind effects may cause the
greatest radon flux out of the soil to occur around the
perimeter (Sc90a); also, a perimeter loop would be expected to provide the best treatment of block foundation
walls, if the walls are thought to be a source. All perforated piping configurations have appeared to work well.

There may be several reasons why a single SMD suction
pipe is able to treat a floor area greater than would be
estimated based upon the 0.015 in. WG rule of thumb.
-

Sub-membrane depressurizations much smaller than
0.015 in. WG-perhaps too small to be measured
quantitatively-may be sufficient to make the SMD
system effective. Chemical smoke visualization testing
around the unsealed perimeter of many of the membranes in Reference Py90 confmned that, although the
measurable sub-membrane depressurization extended
only 10 to 15 ft from the suction point, some suction
was in fact extending all the way to the perimeter, since
smoke was being clearly drawn beneath the membrane
at that location (Br92).

-

The rule of thumb is based on the assumption that the
SMD systems function only by the mechanism of
reversing the direction of air flow between across the
membrane. That mechanism would suggest that the
sub-membrane region must in fact be depressurized
essentially everywhere almost all of the lime if the
SMD system is to maintain good perfonnance. In fact,
another mechanism can also contribute---ventilation of
the sub-membrane region, and dilution of sub-membrane radon concentrations.

-

Or, depressurization of the entire crawl space, created
by leakage of crawl-space air into the SMD system,
could be reducing air flow up into the living area from
the crawl space and could be increasing crawl-space
ventilation, thus introducing a third mechanism.

Where no perforated piping has been placed beneath the
membrane, singie-suction-pipe systems have generally
had the one pipe penetrating the membrane at a central
location. Two-pipe systems have had one pipe in each
half of the crawl space, sometimes toward (but never
immediately beside) the perimeter wall. Since the suction
field appears to extend in roughly the same manner in all
directions from the suction pipes (Os89b, Py90), i.e.,
since sub-membrane communication appears generally
unifonn, such central location of the pipes would seem to
make sense. Intuitively, it would be desirable to locate the
pipe penetrations away from unsealed seams in the membrane, to reduce the short-circuiting of crawl-space air
into the system. For example, if the perimeter of the
membrane is not sealed against the foundation wall, it
would seem desirable to locate the pipes at least 6 to 10 ft
from the walls, since that appears to be about how far the
measurable suction field may extend.

• Size of suction pipes. The lowest SMD system, flows
would be expected in cases where the membrane is
completely sealed, there is no gravel on the floor, and
there is not perforated piping beneath the membrane.
Where system flow measurements have been reported
under these conditions, flows have been between about
20 and 40 cfm with the standard 90-watt fans or equivalent operating at full power (Os89b, Mes90a, How92).
Where the membrane is not completely sealed but conditions are otherwise similar (no gravel, no perforated
piping), limited data suggest a somewhat higherrange, 30
to 100 cfm (Py90, Br92). Where gravel is present but
conditions are otherwise similar (membrane completely
sealed, no perforated piping), again, limited data suggest
a somewhat higher range, 30 to 100 cfm (Mes90a).

Results have been reported from one house where site
depressurization was tested in the crawl space, i.e., "SMD"
with no membrane (House DW31 in Py90).The house
had a moderately sized crawl space (800 ff), and an
adjoining slab on grade living area of comparable size. In
this system, the suction pipes tenninated in pits excavated
in the soil floor, covered with treated plywood. The effect
of two vs. four suction pipes was tested. With two pipes
operating, one in each of two diagonally opposing quadrants of the crawl space, living-area conce:ntrations were
reduced from 26 to ab<;mt 10 pCi/L. With four pipes
operating, one in each quadrant, levels fell to 2-4 pCi/L.
Suction measurements in test holes drilled about 1 ft deep
into the soil floor confmned that, with all four pipes
operating, the soil was depressurized by 0.005 in. WG or
greater at distances of 6 ft from the suction pipes.

This range of flows from SMD systems with no submembrane perforated piping (20 to 100 cfm) is almost
identical to that reported in Section 2.3.1c for SSD systems. As discussed in that earlier section, the proper
piping size for a given installation will depend upon the
specific piping configuration and fan perfonnance curve
for that particular installation. However, in general, the
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• Pits beneath membrane where pipes penetrate. In

commonly used 4-in. diameter piping will probably be a
reasonable choice. Three-in. piping can usually be considered in cases' where desired for aesthetic reasons,
where the flows are sufficiently low, the piping run
sufficiently short, and/or the fan performance curve suitable. In selecting the pipe size, it should be recognized
that flows from SMD systems may increase over time as
some of the membrane seals break, or as the membrane
becomes punctured.

houses having slabs with poor sub-slab communication,
an attempt is sometimes made to improve suction field
extension by excavating a pit beneath the slab at the point
where the SSD pipe penetrates. This pit could function
both by reducing the pressure losses as the sub-slab gases
accelerate to pipe velocity, and by intersecting fissures or
good-communication strata beneath the soil surface. A
pit beneath the SMD membrane at the point where an
individual suction pipe penetrates (in cases where submembrane perforated piping is not being installed) might
be envisioned as working by similar mechanisms.

Where the membrane is completely sealed and there is no
gravel, as in the lowest-flow case above, but where
suction is being drawn on sub-membrane perforated piping, the observed range of SMD flows is 20 to 110 cfm
(Se88, Fi90, B09l, Kl92). This range is similar to that
observed above where there is no sub-membrane piping
(including tlle no-perforated-piping cases without complete sealing and with gravel). Thus, where the membrane is completely sealed and where there is no gravel
with systems having sub-membrane piping, the considerations in selecting the proper pipe diameter are the same
as those discussed above for systems without such piping.

The available data are not sufficient to quantify the
performance benefits of excavating pits of various sizes,
compared against other methods for installing individual
suction pipes through the membrane.
Pits were excavated in the eight SMD installations in
Reference Py90, including one in which there was no
membrane (site depressurization). No results are reported
assessing the effect of pit size.
More commonly in commercial installations, no pit is
excavated. Instead, the suction pipe is supported in some
manner on the floor ofthe crawl space, and the membrane
is sealed around the pipe at a height of perhaps a foot
above floor level (see Figure 6). Various approaches for
accomplishing this are described later, in Section 8.5.2.
This method effectively provides a "pit" beneath the
plastic "slab" which would serve the function of reducing
the pressure losses from gas acceleration. The only difference is that in this case, the "pit" is created by raising the
"slab" rather than by excavating the soil.

The highest SMD flows might be expected in systems
where the membrane is not completely sealed, there is
gravel on the floor, and suction is being drawn on perforated piping under the membrane. In two such installations where flows were reported (Fi90), flows were indeed high, 190 to 200 cfm with a 90-watt fan operating at
full capacity. In each of these cases, the perforated piping
formed a loop around the crawl-space perimeter; the
membrane was sealed against the foundation wall, but did
not always completely cover the interior. In two other
installations where the membranes were completely sealed
but where conditions were otherwise similar (gravel,
perforated piping), flows were 100 cfm in one 300 ft2
crawl space and 220 cfm in a second, 1,300 ft2 crawl
space. The particularly high flows in the larger house
may have resulted in part because the perforated piping
matrix included three lengths of parallel piping, connected to a single header.

Although raising the membrane will reduce pressure losses
due to acceleration as effectively as would excavation of
a pit, it will not accomplish the second objective of a pit,
namely, to intersect fissures and strata in the soil beneath
the SMD membrane. Since SMD probably functions
largely by sweeping away the radon that enters the region
between the membrane and the soil, the failure to help
extend a suction field through sub-surface fissures may
not be important. In any event, with the limited data
available, no improvement in radon reductions has been
demonstrated for the excavated pit versus the raised
membrane approach.

In systems having flows in the range of 200 cfm, the use
of the common 4-in. piping could result in a significant
suction loss through the piping, depending upon the
configuration of the piping system. Thus, if the system in
fact has to be operated at such high flows, a mitigator
may sometimes have to consider the use of larger piping.
However, in the three houses having the flows between
190 and 220 cfm with the fan at full power, the systems
were so effective with the perforated piping and the
gravel, that the fans could be operated at significantly
reduced power and still maintain indoor levels below 2
pCi/L. The fmal installations in these houses, with the
fMS left operating at reduced power, typically had flows
in the range of 50 to 100 cfm, comparable to that in
typical SSD systems. Thus, again, 4-in. piping may commonly be sufficient, but may not be crucial in some cases
if there is a pressing need to use smaller-diameter piping
for p:lrt of the piping route.

• Nature oj membrane. Almost all of the EPA projects
and the reported commercial installations have used polyethylene sheeting as the membrane material. Where the
crawl-space floor is relatively smooth and not much
traffic is expected, standard polyethylene sheeting as thin
as 6 mil has been used (Py90). Such standard sheeting is
subject to puncture, and is protected by strips of heavier
material, such as ethylene propylene diene monomer
(EPDM), a rubberized roofmg material, along expected
. traffic routes in the crawl space. More commonly, thicker,
8- to 10-mil standard polyethylene, or cross-laminated
sheeting which is 8- to 10-mil equivalent, and is reportedly much more puncture-resistant than the standard material, has been used (Bro90, Fi90, Mes90a, J091, Sh91,
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An92, Kl92). In a few cases, especially in walk-in crawl
spaces where heavy traffic is expected, 15- to 20-mil
material (or equivalent) has been used, even where the
floor has been relatively smooth (Os89b, Gi90).

taching the plastic by sandwiching it between the wall
and a furring strip secured with explosively driven nails.
Testing was not conducted to confirm that this rigorous
perimeter sealing approach was indeed required. But if
such a time-consuming perimeter sealing effort did in
fact prove to consistently be necessary when the tiles are
beside the foundation wall, the increased cost of this
sealing effort could largely offset. any savings achieved
by not having to cover the central portion of the floor
(He91b, He91c).

In several houses in Alabama where the. crawl-space
floors were rocky and irregular, heavy-duty reinforced
industrial pit liner material was used as the membrane
(Ma88).

• Extent of membrane. In almost all of the EPA study
houses and reported commercial installations, the SMD
membrane has covered the crawl-space floor completely.
The limited exceptions include

As also discussed previously, the four-pipe site depressurization system in Tennessee House DW31 achieved
good results, reducing levels in the living area from 26 to
just above 2 pCi/L. This result demonstrates that, in some
cases, no membrane is required at all. Since these results
were obtained on only one house, it is not at all clear how
widely this approach will be applicable. It would be
expected that site depressurization will be applicable only
in cases where the native soil in the floor is reasonably
permeable, as it visually appeared to be in DW31. Ideally, the permeable soil stratum on which suction is being
drawn should be covered by a less permeable layer, to
reduce the short-circuiting ofcrawl-space air down through
the soil into the system. Terminating the suction pipes in
covered pits, as in DW31, is also likely an important
consideration in the design of a site depressurization
system, in order to reduce pressure losses resulting from
soil gas acceleration and possibly to intersect more permeable fissures/strata.

a) two houses in Ohio (Houses 22 and 24 in Fi90), where
an 8-ft wide strip of membrane was placed around the
crawl-space perimeter (covering a perimeter perforated piping loop), and was connected to sheets ofpreexisting vapor barrier which covered the central portion of the floor to a large extent (but not completely).
b) one house in Tennessee (House DW31 in Py90),
where no membrane was installed (ii.e., where the
technique used was site depressurization).
In no case has back-to-back testing been reported of
different degrees of floor coverage.

As discussed previously, excellent results were obtained
in the Ohio houses, reducing living-area concentrations
from pre-mitigation values of 16-17 pCijL down to below
2 pCi/L with the SMD fan at reduced power. But the tile
loop, and the gravel on the floors of both crawl spaces,
were likely contributing to the success of these installa-:
tions. Moreover, the central portions of the floors were
not completely uncovered, since the pre··existing vapor
barrier was providing at least a partial membrane. Thus, it
is not clear how universally, and under what other conditions, partial floor coverage will be satisfactory. Smoke
tracer testing in House 24 with the SMD system operating
did show that, at an uncovered portion of the central
crawl space, flow did appear to be upward from the
gravel into the crawl space.

A variation of site depressurization was attempted in four
crawl-space houses in Ohio (Fi90). In these houses, a
single 4-in. diameter pipe was embedded about 10 ft deep
into the soil outside the house, immediately beside the
foundation, and suction was drawn with a 90-watt fan. No
radon reduction was obtained in the living areas of these
houses. The lack of success in these installations was
likely due primarily to the impermeability of the native
clay soil. Other contributing factors could have been the
inability to excavate a suction pit beneath the pipe, and
the fact that the suction was not being drawn inside the
foundation.
From these results in Tennessee and Ohio, it would
appear that the no-membrane site depressurization approach will be applicable only in potentially isolated
cases where special geological conditions are present.

These results in the Ohio houses suggest that, in fact,
flow reversal everywhere may not always be necessary
for good performance, and that, under tlile right conditions, complete floor coverage might not be needed.
However, the data are so limited that no definitive conclusions can be drawn regarding when only partial coverage may be acceptable. Thus, at the present time, it is
recommended that the crawl-space floor be completely
. covered if this is at all possible:

• Degree of membrane sealing. Where alternative degrees of membrane sealing have been tested in a given
house, the limited results suggest that good performance
can often be obtained even when the membrane is not
sealed anywhere except in the vicinity of the suction pipe
penetration through the membrane. But to achieve such
good performance, the SMD fan must have adequate
capacity to handle any increase in flows resulting from
leakage through unsealed seams. The standard 90-watt
fans appear generally sufficient to handle unsealed membranes, but significantly reduced performance has sometimes been observed when the fan has been operated at
reduced power under such conditions.

Because the perforated piping loops were immediately
beside the foundation wall in the two Ohio houses, it was
felt to be necessary to effectively seal the membrane
against the wall, to reduce air short-circuiting into the
system. To ensure a permanent seal, this perimeter sealing was accomplished by adhering the plastic sheeting to
the walls with a bead of sealant; then mechanically at61

Although reasonable SMD performance has often been
observed in the relatively limited number of cases where
the membrane has not been completely sealed, the best
radon reductions at a given system flow have generally
been observed when the membrane has been completely
sealed, as would be expected. Where perimeter block
foundation walls are thought to be a potential source,
careful sealing of the membrane will be most likely to
extend the SMD suction field adequately to treat wallrelated entry routes. Moreover, by reducing the amount
of crawl-space air drawn into the system, sealing will
reduce the risk of backdrafting combustion appliances in
the crawl space. and should reduce the amount of treated
house air drawn into the system (hence reducing the
heating/cooling penalty). For these reasons, most mitigators routinely seal SMD membranes everywhere in commercial installations. At the present time, complete sealing of the membrane is recommended, if this is at all
possible. Complete sealing includes sealing at seams
between sheets; around the crawl-space perimeter; and
around interior piers or any other obstructions. (Sealing
around the suction pipe penetration through the membrane is required in all cases.)

224 cfm). Mter the perimeter was sealed, indoor levels
were reduced to 1.0 pCiIL, with the fan at a low speed
which was inadvertently higher than the very low speed
tested prior to sealing (exhausting 54 cfm); and 0.4 pCi/L
with the fan at maximum speed (exhausting 118 cfm).
Thus, at full fan power, similar indoor radon reductions
were achieved with and without perimeter sealing, but
sealing reduced the exhaust rate about in half. This signmcant impact of sealing on flows is probably due in part
to the presence of gravel. The effect of sealing at lower
fan speed cannot be determined, since the reduced speeds
tested before and after sealing were different.
While the comparison and interpretation of the figures
from House 33 is complicated by the differences in fan
speeds tested before and after perimeter sealing, two
possible effects of the sealing effort are apparent. First, if
the fan capacity is great enough, very good SMD performance can be achieved even with the membrane perimeter unsealed. Second, when the membrane is sealed,
comparable performance may sometimes be achieved
with lower system flow rates than is possible without
sealing, thus reducing the risk of backdrafting and, likely,
the heating/cooling penalty. The good reductions observed in these houses without complete membrane sealing may have been due in part to the facts that a) submembrane perforated piping was being used in both
cases, helping to ensure good distribution of the suction
field even with membrane leakage; and b) the gravel in
House 33, again helping to ensure good suction iIeld
distribution.

In House 28 in Ohio (Fi90), the initial SMD configuration tested consisted of inserting two individual suction
pipes through the pre-existing vapor barrier. which covered most of the floor. The seams between the sheets of
plastic were caulked where possible, but such caulking
was not possible everywhere. No effort was made to seal
the plastic to the perimeter foundation wall. There was no
gravel on the floor. With the 90-watt fan at full power,
this system reduced living-area concentrations from 5-7
pCijL, down to 1.0 pCi/L. This initial system was then
replaced with two parallel lengths of perforated piping
beneath an entirely new membrane. The sheets of the new
membrane were overlapped by a foot, and attached to
each other with polyethylene adhesive. The membrane
was attached to the perimeter walls with sealant and a
furring strip; it was not sealed around interior piers or
around an interior iIreplace support structure. With the
fan again at full power, this upgraded system resultedin
living-area concentrations of 0.5 pCijL. The difference in
radon levels with the two systems is so small that it is not
clear tIl at the improved system had any real effect; and to
the extent it did have an effect, that effect could be due in
purt to the addition of perforated piping beneath the
membrane. not just to the membrane sealing effort. The
flows from the two systems were the same, 130 cfm,
suggesting that the sealing did not reduce air leakage into
the system.

In four Maryland houses where a basement adjoined the
crawl space, the crawl-space SMD system was tested
with and without the membrane sealed to the foundation
wall around the perimeter (Mes90a). In all cases, the
membrane was sealed at seams between sheets. The
results with and without perimeter sealing were conducted with only the SMD system operating; the SSD or
DTD system in the adjoining basement was disconnected
during this testing. The SMD systems consisted of single
suction pipes penetrating the membrane at a centrallocation. Two of the houses had gravel on the floor, two did
not. In all four cases, sealing the membrane perimeter
reduced radon concentrations in both the basement and
the upstairs living area, usually by 0.5 to 1.6 pCiIL. (Premitigation levels in these houses were generally low, 3 to
11 pCiIL; thus, these relatively small changes in the
absolute radon reduction represented a fairly signmcant
increase in the percentage reduction.) While the absolute
reductions in radon concentrations were relatively small,
and thus subject to some uncertainty, the fact that levels
consistently went down after perimeter sealing suggests
that this could be a real effect.

In a second Ohio house (House 33 in Fi90), the SMD
system was tested with and without the membrane being
sealed around the perimeter. (The membrane was sealed
at seams between sheets in all cases.) The system in this
house consisted of three parallel lengths of sub-membrane perforated piping, on a gravel floor. With the
membrane unsealed around the perimeter, living-area
concentrations were reduced from 17 pCijL to 13 pCijL,
wilh the fan at very low speed (exhausting 18 cfm); and
0.4 pCi/L. with the fan at maximum speed (exhausting

In most other reported studies, the SMD systems were
either tested only with the membrane sealed everywhere
(Ni89, Gi90, Py90, Du91), or with the membrane sealed
nowhere except near the suction pipe penetration (Py90).
The number of houses involved is too few, and the
number of other variables being varied is too great, to
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pennit any assessment of the effects of membrane sealing·
from these other studies.
d)

nication, and the necessary flows can be obtained with
less fan capacity-operation at reduced fan power (or
with a smaller, 50-watt fan) may be satisfactory. But even
in this latter case, there will likely always be some
improvement in perfonnance with full-power operation.
Where there is doubt regarding whether full-power operation is required, the operating cost savings resulting
from operation at reduced power is probably often not
sufficient to justify the risk of operation at less than full
. power (He91b, He91c).

Mitigation system operating variables

• Fan capacity. Most of the reported SMD installations
have involved the 90-watt fans operating at full power.
Since fan capacity has generally not been varied, not
much can be said at this time regarding the ability to
achieve adequate radon reductions with smaller fans or
with the 90-watt fans at reduced power. Given the moderate flows usually measured in SMD systems (commonly
20 to 100 cfm, as discussed under Size of suction pipes
above), and given the suction that appears to be necessary
to extend a suction field beneath the membrane (see
Number of suction pipes above), use of 90-watt fans at
full power in SMD applications appears reasonable.
The one study reporting the use of 90-watt fans at reduced power has been the testing on four crawl-space
houses in Ohio (Fi90). These houses all had perforated
piping beneath the membrane, and three had gravel on the
floor, improving the potential for success with the fans at
reduced power. In three of these houses, operation of the
fan at low power, to exhaust about 50 cfm, reduced
living-area concentrations below 2 pCi/L, and often to 1
pCi/L and less (from pre-mitigation levels of5-17 pCi/L).
In the fourth house (House 22), the fan had to be operated
at medium power, exhausting about 100 cfm, to be reduced below 2 pCi/L. But even in this fourth house,
operation at low power (exhausting 50 <:fm) was sufficient to reduce levels from 17 to below 4- pCi/L. To
achieve these flows and reductions at reduced fan power,
it was generally necessary to have sealedl the membrane
at seams and around the perimeter.

• Fan in suction vs. pressure. Operation of SMD systems with the fan reversed to blow outdoor air beneath
the membrane, has not been tested. Based upon the
experience with fan reversal in other ASD techniques and
recognizing the general leakiness of SMD membranes
relative to slabs, as well as the poorerperfonnance generally observed when the crawl-space is ventilated with
forced-air supply from outdoors (crawl-space pressurization) vs. forced-air exhaust from the crawl space (depressurization), it would be expected that sub-membrane
pressurization would likely be less effective than SMD.
See Section 2.4.
e)

Geology/climate variables

• Source term. With the possible exception of House OP05 in New York (Ni89), none of the tested crawl-space
houses has been reported to have high soil gas radon
levels (above 2,000 pCi/L). Thus, the effects of source
tenn on SMD systems cannot be assessed.

• Permeability of underlying soil. Except for House
DW31 in Tennessee (Py90), which visually appeared to
have relatively loose soil as the crawl-space floor, all of
the tested crawl-space houses have apparently been built
on fairly impenneable clay. Thus, an assessment of the
effects of soil penneability is not possible based upon the
data.

Operation of the fan at full power in the Ohio houses
(exhausting 130 to 224 cfm) gave further marginal reductions, reducing living-area concentrations below 1 pCi/L
in all cases. Moreover, as the experience in House 33
showed (see Degree of membrane sealing above), fullpower operation made sealing of the perimeter and seams
less necessary; at maximum fan power, indoor levels
below 1 pCi/L were achieved even without sealing the
membrane perimeter.

A four-pipe site depressurization system gave good reductions in House DW31, reducing indoor levels from 26
to 2.2 pCi/L, suggesting that "SMD without a membrane"
may become possible when soil penneability is good. In
general, site depressurization would be expected to work
best when the penneable soil was in a stratum beneath a
less penneable layer which would serve as a cap to
reduce the short-circuiting of crawl-space air into the
system.

It is re-emphasized that the success with reduced fan
capacity in the Ohio houses is likely due to the facts that
there is sub-membrane perforated piping and, in three of
the houses, gravel on the floor to help distribute the
suction. The flows observed in those houses with the fan
at low to medium power (50 to 100 cfm, often with the
membrane sealed) are the same as (or higher than) those
observed with a 90-watt fan at full power in houses
without perforated piping or gravel.

Intuitively, penneable soil on the crawl-space floor would
be expected to play a role analogous to that of gravel
beneath the membrane of a SMD system, namely, helping to distribute the suction field under the membrane.
This could potentially improve perfonnance of SMD
systems not having perforated piping under the membrane.

In summary, a 90-watt fan at full power is advisable when
the SMD system has no perforated piping under the
membrane, when the membrane is not completely sealed,
and when there is not gravel on the floor. When there is
perforated piping, the membrane is sealed, and there is
gravel-i.e., when there is good sub-membrane commu-

• Climatic conditions. There are no data indicating the
effects of temperature, winds, barometric pressure, or
precipitation on SMD perfonnance. Since sub-membrane
depressurizations generally drop below 0.001 in. WG
63

within 10 to 15 ft of a suction pipe, crawl-space depressurizations created by thennal and wind effects might be
expected to more readily overwhelm a SMD system
compared to a SSD system, since sub-slab depressurizations are often greater. But on the other hand, a crawl
space is leakier than a basement, at least when the crawl
space is vented and unheated; the crawl space might thus
be expected to become less depressurized than a basement, and thus provide less of a challenge to the low submembrane depressurizations.

f)

Mitigation system durability

• Radon reduction performance. Little data are available on long-tenn radon reductions achieved by SMD
systems. The one DTD + SMD installation in a basementplus-crawl-space house in Pennsylvania has consistently
maintained basement concentrations below 2 pCi/L according to winter-quarter alpha-track detector measurements over the three years since installation (Sc89, Fi91).
In three of the four "pure" crawl-space houses in Ohio
where an annual alpha-track detector measurement was
successfully completed following installation, living-area
concentrations remained below 2 pCi/L (and below 1
pCi/L in two of them) (R090). In two of the four crawlspace houses in Maryland having adjoining basements
(M:es90a), where annual alpha-track measurements were
successfully completed following installation, the combined SSD/DTD + SMD systems in these houses maintained concentrations well below 1 pCi/L in both the
basement and the upstairs living area (Mes90c).

2.4 Performance of Active Soil
Pressurization Systelns
All of the preceding discussion has addressed soil ventilation
systems where the fan is oriented to draw suction on the soil.
As discussed in Section 2.1, soil depressurization systems
function by a) maintaining a negative pressure in the soil
relative to the pressure inside the house, thus preventing soil
gas from entering the house; and b) probably by one or more
other mechanisms, including true soil ventilation, which involves dilution of the soil gas with air from the house and
outdoors. The ftrst mechanism probably tends to be the more
important in most cases. H('l'\ce, soil depressurization systems
tend to function best in cases where system flows are not
particularly high, because such conditions make it easier for
the fan to maintain reasonable suctions in the soil.
In some cases where flow is unusually high, it can be desirable to reverse the fan, so that the fan blows outdoor air under
the foundation. This approach is referred to as active soil
pressurization. In high-flow cases, it can sometimes be difftcult for a.soil depressurization system to maintain adequate
suctions in the soil, and the second mechanism listed above
(true soil ventilation) becomes increasingly important. In
these high-flow cases, soil pressurization is an alternative to
placing a larger fan on a soil depressurization system.
Specific cases where active soil pressurization has been found
to be a potentialIy viable alternative include
1) Sub-slab pressurization systems, as an alternative to
SSD systems, where the underlying soil is a highlypenneable, well-drained gravel (Tu8?, Kn90), or a
highly penneable, highly ftssured shale or limestone
(Br8~).. Mod~Ii!lg studies also suggest that sub-slab
pressurization may perform better than SSD when the
native soil is highly permeable (Ga92). Outdoor air
leaking into the system through the penneable soil or
rock interferes with suction field extension by the
SSD system. In such cases, switching to sub-slab
pressurization may be preferred over the options of
adding more SSD suction pipes or using a highercapacity SSD fan.

• System sllctions andjlows. System suctions and flows
remained steady in the one Pennsylvania house having a
combined basement DID system plus crawl-space SMD
system, over the three years following installation (Fi91).

• Equipment durability.

No fan failures have been reported for SMD systems in any of the EPA study houses.
In addition to fan failures, another concern in SMD
installations is the integrity of the membrane over time,
including ruptures in the plastic itself, and failures in
membrane seals. Failures could result from foot traffic in
the crawl space, or to the drying or embrittlement of the
sealants and plastic over time due to, for example, UV
effects. Such failures in membrane integrity could degrade system perfonnance, especially if the breach occurred near the penetration of a suction pipe through the
membrane or for some length beside sub-membrane perforated piping.
Essentially no data exist on the various potential types of
membrane failures, or on the effects of any such failures
on SMD performance. Two mitigators report having observed cases where rodents had caused extensive damage
to membranes within less than a year of installation, in
Iowa and Florida (Wi90, Ba92); however, other mitigators report that such rodent damage is not a common
problem (An92, How92, Sh91).

If the house had drain tiles, drain-tile pressurization
could be considered instead of DTD when the native
soil is highly penneable. Houses on such well-drained
soils are less likely to require drain tiles, although
drain tiles may still sometimes be present.

2) Block-wall pressurization systems, as an alternative to
BWD, in cases where depressurization of the leaky
block walls draws enough air out of the basement to
cause back-drafting of combustion appliances in the
basement (Sc88).
Where the fan is operated to pressurize the soil, the system is
probably operating by two mechanisms. First, the outdoor air
being blown underneath the slab creates a region around the
foundation that is pressurized relative to the surrounding soil,
thus preventing soil gas from flowing toward the house by
convection. Second, if the underlying soil is sufficiently po64

rous, the air being forced under the slab (or into the walls)
may flow into the soil with a sufficient velocity to overwhelm
diffusive movement of radon toward the foundation. To the
extent that these two mechanisms are not fully effective, any
radon that continues to enter the sub-slab region (or the walls)
by either convection or·diffusion will be forced into the house
by the pressurization system, and system effectiveness will be
reduced.
The failure of pressurization systems to match the performance of depressurization systems in many cases, as discussed later, probably results because the pressurization systems are not able to establish sufficient pressures or air flows
in the soil to completely prevent convective and diffusive
radon movement to the foundation. The reason why pressurization systems often do not perform as well under tight-soil,
low-flow conditions is probably that flows of air into the soil
are not sufficiently high to overwhelm radon diffusion under
those conditions.
Under high-flow conditions, both pressurization and depressurization systems may have problems maintaining pressures
(or suctions) everywhere under the slab (or in the wall). The
reason why pressurization systems sometimes perform better
under these conditions may be that pressurization is at least
partially forcing the radon away from the foundation, whereas
depressurization draws it toward the foundation.

able native soils resulted in sub-slab pressurization providing
greater indoor radon reductions than did SSD. One mitigator
in the Spokane area (Bar90) has also reported that sub-slab
pressurization systems sometimes provide better reductions
than do SSD systems.
In the five Spokane houses, sub-slab pressurization systems
with one to four pressurization pipes were initially able to
reduce all of the houses to 3 pCi/L and less in the living area,
based on short-term measurements. Pre-mitigation levels in
these house were typically 15 to 50 pCi/L, although one house
had a pre-mitigation level of 106-141 pCi/L. To achieve 3
pCi/L in several of the houses, the sub-slab pressurization fans
being used had to be operated at full power. For these fans in
these houses, full power produced a pressure of 1.25 to 2 in.
WG in the pipes near the slab, and a flow of about 50-200 cfm
in the total system. By comparison, when the fans were
reversed to operate in suction, two of these five houses were
reduced to 3 to 5 pCi/L in the living area, and the other three
were reduced only to 7 to 19. pCi/L.
In one of the houses in New York (Kn90), a two-pipe SSD
system with a standard 90-watt in-line duct fan reduced the
basement concentrations from a pre-mitigation level of 169
pCi/L to a 12-day post-mitigation average of 10.5 pCi/L. The
sub-slab appeared to be being depressurized everywhere, although in some locations the depressurization was less than
0.001 in. WG. When the fan was reversed to pressurize the
sub-slab, basement levels fell to a 6-day average of 3.3 pCi/L.

Another criterion for effective pressurization performance, in
addition to highly permeable soil, may be that the soil gas
. radon concentration should not be particularly high (e.g., ,In the other three New York houses (Br89), sub-slab pressurperhaps on the order of 1,000 pCi/L or less) (Br89).
ization reduced indoor radon to about 2 pCi/L, from levels
which sometimes rose to several hundred pCi/L. SSD or DID
Where outdoor .air is being blown into a block wall-where had initially been tested in two of these houses. In one of these
the high flows are being created by the leakiness of the block two, the depressurization system had given no radon reducwalls rather than by high permeability in the native soil-the tions; in the other, depressurization could reduce levels only
block-wall pressurization system may also be working in part to 18 pCi/L.
by basement pressurization or basement ventilation with unThe effect of sub-slab pressurization vs. SSD has also been
conditioned outdoor air.
tested in 16 basement houses and 7 slab-on-grade houses
Various potential problems have been suggested which might where the underlying soil had low permeability (Ma88, Sc88,
result from operation of systems in pressure. These include 1) Tu89, Du90, Fi90, Py90). In none of these cases was the
potential freezing around the foundation in cold climates, performance of the pressurization system better than that of
when cold outdoor air is blown beneath the slab, potentially the SSD system. Occasionally, the performance was compaleading to structural problems; 2) potential freezing inside rable, but most commonly, the pressurization system gave
framed walls in block-wall pressurization systems, especially much poorer reductions.
in humidified basements, due to the exftltration of relatively
moist indoor air created by the basement pressurization com- The 16 basement houses were in the states of New Jersey
ponent of the system; 3) possible condensation of indoor (Tu89, Du90), Pennsylvania (Sc88), and Tennessee (Ma88,
moisture on slab or wall surfaces being cooled by the outdoor Py90). All but three of these houses had ·one or two sub-slab
air, during cold weather; and 4) potentially increased levels of ventilation pipes; these other three had four to five pipes. The
termiticides, spores, or soil moisture inside the house, due to communication beneath the basement slab ranged from good·
the increased flow of sub-slab gas up into the house created by to poor among these houses. The native soil was commonly a
the pressurization system. For the most part, insufficient data low-permeability clay. Half of the basements had adjoining
are available regarding soil pressurization systems to enable slab-on-grade or crawl-space wings; where there was an adan assessment of the seriousness of these potential problems. joining slab, there was often (but not always) at least one
ventilation pipe inserted beneath the adjoining slab.

2.4. 1 Active Sub-Slab Pressurization
Active sub-slab pressurization systems have been reported in
five basement houses near Spokane (Tu87), and in four basement houses in New York (Br89, Kn90), where highly perme-

With the systems in these 16 basement houses operating in
suction 14 of the houses (almost 90%) were reduced to 4 pCi/
L and less; and 10 (about 60%) were reduced to 2 pCi/L and
less in the basement (from pre-mitigation levels ranging from
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12 to 156 pCi/L). By comparison, when the fans were re- Some results have been presented regarding the durability of
versed to pressurize the sub-slab, the results were dramati- . the five successful pressurization systems in Spokane (Pr89).
cally poorer only two of the houses (less than 15%) were These follow-up measurements included quarterly alpha-track
reduced below 4 pCi/L; and only two (these same two) were monitoring during a 2-year period after installation, and sysreduced to 2 pCi/L and less.
tem inspection and flow measurements after 2 years of opera. tion.
Operation in pressure caused post-mitigation levels to increase by 4 to 40 pCijL in all but two of the 16 houses, All five of the Spokane houses had at least one quarterly
compared to the post-mitigation levels when the system oper- alpha-track above 4 pCi/L in the living area (compared to
ated in suction. In those two, the increase was 0 to 1 pCi/L. In short-tenn post-mitigation measurements indicating about 2
none of these 16 houses did operation in pressure result in pCi/L and less immediately after installation). In all cases,
reduced post-mitigation concentrations compared to opera- homeowners reported that the system had been turned off at
tion in suction. But in all cases, operation in pressure did least part of the time during mild weather, undoubtedly conp,rovide some reduction in indoor levels compared to pre- tributing to the elevated levels. In one house, a system failure
mitigation concentrations; i.e., in no case were post-mitiga- resulted in significant vibration noise which resulted in the fan
tion concentrations greater than the pre-mitigation levels dur- being turned off for most of the 2-year period, so that livinging operation in pressure.
area concentrations remained at pre-mitigation values (around
30 pCiIL). In a second house, a similar failure resulted in
Two of these studies (Sc88, Py90) reported increases in soil significant air leaks between the fan and the ventilation pipes,
gas odors \vithin the house when the SSD fan was reversed to although the system was left operating. In this second house,
operate in pressure. One of the studies (Py90) measured living-area concentrations rose to about 30 pCi/L toward the
roughly five- to ten-fold increases in the tenniticide aldrin in end of the 2-year period (compared to a pre-mitigation value
the basement air of one house when the fan was reversed, of 140 pCi/L), after having remained between 2 and 4 pCi/L
although aldrin levels appeared to have returned to their for the year and a half prior to the failure. The problems with
original values after the system had operated in pressure for the installations in these latter two houses do not reflect an
inherent problem with the durability of sub-slab pressuriza10 weeks.
tion systems, but rather, reflect the fonnative stage of radon
The seven slab-on-grade houses with low soil penneability mitigation system design at the time that these systems were
where the SSD fans were reversed were all in Ohio (Fi90). All installed (Winter 1985-86).
of these systems had one or two ventilation pipes. There was a
good layer of aggregate beneath the slab in all of these houses, Pressure and flow measurements in the five Spokane systems
although communication in some of them was interrupted by after 2 years of operation showed that system pressures had
sub-slab forced-air supply ducts. The underlying native soil increased since installation, and flows had decreased, in all
was a low-penneability clay.
cases. Inspection in two of the houses showed that dust and
. debris had accumulated on the surface of the soil under the
With the systems in these seven slab-on-grade houses operat- slab, at the point where the ventilation pipe tenninated just
ing in suction, all of the houses were reduced below 4 pCi/L, below the slab. Presumably, this debris had been entrained in
and six (about 85%) were reduced below 2 pCiIL. With the the fan inlet, which had no screen, and blown into the system
fans reversed to pressurize the sub-slab, reductions were piping. Removal of this debris in the two houses resulted in a
dramatically poorer: only three of the houses were still below substantial recovery toward original pressures and flows. The
4 pCi/L, and only one was below 2 pCiIL. Operation in apparent increases in indoor radon levels in these houses
pressure caused post-mitigation levels to increase by 1 to 13 could be due in part to the reduced flows caused by this debris,
pCi/L, compared to the post-mitigation levels during opera- which may have plugged the interstices between soil particles.
tion in suction. But again, the sub-slab pressurization system It was recommended that future sub-slab pressurization sysdid provide some reduction in radon, compared to pre-mitiga- tems be installed with cleanable filters on the fan inlet, and
with gauges to alert the homeowner if system pressure is
tion concentrations.
changing (Pr89).
In summary, sub-slab pressurization has consistently given
better reductions than has SSD in houses built on well-drained In summary, the fact that some radon measurements exceeded
gravel soils and on highly fractured rock. Sub-slab pressuriza- 4 pCi/L in all five of the Spokane houses over the 2 years
tion has consistently given poorer reductions than has SSD in following installation does not necessarily reflect an inherent
houses built on low-permeability soils, regardless of whether problem with the durability of sub-slab pressurization systems. The elevated levels may result from a combination of a)
or not there is a good layer of aggregate beneath the slab.
correctable problems in the design of these particular early
There is insufficient experience with active sub-slab pressur- installations; and b) homeowner intervention, in turning the
ization systems to pennit a definitive review of the effects of systems off. Accordingly, a definitive statement cannot be
the various house design and operating variables, and the made from these limited results regarding the durability of
various system design and operating variables, analogous to sub-slab pressurization systems being designed today. If filthat presented in Section 2.3.1 for SSD. Some of the infonna- ters are required in order to prevent debris buildup in the
tion presented in Section 2.3.1 would be applicable to, or system, the homeowner is going to have to be alert to need for
continuing maintenance of this filter.
could be adapted to, pressurization systems.
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Because of the limited applicability of, and experience with,
sub-slab pressurization systems, the emphasis in this document is on SSD (Section 4). Sub-slab pressurization is addressed more briefly, in Section 9.
.

2.4.2 Active Block-Wall Pressurization
Active block-wall pressurization systems have been reported
in three basement houses in Pennsylvania (Houses 2, 5, and 9
in Sc88). In Houses 2 and 9, the block-wall system was of the
"baseboard duct" design, and each house had two fans blowing into the duct; House 5 had an "individual-pipe" configuration, with one fan. All three houses had a very high source
term, and pre-mitigation concentrations in the basement ranging from 110 to 533 pCi/L. In each case, BWD had been.
attempted first, but had been converted to a pressurization
system because of back-drafting of wood stoves and fireplaces.
Unfortunately, in none of the Pennsylvania houses was the
same block-wall ventilation system tested back-to-back in
suction and pressure, to enable a direct comparison of the two
approaches. In all cases, some other system modification (use
of different fans, additional sealing) accompanied the reversal
.of the fan. However, the radon reductions achieved in suction
and in pressur~ were generally comparable, with pressure
seeming to give slightly greater reductions in two of the
houses, and suction slightly greater in the third house.
In only one of the three houses, House 2, was the block-wall
pressurization system able to reduce basement concentrations
below 4 pCi/L (when supplemented by a well water treatment
system), based upon short-term measurements immediately
after installation. Houses 5 and 9 achieved basement concentrations of 5 and 7 pCijL, respectively, based upon the shortterm measurements, although about 3 pCi/L of the residual.
level in House 9 might have been due to well water.
Winter-quarter: alpha-track. detector measurements in these
houses during the three winters following installation have
shown basement and living-area concentrations holding relatively steady at values above 4 pCi/L (Fi91). In House 2, the
average basement reading over the three winters has been 4.3
pCi/L; in House 5, 4.8 pCijL; and in House 9,11.5 pCi/L.
These concentrations represent substantial percentage reductions from the high pre-mitigation levels, but reveal that some
entry routes are.not being adequately treated by Ithese systems.
Sub-slab pressure field extension measurements in House 2
indicated that the sub-slab in that house was apparently being
effectively pressurized by the basebOard duct system. (Subslab measurements were not completed in the other two
houses.) Presumably, the flows that could be maintained by
the systems were not adequate to sufficiently dilute the high
radon concentrations around the foundation of these highsource-term houses, and were not adequate to prevent some
radon from entering the wall void network If the radon could
reach the sub-slab and wall void regions, the pressurization
system would force it up into the house.
None of these three houses were optimal for block-wall
treatment, due to inaccessible top voids in the block wall, and

due to fireplace structures. As discussed regarding BWD
systems in Section 2.3.4, neither of the two stand-alone BWD
systems in this Pennsylvania project that were installed in
non-optimal houses achieved basement concentrations below
4 pCijL, either.
In summary, from the very limited results available with
block-wall pressurization systems, it is not apparent that blockwall pressurization is either less or more effective than BWD.
Neither approach appears to be a reliable method for reducing
levels below 4 pCi/L when applied as a stand-alone method,
especially not in houses which have high pre-mitigation levels
and which are not optimal for block-wall treatment. BWD
appears to have an advantage in that it can be used as a
supplement to SSD systems.

2.5 Performance of Passive Soil
Depressurization Systems
All of the preceding discussion of soil depressurization systems has addressed the case where an electrically powered fan
is being used to draw suction on the soil. It is the use ofthe fan
that results in these systems being referred to as active soil
depressurization systems. The fans commonly used are capable of developing suctions of about 1 in. WG and higher in
the system piping. With that amount of suction in the system
piping, the chances are improved that the suction field will
extend beneath the entire slab and around the foundation, and
that the conservative goal will be met of maintaining about
0.025 to 0.035 in. WG depressurization everywhere beneath
the slab during mild weather with exhaust appliances off. (See
Section 2.3.1b, Operation ofcentral furnace fan, and exhaust
fans, and Section 2.3. Ie, Climatic conditions).
Nominally, soil depressurization systems can also be operated
in the passive mode, i.e., without a fan. Passive systems rely
on natural phenomena to develop the suction in the stack
These natural phenomena include a) thermal effects, created
when the stack temperature is warmer than the outdoor air,
causing the soil gas inside the stack to rise; and b) wind
movement over the roofline, which creates a low-pressure
region over the roof.
Passive soil depressurization systems may operate by two
mechanisms. One mechanism is soil depressurization, as with
active systems, using the fairly low naturally-induced suctions
listed in the preceding paragraph. The second possible mechanism is development of a "pressure break" in the aggregate
bed beneath a slab or in the region under a SMD membrane,
i.e., an equalization of sub-slab or sub-membrane pressures
with outdoor pressures, providing a buffer isolating the soil
from the depressurized house. Such a pressure break could
reduce the house-induced suction on the soil, and hence
amount of radon drawn out of the soil.
In passive systems, the exhaust stack generally extends up
through the house indoors, providing a direct route to the roof
from the suction pipe penetrations through the slab, sump
cover, or crawl-space membrane. To the extent that passive
systems rely upon the first mechanism above (soil depressurization), the important thermal contribution to the passive
suction would be largely lost during cold weather if the stack
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extended up outside the house or through an unheated garage,
as is sometimes done with active systems. The thermal effects
in p.1ssive soil depressurization systems are exactly analogous
(and similar in magnitude) to the thermal stack effect which is
dmwing soil gas into the house. The difference is that the
stack is providing the soil gas with a direct "thermal bypass"
up to the roof.
The primary problem with passive operation is that the natural
suctions produced in the stacks are quite low. The thermallyinduced depressurization that would be created in a two-story
stack during cold weather would be on the order of 0.015 in.
WG, the same as the thermally-induced depressurization in
the basement. Depressurizations that have been measured in
passive stacks have consistently been lower than 0.1 in. WG,
and often less than 0.05 in. WG (Gi90). These passive depressurizations are 10 to 100 times lower than those usually
maintained in active system piping. With such low suctions,
passive systems can have difficulty maintaining adequate
depressurizations everywhere beneath the slab or membrane,
to the extent that passive systems rely on the soil depressurization mechanism.
To the extent that passive systems rely on the pressure break
mechanism, an analogous problem may exist, i.e., difficulty in
buffering the soil from the house at all locations using only a
single pressure-relief pipe. From the standpoints of both the
soil depressurization mechanism and the pressure break mechanism, perhaps connection of the passive stack to a network of
perforated piping under the slab or the SMD membrane would
~ud in the extension of the suction field or Of the pressurebre.'lk buffer. However, there are no defmitive data quantifying the benefit of such sub-slab or sub-membrane piping.
An added concern is that the performance of passive systems
may be variable, changing as the temperatures and winds
change, varying the natural suction in the stack.

One key advantage ofpassive systems, if they perform well, is
that they avoid the need for homeowner maintenance of a fan.
111e risk is thus eliminated that house occupants might be
subjected to high radon exposures over a long period if the
homeowner fails to notice or repair a malfunctioning fan, a
potentially important consideration. However, passive systems will not necessarily be maintenance-free; they may
require homeowner attention in maintaining seals of slab
cracks/openings (since system flows/suctions will be too low
to tolerate much short-circuiting), in ensuring that the stack
outlet does not get restricted by debris such as leaves (since
flows may be too low to blow debris ~way), and in verifying
that system suctionS/flows are being maintained. Another
advantage of passive systems is that they avoid any noise
associated with fan operation or with the rapid release of
exhnust gas from the stack outlet. (Generally, noise associated
with fan operation in active systems can be significantly
reduced by proper mounting of the fan and piping.)
Passive systems will also avoid the cost of electricity for
operation of a fan, and, because of their low flows, will
significantly reduce the heating/cooling penalty associated
with active systems. The maximum savings in electricity and
heating/cooling bills resulting from these factors will be on

the order 0£$7.50 per month (He9lb, He9lc), an amount
which many homeowners will not notice, but an amount
which would add up over time and which could have an
impact on national energy consumption. Fan maintenance
costs would be eliminated. Eliminating the fan would also
reduce system installation costs by an amount equal to the
cost of the fan and the associated wiring, although there could
be offsetting installation cost increases due to increased foundation sealing requirements, efforts to improve the extension
of the weak suction field, and the need for an interior stack.
In summary, there are some advantages associated with passive systems. However, these advantages will be achieved at
the expense of reduced radon reduction performance compared to active systems, based upon data available to date. The
reduced performance of passive systems relative to active
systems likely results because any benefits resulting from the
passive pressure break mechanism are not sufficient to compensate for the greatly reduced role of the soil depressurization mechanism caused by the generally weak passive suction
field.

From a practical standpoint, passive soil depressurization will
likely prove to be applicable only in cases where sub-slab
communication is very good. Good communication will be
necessary to permit reasonable extension of the weak passive
suction field, or for the development of a reasonable pressure
break with a single passive stack. A tight slab (or SMD
membrane) will also likely be required. Significant air leakage into the sub-slab region from any source will likely
overwhelm the weak passive suction field; significant openings between the sub-slab region and the house would tend to
defeat the pressure break.
On this basis, it would be expected that passive soil depressur-·
ization systems will likely work best in houses where there is
good aggregate under the slab, and where the slab is tight or is
accessible for sealing. The presence of an interior drain tile
loop might be expected to aid in the distribution of the weak
suction field! or in development of the pressure break; however, there are no definitive data demonstrating that such a
drain tile loop will in fact be beneficial. Passive soil depressurization will not be applicable in cases where high system
flows would be expected, such as DID or SSD systems in
houses having badly cracked slabs than cannot be effectively
sealed, or such as BWD systems. Passive operation of a DID
or SSD system might be expected to perform best when the
foundation wall is constructed of poured concrete, so that the
system would not have to address radon entry into (and air
flows from) hollow block foundation walls.
.
Under the favorable conditions defmed above, passive systems can sometimes be sufficient to reduce slightly elevated
houses below 4 pCi/L. However, the performance in a given
house cannot be predicted prior to installation. Also, the
performance may be expected to vary over time, as outdoor
temperatures and winds change (varying the suction in the
passive stack) and as exhaust appliances are operated (potentially overwhelming both the low passive suction and the
pressure break). Thus, whenever a passive system is installed,
the homeowner should be prepared to make frequent measurements in the house for a period of time after installation, in
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order to understand the conditions (such as wann temperatures, low winds, and appliance operation) that result in the
passive system being overwhelmed. The mitigator or owner
must also be prepared to install or activate a fan on the system
if these measurements show that a fan is necessary.
The available data base on the performance of passive soil
depressurization systems is very limited.
In one project where passive systems were retrofit into existing houses in Maryland (Gi90), testing was conducted on ten
passive SSD installations (with no perforated piping beneath
the slab), two DTD systems, and two SMD systems. The
nature and extent of the drain tiles in the ~",o sump/DTD
systems are unknown. Both of the SMD systems included a
network of perforated tiles beneath a completely sealed membrane. The aggregate beneath the slabs was good in some
cases, and poo.r or uneven in other cases.
The passive systems in these 14 existing Maryland houses
typically provided moderate radon reductions (30 to 70%),
although reductions ranged from a low of zero to a high of
90%. In only two of the houses (047 and 079) was the passive
system adequate to reduce indoor levels below 4 pCijL.
The two Maryland houses giving the best reductions (Houses
004 and 079, achieving up to 80 to 90% reduction) had SSD
systems with no sub-slab piping, but had good aggregate and
poured concrete foundation walls. two houses having poor/
uneven aggregate (054 and 074) gave poor performances with
passive SSD systems (0 to 40%). However, good communication was not sufficient, by itself, to ensure high radon reductions. Houses with poured foundations consistently gave better reductions than those with block foundalions, with the
highest reductions in block-foundation houses being 50%.
Of the two houses having sumps with at least partial drain tile
loops to help distribute the suction, one (061) achieved only
low to moderate reductions (15 to 50%), while the other (096)
did somewhat better (35 to 75%). Of the two houses having
passive SMD ~ystems, only one (047) gave reasonably good
reductions (20 to 70%), undoubtedly due in part to the fact
that the "passive stack" in this house consisted. of the furnace
flue, which increased the passive suction when the furnace
was operating.
The passive suctions measured in these Maryland stacks
ranged from zero to 0.1 in. WG. The passive SSD systems
were found to create measurable sub-slab depressurizations as
far as40 ft away from the suction pipe in one case, but more
commonly, the measurable sub-slab suction did not appear to
extend more than about 20 ft from the pipe.

with a good layer of aggregate, with perforated piping beneath
the slab, and with slab sealing at the wall/floor joint and at
slab penetrations, in order to facilitate radon mitigation. Both
houses had poured concrete foundation walls, aiding the performance of the passive system. A passive stack drawing
suction on the sub-slab piping in these houses provided average radon reductions of 75 to 90% (Sau91a).
These reductions in the two Washington, D.C. houses were
obtained in both summer and winter, indicating reasonable
performance even in wann weather when· thermal effects
would not be contributing to the natural suction. In one house,
the passive stack was sufficient by itself to reduce the house
below 4 pCiIL, from pre-mitigation levels as high as 20 pCi/L
during the winter. In the second house, the passive system
reduced winter levels from 29 to 7.5 pCi/L; activation of the
system reduced levels below 1 pCi/L. In the summer, the
passive stack by itself reduced levels from 2-4 pCijL to below
1 pCi/L in both houses. The low radon levels achieved during
mild weather (when the passive depressurization mechanism
might be expected to be playing only a minimal role) could be
a commentary on the importance ofthe pressure break mechanism, as well as the naturally reduced driving for:ces existing
during mild weather.
.
While moderate to high radon reductions were achieved with
the passive stack in both houses, indoor levels were subject to
occasional spikes, presumably due to basement depressurization caused by weather effects and forced-air furnace operation.
As an extension of the previous study, measurements were
completed in 15 newly-constructed houses in the Washington,
D. C., area having passive stacks (Sau91b). As with the two
houses discussed in the preceding paragraph, these houses all
had a good aggregate layer, perforated piping beneath the
slab, and slab sealing. Based upon 1- to 2-wyek continuous
radon measurements with and without the passive stack capped,
the passive systems were providing red.uctions ranging from 9
to over 90%, with average reductions of 64 to 70%. Radon
concentrations were reduced from an average of 8-18 pCijL,
to an average of 2.5-6 pCiIL. Eight of these 15 houses were
reduced below 4 pCijL by the passive system, although a
couple of these houses had pre-mitigation levels below 4
pCi/L to begin with. Operation of a mitigation fan on six of
these houses provided substantial additional reductions beyond those achieved with the passive system, reducing levels
below 1 pCi/L in all six cases. Again, it is believed that
basement depressurization by forced-air return ducts in the
basement contributed to overwhelming of the passive systems.

Of the 15 houses in the preceding study (Sau91b), the passive
When these passive soil depressurization systems were acti- system provided reductions of at least 50% in all but 5 of
vated using a standard 90-watt in-line duct fan, radon reduc- them. All five of these less successful houses exhibited some
tions increased to 90-99% in all cases, reducing indoor levels . problem potentially explaining the reduced passive perforto 1 to 2 pCiIL or less (Gi90). In no case did activation of the mance. In three of these houses, sub-slab communication was
system fail to provide significant additional reductions be- found to be lower than would have been expected had the
yond those achieved with the passive system.
specified sub-slab aggregate been properly installed. In the
other two, the passive stack was in an unheated garage, thus
Another study addressed two. newly constructed basement reducing the contribution of thermal effects to the passive
houses in the Washington, D.C., area, which had been built suction.
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In another project, passive SSD or DID was tested in two new
basement houses in Pennsylvania which had been built with a
good aggregate layer, capped sumps with an interior drain tile
loop beneath the slab, and with sealing of the wall/floor joint
(Br9I~. Both houses had poured concrete foundation walls.
In the fl1'St house (House PAl), a single SSD pipe penetrated
the stab and was not directly connected to the sump or drain
tiles. The passive stack was routed through the roof of a onesta,ry wing of the house, adjoining the two-story wing over the
basement (Br92). Passive operation of this system in House
PAl provided essentially no reduction in the basement radon
concentrations (8-10 pCi/L), based upon back-to-back I-week
measurements with and without the stack capped. Activation
of the system reduced levels to 1-2 pCi/L.
The system in House PAl was later modified to direct the
stack straight up through the two-story wing of the house
above the basement (Br92). With this new configuration,
passive operation of the system reportedly reduced basement
levels to about 2 pCi/L, with suctions of about 0.005 to 0.01
in. WG under the slab.
In the second Pennsylvania house (House PAZ), where the
system drew suction directly on the sump, passive operation
reduced basement levels from 5 pCi/L to 1.5 pCifL, again
based upon I-week measurements (Br91a).
In addition to these recent research results, one mitigator has
reported occasionally obtaining moderate reductions applying
passive S:MD commercially in about 20 crawl-space houses,
reportedly reducing indoor levels from 8 pCijL down to below
3 pCi/L in "pure" crawl spaces with poured concrete foundation walls (Kl92). In these particular installations, the membrane was sealed well, with a length of perforated piping
beneath. The passive "stack" from the sub-membrane piping
penetrated the crawl-space band joist and exhausted at grade
level. This type of stack forfeits the passive suction that would
be developed by the thennal stack effect, since the stack does
not rise through the heated space. Rather, it relies upon windinduced natural suction and on the pressure break mechanism,
along with any reduction resulting purely from the sealing of a
membrane over the crawl-space floor.
Passive soil depressurization systems have also been tested in
a number of earlier remedial efforts in the U.S. and Canada
(Vi79. Ar82, Ta8S).

In another project involving new residential construction in
uranium mining and processing communities in Canada (Vi79),
very extensive sub-slab perforated piping networks were installed beneath the slabs ofa number of houses during construction, apparently in a good bed of aggregate. In 18 of these
houses, a vertical stack extended from this network up through
the interior of the house to the roof. Passive depressurization
of the networks in these 18 houses reportedly gave satisfactory reductions during the winter, maintaining indoor levels at
0.02 WL and less. However, during mild weather, when the
thennal contribution to the natural suction in the stack would
be reduced or eliminated, perfonnance of the passive systems
reportedly degraded. As a result, based upon multiple grab
sample measurements, ten of the houses averaged above 0.02
WL over the entire measurement period, despite the extensive
piping network. Under these conditions, the systems had to be
activated; each of the 18 houses averaged below 0.015 WL
after activation.
A major effort was made to retrofit a passive system into one
existing house having a very high source tenn (resulting from
natUrally occurring radium in the underlying soil and rock)
and having block foundation walls (Ta85). The existing slabs
for both the basement and the adjoining slab below grade in
this house were tom out. Some of the underlying soil and rock
was removed, and replaced with aggregate. Loops of perforated drain tile were placed around the perimeter of each slab,
and beside the footings for an interior load-bearing wall in the
basement. Each loop connected to a passive stack which rose
through the house to the roof. The slabs were re-poured, with
efforts to make the slabs as tight as possible. Based upon
periodic grab samples over a several-month period after mitigation, the radon levels were reportedly reduced by greater
than 99%, from about 13.5 WL before mitigation to below
0.02 WL. One significant spike (to 1 WL) was measured
during one of the grab sampling campaigns, and a small fan
was installed in each of the vent stacks to boost suction,
bringing concentrations back down to acceptable levels. The
fan on one of the two vent stacks is still operated frequently by
the homeowner. Grab samples do not reveal the variations in
radon levels, or the average levels, that exist between sampling campaigns.
In summary, the available results with passive soil depressurization systems suggest that
- Passive SSD or DID systems have commonly been
shown to give moderate indoor radon reductions, sometimes as high as 70 to 90% if sub-slab communication
is good and the slab is tight. However, passive performance is not predictable, and may vary with time.

Reference Ar82 summarizes results from passive systems that
were retrofit into a number of existing Canadian and U.S.
houses contaminated with uranium mill tailings. Radon reductions of 70 to 90% were reported in many of these houses.
However, the interpretation of these reductions, in tenns of
the actual perfonnance of the passive system, is complicated
by the fact that the reported reductions often also include the
effects of other mitigation measures that were implemented
simultaneously. These other measures included removal of
mill tailing source material from under the slab, and various
sealing efforts such as trapping of floor drains. An additional
limitation is that the pre- and post-mitigation radon and working level measurements were likely obtained by multiple grab
samples in many of the cases, thus providing a less rigorous
measure of system perfonnance.

- A given soil depressurization system in a given house
always gives much higher reductions when operated in
the active mode, with a fan, than when operated passively.
- Good sub-slab communication is mandatory for good
passive SSD or DID performance. However, good
communication is not sufficient by itself to ensure
good perfonnance.
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- Passive SSD and DID have often provided their best
reductions in new construction where steps have been
taken to tighten the· slab during construction (e.g.,
caulking the wall/floor joint). Such slab tightening·
should be conducted in new houses if it is desired to
improve the chances that a passive system will perform
well. H9wever, there are no defmitive results quantifying the benefits of such slab sealing.
-

Because of the apparent limitations and uncertainties in the
performance of passive systems, the discussion of system
design and installation in the subsequent sections will focus
on active systems. However, much of the information on
design and installation ofactive systems can be readily adapted
for use with passive systems, with the guidance given above.

Best results with passive SSD or DID systems have
consistently been obtained where the foundation wall is
poured concrete, rather than hollow block.
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Section 3
Pre-Mitigation Diagnostic Test Procedures
for Soil D.~pressurization Systems
3.1

General

3.1. 1 Purposes of Pre-Mitigation

Most mitigators will rarely have to utilize pre-mitigation
diagnostic tests other than those listed in the preceding paragraph, except in special cases.

Diagnostics
The primary purposes of diagnostic testing pilor to the design
and installation of a radon reduction system are to:
a) improve the radon reduction performance of the system ultimately installed; and
b) reduce the cost to the homeowner of achieving a given
level of radon reduction.

A more complete summary of the diagnostics that can be
considered, and the cases under which they might be useful, is
given below. They are listed in the approximate or~er of
frequency with which they might be used. While the discussion here focuses on their use as pre-mitigation diagnostics,
some of them can sometimes be used during mitigation or
after mitigation (see Section 11).

• Visual inspection. This "diagnostic test", in one form
or another, will be required prior to mitigation in every
house. Most major questions, such as whether a house is
a suitable candidate for ASD (or for other techniques),
whether the house will be relatively simple or relatively
difficult to mitigate, where suction pipes might be located
and how the exhaust piping might be routed, etc., can be
at least partially addressed by the visual inspection, without any measurements.

If the diagnostic testing does not have a reasonable likelihood
of improving performance and/or reducing costs, there is no
pUIpOse in conducting it.
Pre-mitigation diagnostics can be used to help select which
mitigation technology can best be applied in a specific situation (e.g., whether basement pressurization or a house ventilation approach might be more suitable than A~D). O~ce the
decision is made to install an ASD system, the diagnostics can
aid in the design of the ASD system.

• Suction field extension. This is the second most common diagnostic technique for ASD systems, after visual
inspection. It is necessary only if: a) the visual inspection
and the mitigator's prior experience do not provide sufficient basis for a reasonable judgement regarding the
likely sub-slab communication; or b) inspection and/or
prior experience suggest that communication will be poor
or uneven, but do not suggest the logical number and
location of SSD suction pipes. A relatively simple measurement of sub-slab depressurizations created at a few
remote test holes by an industIial vacuum cleaner can
help confirm whether a house has relatively good or
relatively poor communication. A more complex test
procedure, involving a greater number of test holes, would
better quantify how far the suction field from a single
SSD pipe might extend, and where discontinuities in
communication exist, to aid in a more rigorous selection
of pipe number and location.

3.1.2 Diagnostic Tests That Can Be
Considered
Once a mitigator is familiar with the housing characteristics in
his/her area, and the way in which these characteristics influence radon entry and the performance of ASD (and other)
systems, it will often be possible to select and design an ASD
system with a minimum of pre-mitigation diagnostics.
A pre-installation visual inspection will be the one diagnostic
that will generally be required prior to tmal selection and
design of the system in all cases. In many cases, this will be
the only pre-mitigation diagnostic test necessary. In cases
where the sub-slab communication is poor, uneven, or uncertain, sub-slab suction field extension testing may sometimes
be cost-effective, using a vacuum cleaner or a jportable ASD
fan test stand to generate the suction field, in order to facilitate
efficient determination of where suction pipes should be
located. Especially where suction field diagnostics are needed,
grab sampling (or "sniffing") to determine radon concentrations at locations under the slab or around potential soil gas
entry routes may sometimes be helpful in sekcting suction
locations.

Rather than a vacuum cleaner, some mitigators might
elect to use a portable ASD fan test stand to generate the
suction field. The portable ASD fan would give a more
rigorous and easily-interpreted indication of how far the
eventual system suction field will extend, and of the
flows tbatcan be expected, compared to a vacuum cleaner.
Where the flexibility exists, some professionals sometimes use an ASD fan mounted on the initial suction pipe
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installed through the slab during installation, proceeding
on a "design-as-you-install" basis. Suction field extension testing is also common as a post-mitigation diagnostic tool (with the ASD system operating), to assess why
an installed system is not providing the desired performance.

water measurement. This measurement would permit a
realistic assessment of how much airborne radon is likely
being contributed by the well water, recognizing that an
ASD system could not address the water-related contribution to the indoor air levels. Mitigators wotking primarily in houses served by municipal water supplies, or in
areas where well water radon concentrations are typically
low, would rarely (if ever) fmd it necessary to make water
measurements. Mitigators working in areas where very
high concentrations of radon in water sometimes occur
might want to have a water measurement made, if the
homeowner has not already done so, before guaranteeing
that a post-mitigation level of 4 pCi/L will be achieved
with an ASD system alone.

• Sub-slab flows. As an extension of the suction field
extension test, one could measure the flows developed in
the vacuum cleaner nozzle (or in the piping to the portable fan test stand) at various suctions induced by the
vacuwn under the slab. The results could help quantify
the preferred performance curve for the fan to be installed
on the ASD system.
Such sub-slab flow measurements will probably not be
neces.snry for many mitigators in most houses. An assessment of whether a standard moderate-suction/high-flow
fan will be appropriate, or whether a high-suction/low-flow
fan would be preferred in a given house, can generally be
made based upon the mitigator's experience and the
suction field extension results, without the more rigorous
sub-slab flow measurement at multiple suctions. At most,
if suction field extension tests are being performed, a
mitigator might measure the flow in the vacuum cleaner
at the one suction used for that testing, to determine
whether the sub-slab flows are high or low. If the diagnostic vacuum cleaner is not set up to enable flow measurements, some researchers suggest simply listening to
the sound of the vacuum motor as a qualitative indicator
of whetherit is moving a lot of air, or only a little (Br91b,

A gamma measurement against the well water pressure
tank, against the water piping, or at a toilet bowl, is a
simple screening measurement that can be made to suggest whether a more rigorous water analysis is warranted.

• Flux measurements or gamma measurements. Measurements of radon flux from interior building surfaces
(or, more conveniently, measurements of gamma radiation near the surfaces, if a gamma meter is available) are
needed only in cases where there is reason to suspect that
building materials may be an important contributor to
indoor radon levels. These measurements would qualitatively indicate whether the building materials might be an
important radon source, thus limiting the effectiveness of
ASD (which can only address the soil gas source). Most
mitigators will rarely, if ever, have the need to conduct
these diagnostics. Building materials will be a significant
contributor only in unusual cases where, e.g., uranium
mill tailings, or natural materials with very high radium
contents, have been used as fill around the house or as
aggregate in the concrete. Unless there is some basis for
suspecting building materials to be a source, flux or
gamma measurements would more likely be conducted as
post-mitigation trouble-shooting diagnostics, to determine
why radon levels are still elevated, rather than as
pre-mitigation diagnostics.

Bro92).

• Radon grab sampling and Usniffing." "Measurement of radon concentrations near potential entry routese.g., under the slab near slab cracks and openings, or
inside hollow-block foundation walls-can suggest the
relative importance of these potential entry routes, and
thus can help guide ASD design. For example, especially
where sub-slab communication is not good, SSD pipes
might be located toward those cracks/ openings having
the highest sub-slab concentrations. Block walls having
high rndon levels in the cavities would be those most
likely to warrant a BWD component complementing the
SSD system. Such grab sampling will likely be of value
primarily when sub-slab communication is not good, or
when the radon levels in the soil gas are very high, and
when the location of the ASD suction pipes thus becomes
of increased importance. Poor-communication houses are
the houses where sub-slab suction field extension measurements are most likely to be helpful, in which case test
holes would be being drilled through the slab for suction
field testing; it would make sense to expand the suction
field measurements to include grab sampling through the
slab holes, and through utility openings in the block

• Pressure differential measurements across the
house shell (above or below grade). Sometimes, usually
for research purposes, pressure measurements are made
between indoors and outdoors above grade. Such measurements will rarely be useful in designing commercial
installations, except in assessing the threat of combustion
appliance back-drafting. In addition, pressure measurements can be made across the slab (with no suction being
drawn under the slab). These below-grade measurements
are conducted in conjunction with the suction field extension testing discussed earlier.
Pressure differential measurements might be used to aid
in interpreting sub-slab suction field extension test data.
They could indicate whether the existing driving force
during the suction field diagnostics were much less than
the estimated maximum ddving force that would be
expected during cold weather with exhaust appliances
operating. If the existing driving force during the diagnostics were much less than the estimated expected maxi-

walls.

• Well water radon analysis. If it is suspected from
experience in the mitigator's service area that radon in
well water might be a significant contributor to the indoor
radon levels, and if the homeowner has not had a water
measurement conducted, it can be desirable to conduct a
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used, say, to select the capacity (or to estimate the effectiveness) of an air-to-air heat exchanger. The blower door
flows required to maintain a given basement pressurization would suggest the practicality of (and the required
fan size for) a basement pressurization system. This
information could aid in the decision of whether to force-fit
an ASD system into a non-amenable house, or to try a
house ventilation or basement pressurization approach.

mum, the additional sub-slab depressurizations needed to
compensate for the higher driving forces could then be
factored into the ASD design. Pressure differential measurements across the shell could also be used to assess
house depressurization with various house appliances in
operation (e.g., a central furnace fan or a whole-house
exhaust fan), or under different weather conditions, in an
effort to quantify the actual maximum driving forces that
might exist in a particular house (rather than relying on
the conservative rule-of-thumb values, 0.025 to 0.035 in.
WG for combined thermal and exhaust appliance effects).

Even where a house in not amenable to ASD, blower door
testing will not always be necessary to aid in evaluation
these other approaches. For example, a house with
pre-mitigation levels above 10 to 15 pCijL will generally
not be reduced below 4 pCi/L with a typically sized
air-to-air heat exchanger, since 200 cfm units would
generally be expected to provided no more that perhaps
50 to 75% radon reduction (EPA88a). Thus, blower door
diagnostics would not be needed to assess the potential
for using an air-to-air heat exchanger in a house having
very high pre-mitigation levels. As another example,
houses with open stairwells or other significant openings
between the basement and upstairs would not be able to
achieve adequate basement pressurization without high
flows, which would likely create an unacceptable heating/cooling penalty and unacceptable drafts. No blower
door testing would be necessary to role out basement
pressurization in those types of houses.

For the above purposes, the preferred pressure differential to measure is that across the slab, between the house
and the sub· :;lab region (with the sub-slab vacuum oft).·
That is the differential against which the ASD system will
have to cpmpete. The pressure differential between in-.
doors and outdoors above grade will nOffilally tend to be
slightly greater than that across the slab. Where a mitigator plans to conduct sub-slab suction field extension
diagnostics anyway, it makes sense to include pressure
measurements across the slab with the vacuum off, to aid
in data interpretation. Most mitigators never make
pre-mitigation indoor-outdoor pressure differential measurements above grade to aid in interpreting sub-slab
suction field extension diagnostics.

• Tracer gas testing. Various tracer gases have some-

The pressure differential across the shell above g~ade is
sometimes measured as an indicator of whether the house
might be prone to back-drafting of combustion appliances. If the house is depressurized relative to outdoors
by a certain amount during cold weather prior to mitigation-e.g., by 0.02 in. WG or more, according to some
references (CMHC88, lEC92)-then there is a threat of
back-drafting that could be exacerbated by an ASD system. Many mitigators use diagnostic approaches other
than pressure measurements across the shell above grade
to assess the risk of back-drafting. Since many mitigators
conduct back-drafting tests as apost-mitigation diagnostic, tests aimed at identifying back-drafting are discussed
in Section 11.

times been used for various purposes associated with
radon mitigation work, usually in research applications.
Tracer gas measurements would almost never be used by
a commercial mitigator, especially not as a pre-mitigation
diagnostic tool.
Sulfur hexafluoride (SF6) and perfluorocarbon (PFT) tracers are commonly used to measure house ventilation rate.
House ventilation information is not necessary for the
design of an ASD system, as discussed previously; thus,
these tracer measurements would not be needed whenever it is immediately apparent that ASD is the system of
choice. Where ventilation information would be useful to
assess house ventilation and basement pressurization options, blower door testing would generally be the approach of choice to obtain that information. The equipment and level of effort needed to make SF6 measurements are unrealistic for use in anything other than a
research setting. 'PFTs are relatively simple to use, but
even in this 'case, the costs of the PFT analysis, and the
time that would be required on the part of the mitigator to
deploy and retrieve the PFT emitters and detectors, would
not be practical in most commercial mitigation settings.

• Blower door testing. A blower door is a calibrated fan
which can temporarily be mounted in the doorway of a
house, either blowing house air out or blowing outdoor
air in. From measurements of the fan flows required to
maintain various pressure differentials across the house
shell, one can calculate the effective le.:'lkage area between the house and outdoors. This type of information is
generally 110t necessary for the design of an ASD system..
Thus, in the large majority of houses where a mitigator
can tell immediately that ASD is the mitigation technique
of choice, blower door testing will not be conducted.

In previous research projects, halogenated hydrocarbons
have sometimes been used as tracer gases for qualitative
diagnostics. Halogenated hydrocarbons marketed under
trade names such as Freon4l> and Genetron4l> are widely
used as refrigerants as well as blowing agents, cleaning
agents, and fire ex,tinguishing materials. They were attractive for use as tracer gases because they are widely
available (e.g., through the refrigeration and

Blower door testing will be considered only in those
houses where house ventilation techniqU(~s or basement
pressurization appear to be candidates, because the house
in not amenable to ASD for some reasons (poor communication, high finish, complex substructure, fieldstone
foundation walls, etc.). The house leakage area can be
used to estimate natural ventilation rates, which can be
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air-conditioning industry), and portable detectors for the
gases are relatively inexpensive and simple to use.

will often be all the diagnostics that are required for effective
design of an ASD system.

Among the pre-mitigation tests that individual mitigators
have conducted with halogenated hydrocarbons have been:
a) injection of the tracer beneath an adjoining slab on
grade, and detection of the tracer in the exhaust from a
vacuum cleaner drawing suction beneath the basement
slab, in an effort to better determine. whether suction
drawn beneath the basement slab would extend to the
adjoining slab; and b) injection of the tracer into a drain
tile entering a sump, and detection of the tracer in the
exhaust from a vacuum cleaner drawing suction on a
second drain tile entering the sump, in an effort to determine if the tiles form a complete loop.

There will be two general components to a visual survey. One
component will be an interview with the homeowner, to
determine homeowner expectations and house usage patterns.
If the homeowner saw the house under construction or during
remodelling, the homeowner interview may also provide important building construction information (such as the presence of sub-slab aggregate) that might not be apparent during
the mitigator's visit. The second component of the visual
survey will be an inspection to identify house characteristics
which could influence system design.

However, BPA no longer recommends the use of most
halogenated hydrocarbons for radon mitigation diagnostics, due to global concerns about stratospheric ozone
depletion. The original chlorofluorocarbon (CFC) refrigerants, such as R-12, are particularly damaging to the
ozone layer; more recent, so-called "transition" refrigeranlS-hydrochlorofluorocarbons (HCFCs), such as R-22are less damaging. The venting of either of these classes
of compounds by the refrigeration industry is banned by
the Clean Air Act Amendments of 1990. Although this
venting ban does not explicitly preclude the release of
CFCs and HCFCs in small quantities in connection with....
melon mitigation diagnostics, the use of these gases for
diagnostics would seem inappropriate.
Advanced refrigerants-hydrotluorocarbons (HFCs), such
as R-134a-do not contribute to ozone depletion, and
their venting by the refrigeration industry is not currently
banned. Thus, they are the one refrigerant gas that might
still be considered for diagnostic use.

Some portion of the "visual survey" might in fact be conducted over the telephone. However, in no case could all of
the necessary detail be obtained without an actual visit to the
house.
A number of house survey forms have been proposed to aid in
the conduct of the visual inspection (EPA88a, EPA88b, Tu88b,
F090, among others). One simple form is presented in
Figure 8.
Every form that has been proposed includes some items that
some mitigators will not really need at least some of the time.
The purpose of the forms is to provide a systematic method to
help an investigator ensure that key items will not be overlooked during the survey. Because information that may be
important to one mitigator in one house may not be important
to another mitigator in another house, even the most practically oriented general form will always have some entries that
some mitigators will find unnecessary for system design.
The discussion below reviews the type of information that
mitigators should always collect, and why it is needed, irrespective of the specific survey form that is used.

Concerns about the environmental impacts of halogenated hydrocarbons aside, most mitigators will probably
find it technically unnecessary to conduct diagnostics
using these gases in commercial application. Sufficient
infonnation for ASD design will probably be obtained
from prior experience and from the visual inspection (as
well as from sub-slab suction field measurements, if
needed), without the use of these gases.

• Pre-mitigation radon measurement results. In most
cases, the mitigator will not be responsible for conducting
the pre-mitigation measurements of indoor radon concentrations. However, in order to properly select and design
the mitigation system, the mitigator must fInd out from
the homeowner· what the pre-mitigation levels are, and
what the measurement method and measurement conditions were. For example, a high pre-mitigation concentration would rule out house ventilation as a candidate
mitigation technique; the large increase that would be
required in ventilation rate would likely result in unacceptable energy costs and discomfort, and would be
beyond the increase in ventilation that could realistically
be achieved by air-to-air heat exchangers. Very high
levels could be suggesting a very high source term,
suggesting the possibility of high radon concentrations in
the ASD exhaust and hence the need for extra care in
designing the exhaust configuration.

The following subsections address specific procedures for
conducting those diagnostics which are most commonly useful to mitigators, along with discussion of how the results of
the diagnostic testing can be used in ASD design. Further
discussion of how the results can be used will be presented in
Sections 4 through 8.

3.2 Procedures for the Visual
Survey
Some type of visual survey will be required in every house
prior to installation, to conf'mn that ASD is the appropriate
mitigation technology for the house, and to determine the
basic design of the ASD system. The visual survey, together
with the mitigator's prior experience with houses in the area,

To properly interpret these results, the mitigator must
know enough about how the measurements were conducted to be able to make a reasonable judgement regarding how representative the results are of annual averages
in the house. The type of information needed would
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include: the type of measurement device that was used;
the duration of the measurement; the general climatic
conditions during the test; where the measm"ement was
made (e.g" cornmning that a detector was not placed in a
crawl space or sump); and the degree to which the house
remained Closed during the test.

to keep the' door closed between the basement and
upstairs, acceptance of drafts and possible heating!
cooling penalty that might result).
- A crawlspace which is relatively tight (e.g., no forced-air
ducts, no foundation vents), suggesting the crawl-space
depressurization might be an option.

• Factors determining which ASD variation is used.
These factors include:

- House is served by a private well, and a high radon
concentration has been measured in the well water (or
there is some other basis for expecting high radon
concentrations in the water). In such cases, a water
treatment system might need to be considered as a
'
supplement to ASD.

- House substructure (basement, slab on grade, crawl
space, or combination of these). The substlUcture will
determine whether SSD, SMD, or a combination of
techniques is used.
-

- Underlying soil is well-drained gravelly soil, in which
case soil pressurization might be considered instead of
ASD.

Presence or absence of a sump with visi.ble dram tiles,
or of exterior drain tiles draining to an above-grade
discharge (along with the apparent or reported completene~s of the drain tile loop). The presence of these
features will determine whether sump/DTD or DTD/
remote discharge are options.

• Factors which would influence the number and
, positioning of SSD suction pipes. Such factors include:

-

Nature of the foundation wall (poured concrete vs.
hollow-block vs. fieldstone; if block, are top voids
open, and is the wall otherwise very leaky?). This
information would help determine whether a BWD
component might be needed as a supplement to a SSD
or DID system, or (along with other information)
whether BWD might be considered as a stand-alone
technique.

- Aggregate observed beneath the slab through slab openings (e.g., at the bottom of sump pits, registers for
sub-slab forced-airsupply ducts, utility openings under
bathtubs, etc.); or, aggregate reported to be present by
homeowner, from observations of house during construction; or,' aggregate believed to be present based
upon code requirements or common construction practice in the area. Good aggregate would, of course,
suggest the need for only one or two SSD pipes.

- Presence of a perimeter channel drain. If the
baseboard-duct configuration of BWD is going to be
considered, houses having perimeter channel drains
would be the best candidates for this approach (especially when the basement is not fmished.).

-

• Factors suggesting house is not amenable to ASD,
or is amenable to' alternative' approaches. These

- House floor plan, degree of floor/wall/ceiling finish,
and living patterns. Suction pipes will preferentially be
installed in unfinished areas (such as unfinished portions of basements, or utility rooms) or in concealed
~eas (such as closets). In urnmished areas, pipes would
be placed out of the normal traffic patterns.

factors include:
-

-

Known poor sub-slab communication (from observable or homeowner-reported lack of aggregate, and
from experience in other houses in the area); complex
substructure (e.g., multiple wings); high degree ofbasement finish; and/or fieldstone foundation walls. These
factors, especially in combination, could seriously complicate application of SSD, BWD, or SSD in combination with BWD or SMD.

- Homeowner pl~s and preferences. The owners' plans
to finish a currently unfmished area, or personal preferences for aesthetic or other reasons, would influence
pipe location.
- Observed or reported sub~slab utilities (such as sewer
lines and forced-air ducting) and in-slab utilities (such
as heating coils built into the slab), which could limit
locations where pipe penetrations can be made.

A crawl space which is inaccessible or Imusually cluttered, preventing application of SMD.

- A basement which is relatively tight (no forced-air
ducts, stairwell between basement and upstairs has
door which can be closed, no other major openings
between the basement and upstairs such as laundry
chute), which would suggest the possible applicability
of basement pressurization,
-

Slab size. Especially where sub-slab communication is
suspected to be poor or uneven, a larger slab may
suggest the need for additional suction pipes.

- Exterior driveways, patios, walkways, etc., which would
affect where below-grade penetrations might be made
from outdoors.
-

Homeowners amenable to the lifestyle required for
basement pressurization to be successful (e.g., willing
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Apparent entry routes through the slab. Such entry
routes might suggest that suction pipe placement might
be biased toward those entry routes in order to help
ensure effective treatment. (Where the slab openings

• Factors which would influence the routing oj the
exhaust piping. These factors include:

are significant, location of a suction pipe too near such
entry routes without at least partial sealing of the
openings could result in significant air short-circuiting
into the system.) Entry routes of concern might include: a region toward the interior of the slab where
there is extensive cracking; a block structure toward
the interior of the slab, which penetrates the slab and
rests on footings underneath; and a perimeter block
foundation wall that extends the deepest below grade in
a wa}k-<>ut basement.
-

-

- The availability of a convenient route for an interior
stack up through the house, through either: closets or
other concealed areas on any floors above the slab or
crawl space; or utility chases. The location of such a
convenient exhaust route could also influence SSD
pipe location.
- Convenient access to an adjoining slab-on-grade garage, so that the exhaust stack can be routed up through
the adjoining garage instead of through the house.

Observed or reported sub-slab obstructions which divide slab into segments, such as interior footings and
forced-air supply or return ducts. While it will not
always be necessary to ensure that a SSD suction pipe
is placed in each segment of the slab if there is good
aggreg<''l.te, it may sometimes be necessary, and the
mitigator should be aware that this problem might
arise.

- Locations where the exhaust piping can reasonably
penetrate through the basement band joist, and where
an exterior stack/exhaust can be installed.
The presence and accessibility of an attic where the fan
for an interior stack can be mounted, if an interior stack
is planned.

Evidence of water entry into a basement through slab
or wall cracks, suggesting that drainage is poor in that
part of the basement and that suction pipes at that
location may become blocked by water during wet
weather.

- The nature and degree of f'misb in the areas through
which the exhaust piping may have to pass. If an
exhaust piping route cannot be identified which largely
avoids finished areas, this could increase installation
costs and have an aesthetic impact. The nature of the
basement ceiling is one particularly important element
of the fmish; an unfmished or a suspended ceiling will
greatly simplify horizontal piping runs, relative to a
sheetrock ceiling.

• Factors wltich would influence the design of a
crawl-space SMD system. These factors would include:
-

-

-

-

nle size of the crawl space. Larger crawl spaces will
incre.1Se membrane materials and installation cost, and
would increase the likelihood that sub-membrane perforated piping or multiple suction pipes would be needed
to adequately distribute suction beneath the membrane.

-

The nature of the crawl-space floor. Gravel on the floor
would facilitate suction field extension under the membenne. Irregular floors, e.g., with protruding rocks,
could require heavier membranes, and more effort in
membrane installation.

Any obstructions (such as ducts and utility pipes) which
may complicate routing, e.g., by requiring that a horizontal piping run make a vertical bend which could
hinder maintaining proper pipe slope for condensate .
drainage purposes.

- Any exterior fmish which would influence the ability
to penetrate the house shell near grade and extend a
stack up the outside of the house, where an exterior
stack is planned. Such finish could include, e.g., exterior brick or stone cladding at the point where the
exhaust piping would penetrate the shell, or the nature
of the exterior siding and roof overhang; if it is aesthetically important to box in or otherwise finish the
exterior fan and stack.

nle accessibility of the crawl space, including headroom IDld major obstructions such as forced-air heating/cooling systems. Poor access to some portions of
the crawl space could increase installation costs and
perhaps require design modifications which include
leaving portions of the floor uncovered. (poor access to
the entire crawl space could require the use of a mitigation approach other than SMD.)

• Factors affecting the degree oj sealing required.
Significant slab or wall openings that could require some
fonn ofclosure during installation should be noted. Openings of particular importance include:

Expected traffic patterns in the crawl space. If particularly heavy traffic is anticipated over some significant
portion of the crawl-space floor (e.g., due to the location of appliances in the crawl space), it may be necessary to place heavier membrane-in extreme cases, 45or 6O-mil sheets of EPDMI'M (a rubber-like roofing
membrane), or some other appropriate material-on
top of (or in place of) the polyethylene membrane in
tIle heavy-traffic areas to protect the membrane from
being punctured.

- Wide gaps at the perimeter Wall/floor joint (including,
in the extreme case, a perimeter channel drain). The
accessibility of this joint should also be noted, since
that will significantly influence the practicality of (or
the installation effort required for) closure of this gap.
-
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Other major slab openings, such as sump holes, untrapped floor drains, cold joints, and utility penetrations.

-

bypasses are extensive, the mitigator may want to be
somewhat more conservative in system design.

Major wall openings (in particular, open top voids in
hollow.,.block foundation walls)~ This is of particular
importance when a BWD component to the ASD system is anticipated.

In the conduct of a visual survey, the tools most likely to be
required are a flashlight, a screwdriver, and a stiff brush. The
• Driving forces for radon entry which could influ- screwdriver might be used, e.g., to pry grilles off of a floor
ence ASD design. The house design and opelating drain in order to see if it is trapped; the brush might be used to
features which influence radon entry driving forces will scrape away dirt and concrete wash at !he wall/floor joint in
not often be that important to mitigator when there is order to better see the nature of the Clack there. Some mitigagood sub-slab communication. Under those conditions, tors also utilize heatless chemical smoke devices, to enable
the sub-sIal? is likely to be depressurized sufficiently to visualization of air flows. Chemical smoke could indicate
withstand the depressurizations created by appliances; . whether air flow is into the house at various openings, sugand the flows induced by thermal bypasses. However, gesting the possible importance of those openings; it could
where communication is marginal, general knowledge of also be used around flues of combustion appliances, to assess
the challenges that the system might be facing could aid whether the appliances are drafting properly or whether the
in Judging how conservatively the system should be house is near back-drafting conditions prior. to mitigation.
designed. Features that can be noted include:
One output from the visual survey will be a recommendation
- Appliances that can contribute to depressurization of regarding any further diagnostic testing that is needed before
the lower level of the house. These appliances include the mitigation system can be designed. If no further diagnoscombustion appliances (furnaces and boilers, rrreplaces, tics are found to be necessary, the final output of the visual
wood stoves, and water and space heaters), if these survey will be the design of the system, as suggested by the
appliances burn fuel (i.e., are not electric), and if they last page of Figure 8 (the sketch of the mitigation system).
are operated with any frequency. Depressurizing appli- The level of written detail desirable for the design depends on
ances also include exhaust fans (clothes driers, room whether the person(s) who conducts the visual survey and the
exhaust fans, whole-house exhaust fans, and exhaust design will be on-site at the house during the actual installation, with less detail being needed if the designer is going to
fans on kitchen ranges).
be present to give directions to the workmen. A floor plan of
Where cold-air return ducting is located inside the the lowest level of the house roughly to scale, showing, for
livable space, as is commonly the case, central forced-air example., the pipe penetrations and routing for the envisioned
furnace fans can often serve essentially as exhaust fans system, the fan location, and key house features influencing
for that portion of the house in which the return ducting. design, will generally be advisable, to help the mitigator
is present. This situation will exist if there are not visualize the system and determine materials requirements,
sufficient supply registers in that portion of the house and to aid in communication with the workmen and the
to compensate for the air withdrawn by return registers homeowner.
and by the leaky, low-pressure return ducting. Or, if the
forced-air supply ducting is located outside the livable 3.3
Procedures for Sub-Slab
space (such as in the attic or garage), a similar situation
Suction Field Extension
could occur.

a:

Measurements

If, in aggregate, the appliances present appear as though
they might be sufficient to create significant depressurization when operating, the ASD system may warrnnt
additional suction pipes or other measures in an effort
to increase the sub-slab or sub-membrane depressurizations created by the system.

The presence of combustion appliances, especially in
basements, would also alert the mitigator to check for
back-drafting if the ASD system has unusually high
exhaust flows. This can be a particular problem if a
BWD system is being considered.
.,.

Thermal bypasses, which could increase the flow of
soil gas into the house through entry rollltes if the entry
routes are not adequately depressurized by the ASD
system. Major thermal bypasses include., e.g., unclosed
stairwells between house stories, laundry chutes, utility
chases, chases around flues, openings associated with
forced-air ducts, etc. Thermal bypasses will often not
be a significant concern in ASD design in most cases,
but if communication is marginal and if the thermal

If there is not evidence of a reasonably consistent aggregate
layer beneath the slab, from either the mitigator's observation
or from the homeowner's experience and if the mitigator's
prior experience in the area does not suggest whether the
house is likely to have aggregate, then sub-slab suction field
extension measurements may be advisable.

Suction field extension measurements involve generation of a
suction field under the slab prior to installation of the mitigation system, and then measuring the suction field induced
under the slab at test holes remote from the suction point.
Commonly, this pre-mitigation suction field is generated using an industrial vacuum cleaner. Another option that has
been suggested but does not appear to have been used to date
is to utilize an ASD fan, mounted on a 4-in. pipe in a portable
test stand, to generate the suction. Use of a fan and pipe
similar to that which is to be used in the ultimate system
would provide more meaningful and easy-to-interpret suction
field and flow data than would a vacuum cleaner, since the
vacuum cleaner motor has a much different performance
curve than do ASD fans.
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Rather than using a portable ASD fan test stand, some mitigators use the mitigation system itself to generate the suction
field, installing the first suction pipe, mounting the fan, and
turning the system on. If the results show inadequate extension of the suction field, additional suction pipes are installed
where needed. This approach might be viewed as
during-mitigation, rather than pre-mitigation, diagnostics.
In the discussion here, it will generally be assumed that a
vacuum cleaner is being used, because vacuum cleaners are
commonly employed, and because more care is usually needed
in the conduct of the test and the intexpretation of the results
when a vacuum cleaner is used. Where necessary, it will be
indicated how the procedure would differ if an ASD fan rather
than a vacuum cleaner were being used to generate the suction.
Suction field extension measurements can be conducted with
two different approaches.
The first, qualitative approach is simply to determine whether
sub-slab communication is relatively good or poor. This approach involves fewer test holes (e.g., one in each comer of
the basement), and indicates whether suction is generally
extending well in various directions. (It can also indicate
whether system flows will be relatively low or high.) This is
the approach to start with any time that communication is
unknown and might be good. If this test shows that communication is good (by virtue of good sub-slab depressurizations
induced by the vacuum cleaner in the slab comers), then no
further diagnostics may be needed. But if the results indicate
th.'\t suction field extension is marginal, poor, or uneven, more
sub-slab data may be desirable to design the system. In that
case, the testing can be extended to provide more quantitative
results, per the second approach below, by drilling more test
holes and more carefully controlling the speed of the vacuum
cleaner.
The second, more quantitative approach can be useful when
sub-slab communication is marginal or poor. By adjusting the
vacuum to better reproduce SSD flows, and by measuring
vncuum-induced sub-slab depressurizations through more test
holes, a more defmitive estimate can be developed regarding
how far the suction field from a SSD suction pipe might
extend, and thus how many SSD pipes might be needed (and
where they might best be located). As discussed later, these
more extensive tests with a vacuum cleaner may not predict
exactly how far the suction field from a 4-in. SSD pipe will
extend. Most often, the vacuum cleaner diagnostics tend to
over-predict the number ofSSD pipes required. Any diagnostic testing conducted using a SSD fan test stand or using the
initL:1l SSD system to generate the suction field will almost
automatically reproduce SSD flows and thus almost automatically be quantitative, if a sub-slab suction pit is excavated and
if the suction losses in the system piping are simulated.
The experimental setup for quantitative suction field extension testing using a vacuum cleaner is illustrated in Figure 9.
The details of this configuration will be discussed later, in
Section 3.3.2. This figure will also be helpful in understanding
the qualitative testing approach, as well as some of the key
concepts regarding suction field extension testing.

In conducting sub-slab diagnostics using a vacuum cleaner, a
mitigator must be aware that the suction-vs.-flow performance curve of the vacuum cleaner will be very different from·
that of the ASD fan that will ultimately be installed. Thus.
care must be taken in cases (such as with the quantitative
approach) where it is desired to attempt to reproduce actual
SSD flows and suctions using the vacuum. The approach for
simulating the SSD system is to adjust the vacuum cleaner
speed so that the sub-slab depressurization measured at a
baseline test hole 8 to 12 inches· away from the vacuum
nozzle-Le., at a point that would be in the sub-slab suction
pit under a SSD pipe, were the SSD pipe to be insciuled where
the vacuum nozzle is-is about equal to that which the SSD
pipe is expected to produce in the sub-slab pit. See Figure 9.
Simple theory regarding sub-slab flow dynamics predicts that
if the these sub-slab depressurizations are equal, then the
flows in the vacuum cleaner should nominally be the same as
the flows in the SSD system, despite their very different
performance curves. And under these conditions, the sub-slab
depressurizations generated by the vacuum at more remote
test holes will nominally be the same as those generated by a
SSD system. If the sub-slab depressurization with the vacuum
at this baseline test hole is not set equal to that expected with
the SSD pipe, then the flows and depressurizations generated
by the vacuum will have no quantitative relationship to those
that will be generated by the SSD system.
In slabs having good aggregate, flows may be sufficiently
high such that the relatively low-flow vacuum cleaner will be
unable to achieve the desired suction at the baseline test hole
as specified above. In these cases, the vacuum will be unable
to simulate a SSD system. But in cases where aggregate is
good and flows high, quantitative suction field diagnostics
will be unnecessary anyway.
From a practical standpoint, some mitigators might fmd it
more cost-effective to perform the sub-slab diagnostics during the installation, as mentioned earlier, when sub-slab communication is uncertain. In this case, additional suction pipes
would be added as necessary if the initial pipe(s) proved
unable to extend a sufficient suction field. An added advantage of proceeding in this manner is that, since the suction
field is being created by the system fan, there is no concern
about whether a diagnostic vacuum cleaner is properly representing the system fan. A disadvantage of this approach is that
the mitigator will notknow what complications may be present
until installation is well underway.
If a mitigator decides to skip the pre-mitigation sub-slab
diagnostics, and if the initial hole(s) drilled through the slab to
install suction pipes show no aggregate or other evidence of
likely poor communication, then it is advisable to proceed
with during-mitigation (or post-mitigation) suction field testing, as discussed above. The cost of conducting these diagnostics while the installation crew is on site is estimated to be
roughly $45 (with a standard deviation of $47) in unfmished
basements (He91b, He91c). By comparison, if the crew leaves
the site and depends upon a post-mitigation radon measurement to alert them that the system is not functioning as
desired, this cost may increase by roughly $150, due to the
time required for the crew to return to the site. Or, as another
option, the mitigator might elect to simply install a second
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Pitot tube or other device to measure the flow
of sub-slab gas into the vacuum cleaner;
needed if it is desired to measure sub-slab
flow characteristics to aid in selecting the SSD
fan having the optimum performance CUrvl~. - - -....

Magnehelic® gauge or micromanometer, capable
of measuring sub-slab depressurizations in the
range that will be developed by the SSD suction
pipe (commonly 0,5-1.5 in, WG, sometimes higher),
Room air bleed into the vacuum cleaner intake
(or vacuum motor speed) must be adjusted until
this gauge shows that the vacuum cleaner is
maintaining the sub-slab depressurization that
the SSD fan is expected to produce at this
location (i.e, in the suction pit),

PVC ball valve, to allow room air to bleed
into vacuum cleaner intake as necessary tel
achieve the desired sub-slab depressurization
at the baseline test hole, (This is an alternative
to the use ota speed controller on the vacuum
cleaner motor as a method for adjusting the
induced sub-slab depressurization at the
'baseline hole,)

Micromanometer, to measure the sub-slab
depressurization at remote test holes, If the
vacuum cleaner can be adjusted so that the
sub-slab depressurization at the baseline test
hole with the vacuum is identical to that which
the SSD fan will produce at that location (i,e, in
the pit beneath the SSD suction pipe), then the'
measured sub-slab depressurizations at remote
test holes with the vacuum should be identical
. to that which the SSD fan will produce at the
remote holes,

1.25" PVC pipe: rigid pipe facilities mounting
in slab and enables measurement of flow into
vacuum, if desired, - - - - - - - - - - - ,
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Figure 9.

Experimental configuration for quantitative pre-mitigation sub-slab suction field extension and flow diagnostics using a vacuum
cleaner.

suction pipe at a convenient location without spending the
estimated $45 to do the diagnostics. Installation of a second
pipe adds roughly $135 (standard deviation $44) to $225
(standard deviation $90) to the cost, depending upon degree of
fmish. It is a jQdgement call regarding whether it is a reasonable gamble to spend $135-$225 to install a suction pipe
without first spending roughly $45 for diagnostics to see if the
pipe is necessary and where it should optimally be located.
The following discussion describes the equipm~mt and materials needed, the test procedure, and the means for interpreting!

,y

utilizing the test results, for each of the two measurement
avproaches.

3.3. 1 Qualitative Assessment of Suction
Field Extension
This suction field extension measurement approach provides
a qualitative indication of whether communication is relatively good or poor, and of how uneven it may be.
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• Equipment and materials required
-

-

the open test hole may be sufficient to neutralize the
sub-slab depressurization at that location (Gad92).

Industrial vacuum cleaner (assuming, as discussed
above, that a vacuum cleaner is being used rather than
an ASD fan). While units having various performance
characteristics are available, typical vacuum cleaners
used in diagnostics can develop suctions up to 80 in.
WG at zero flow, and flows ofperhaps 100 cfm at zero
static pressure. (If an ASD fan were used instead of a
vacuum, so that flows during the diagnostics approximated ASD system flows, this test could almost automatically become quantitative, as mentioned previously.)

Thermally generated smoke (from a punk stick or
cigarette) should never be used for this purpose.
The natural thermally-induced rise of this smoke
could mask or prevent any flow down into the hole
in response to sub-slab depressurization. Also, there
is a fire hazard.

Sufficient vacuum cleaner hose to permit the vacuum
to be located outdoors during the tests, or, if the vacuum
were indoors, to permit the vacuum exhaust to be
routed outdoors. Directing the exhaust outdoors will
avoid the discharge into the house of high-radon soil
gas and of dust that is not captured by the vacuum. If
the vacuum itself were outdoors, fugitive soil gas and
dust escaping from the vacuum would be prevented
from entering the house. The vacuum is depicted indoors in Figure 9 for convenience.

-

A suitable masonry drill for drilling holes through the
concrete slab. An electric rotary hammer drill is commonly used for this purpose.

-

Drill bits for the masonry drill, including: one bit
slightly larger than the nozzle of the vacuum cleaner
(typically about 1.25 in. diameter), to drill the hole
through which the vacuum nozzle will penetrate the
slab; and one bit for the test holes (1/4- to l/2-in.
diameter).

-

Pressure sensing device, for determining sub-slab depressurizations at the remote test holes. This device can
be one of the following:
Preferably, a digital micromanometer as shown in
Figure 9, capable of detecting pressures as low as
0.001 in. WG. This device provides a quantitative
measurement. Flexible tubing of a diameter similar
to that of the test hole is required to connect the
micromanometer to the sub-slab through the test
hole.

-

Rope caulk or putty, to provide an air-tight seal where
the vacuum cleaner nozzle and the micromanometer
tubing penetrate through the slab. In addition, the rope
caulk can be used to temporarily close individual test
holes while measurements are being made at another
hole, to prevent the measurements from being influenced by air leakage through the other holes.

-

Hydraulic cement or other non-shrinking cement, to
permanently close all of the holes following testing.

-

(Optional) A pitot tube (or some other suitable device,
such as an anemometer or a calibrated orifice) to determine.flows in the vacuum cleaner nozzle, as shown in
Figure 9. Relatively high flows in the nozzle would
confirm observed good communication, and would
suggest that a relatively high-flow fan is needed on the
ASD system. (It could also be suggesting air leakage
into the sub-slab near the vacuum cleaner, possibly
explaining poor communication). Relatively low flows
would tend to confirm poor communication, and possibly suggest the need for a low-flow, high-suction ASD
fan. For this qualitative testing, some investigators
suggest dispensing with the pitot tube, and simply
judging whether the vacuum flow is high or low from
the sound of the vacuum motor (Br91b).

-

Note that the Magnehelic® gauge shown in Figure 9,
mounted in a baseline test hole near the vacuum nozzle,
in not included on this list for the qualitative test. The
additional effort involved in installing this gauge in a
baseline hole, and in adjusting the vacuum to achieve
the desired depressurization at that hole, is a key factor
distinguishing between the qualitative and quantitative
procedures.

• Test procedure
-

A heatless chemical smoke device. Chemical smoke
may sometimes be more sensitive than the micromanometer in detecting depressurizations, since
smoke might be drawn down into the test hole at
suctions below 0.001 in. WG. For qualitative assessments of suction field extension, the qualitative
indication of depressurization provided by smoke
sticks may sometimes be sufficient. However, the
quantitative result from a micromanometer is extremely useful in telling the mitigator whether the
suction field extension is marginal or strong. Another concern about the use of smoke is that the test
hole will not be sealed by tubing, as with a micromanometer; when the sub-slab suction is marginal,

From the house floor plan, select the location for the
1.25-in. vacuum cleaner suction hole through the slab.
If a SSD system is being considered, the suction
hole ideally shoul9 be located at a site where a SSD
suction pipe will potentially be installed. This selection not only reduces the number of places where
the slab is penetrated, but also reduces the potential
for differences between the diagnostic results and
the actual system performance, in the event that
communication varies at different locations around
the slab. (Note that if an ASD fan on a 4-in. pipe is
being used to generate the suction field rather than a
vacuum cleaner, the 4-in. hole through the slab
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holes would be drilled only if the pressure measurements at the first hole(s) indicate that communication is not good. The holes should not be immediately beside major openings, such as perimeter channel drains, since, even with good communication,
sub-slab depressurizations will have declined towards zero near such major air leakage points.

would almost certainly be drilled at the site of a
pennanent suction pipe.)
The goal of locating the vacuum cleaner hole at a
potential SSD pipe site means that the vacuum hole
may be near the slab perimeter, especially if poor
communication is suspected. Most radon entry will
often be through the perimeter wall/floor joint and
block foundation walls, so that it is most important
to detennine that the suction field is extending
effectively at the perimeter. The suction hole should
be at least 6 to 12 in. from the wall, to avoid the
footing (EPA88b, Gad89, Br92). The vacuum hole
must not be near any major slab opening. If there is
. a large wall/floor joint-in particular, if there is a
perimeter channel drain-substantial air leakage
through the perimeter joint can overwhelm the
vacuum cleaner, which cannot move a lot of air
(perhaps 100 cfm). In such cases, the vacuum hole
should be toward the center of the slab, even if the
ultimate installation may involve closure of the
perimeter gap and location of SSD pipes near the
perimeter.

As with other slab holes, the test hole locations
should be selected to be inconspicuous, and to
avoid utility lines.
-

If initial testing is being conducted on only one or
two test holes, because good communication is
suspected, drill these frrst.

the hole is .being drilled through
asbestos-containing floor tile over the slab, some
mitigators place a wet sponge (or some other material, such as shaving cream) on top of the tile at the
drilling site, to prevent asbestos fibers from becoming airborne during drilling.

If

In cases where SSD pipes should not be placed near
the perimeter walls, such as in slab-on-grade houses
in Florida, it has been suggested that the vacuum
hole be located between 6 and 15 ft from exterior
walls (F090).

Make sure the drill bit penetrates through the slab
and any vapor barrier, into the sub-slab fill.
Try to assess the nature of the sub-slab fill. One
approach for doing this (Bro92) is to stop the drill
just after it penetrates the slab. Then, push the drill
down into the sub-slab material to detennine how
compact it is. Turn the drill back on for a second,
thenpull it out and inspect the bit. If it is clean, this
suggests that aggregate may be present, or that the
soil under the slab may have subsided. If there is
dirt on the bit, that will indicate that aggregate is not
present, and will suggest the type and wetness of the
soil immediately under the slab.

Consistent with the selection of sites for SSD pipes,
the vacuum cleaner suction hole should be in an
unfmished area (such as an unfinished basement or
a utility room) or in an inconspicuous area (such as
a closet), acceptable to the homeowner.

As with SSD pipe site selection, the vacuum suction
hole site should be selected in an effort to avoid
sub-siab or in-slab utilities.
If there is a sump with a drain tile loop, and sump/
DTD is the intended mitigation technique, the
vacuum cleaner can draw suction at the sump, avoiding the need to drill a 1.25-in. hole through the slab.

-

Drill 1/4- to lI2-in. suction test holes.

This infonnation will aid in the interpretation of the
suction field extension test results. If aggregate.is
present at all of the initial test holes, a decision may
be made not to continue with the suction field
extension test (depending upon prior experience
with the evenness of aggregate layers in that area),
avoiding the need to drill the remaining test holes or
the vacuum cleaner suction hole.

Select the location for the suction measurement test
holes.
For this qualitative measurement, one test hole in
each quadrant of the slab, generally toward the
comers, would be appropriate. Because of the importance of suction field extension around the perimeter, location of the test holes near the walls is
generally preferred, but not so close to a wide wall/
floor crack that the suction field will have dropped
near zero. Some investigators suggest locating the
slab test holes at about the middle of each wall,
about 6 in. out from the wall (EPA88b). If it is
suspected that communication is good, some mitigators may wish to start with only one or two test
holes, at locations the most remote from the suction
hole (Gad89); by this approach, additional suction

Vacuum up the dust created by drilling, to avoid
plugging of the micromanometer sampling tube
(and of the grab sampler ftlter, if grab sampling is
perfonned), and to pennit effective sealing of the
gap between the sample tube and the slab. If a
sub-slab grab sample is to be drawn for a radon
measurement, the vacuum .should be operated as
briefly as possible (for only a few seconds), to
minimize any artificial reduction in the sub-slab
radon level.
Temporarily close test holes with rope caulk.
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(Optional) If a grab sample is to be taken to determine sub-slab radon concentrations at the test holes,
that sample would be taken at this time. Following
the vacuuming step above, the hole should remained
closed with the rope caulk for awhile before the
sample is taken, to let the sub-slab concentrations
re-equilibmte after possible dilution due to the drilling and vacuuming.

that this condition be with exhaust appliances operating, to simulate the most challenging conditions in that
particular house. If no sub-slab depressurizations are
measured under those conditions, the appliances might
be turned off (and perhaps windows opened), to see if
some sub-slab depressurization is being achieved under non-challenging conditions.
-

-

Drill 1.25-in. suction hole through slab for vacuum
cleaner nozzle, and insert nozzle.

See comments above for drilling test holes, for
cases where asbestos-containing floor tiles are covering the slab.
Make certain drill bit penetrates through the slab
and any vapor barrier, into the sub-slab fIll.
Inspect the nature of the material under the slab, as
discussed above for the test holes. Again, if aggregate appears to exist everywhere, continuation of
the suction field extension diagnostics is probably
unnecessary.

Remove temporary rope caulk seal over each hole;
replace after measurement is completed.
Insert sample tube from micromanometer, to a depth
about half the thickness of the slab. Press a rope
caulk seal around the tubing circumference, at joint
between tubing and top of slab. Failure to effectively seal this gap will result in serious measurementerror.

Vacuum up the dust created by the drilling, to
permit effective sealing of the gap between the
nozzle and the slab. Minimize operation of vacuum
if it is planned to draw sub-slab grab samples for
radon measurements.

Observe reading on micromanometer. Reading will
likely fluctuate somewhat, as a result of minor
pressure changes inside the house due to winds, etc.
Record the observed range, and/or the average.

(Optional) Any grab sample for radon measurements would be taken at this time, if planned. See
comments above in connection with the test holes.
Insert the nozzle into the hole, to a depth about one
half the thickness of the slab. Insertion of the nozzle
all the way to the underside of the slab might result
in partial blockage of the nozzle by the sub-slab fill.
Tightly press rope caulk or putty around the circumference of the nozzle, at the joint between the side
of the nozzle and the top of the slab. Failure to seal
this gap will result in significant air leakage down
through the gap, reducing suction field extension.

Check the zero on the micromanometer often, preferably before each reading in cases where the measured pressures are very low.
If the mitigator has only a chemical smoke device,

and not a micromanometer, a quantitative measure
of existing pressures would not be possible, and this
baseline measurement would thus be of less value.
However, when the smoke testing is done during
operation of the vacuum (see below), it would still
be worthwhile to turn the vacuum off during the
testing at each test hole, to see if these is a distinct
difference in smoke flow with and without the
vacuum operating.

The vacuum cleaner hose attached to this nozzle
should be long enough to extend to the vacuum
cleaner located outdoors. Alternatively, if the
vacuum is in the house near the suction point, the
hose on the vacuum cleaner exhaust should exhaust
outdoors.

-

If the vacuum is to draw suction on an existing
sump, rather than through a hole drilled in the slab,
seal a sheet of plastic over the sump, and seal the
vacuum nozzle through the plastic. Alternatively,
seal the vacuum nozzle into an exposed drain tile
where it enters the sump, and temporarily seal the
ends of any other drain tiles entering the sump.
-

With the vacuum cleaner off, measure the sub-slab
pressurization (or depressurization) at each test hole
with the micromanometer. This will indicate the "baseline" pressure difference across the slab under the
weather and appliance operation conditions existing
during the tests. As discussed in Section 3.5.4, this
measurement will indicate how the existing conditions
compare against the expected maximum slab pressure
differential (Le., the expected maximum driving forces),
and may thus aid in interpreting the results with the
vacuum operating.

Measure the depressurization created beneath the slab
at each test hole when the vacuum cleaner is operating.
On vacuum cleaners having speed controllers, operate
the vacuum at full power for this relatively qualitative
test.
With tape covering other test holes, insert sample
tube from micro-manometer into each test hole in
turn. Seal gap between the tubing and the top of the
slab with rope caulk or putty.

Place the house in the condition that will be used
throughout this testing. In general, it is recommended
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haust appliances opemting), one can be more confi- '
, dent in this result

Where communication is marginal to poor, it may
take a minute, or perhaps several minutes, for the
suction from the vacuum to become established,
especially at remote test holes.

As an option, a mitigator might qualitatively compare the baseline (vacuum oft) pressure differentials measured during the testing with the
roughly-projected worst-case maximums for cold
climates (about 0.025 to 0.035 in. WG). As a qualitative approximation, was the vacuum developing
sub-slab depressurizations of the right order to potentially compensate for worst-case conditions? (See
Note below.)

Observe the reading on the micromanometer at
each hole. Record the range and/or the average of
the readings. Compare these values with the values
measured before the vacuum cleaner was turned on.
Check the zero on the micromanometer often, prefembly before each reading in cases where the measured depressurizations are very low.

Relatively high flows in the vacuum cleaner would
generally tend to support these suction field observations.

Be careful if any test holes are near the suction
point The high suctions that can sometimes exist
near the vacuum cleaner when flows are low (tens
of inches of water) can be high enough to damage
some micromanometers.

The confidence that communication is good is in. creased if aggregate was observed through the test
holes.

If a chemical smoke device is used, release only a
small quantity of smoke very near to the test hole.
The smoke patterns can sometimes be obscured by
air currents in the room when the pressure difference across the slab is quite small. Back-lighting
the smoke with a flashlight can be helpful in seeing
the smoke patterns (EPA88b).

If sub-slab depressurizations are marginal but flows
are high, this could be indicating that communication is good but that the relatively low-flow vacuum
cleaner is being overwhelmed by the available flow.
In such cases, the ASD system (with perhaps double
or treble the flow capacity of the vacuum) might
perform well. (Marginal depressurizations and high
flow could also be suggesting a leak through the
slab near the vacuum.)

If the vacuum cleaner nozzle is not fitted with a
pitot tube (or other device for measuring flow), a
qualitative assessment of whether the flows seem to
be high or low ,should be noted from either the
sound of the vacuum motor (Br91b, Br092) of from
the apparent velocity of the vacuum eXhaust (Br092).
The sound of the motor (or the feel of the exhaust
jet) at high and low flows can be determined by
operating the vacuum, first with the nozzle in free
air (high flow), then with the nozzle blocked (low
flow).

Note: It is re-emphasized that, in this qualitative
testing, no effort has been made to try to make the
vacuum cleaner simulate an actual ASD fan. Thus,
the actual sub-slab depressurizations measured with
the vacuum cleaner will be different from those that
will be established by the ASD system. Thus, any
use of the actual sub-slab depressurizations measured with the vacuum---e.g., to assess whether
they might be sufficient to compensate for worst-case
house depressurization, as suggested above-can
be done in only a qualitative manner.

(Optional) If the vacuum cleaner nozzle is fitted
with a flow measurement device, the flows in the
nozzie should be recorded.
-

-

When communication thus appears to be reasonably
good and uniform, only one or two SSD pipes will
likely be sufficient, and there will be flexibility in
selecting where the pipes are to be located. (Or, if a
sump/DTD system is being considered, confidence is
increased that the system will perform well, even if the
drain tile loop is not complete.)
,

-

The stronger the measured depressurizations, the
more confident one can be in this result

If the results are inconclusive, with distinct depressurizations in some test holes, but with no (or marginal)
depressurization in other holes, this may be suggesting
that communication is not uniform or that the suction
field is having difficulty extending to the more remote
portion of the slab. In this case, the logical next step is
determined based upon the mitigator's experience with
other houses in the area.

Also, if the house was probably near the maximum
driving force during the testing (cold weather, ex-

-- 'The mitigator might elect to proceed with the installation of a one- to two-pipe SSD system, if one or

All holes that have been drilled through the slab must
be permanently cemented closed after testing js complete.

• Interpretation ofresults
-

Communication is probably reasonably good and reasonably uniform if induced sub-slab depressurizations
could be distinctly measured with the micro-manometer
at each test hole (or the smoke flow was distinctly
down ~nto each test hole) with the vacuum cleaner
opemting.
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more of the following conditions exist a) flows in
the vacuum were high, and there are no nearby slab
openings through which air could have been
short-circuiting into the vacuum, suggesting that
the vacuum cleaner was simply being overwhelmed
by high flows from a sub-slab region having good
communication; b) aggregate appeared to be present;
c) the poor depressurizations were observed only at
a few of the most remote test holes; d) the house
was tested under challenging conditions (cold
weather and exhaust appliances operating), so that
the risk is reduced that the observed marginal depressurizations might be overwhelmed by more challenging conditions later; and e) local experience
suggests that houses such as the one tested can be
adequately treated by one or two pipes.
Post-mitigation sub-slab suction field measurements
should be performed to confirm that, in fact, the
slab is being adequately treated.
If conditions a) through e) above are not present, the
mitigator might elect to proceed with the installation, installing a conservatively-designed system
(with additional suction points). Again,
post-mitigation suction field measurements should
be performed.

The mitigator might elect to proceed with the installation, conducting suction field measurements during installation. The frrst one or. two suction pipes
would be installed, the system fan turned on; and
those results used to determine where any additional suction pipes should be located.
The mitigator might elect to conduct more quantitativecommunieation diagnostic testing (Section 3.3.2)
in order to better quantify SSD pipe requirements.
-

If the results suggest poor suction field extension, with
no (or only marginal) depressurizations observed in
most or all of the test holes, then poor communication
should be assumed. Under these conditions, the mitigator would be well advised either to conduct more
quantitative suction field extension diagnostics (Section 3.3.2) prior to installation, or to proceed with the
installation doing the diagnostics during installation.
-- Relatively low vacuum nozzle flows would be expected in these cases.
.

an ASD fan to draw the suction through a4-in. pipe, including
a suction pit under the pipe and simulating the expected
suction losses in the ASD system piping. Another feature of
quantitative testing is that, in general, more test holes are
drilled at different distances from the suction pipe (rather than
two to four holes at the comers of the slab).
The baseline test hole is located at a distance from the vacuum
nozzle such that if it were a SSD suction pipe rather than a
vacuum nozzle at that location, the baseline hole would be in
the sub-slab suction pit under the pipe. If the sub-slab depressurization at the· baseline test hole during vacuum cleaner
operation is adjusted to equal that expected in the SSD suction
pit, then, by simple fluid dynamic theory, the flow in the
vacuum will nominally be the same all that in the SSD pipe,
despite the fact that the vacuum motor has a very different
performance curve from that of the ASD fan. And because the
flows are the same, the sub-slab depressurizations at remote
test holes should nominally be the same. .
In many (but not all) cases where the more quantitative
suction field diagnostics have been conducted, it has been
found that the vacuum cleaner diagnostics over-predict the
number of SSD pipes that will be required to treat the house
(Ma89a, F090, Fi91, Si91, Sau92). A variety of possible
explanations have been offered for why this occurs, including:
a) failure of the diagnostician to allow enough time (sometimes several minutes or more in tight soils) for the
vacuum-induced suction field to become established under
the slab (Hi92); b) failure to properly adjust the vacuum
cleaner flows; c) inability of a measurement at the baseline
test hole to accurately reflect the suction that a SSD pipe
would produce in an open pit at that location (Hi92, Sau92);
d) small leaks around the sample tubing while micromanometer readings are being made at remote test holes, partially
neutralizing any sub-shib depressurization that the vacuum
may be producing (Hi92); and e) local inhomogeneities at the
point where the vacuum nozzle is inserted (Hi92). Despite this
frequent over-prediction, with proper interpretation, this diagnostic testing still can provide useful guidance regarding ASD
system design. Efforts are continuing to develop better guidance on how to interpret the results of this testing, to account
for its tendency to over-predict pipe requirements.

Again, the quantitative approach for suction field extension
measurements needs to be considered only in cases where
sub-slab communication is poor or uneven.
The basic setup for quantitative suction field extension testing
using a vacuum cleaner is illustratedin Figure 9.

3.3.2 Quantitative Assessment of
Suction Field Extension

• Equipment and materials required

As indicated above, one option when sub-slab communication
appears to be marginal or poor is to proceed with quantitative
suction field extension diagnostic testing. The primary distinction between quantitative and qualitative testing is that,
with quantitative testing, the flows in the diagnostic system
are adjusted to simulate the actual expected ASD flows. This
simulation can be achieved either by adjusting a vacuum
cleaner to achieve the proper depressurization at a baseline
test hole 8 to 12 in. away from the vacuum nozzle; or, by using

-
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The more quantitative suction field extension measurements require the same equipment and materials as
required for the qualitative testing (Section 3.3.1), except that the chemical smoke stick is no longer an
option for detennining sub-slab depressurizations. The
digital micromanometer, which permits quantitative
determina.tion of the suctions, is required.

-

-

A Magnehelic@gauge, with a scale extending above
1.5 in. WG, is now mandatory to monitor the sub-slab
depressurization at the baseline test hole, as illustrated
in Figure 9. (The suctions produced in the baseline test
hole when a 90-watt fan is being simulated-often 0.2
to 1.5 in. WG-are within the upper scale of some
micromanometers. However, there may sometimes be
excursions to much higher suctions (up to 80 in. WG),
and sometimes higher-suction fans will be simulated,
perhaps 25 in. WG or higher. These suctions would
damage many micromanometers, SO that the micromanometer is not recommended for use at this location.)

can be selected based upon experience regarding
how far away suction from the vacuum might be
expected to be detected. If the qualitative testing
(Section 3.3.1) was conducted initially in the house,
the test holes drilled for that testing can be utilized
in the quantitative testing, if convenient.
The actual locations where remote test holes can
practically be sited will be determined by the finish
on the slab, and the location of sub-slab utility lines
and other obstructions. Figure 10 illustrates a possible scenario for locating suction and test holes on
a fully fmished slab, by drilling the holes in the
corners of closets, under carpeting, and in available
unfmished areas.

In addition, the vacuum cleaner must be equipped with
a speed controller or other means of flow adjustment,
so that flows can be adjusted to achieve the desired
suction in the baseline test hole. In Figure 9, this flow
adjustment is illustrated as being achieved by a valve
allowing adjustment of the amount of ambient air
bleeding into the vacuum intake nozzle.

-

Drill the suction hole and the test holes, to the extent
that these holes were not already drilled during prior
qualitative suction field testing.
(Optional) If a grab sample is to be taken to determine sub-slab radon concentrations at the test holes,
that sample would be taken at this time, after a brief
vacuuming to remove dust. Preferably, the hole
should remain closed with rope caulk for awhile
before sampling to permit re-eqiIili.bration ofsub-slab

• Test procedure
Select the location for one or more 1.25-in. vacuum
cleaner suction holes.
I

The criteria for site selection are similar to those for
the more qualitative approach. If the qualitative
suction field testing (Section 3.3.1) was conducted
initially, the same suction hole can be used for this
testing..

Note: Test holes indicated
by small circles

Since the poor communication will likely prevent
the vacuum cleaner suction from extending to portions of the slab remote from the suction hole, it
may be desirable to have a second suction hole in a
section of the slab remote from the first one. Testing
at the second hole can serve to comrrm the measurements made at the first hole, or to suggest
whether communication varies in different parts of
the slab.
-
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Select the locations for the 1/4- to 1/2--in. suction test
holes.
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A baseline test hole must be drilled about 8 to 12 in.
away from each vacuum suction hole. The ability to
interpret the test results will depend upon the maintenance of the proper sub-slab depressurization at
this baseline test hole. The vacuum cleaner must be
operated with the depressurization at that hole being maintained at the level which a SSD fan would
be ~.ble to maintain in a sub-slab pit beneath a SSD
suction pipe.
Several remote test holes must be drilled. Ideally,
about three such test holes would be drilled-one
about 3 ft from the suction hole, another about 10 ft,
and a third as far from suction hole as possible-in
each of two or three directions away from the
suction hole. The distance of the most remote hole
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Figure 10. Example of siting vacuum cleaner suction hole and
sub-slab suction test holes for quantitative suction field
extension testing, when slab is fully finished.
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concentrations. See the related discussion in Section 3.3.1.

With the high-suction/low flow fans sometimes used
in very poor communication cases, this suction can
be several inches of water.

Vacuum the holes carefully to remove dust and
drilling debris that may block the holes.

If the vacuum is unable to develop these desired
suctions, and if there are no nearby slab openings
through which air might be short-circuiting into the
vacuum, this result suggests that sub-slab flows are
high. While the vacuum will thus not be able to
quantitatively simulate the ASD system, the result
suggests that sub-slab communication is good and
quantitative diagnostics may thus not be necessary.

Inspect the nature of the sub-slab material, possibly
using the drill bit, to aid in the interpretation of the
results, as discussed in Section 3.3.1.
Seal the vacuum cleaner nozzle into the suction
hole, using rope caulk or putty to close the gap
between the nozzle and the top of the slab. The
nozzle should extend down about half the thickness
of the slab.

Note: If an ASD fan mounted on a 4-in. pipe is
being used to develop the suction field, rather than a
vacuum cleaner, then the suction field will automatically reflect that which would be generated by
a SSD system. In that case, no baseline test hole
would be needed, and no effort will be required to
control the depressurization there. This would be
the case if: a) a sub-slab suction pit has been excavated under the 4-in. pipe; and b) the diagnostic fan
system has been designed to simulate the suction
losses in mitigation system piping. If the diagnostic
ASD fan is in fact the permanent fan mounted on
the initial pipe of a SSD system, i.e., if
"during-installation" diagnostics are being performed, as discussed earlier, then system suction
losses will be simulated by definition. If a portable
ASD fan test stand is being used, piping losses can
be simulated by reducing fan power, or by adding
piping with elbows upstream or downstream of the
fan.

Insert the sample tube from the Magnehelic gauge
into the baseline test hole, extending the tube down
about half the thickness of the slab. Seal the sample
tube into the hole using rope caulk to close the gap
between the tubing and the top of the slab.
Temporarily close the test holes with rope caulk.
-

Place the house in the condition that will be used
throughout this testing. It is recommended that this
condition be with exhaustappliances operating, to simulate challenging conditions. If no sub-slab depressurizations are measured under these conditions, the appliances mightbe turned off(andperhaps windows opened)
to determine performance under less challenging conditions (see Section 3.3.1).

-

With the vacuum cleaner off, measure the sub-slab
pressurization (or depressurization) at each test hole
with the micromanometer, to determine the "baseline"
pressure difference across the slab under the weather
and appliance conditions existing during the test. See
procedure for this measurement described in Section
3.3.1. This baseline measurement will indicate how the
existing conditions compare against the expected maximum slab pressure differential, and may thus aid in
interpreting the results with the vacuum operating (see
Section 3.5.4).

-

Turn on the vacuum cleaner, and adjust the speed
controller so that the sub-slab depressurization measured by the Magnehelic gauge at the baseline test hole
is approximately that which is expected to exist in the
sub-slab suction pit beneath a SSD pipe when the
intended SSD fan is operating. This step is critical in
achieving quantitative results.
With the standard 90-watt ASD fans in relatively
low-flow conditions, this suction will be roughly
1.5 in. WG.

-

(Optional) If the vacuum cleaner is fitted with a pitot
tube or other flow measurement device, the flows in the
vacuum nozzle should be recorded as the suctions at
the baseline hole are adjusted. These flow measurements would comprise the sub-slab flow diagnostics
discussed in Section 3.5.1. From the sub-slab depressurization data at the baseline hole, and from the flow
data, a mitigator can judge what kind of fan will be
needed and roughly what suction it will maintain in the
suction pit given observed flows. This rough assessment can be used to select the sub-slab depressurization at the baseline hole to be used for these suction
field extension diagnostics. (As a minimum, if there is
no pitot tube, qualitatively assess vacuum flows through
the sound of the motor or the feel of the exhaust.)

-

With the micromanometer, measure the depressurization created beneath the slab at the remote test holes,
with the vacuum cleaner adjusted to maintain the proper
depressurization at the baseline hole as selected above.
With the rope caulk closing the other test holes, .
insert sample tube from the micromanometer into
each teSt hole in turn, to a depth about half the
thickness of the slab. Carefully seal gap between
tubing and slab with rope caulk or putty. Failure to
effectively seal this penetration could partially neutralize the sub-slab suction, significantly impacting

In higher-flow cases, with the 50- or 90-watt fans,
the suction can range from roughly 0.25 to over 1
in. WG, depending on system flow.
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results when the sub-slab depressurizations are marginal to begin with.
If communication is poor, it may take several minutes with the vacuum cleaner operating for the
suction field to become established. Where communication is marginal but not poor, the suction field
may become established within 30 seconds or less.
If initial measurements show unacceptably low depressurizations induced by the vacuum, and if these
. measurements were made before the vacuum had
operated for several minutes, they should be repeated after several minutes.

Observe the reading on the micromanometer at
each test hole. Record the range an<Vor average of
the readings. Compare these values with the values
measured before the vacuum cleaner was turned on.
Check the zero on the micromanometer often, preferably before each reading in cases where the measured depressurizations are very low.
Periodically re-check the Magnehelic gauge to ensure that proper depressurizations are being maintained at the baseline test hole.
Mter testing is complete, permanently close all of the
slab holes drilled for this testing using hydraulic cement or other non-shrinking cement.

• Interpretation of results
Figure 11. Example of graphical interpretation of the results from
quantitative suction field extension measurements.
(Adapted from Reference FogO)

- The measured depressurizations can be used to plot
lines ofconstant sub-slab depressurization on the house
floor plan. See Figure 11.

under challenging conditions. Under these conditions, the "minimum acceptable" sub-slab depressurization may be the lowest suction measurable
with the micromanometer (about 0.001 in. WG),
since, after installation, the ASD system will rarely
see house depressurizations greater than those experienced during the testing.

Since the number of test holes will be limited, and
communication can vary in different directions away
from the suction hole, the actual curves that can be
drawn in practice will be more approximate and
irregular than those shown in Figure 11.
As discussed previously, because the depressurization being maintained by the vacuum cleaner at the
baseline test hole was about the same as that which
would be maintained by a SSD fan in a sub-slab
suction pit, the lines of constant depressurization in
Figure 11 theoretically should be about the same as
if a SSD pipe had been operating at the location of
the vacuum nozzle.
-

By this interpretation, the e!fectivesuction radius of a
.SSD pipe would be the distance from the baseline test
hole to that constant-depressurization line where
sub-sl~b depressurization has fallen to the "minimum
acceptable" level.

If the house was being depressurized by operation
of exhaust appliances during the diagnostic testing,
but if the weather was mild, the "minimum acceptable" sub-slab depressurization should be great
enough to account for the increased house depressurization that might be expected due to thermal
effects in cold weather. Thermally induced depressurization will depend upon the local climate; in a
two-story house in cold climates, the depressurization in the basement could be roughly 0.015 in.
WG. In theory, ideally, the "minimum acceptable"
sub-slab depressurization in mild weather should be
about this level in cold climates.

If the house was depressurized during the diagnostic testing-if the house was CIOSI~d, the weather
was cold, and exhaust appliances were operatingthe isobars represent depressurizations achieved

As discussed in Section 3.5.4, review of the pressure differentials measured across the slab before
the vacuum cleaner was turned on can provide some
guidance regarding whether the goal under these
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conditions should in fact be to achieve 0.015 in.
WG sub-slab depressurization with the vacuum on.
Were the exhaust appliances depressurizing the
house during mild weather to a degree approaching
0.025 to 0.035 in. WG, the conservatively estimated
cold-weather maximum discussed in Sections 2.3.1b
and 2.3.1e (perhaps due to operation of a
whole-house exhaust fan that would not be operating in cold weather)? If so, the target "minimum
acceptable" sub-slab depressurization with the
vacuum cleaner on under these conditions could be
low (around 0.001 in. WG), since the diagnostic
tests were apparently being conducted under
near-worst-case conditions despite the mild weather.

be conservatively high for many houses, it is used here
as a conservative but reasonable design tool which can
be useful as long as it is properly understood.
-

Particular attention should be placed on ensuring
that the proper depressurization is achieved around
the slab perimeter, and near any other locations
where significant soil gas entry might be anticipated. Maintaining good depressurization is probably somewhat less important in the center of unbroken slabs.

If the house was not being depressurized by operation of exhaust appliances, but if the weather was
cold, the "minimum acceptable" sub-slab depressurization should be great enough to account for the
increased house depressurization that might be expected due to appliance operation. As discussed in
Section 2.3.1b, appliance-induced depressurizations
can be as high as 0.01 to 0.02 in. WG. In theory, it
would thus be logical for the "minimum acceptable" sub-slab depressurization to be about 0.01 to
0.02 in. WG under these conditions. Again, as
discussed above, review of the pressure differentials across the slab with the vacuum cleaner off
might provide some guidance about how closely the
expected maximum house depressurizations were
being approached during the testing, and thus
whether the ASD system in fact needs to be designed to accommodate an increased challenge as
great as 0.01 to 0.02 in. WG.

3.4 Procedures for Radon Grab
Sampling and Sniffing
In some cases, grab sampling or sniffing, to determine radon
concentrations inside or near potential soil gas entry routes,
may help identify the most important entry routes and may
thus aid in the design of the ASD system. Examples of where
such radon measurements might help include:
a)

Identification of regions of unusually high radon concentrations beneath slabs. In selecting the locations for SSD
pipes, pipe location might be biased toward regions where
high sub-slab radon concentrations are near slab openings.

b)

Identification of hollow block foundation walls having
unusually high radon levels inside the cavities. A wall
having a high concentration might warrant a BWD component being added to the SSD system.

c)

In houses having fieldstone foundation walls, determination of radon concentrations in the chinks between the
stones. High radon levels would suggest that the wall is
an important entry route, and that SSD treating the slab
alone may not be sufficient.

If the suction field diagnostics were conducted when
the weather was mild and without operation of
exhaust appliances, the "minimum acceptable"
sub-slab depressurization would nominally equal
the conservative maximum estimated house depressurization resulting from combined thermal and
appliance operation effects (0.025 to 0.035 in. WG).

Superimposing this effective suction radius onto a house
floor plan, the number and location of SSD suction
pipes can then be selected in an effort to ensure that all
(or most) of the slab achieves the desired sub-slab
depressurization.

In practice, SSD systems tend to perform effectively
with fewer pipes than would be predicted based upon d) I4entification of radon levels in floor drains or other
openings, to assess their potential importance as entry
the effective suction radius derived from these diagnostics. Thus, the "minimum acceptable" sub-slab depresroutes.
surization used in this analysis can probably be on the
.e) Identification of radon levels in crawl spaces adjoining
low end of the values discussed above.
basements or slabs on gmde, to assess the potential
In addition, as discussed in Section 2.3.1e (Climatic
importance of the crawl space as an entry route compared
to the adjoining wing.
conditions), this conservative maximum basement depressurization range due to combined thermal and appliance effects (0.025 to 0.035 in. WG) would be less Grab sampling/sniffmg can be considered in any case where a
in mild climates, or in cases where the house was leaky mitigator's prior experience has suggested that it might be
or did not have some of the more common exhaust cost-effective, reducing the overall costs to the homeowner.
appliances (such as central furnace fans, clothes driers, Where suction field extension testing is being conducted
and attic fans). The upper end of this conservative (usually where communication is unknown or poor), grab
rnnge assumes that major depressurizing appliances sampling/sniffmg beneath the slab is a relatively easy addiwill be operating in cold weather; but in fact, among tional measurement to make, if the mitigator has the proper
these appliances, whole-house and attic fans will not be equipment.
operated then, and clothes driers will be operated only
intermittently. Although this depressurization range may
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A distinction is drawn between "grab sampling" and "sniffing." Both of these approaches involve drawing a gas sample
over a very short time period-no more than five minutes,
often less. The distinction between the two approaches is:
a)

b)

Grab sampling is a quantitative approach. Depending
upon the particular grab technique, the sample is collected, allowed to age, or counted for a long enough
period to permit the concentration of radon in the sample
to be quan;titatively determined with an acceptable sensitivity. For perhaps the most common grab sampling
approach (use of an alpha scintillation cell), this period
can be about four hours; the sample needs to age for
about this period to ensure equilibrium bev,veen the radon
gas and its decay products.

b) Activated charcoal. In another technique covered in EPA's
protocols (EPA92d), a grab sample from a given location
is drawn through a charcoal-filled cartridge for about an
hour. The cartridge is then analyzed by placing it on a
sodium iodide gamma scintillation system or a germanium gamma detector. This technique does not appear to
be as widely used as is alpha scintillation. Also, because
of the required sampling duration, it is not applicable for
sniffing. Accordingly, it is not addressed further here.
c)

Sniffing is a less accurate, semi-quantitative approach.
Measurement accuracy and sensitivity are sacrificed in
order to obtain essentially immediate results, enabling
rapid identification of those sampling locations which
were the "hottest" In these measurements, no time is
allowed for sample aging, and sample counting time is
reduced to a minimum.

To the extent that such radon measurements are included in
pre-mitigation diagnostic testing, sniffing will ofienbe the
preferred approach for commercial mitigators. The simplicity
and reduced time requirements for sniffing will be important
in keeping costs down. The improved accuracy of grab sampling will generally not be needed, in view of the anticipated
qualitative use of the results.
Several techniques are available for conducting grab samplmg
and sniffing.
a)

Alpha scintillation cell. This is perhaps the most common
technique, and is one of three grab sampling techniques
covered in EPA's measurement protocols (EPA92d). A
sample is drawn into a cell having a zinc sulfide phosphor
coating on its interior surfaces. As the radon and it
progeny decay, the alpha particles released cause light
pulses (scintillations) when they impact the phosphor;
these scintillations are counted using a photomultiplier
tube and scaler. In practice, an alpha-scintillation-based
continuous radon monitor is often used for· these measurements. For quantitative grab sampling, the sample
must be aged for a sufficient period after collection
(usually about four hours) to ensure that the radon and its
decay products are in equilibrium. The calibration of the
scintillation cell (i.e., the number of counts for each
picocurie per liter) assumes that the alpha particles are
being released by radon and progeny.in equilibrium. For
sniffing, the sample from a given sampling location is
pumped rItrough the scintillation cell continuously, and
the counting is completed in a very brief period (usually
within about 5 minutes or less, as discussed later). In the
sniffing case, it is recognized that the sample is nowhere
near equilibrium, and that the counts per minute recorded
by the device thus cannot be quantitatively related to a
radon concentration (except, in specific cases, via sophisticated calculations).

Pulsed ion chamber. One continuous radon monitor on
the market operates on the principle of detecting, using an
electrometer, ion pulses generated when radon gas decays. In this device, radon decay products are constantly
removed from the measurement chamber, and thus nominally do not contribute to the electrometer reading. As a
result, there is no need to age the sample in order to
achieve equilibrium, as is necessary with alpha scintillation cells. The manufacturer offers a pumped
(flow-through) variation of this monitor with an improved electrometer that can be used for grab sampling
and sniffing (Fe92). With the pump continuously drawing sample through the chamber, this device reportedly
has adequate sensitivity to provide readings after 2 to 20
minutes of sampling. While the required duration will
depend upon the radon concentration, it may generally be
viewed that longer sampling/measurement periods will
tend to give the accuracy and sensitivity associated with
quantitative grab samples, while shorter periods will tend
toward less accurate, more semi-quantitative sniffing
samples. Although the pulsed ion chamber approach is
not currently included in EPA's grab sampling protocols,
it is a convenient method for grab sampling, and is
utilized by a number of investigators.

d) Ionization meter. Another device which has been marketed to provide immediate readings of radon concentrations is based upon measurement of the total ionization
existing in the air (IL90). This meter is thus distinguished
from the pulsed ion chamber above, which measures ion
. pulses caused by radon decay. The accuracy and sensitivity of the ionization meter for radon grab sampling applications has not been tested by EPA, and experience with
this device is very limited in the U. S. Accordingly, the
ionization meter is not discussed further here.

In interpreting the results from radon grab sampling/sniffing,
the mitigator must recognize that the real contribution from a
potential entry route will depend, not only on the radon
concentration at/in the opening, but also on the flow rate of
soil gas into the house through the opening. Thus, the radon
levels alone do not necessarily determine how important a
potential entry route may be. An opening with a less elevated
radon level but a high flow (such as an uncapped hollow-block
wall) can be a more important contributor to indoor radon
than one with a high radon concentration but low flow (such
as a hairline slab crack). As another example, sub-slab radon
concentrations may be relatively high in the central portion of
an uncracked slab, but almost none of this sub-slab radon will
be entering the house, since convective flow is zero and
diffusion through the unbroken concrete is negligible. By
contrast, the sub-slab radon concentrations near the slab pe93

rimeter may be lower, but flows into the house through the
wall/floor joint and the block foundation walls can be relatively significant, often making the slab perimeter an important location for SSD pipes despite somewhat lower sub-slab
radon concentrations there.
In research studies. more elaborate diagnostic procedures
have been developed which consider potential flow as well as
radon levels at slab test holes, in order to obtain a better
me.'lsure of radon entry potential around the slab (Tu90).
However, in commercial mitigation installations, efforts to
determine flows will probably almost never be cost-effective.
The logical approach is to try to "guesstimate" whether flows
into the house are likely to be relatively high or low through
the entry route being sampled. For sub-slab measurements
through test holes in the slab, are there significant slab openings near the test hole? For concentrations inside block foundation walls, the focus should probably be on whether these
levels are significantly higher than is observed in the house,
and whether one wall in the house seems more elevated than
the other walls. The qualitative nature of this interpretation
underscores the statement above, that the more qualitative
sniffer approach will likely be adequate for these measurements in many cases, and that the additional time and effort
required for more accurate grab sampling may often not be
wammted commercially.

-

For evacuated cells, a pump capable of evacuating the
cells to at least 25 in. of mercury before use.

-

Portable photomultiplier tube and scaler to count the
scintillations, with a digital display or printer to indicate counts per unit time. Most commonly, a continuous radon monitor fitted with a scintillation cell will be
used in the field; this monitor will incorporate the
sample pump, the photomultiplier tube, and the scaler.

-

Flexible sample tubing, to fit through the test hole and
draw the sample into the scintillation cell.

-

0.8-micron filter assembly, to be mounted in sample
tubing upstream of scintillation cell, to prevent dust
(e.g., from the sub-slab) from contaminating the cell.
The fIlter will also remove radon decay products, which
is important in interpreting results when short aging
times are used.

-

Rope caulk, to seal the gap between the sample tubing
and the face of the slab. Duct tape can also be useful
when the tubing is inserted through large openings,
e.g., in a block wall.

• Test procedure (alpha scintillation cell approach)

The radon measurement procedures being discussed here are
for diagnostic purposes only, to aid in ASD system design. As
presented here, these procedures are not intended to determine
the indoor radon concentrations in the house.

-

Prior to visiting house, purge the scintillation cells with
outdoor air and allow to age overnight. Because these
samples are for the purpose of mitigation diagnostics
rather than for determining indoor radon concentrations, it is not necessary to purge the cells with aged air
or nitrogen as specified in EPA's indoor measurement
protocols (EPA92d). Perform a background count over
a period of 2 minutes (Fo90) to 10 minutes (EPA92d)
with the portable photomultiplier tube/scaler, to confirm that the background has been reduced to an acceptably low level. The background counts per minute
should be less than 10% of the expected sample counts
per minute. Cells which will be used for high-radon
samples (e.g., from beneath the slab) can tolerate a
higher background count than those that may be used
for lower-level samples.

-

For sub-slab samples, gas samples will normally be
drawn through 1/4- to 1/2-in. diameter test holes drilled
through slab, often in connection with suction field
extension testing.

The applications of grab sampling/sniffing discussed above
focus on its possible utility as a pre-mitigation diagnostic test.
It may be more important as a post-mitigation diagnostic, for
trouble-shooting in cases where the initial mitigation installation is not performing as expected.
The equipment and procedures listed below address the scintillation cell and the pulsed ion chamber approaches. Additional discussion of the alpha scintillation cell approach can
be found in References EPA88b, Fo90, and EPA92d.

• Equipment and materials required (alpha scintillation cell approach)
-

-

Alpha scintillation cells. Either single-valve (evacuated) cells or double-valve (flow-through) cells can be
used for grab sampling; flow-through cells are required
for sniffmg. Commonly, cells having a volume of
about 100 to 300 mL are used for these diagnos*s.
Cells ranging from 100 mL to 2 L are available; the
larger cells provide greater sensitivity, unnecessary for
the purposes of mitigation diagnostics.

After the test hole is drilled, clean the dust out of the
hole, operating the vacuum cleaner as briefly as
possible (only a few seconds) in order to minimize
any artificial reduction in the sub-slab radon level.
Ideally, the hole should be temporarily closed with
rope caulk or duct tape for 15 to 30 minutes, to
permit the sub-slab concentrations to recover from
any dilution resulting from the drilling and vacuuming process (F090). In practice, a delay this long
may not always be practical. In such cases, a delay
of only a few minutes may be sufficient-especially with flow-through cells, which draw a large

For flow-through cells, a battery-operated pump to
draw gas sample into the scintillation cell. A
hand-operated suction bulb could also be used to draw
the gas sample. If a continuous radon monitor is used
for this testing, as is usually the case, the pump associated with the monitor will be used.
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sample volume-in view of the qualitative way in
which the results will generally be interpreted, as
long· as all of the test holes are treated in the same
way.

cells, thus minimizing any impact of the sampling
process on the radon concentrations in the region
being sampled.)
If using a flow-through cell, operate the pump sufficiently long to draw at least three cell volumes of
sample gas through the cell. For indoor radon measurements, EPA recommends 10 cell volumes
(EPA92d). This should ensure that the sample gas
has effectively displaced almost all of the previous
(outdoor air) sample. Depending upon the volume'·
of the cell and the flow rate of the pump, the
sampling time required could range from a less than
a minute, to several minutes.

Insert sample tube into test hole, and use rope caulk
to seal the gap between the tubing and the top of the
slab. The measured radon concentration will be
significantly reduced if the gap is not effectively
sealed, because significant amounts of house air
will be drawn down through the hole, diluting the
soil gas sample.
-

For samples from inside a block foundation wall, gas
samples will normally be drawn through pre-existing
holes through the blocks, e.g., around utility penetrations such as water/sewer lines and electrical junction
boxes.

Close the cell.valve(s) immediately after sampling.
Allow the cell to sit for four hours, to permit the
radon progeny to come into equilibrium with the
radon gas.

After the sample tube has been inserted through
such wall openings, an effort should be made to
close the remainder of the opening using rope caulk,
ducttape, or plastic sheeting (depending on the size
of the hole), to reduce the amount of house air
drawn in with the sample.
-

Place the cell in the photomultiplier/scaler scintillation counter, if necessary. (If a continuous radon
monitor is being used, the cell will already be in the
counter.) If the cell is being placed in a separate
counter, allow a 2-minute delay after the cell is
placed in the counter before commencing counting,
to avoid counting spurious scintillations caused when
the window of the cell is exposed to bright ambient
light.

Likewise, samples drawn from inside other openings
(such as floor drains and chinks in stone foundation
walls) would be drawn by inserting the sampling tube
into the opening and then closing the ope~ning with duct
tape or plastic sheeting as possible, to reduce dilution
of the sample.

Count for as long as necessary to obtain the number
of counts needed to provide the desired sensitivity,
in view of background counts. Counting time will
depend upon the radon concentration in the sample,
and hence the counts registered per minute. For
radon mitigation diagnostics, some sources feel that
only 100 counts is sufficient for semi-quantitative
purposes; for typical cell efficiencies (counts/minute
recorded per pCi/L in sample), 100 counts would be
.. obtained within a fraction of a.minute (for samples
well over 20 pCi/L) to perhaps 10 minutes (for
samples below 4 pCi/L), depending on concentration. EPA's protocols for indoor radon measurements (EPA92d) recommend at least 1,000 counts
for good statistics; this number of counts would be
obtained within about 15 seconds to an hour. The
time over which the counts are measured must be
measured, if the counter is not part of a continuous
radon monitor that counts for specified periods of
time.

Leaving the opening closed in this manner for some
period of time before drawing the sample would
give the radon concentrations in the opening an
opportunity to rise toward their maximum levels.
-

Samples of air from large regions (such as crawl spaces)
would be obtained simply by drawing the sample from
a central position within that region.

-

The sample train will consist of:
A short length of sample tubing, leading from the
test hole to the 0.8-micron fIlter;

A second length of tubing, leading from the fIlter to
one port of the scintillation cell;
For flow-through cells, a third length of tubing,
leading from the second port of the scintillation cell
to the sample pump (or hand suction bulb)..
-

Convert the resulting counts into the radon concentration, using the calculational procedure indicated
in Figure 12 (adapted from EPA92d).

The preferred sampling and counting procedure for
grab sampling is as follows:

After counting, purge the cell with outdoor air (or
with aged air or nitrogen) to minimize the buildup
of the cell background. Cells which were exposed
to particularly high-radon samples may have to sit
unused for a day before the background counts per
minute has returned to acceptably low values.

If using an evacuated cell, open the valve for 10 to
15 seconds to allow the sample to fill the cell.
(Note: One possible advantage of evacuated cells is
that they draw only one-third to one-tenth the sample
volume drawn by comparably sized flow-through
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•
:
•
•
•
•
•
:

1. Dlvfde the total number of observed scintillation counts
by the total counting time, to determine the average
counts par minute (cpm).

or
C = (1.00378)" where N = number of hours over which sample
was counted.

2. Calculate the radon concentration in picocuries per liter
using the foHewing formula:

The figure in the second equation is saying that the equilibrium
cpm at the beginning of a i-hour counting period will be
0.378% greater than the average cpm over the entire period.

Radon concentration (pCIIl) =

•• (opm from sample)-(background cpm)
••

..
Cen effICiency (opm per pCIIl)

•
•
•
:
•

1

•

For example, if the sample was counted for 30 minutes (0.5
hour):
•
••
C = (1.000063)30 = (1.00378)°·5 = 1.00189.
•
•
4. A is a factor accounting for the decay of the originally present •
radon and decay products in the sample during the time that :
the sample is aging, priono counting.
•

C

x Cell volume (L) xA

In this equation. C and A are correction factors accounting for decay of radon and its decay products in the
sample during the aging and counting processes, obtained as discussed In 3 and 4 below. In radon mitigation
diagnostics. where aging and counting times may be
reduced and where Inaccuracies in the measurement are
being aocepted, the ratio CIA will generally be so close to
1 that this term can be Ignored.

:
•
•

•
:
•
•
•
•
•
:

A = (0.99987)" where N
sample was aged, or

•
•• 3. C Is a factor accounting for the radioactive decay of the
equilibrium radon and decay prodUCts in the sample
:
during counting.
•
C. (1.000063)" where N =number of minutes over which
•
•
the sample was counted

= number

of minutes over which :
•
•

A = (0.99248)" where N = number of hours over which sample •
was aged.
:
The figure in the second equation is saying that, after one hour :
•
of aging, 99.248% of the radon still remains.
•
•

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
Figure 12. Procedure for calculating sample radon concentrations from measured counts when using the alpha scintillation cell technique for
grab sampling.
.

-

- The sampling and counting procedure for sniffing is as
follows (EPA88b, F090):

A modified sampling and counting procedure for grab
sampling, intended to reduce the sample aging time at
the expense of accuracy, is as follows.

-- Because the scintillation cell must be used in a
flow-through mode with frequent counting, from a
practical standpoint, this procedure requires an
alpha-scintillation-based continuous radon monitor
equipped with a flow-through cell. Evacuated cells
and passive cells cannot be used in this application.

Obtain the sample as in the preferred procedure
above.
Allow the scintillation cell to sit for only 5 to 10
minutes after the end of sampling, rather than 4
hours. This period permits reasonable grow-in of
the fIrst radon decay product, polonium-218-one
of the two alpha-emitting progeny-so that the
sample is beyond the initial period of rapid alpha
growth. It also provides time for essentially complete decay of any thoron in the sample along with
the first thoron decay product, both of which are
alpha emitters.

Operate the sampling pump continuously, so that a
gas sample is being continuously drawn through the
scintillation cell during counting.
Set the counter to make counts over a fairly brief
interval, just long enough to give a reasonable number of counts for the radon concentrations in the
samples being drawn. Commonly, a 30-second
counting interval is used. A shorter interval could
be used for very high-concentration samples, and a
longer interval may be useful for low concentrations.

The sample is then counted as above.
The number of scintillation counts obtained by this
approach can be converted to a reasonably accurate
radon concentration, despite the non-equilibrium
conditions existing during counting, by appropriate
mathematical treatment of the non-equilibrium situation (Sc92). If the approach in Figure 12 is used,
which assumes equilibrium, the result must be considered only semi-quantitative.

After beginning to draw a sample from the selected
sniffmg location, allow the system to cycle through
a number of counting intervals, until the number of
counts per interval becomes acceptably steady. Commonly, ten intervals are used. When the counts per
interval have become reasonably steady, the last
several intervals might be averaged to give the
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concerned about time required for sample aging, as
with scintillation cells.

value for that sampling location. Others suggest
simply taking the counts for the last interval.
The results must be left in the form of number of
counts, and treated as a qualitative/semi-quantitative
number. There is no theoretical basis for converting
these counts to an actual radon concentration, although some investigators have developed an empirical. correlation between sniffmg counts and actual r~don levels for their particular equipment
(EPA88b).
Since the background counts in the cell will be
impacted by the samples drawn from the initial
sniff'mg locations, it is recommended that the cell
periodically be purged with outdoor air. During
purging, the monitor would be taken outdoors for a
few minutes, the pump operated continuously, and
the counts per interval observed ul1til the background counts have dropped to an acceptably low
value.

-

The necessary counting duration will depend upon the
radon concentration in the sample, and hence the ion
pulse rate. The manufacturer recommends a counting
time of either 2 or 20 minutes (Fe92).

-

With this device, a grab sample may be viewed as one
where the concentration and counting time are such
that the number of counts are sufficient to give reason.able accuracy. A sniffing sample may be viewed as one
where the number of counts is so low that the results
must be considered semi-quantitative.

• Interpretation ojresults (scintillation cell or pulsed
ion chamber approach)
-

If the previous sample had a particularly high radon
concentration, the background created by this sample
may be sufficiently high that it will 110t return to a
suitable value in a short period of time. In that case,
this cell should not be used for another sample
having a potentially lower radon level,. until the
background from the previous sample has had an
adequate chance to decay.

If there are not slab openings in the vicinity of the
"hot spot," SSD pipe location should usually be
biased toward the entry routes preferentially over
the high-radon areas.

• Equipment and procedure (pulsed ion chamber
approach)
-

Note that radon distributions under a slab can sometimes be influenced by weather conditions, such as
winds and precipitation.

In place of the alpha scintillation cells and photomultiplier tube/scaler required for the alpha scintillation
approach, the pulsed ion chamber approach requires an
ionization chamber with an electrometer system to
detect and count the ion pulses generated when radon
atoms release alpha particles. Radon decay products
are continuously removed from the chamber electrostatically, and thus nominally do not contribute to the
ion pulses by their decay. In practice, the ion chamber,
the electrometer system, and the pump required to draw
samples through the chamber in this application, are all
contained in a continuous radon monitor (Fe92).

-

The pulsed ion chamber requires the same type of
sample train as that listed previously for the scintillation cell approach: flexible sample tubing; a filter to be
placed in the tubing between the sampling location and
the monitor; and rope caulk or other material to seal the
gap between the sample tubing and the slab or wall
opening though which the sample is being drawn.

-

During sampling, the sampling pump operates continuously, drawing a sample through the ionization chamber. Ion pulses are counted as the sample is being
drawn. Sampling must continue until an adequate number of pulses have been recorded to provide the desired
accuracy and sensitivity. Since radon decay products
play no role in the counts, there ~s no need to be

If the sub-slab radon concentration in one part of the
slab is significantly greater than that in other parts (by a
factor of three or more), and if there are potential entry
routes in that part of the slab, then a SSD suction pipe
should probably be placed in that part of the slab (if
communication is not good), or at least biased toward
that part (if communication is relatively good).

-

If radon concentrations inside a hollow-block foundation wall are unusually high, then the mitigator might
be prepared to supplement the SSD or DID system
with a BWD component treating that wall.

-- Weather conditions, especially wind velocity, can
influence radon concentrations inside block walls.
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-

If high radon levels are found in the joints of fieldstone
foundation walls, this result suggests that the wall may
be an important entry route. Unless the native soil is
fairly permeable, a SSD system may not be expected to
treat the soil on the exterior face of the wall, and thus
may not treat wall-related entry. Especially if this result
is found in combination with poor sub-slab communication, some mitigation technique other than ASD (e.g.,
basement pressurization or ventilation) should be considered

-

If high radon levels are found in a floor drain, the floor
drain is probably not trapped. The drain should be
trapped, both to prevent radon entry through this route
and to avoid potential leakage of house air down through
the drain into an ASD system.

-

If high radon concentrations are found in the air in a
crawl space adjoining a basement, the mitigation sys-

tern may need to include an SMD leg in the crawl space
to supplement the SSD or DID leg in the basement.

3.5 Procedures for Other Types of
Diagnostic Tests
As discussed in Section 3.1.2, there are a variety of other
diagnostic tests that a mitigator may sometimes choose to
perfonn, in addition to the visual survey (Section 3.2), suction
field extension measurements (Section 3.3), and grab sampling/sniffmg (Section 3.4). These other tests will have a
practical benefit, and be cost-effective, less often than will
those discussed in Sections 3.2 through 3.4. They will generally be warranted as pre-mitigation tests only when particular
conditions exist.
These other diagnostic tests are discussed below.

3.5.1 Sub-Slab Flows
This diagnostic test involves measurement of the flows generated in the vacuum cleaner, as an add-on to the suction field
extension testing discussed in Section 3.3. Commonly, this is
done using a pito,t tube. Other options are measurement of the
pressure drop across a calibrated flow orifice in the vacuum
cleaner nozzle, or some type of anemometer.
Sub-slab flow measurements can be used to aid in interpreting
the suction field extension results, and in selecting an
appropriately-sized fan for an ASD system.

• Simple sub-slab flow measurement

face), to defme "low" flows. These measurements will enable
interpretation of observed flows during sub-slab testing.
Relatively high flows in the vacuum during sub-slab testing
would tend to confirm observed good sub-slab communication. With good flows and good communication, the typical
50- or 90-watt centrifugal in-line tubular fan will generally be
the appropriate choice for the ASD system, because these fans
generate adequate suction at relatively high flows (1-2 in. WG
at zero flow, 125-270 cfm at zero static pressure). High flows
might also be revealing short-circuiting of air into the vacuum
from some nearby slab opening, especially if they are observed in conjunction with limited suction field extension. If
inspection suggests that short-circuiting is the cause of the
high flows, then sealing of the leakage points may be an
important component of the system installation; or, to the
. extent that complete sealing is not possible, the selected fan
must be able to provide the necessary suctions while handling
this leakage flow.
Relatively low flows in the vacuum cleaner during sub-slab
testing would tend to confmn observed poor sub-slab communication. Depending upon how low the flows are, the 50- or
90-watt in-line tubular fans may still be a reasonable choice.
However, at very low flows, a much higher-suction fan designed for low-flow operation may need to be considered, as
discussed in Section 4.4.2. If flows are low but communication is good, this could be indicating a very tight slab and
native soil with a good aggregate bed under the slab. Again,
the 50- to 90-watt fans could be a good choice, to handle any
increase in the flows that will occur if leaks develop in the
slab.

In its simplest fonn, sub-slab flow testing involves recording
the flow in the vacuum as the suction field extension test is
being mnde, i.e., at the one vacuum cleaner speed setting used
for the suction field testing. In the qualitative approach for
suction field extension measurements, the flow measurement
would thus be made at maximum speed in the vacuum (see
Section 3.3.1). Under these conditions, the measured flows in
the vacuum cleaner would not represent flows that could be
expected in the SSD system, but would be only a qualitative
indicator of whether sub-slab flows are high or low. In the
quantitative approach, it would be made at the vacuum speed
that was selected to maintain the sub-slab depressurization at
the baseline test hole at the suction expected to be maintained
by the ASD fan in the SSD suction pit (Section 3.3.2). Under
these conditions, the vacuum flows should nominally simulate
the ultimate SSD flows.

Thus, the simple flow measurement can possibly provide
some insights to aid in interpreting the suction field results,
and may help confmn the selection of the system fan.

Such flow measurements are so easy to make that they should
be considered any time pre-mitigation suction field extension
diagnostics are being done. As a minimum, the flows should
always be qualitatively estimated from the sound ofthe vacuum
motor or the feel of the exhaust (Br92, Bro92).

For this testing to be useful, the vacuum cleaner must be
operated with the sub-slab depressurizations at the baseline
test hole being carefully adjusted (as discussed for the quantitative suction field extension testing in Section 3.3.2), so that
the vacuum cleaner will nominally reproduce the flows that a
SSD system would create. Otherwise, the vacuum cleaner
suction-vs.-flow curve would be meaningless for system design. (If an ASD fan mounted on a 4-in. pipe is being used to
generate the suction, instead of a vacuum cleaner, representative flows will almost automatically result, if the fan test stand
is operated considering the likely suction losses in the piping
of an actual system.)

Ifa mitigator is unfamiliar with the flow characteristics of the
vacuum cleaner being used, flows in the nozzle should be
measured: a) with the nozzle in free air, to show the highest
expected flows; and b) with the open end of the nozzle closed
fairly tightly (e.g., by pressing it against some suitable sur-

• More extensive sub-slab flow measurement
The more extensive sub-slab flow measurement involves operation of the diagnostic vacuum cleaner at a range of speeds,
rather than at only a single speed as in the '~simple" case.
Operation over a range of vacuum suctions and flows will
enable detennination of the effect of vacuum speed on nozzle
flow. This information allows the calculation of a
suction-vs.-flow "performance curve" for the sub-slab material, which can then nominally be used to aid in selecting an
ASD fan having the optimum perfonnance characteristics
(EP,A.88b, F090).
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There is some question regarding how often such extensive
(multi-suction) sub-slab flow measurements will in fact be
useful, beyond the simple (one-suction) flow measurement
discussed previously. As discussed in Section 3.1.2, the selection of the fan for a given installation will most commonly be
made based upon experience in the geographical area, perhaps
with some gui~ce from the simple flow measurement. The
50- or 90-watt centrifugal tubular fans (or some appropriate
equivalent) will commonly be used whenever there is any
reasonable flow and communication. Very high-suction units,
discussed in Section 4.4.2, may be selected when the flows are
unusually low and the communication is unusually poor. It is
not clear how often the more extensive sub-slab flow measurements will be sufficiently accurate to permit meaningful
fme-tuning of fan selection, beyond the relatively gross comparison just indicated. That is, it is not clear how often the
multi-suction flow results could permit more rigorous selection of the particular fan brand and model having the optimum
performance curve for a specific house.
Some mitigators have found the results from the more extensive flow measurements to provide useful insights in aiding
ASD design. A common procedure for conducting such measurements is given below.
The equipment and materials required for this measurement
are essentially,the same as those listed in Section 3.3.2 for the
quantitative suction field extension measurements. However,
for the flow measurements, it is now required that a pitot tube
(or some other device) be available for measuring the nozzle
flows.
The vacuum cleaner is operated to generate a range of sub-slab
depressurizations in the baseline test hole, 8 to 12 in. from the
suction hole. The baseline test hole is the hole where depressurizations are being maintained ata level similar to that
which would be generated in the sub-slab pit under a SSD
suction pipe by an ASD fan. The suction at the baseline hole
must be varied through several values within the range that
the expected ASD fan would produce in the pit These values
would vary, depending on the particular fan envisioned.
For example, a 50-watt tubular fan might typically generate
pit suctions between 0.1 and 0.75 in. WG, depending on flow;
a 90-watt tubular fan might generate suctions between 0.25
and 2 in. WG. Thus, to help decide between a 50- and 90-watt
fan, reasonable baseline suction values might be approximately 0.2, 0,75, 1, and 2 in. WG. The high-suction fans
might generate suctions between 0.1 and perhaps 40 in. WG,
depending on the specific fan and the flow rate. For these fans,
reasonable baseline suction values might be 2" 10, and 20 in.
WG. (If one of these high-suction fans is not generating at
least a couple inches of water suction, the flows are probably
too high to warrant a fan of this type.)
At each of these baseline sub-slab depressurizations, the flow
in the vacuum nozzle is measured.
'
The results (baseline sub-slab depressurization vs. flow in the
vacuum cleaner) are then plotted on a curve, with suction as
the ordinate and flow as the abscissa. This curve, which will
show flow increasing as suction increases, might be referred

to as a "sub-slab performance curve." The basic approach for
using these flow data to select a suitable fan is to compare this
sub-slab performance curve with alternative fan performance
curves (which will show flow decreasing as suction increases).
The fan that would be selected would be the one for which the
fan performance curve intersected the sub-slab performance
curve at a point about mid-range on the fan curve. The basis
for this selection is that that fan would be operating at a
comfortable point, and should be able to handle increases or
decreases in flow that might result over time, e.g., as the
underlying soil dried out or became moist during different
seasons, or as small cracks developed in the slab.
In fact, there is some inaccuracy in directly comparing the
sub-slab and fan performance curves.. The sub-slab performance curve is based upon suction under the slab; the fan
performance curve is based upon suction at the fan. There are
two reasons why sub-slab depressurization at the baseline
hole does not equal suction at the fan: 1) suction losses as the
gas in the pit accelerates up to SSD pipe velocity; and 2)
suction losses in the SSD piping, between the slab and the fan.
Accordingly, the sub-slab performance curve should be modified to account for these factors, and the fan performance
curves then compared against the modified sub-slab performance curve, if this interpretation is to be rigorous.
Using standard equations for suction losses at abrupt entrances (Ca60), it can be calculated that the suction losses due
to Item 1 above will usually be small at the velocities typical
in SSD pipes; assuming that 1,500 ft/min is the highest pipe
velocity that can be tolerated due to flow noise in the piping,
the maximum suction loss due to pit gas acceleration would
be on the order of 0.05 in. WG, depending on pipe diameter.
As a result, this first factor can usually be neglected.
Thus, only the suction losses due to piping friction (Item 2
above) usually need to be considered. To' address this, the
mitigator would have to estimate what the suction losses in
the envisioned system piping will be as a function of flow
rate, using the procedures discussed in Section 4.6.1. The
sub-slab depressurization vs. vacuum flow performance curve
would then have to be corrected accordingly. For example,
assume that the vacuum cleaner flow testing showed a flow of
30 cfm at a baseline sub-slab suction of 0.75 in. WG, and a
flow of 40 cfm at 1.5 in. WG. And assume that the piping
suction loss calculations suggested that piping losses would
be about 0.08 in. WG at 30 cfm and 0.14 in. WG at 40 cfm.
Under these conditions, the modified sub-slab performance
curve would be plotted using a flow of 30 cfm at 0.75 + 0.08
=0.83 in. WG, and a flow of 40 cfm at 1.5 + 0.14 = 1.64 in.
WG. That is to say, the fan would have to be able to maintain
a suction at thefanofO.83 in. WG when the flow is 30 cfm,in
order to maintain a suction in the suction pit of 0.75 in. WG at
that flow.
In some cases, when the flows are low, the suction losses due
to pipe friction might be low enough to be neglected, just as
the losses due to pit acceleration. In those cases, the measured
sub-slab performance curve could be used without modification.
'
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The decision regarding whether or not the more extensive
sub-slab flow measurements are a cost-effective diagnostic
test rest with the individual mitigator, and will be based upon
the specific conditions that the mitigator encounters. However, it is expected that most mitigators will tmd this diagnostic test unnecessary most of the time.

the mitigator to provide the best guidance to the homeowner
regarding the reductions that might be anticipated with the
ASD system. It will also save the mitigator from offering a
guarantee to achieve 4 pCi/L (or some lower level) with ASD
when in fact the water source might be sufficient to prevent
that level from being achieved without water treatment.

3.5.2 Well Water Radon Analysis

In some cases, the homeowner might have already obtained a
well water radon measurement. through contacts with state or
local agencies. But where the homeowner has not done this,
the mitigator may be called upon to provide guidance on how
the homeowner can get the water measurement made, or
perhaps to arrange for the measurement himself.

Radon released from the surrounding soil and rock will dissolve to a certain degree in the underground aquifers from
which wells draw. If a house is served by a private or
community well, and if the well water is not aerated before
use in the house, a significant fraction of the dissolved radon
will be released into the air when the water is used. The
release of the waterborne radon will be especially great when
the water is aerated during use (e.g., when sprayed through a
shower nozzle or in a dishwasher), and when the water is
heated. The waterborne radon will thus contribute to the
airborne radon levels in the house.
Water that is drawn from reservoirs and rivers, and water that
has been treated by municipal water authorities will generally
have very low mdon concentrations. Thus, only water that is
drawn directly from wells (without any intennediate aeration
step) may be of concern.
Based upon typical water usage rates in a house, typical
natural ventilation rates, and typical house volumes, a rule of
thumb is that 10,000 pCi/L of radon in well water will
contribute approximately 1 pCilL to the indoor air concentrations, on the average over time, and on the average throughout
the house (Bru83). By this rule of thumb, 40,000 pCiIL in the
water would contribute an average airborne level equal to
EPA's original action level of 4 pCilL. Of course,
water-induced airborne concentrations would be greatest at
the time that the water was' being used, in the immediate
vicinity of where it was being used. While the exact contribution of the well water to the airborne levels will vary from
house to house, because water usage rates, natural ventilation
rates, and other parameters will vary from the typical values
~lSSumed, it has generally been found that the 10,000:I rule of
thumb is reasonably good (Be84, Fi91).
Any radon that is being contributed to the indoor air by the
well water will not be impacted by an ASD system, which can
address only that portion of the radon entering the house with
soil gas. In the large majority of cases (although not always),
the soil gas contribution to indoor levels will be much greater
than that from well water. However, in geographical areas
where elevated radon concentrations in the well water are
common, radon from water can sometimes complicate the
ability to achieve indoor levels below 4 pCiIL with ASD
alone. In those cases, a water treatment step could be required
in addition to ASD. In cases where it is desired to reduce the
indoor concentration to levels well below 4 pCiIL, the radon
contribution from well water will become increasingly important.
Mitigators working in areas where elevated water concentrations are sometimes encountered will be well advised to
confum the water radon levels. This knowledge will pennit

The following discussion describes how to proceed in obtaining an analysis of the radon concentrations in water. As
emphasized in the preceding discussion, such analyses are
necessary only if: a) the house is served by a well; and b)
experience in the area shows that well water radon concentrations can sometimes be high; and c) the homeowner has not
already had an analysis completed.

• Screening using a gamma meter
Before incurring the cost of sending a water sample to a
laboratory for analysis, a simple, qualitative screening test can
be conducted using a gamma meter to assess whether water
radon concentrations might be high.
If radon levels in the water are sufficiently elevated, radon
decay products and lead-21O deposited in the plumbing system will result in gamma radiation in the plumbing significantly above background levels. A gamma reading might be
taken against the well water tank inside the house. One
complication in using the water tank is that, if other radionuelides such as uranium or radium are present in the water,
these elements will also contribute to the gamma radiation at
the tank. It would be preferred to make the gamma measurements at some other location where a mass of water stands,
but where uranium and radium will not be deposited. One
location that meets these criteria is a commode.
If the gamma levels measured at a commode or elsewhere in
the plumbing are significantly above the background levels
measured in the house remote from the plumbing, this suggests that well water radon concentrations may be elevated. In
this case, it would be advisable to have a water sample sent to
a laboratory for quantitative analysis.

• Analysis by a laboratory
The analysis of the water sample mQst be conducted by a
qualified laboratory. Thus, the role of the mitigator would be
to ensure that a good sample is properly drawn and provided
to the lab. In some cases, a state agency may operate a
laboratory which can conduct the analysis. Or, the state may
be able to indicate laboratories in the area that can conduct
such analyses, if the mitigator is not already aware of a
suitable lab. Thus, the logical fIrst step would be a contact
with the appropriate state agency listed in Section 15 of this
document. If the state cannot conduct the analyses or identify
candidate laboratories, various laboratories offer analytical
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serVices by mail. These laboratories advertise in the trade
literature.

Alternatively, instead of the rubber adapter; fill a
bowl or bucket with water continuously running
from the tap, with the tap outlet (including any
aerator) below the water surface in the bucket.
Water will be continuously overflowing the top of
the bucket. Submerge the capped vial in the bucket;
remove the cap beneath the tap, allowing the vial to
fill; then re-cap the vial under water, making sure
that no air is trapped.

Whichever laboratory is selected for the analysis will provide
a vial in which to collect the sample. The lab will also provide
instructions for collecting the sample, which will then be
returned to the lab. The person collecting the sample should
follow the instructions from the specific laboratory that he/she
is dealing with.
Depending upon the particular lab, the house water sample
might be injected (in known quantity) directly by the sample
collector into a "cocktail" of organic compounds. The compounds in the' scintillation cocktail emit photons of energy
upon excitation by the alpha particles released! by the radon,
thus permitting the alpha emissions to be counted in the lab.
Sometimes a known quantity of water sample :is injected into
a vial containing mineral oil, which extracts the radon out of
the water and which is subsequently mixed with the cocktail
at the laboratory. Alternatively, the sample could be collected
by filling an empty sample vial, with the injection of the
sample into the cocktail being handled later at the lab.

The vial is then immediately delivered or mailed to
the lab for analysis.
-

(or into mineral oil) by the sample collector:
Where a rubber adapter with tubing has been placed
over the tap, allow the water to flow, via the length
of tubing, into a suitable small open container. The
end of the tubing is placed well below the water
surface in the container, to avoid aeration where the
water leaves the tubing. The water is allowed to
flow until the container has been flushed a number
of times.

The typical sampling procedures discussed below addresses
both sampling methods.

Using a syringe, a known quantity of water in the
container (as specified by the lab) is withdrawn, and
is injected into the capped vial containing the cocktail. The vial is then vigorously shaken, to mix the
water sample and the cocktail. The sample withdrawn from the container using the syringe should
be withdrawn well below the surface of the water in
the container.

- Identify a tap in the house plumbing (indoors or outdoors) where a water sample can be drawn, prior to any
carbon filter that may be present, and preferably prior
to any water softener. This tap must be a cold water tap,
so that the water sample will not have been heated (and
thus potentially de-gassed) in the water heater.
Before sampling, allow the water to run from the tap
for a period of time to flush the "old" water out of that
branch of the plumbing. This step is particularly important at taps (such as outside spigots) which may not
have been used in days or weeks; some significant
portion ,of the radon originally present illl the old water .
rilay have decayed away.
-

If the sample is to be injected directly into the cocktail

Alternatively, instead of filling a container, bend
the tubing upward and turn the tap on slowly, so
that the water slowly overflows the upward-directed
end of the tubing. Insert the syringe needle down
into the open end of the tubing, and withdraw the
water sample from well below the surface. If the
water sample is being drawn from an outside spigot,
a short length of hose screwed onto the spigot
would serve this same purpose.

If the sample is being collected in an empty vial pro-

vided by the lab (which will most commonly be the
case):

The vial is then immediately delivered or mailed to
the lab for analysis;

Place a rubber adapter over the selected tap, connected to a length of tubing which directs the water
to the sampling vial. The adapter prevents any
aeration of the sample as it leaves the tap, even if
the tap has an aerator. (If there is any doubt, remove
the aerator.)

3.5.3 Measurements to Determine
Significance of Building Materials as a
Radon Source

Allow the water to flow, via the length of tubing,
into the open sample vial. The end of the tubing
should be placed well below the water surface in the
vial, to avoid aeration. The water is allowed to flow,
overflowing at the mouth of the vial, until the vial
has been flushed a number of times.

On infrequent occasions. materials used in the construction of
the building may be important contributors to indoor radon
levels. This will usually be the case only where stone with an
unusually high natural radium content has been used as aggregate in the concrete, or perhaps for structures such as fireplaces. It can also occur if, e.g., uranium mill tailings have
been used in the aggregate or as fill around the house.

The vial is then immediately capped, using care to
avoid any air bubble in the vial.

In most areas of the country. mitigators will rarely see a case

where building materials are making any significant contribution to indoor radon. In those areas, pre-mitigation tests
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addressing building materials will not be warranted. But in
those areas where building materials are occasionally an
important source, a mitigator may be well advised to make a
gamma survey (and/or perhaps a flux measurement) wherever
conditions look suspicious, before guaranteeing that 4 pCi/L
will be achieved with an ASD system alone.

higher radionuclide content than does the native soil and rock
around the house.

In worst-case situations, removal and replacement of the
elevated building materials or coating them with some appropriate radon barrier may be required in order to reduce the
house below 4 pCi/L. It is doubtful whether such steps would
be warranted in cases other than, e.g., uranium mill tailing
contamination; tl1ese steps would thus be beyond the scope of
the typical mitigator. And the treatment of this building material source would be required for the purpose of protecting the
occupants from gamma radiation, as well as from radon.

A hand-held scintillometer that measures ionizing radiation in
units of ~ should be used. Such a "micro-R" meter is the
most convenient and commonly-available instrument to provide the results required here.

Two approaches can be considered for estimating the relative
importance of building materials. The simplest approach is
the use of a meter to determine gamma radiation at various
locations around the house. Materials having a high concentration of radium (and also, necessarily, of other radionuclides) will also have high gamma emissions. Thus, high
gamma radiation is evidence of possibly high potential for
radon release. The second approach for estimating building
materials effects is the "flux measurement," where a container
is sealed over the surface of, e.g., the slab, and the increase in
radon concentration over time is measured.
Of the two approaches, tbe gamma survey is ilie easiest to
conduct, and permits numerous, rapid measurements around
the house to locate hot spots. Thus, mitigators in areas where
building materials may be a common problem should probably obtain a gamma meter to pennit such surveys, as discussed later. The flux measurement may provide a more
quantitative estimate of the potential for radon emission from
the building surface. However, the flux measurement takes
more time to conduct, and the number of test locations is thus
limited. The flux measurement approach is probably most
applicable in cases where the results from a previous gamma
survey indicate that the building surface is "hot," and a more
quantitative estimate is desired of how much radon may in
fact be being released from the materials.

The gamma survey thus consists of making gamma measurements at several locations indoors, and comparing these readings against those made at several locations outdoors.

The micro-R meter must be calibrated (i.e., the number of
meter counts/sec per ~ must be detennined). Commonly,
these instruments are calibrated in a laboratory using a known
cesium-137 source. La'boratory calibrations using aradium-226
source are not recommended; meters calibrated using radium
appear to give readings in the field that are high by a factor of
about two, due to differences in the gamma energy of this
radionuclide relative to the spectrum of gamma-ray energies
nonnally found in nature. A more scientifically rigorous calibration is possible, by calibrating the meter against a pressurized ion chamber. Alternatively, specially-prepared radioactive test pads could be used which better represent the nonnal
natural spectrum of gamma-ray energies. These more rigorous
calibrations will generally not be conveniently available to a
mitigator, and they are not really warranted in any event. The
improved accuracy that these better calibrations would provide is not necessary, given the comparative manner in which
the results are used (indoor vs. outdoor levels).
Readings with the micro-R meter should be made at multiple
indoor locations around the lowest level of the house, making
sure that readings are made near all major structures containing earth-based building materials. These structures would
include the slab, the foundation walls, and fireplace structures. At each test location, a reading should be taken: a) with
the meter flush against the building surface; and b) with the
meter 3 ft away from the surface. The gamma radiation
emitted by a surface will drop significantly as the meter is
moved away; repeating the measurements flush with the
surface and 3 ft away will help confirm the extent to which the
observed radiation is in fact coming from the surface rather
than from other sources.

• Gamma sllrvey
Gamma radiation is naturally present in the environment
around any house, as a result of naturally-occurring radionuelides in the surrounding soil and rock, and as a result of
cosmic radiation. Natural outdoor ground-level gamma readings vary around the country, but a typical range is 5 to 20
micro-Roentgens per hour CJ.tRIhr).
Commonly, if there are not elevated levels of radionuclides in
the concrete aggregate or in other stone-based building materials, the g.'Ul1ma radiation levels inside a house will be
slightly lower than those outdoors, because the house shell is
providing some shielding from the natural radiation. But if
gumma levels at specific locations indoors are higher than the
levels outdoors, this would suggest that the building materials
in the immediate vicinity of the high indoor readings have a

Readings with the micro-R meter should also be made at
several locations outdoors, around the perimeter of the house.
Again, at each location, readings should be taken flush against
the ground and also at a height of 3 ft.
The indoor vs. outdoor readings are then compared. In general, the indoor readings should be about the same as the
outdoor readings, or perhaps one or two ~ lower. If
indoor levels are slightly higher (by, say, one or two ~),
this result would suggest that the material used in construction
is slightly more elevated than the native soil and rock, but the
building materials are not contributing significantly to indoor
radon levels. However, ifany significant number of the indoor
readings are significantly greater than the outdoor background
(by, say, 10 to 20 ~ or more), suggesting that some
significant amount of the building material is distinctly elevated relative to background, then the mitigator should be
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alerted that building materials might be contributors to the
indoor radon levels. One mitigator uses a guideline that stone
foundation walls can be expected to be important radon
sources when gamma readings flush against the wall are twice
the background level (Br092).
If it thus appears that building materials might be a source, the
mitigator has two options.
1. If the mitigator's experience enables a reasonable judgement from the micro-R readings regarding what the building material contribution may be, i.e., if it is reasonably
clear that building materials are not the sole or predominant source, and that some soil gas treatment step is thus
still necessary, then one option is for the mitigator to
advise the homeowner of this situation, warning that
some residual radon levels will remain after installation
of the ASD system, due to the building materials.
2. If the building material contribution may be a major
component of the indoor radon levels, it may be advisable
to conduct a flux measurement, to better quantify how
much radon is in fact being released from the building
materials.
It is emphasized that a structure must be of relatively significant size, and/or have distinctly elevated gamma readings, to
pose a significant threat in terms or radon I~missions. An
isolated stone frreplace with slightly elevated gmnma readings
will probably not be a significant source. Rock collections, or
collections of radium-dial clocks, will almost never be significant sources, despite elevated localized gamma readings.

In additIon to revealing the possible contributions of building
materials to indoor radon, gamma surveys can also provide
other information that can· be helpful in system selection and
design. As mentioned in Section 3.5.2, a high gamma reading
at a commodeinside the house (resulting from accumulated
radon decay products) will suggest whether there may be
elevated radon levels in the well water. In special cases where
high-radium strata exist in the underlying soil, hot spots
identified by the gamma meter around the slab. may suggest
where the strata may b.e surfacing around the foundation,
information which mayor may not be useful in ASD design.

• Surface flux measurements
Flux measurements attempt to determine the actual rate at
which radon IS being released from a solid surface, in
picoCuries per unit area of the surface per unit time. Since the
actual release of radon is being measured, rather than using
gamma radiation as a surrogate, flux measurements would be
expected to provide a more rigorous estimate than would a
gamma survey of the actual radon contribution from a building surface.

utilized. Flux measurements will be cost-effective under only
certain circumstances, discussed earlier.
A procedure for flux measurements has been discussed elsewhere (EPA88b); due to the limited applicability of this
measurement, the full procedure will not be repeated here. In
summary, a container of known volume having one open end
of known area is sealed, open end down, onto the surface from
which the flux is to be determined. A radon grab sample is
withdrawn from the sealed container at the beginning of the
test, and than again after some period, typically 30 minutes to
an hour. From the measured increase in radon concentration
inside the container over this time, a radon flux (e.g., in units
of pCi/ft2/hr) can be calculated.
From typical uncracked concrete surfaces, the radon emanation (due to naturally occurring radium in the aggregate, about
1 pCi per gram of concrete) is roughly 10 to 40 pCi/ft2/hr.
Measured levels significantly above that range would suggest
that the concrete is an above-average contributor to indoor
radon levels.
It is emphasized that the flux container must be sealed over a
solid, uncracked section ofthe building surface. The objective
of the test is to determine the emanation of radon from radium
in the building material (or the diffusion of radon through the
solid, unbroken material). If the flux container is sealed over
an opening, such as a crack in the slab or such as the porous
surface of a block foundation wall, then the radon that appears
in the container will be the combined result of multiple
mechanisms: 1) emanation from the material (or diffusion
through the solid material); and 2) diffusive movement (or
convective flow) through the opening.
Measurement of the diffusive/convective flux of radon through
openings has sometimes been utilized (often in research set-·
tings) in an effort to understand which entry routes may be the
most important among alternative candidates. Such a use of
flux measurements, over openings, is not discussed here.
From a mitigator's standpoint, this information is either unnecessary as a pre-mitigation tool for ASD design, or can be
estimated from more direct and simpler measurements, such
as direct grab sampling/sniffing beneath the slab or inside
block walls. In any event, the thrust of the flux measurements
being discussed in this section is to determine the possible
contribution of building materials, and location of the flux
container over an opening would invalidate the test for that
purpose.

3.5.4 Pressure Differential
Measurements Across the House Shell
Pressure differential measurements across the house shell can
be made at two locations:
-

As indicated previously, flux measurements rure not suitable
as a routine pre-mitigation test for potential buIlding material
contributions to indoor radon. If a mitigator is working in an
area where potential building material contributions are a·
common concern, the gamma survey approach should be

Above grade, across the walls between the house interior and the outdoors.

- Below grade, across the slab (i.e., between the house
and the sub-slab region). In this context, the sub-slab
pressure measurements would be made without any
suction being drawn on the sub-slab region by a vacuum
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clenner or fan, for the purpose of determining the
natural depressurization of the house relative to the
sub-slab.

indoors and outdoors above grade will normally tend to
be slightly greater than that across the slab, and could
thus tend to give a slightly elevated indication of what
the actual driving force is. Not only is the differential
across the slab the preferred measurement for this
purpose, but it is easy to obtain if holes have already
been drilled through the slab in conjunction with suction field extension tests.

Pressure differential measurements across the shell can be
coosidered for at least two different purposes, in connection
with ASD systems:
-

-

To permit more rigorous interpretation of the sub-slab
suction field extension results when designing an ASD
system. For this purpose, below-grade measurements
(across the slab) would be the most meaningful; they
would also be easily conducted in conjunction with the
suction field extension testing.
To indicate whether the house may be prone to combustion appliance backdmfting, which could be exacerbated by an ASD system. For this purpose, above-grade
measurements would be appropriate.

Pressure differential diagnostics could also be considered in
coojunction with blower door operation, in the selection!
design of basement pressurization systems. This testing could
suggest how much supply flow is required through the blower
door (and hence how large a system fan would be required) in
order to adequately pressurize a basement relative to the
sub-slab. An analogous measurement could aid in the design
of crawl-space depressurization systems, although in that
case, the question would be how large a fan would be needed
to depressurize the crawl space relative to the living area.

Uses of pressure differential measurements to aid in
interpreting suction field extension test results. There
are two ways in which pressure measurements across the shell
might be used to aid in interpreting sub-slab suction field
extension test results.
-

- Pressure differential measurements across the shell can
be made under a variety of conditions with different
exhaust appliances operating, or perhaps at different
weather conditions, in an effort to identify the most
challenging house depressurization driving forces in a
particulnrhouse. The mitigator might then elect to
ensure that any suction field extension tests are conducted under those most challenging conditions. Or,
when interpreting the suction field extension results to
ensure the ability of the system to handle the worst-case
driving force, the mitigator can then use the actual
expected maximum depressurization for that house,
rather than the rule of thumb values for thermal and
app1iaDce effects (0.025 to 0.035 in. WG). Again, the
preferred pressure differential to measure would be that
across the slab, with the sub-slab vacuum off. ... . .

Sub-slab suction field extension measurements sometimes have to be made when the weather is not very
cold, or without all exhaust appliances operating. In
such cases, pressure measurements across the shell,
conducted in parallel with the sub-slab suction field
testing, would indicate how the driving force existing
during the diagnostics compares against the estimated
maximum driving force that might be estimated to exist
during cold weather with the exhaust appliances operating. The pressure differential measurements might
show that the existing driving force during the diagnostics was much less than this estimated maximum (perhaps 0.025 to 0.035 in. WG, according to the conservative rule of thumb discussed in Sections 2.3.1b and
2.3.1e). In that case, the pressure measurements would
reveal what sub-slab depressurizations the diagnostic
vacuum cleaner (or fan test stand) would have to establish during the diagnostics in order to compensate for
the higher driving forces that would be expected later.
For this purpose, the preferred pressure differential to
measure is that across the slab, between the house and
the sub-slab region (with the sub-slab vacuum off); that
is the differential against which the ASD system will
have to compete. The pressure differential between

In practice, whenever a mitigator plans to conduct sub-slab
suction field extension diagnostics anyway, it makes sense to
include pressure measurements across the slab with the vacuum
off. These results would then be used to aid in data interpretation, as discussed in the preceding paragraphs. Such measurements with the vacuum off are already included in the protocols described in Sections 3.3.1 and 3.3.2 for suction field
extension diagnostics. On this basis, pressure differential measurements across the house shell (slab) would be conducted
any time suction field extension measurements are felt to be
warranted, i.e., primarily when sub-slab communication is
unknown or poor.
Where suction field extension diagnostics are conducted, they
should be made with the exhaust appliances operating, simulating worst-case conditions as closely as possible. If worst-case
house depressurizations cannot be fully simulated, then the
slab pressure measurements with the vacuum off can be used
to make any necessary corrections in the suction field results
based upon the rules of thumb. For example, if the diagnostics
are not performed during mild weather-at a time when the
pressure differential across the slab was about zero with the
vacuum off-it would be assumed that the sub-slab depressurizations measured with the diagnostic vacuum cleaner operating should be at least about 0.015 in. WG, to account for the
increased driving force expected from thermal effects during
cold weather. (Alternatively, if the suction field extension
diagnostics are performed during mild weather, the house
could be deliberately depressurized using a blower door during the testing to simulate cold-weather depressurizations;
this is not commonly done.)
Most mitigators never make pre-mitigation indoor-outdoor
pressure differential measurements above grade as part of
sub-slab diagnostics.
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Uses of pressure differennal measurements to assess
the risk of backdrafting. One potential concern with ASD
systems is whether the air drawn out of the house by the
system may be sufficient to cause backdrafting of combustion
appliances, possibly exposing the occupants to carbon monoxide. Backdrafting as a result of ASD operation is most
likely to occur when: a) the house is particularly tight, as in
very cold climates or in other climates where the house has
been intensively tightened for energy efficiency; b) the flue is
partially blocked or improperly designed, reducing the draft;
c) other major depressurizing appliances are also operating; or
d) the ASD system is exhausting a significant amount of
house air, as with BWD systems. ASD systems will generally
not cause backdrafting except in cases where the house draft
was marginal to begin with. Many mitigators will encounter
ASD-induced backdrafting only infrequently, except in very
cold climates (Wi91, Ang92, Fit92). However, the consec
quences are of backdrafting are so severe that mitigators must
always be alert to this threat.
There are several options for testing for backdrafting. Because
mitigators often conduct backdrafting tests as apost-mitigation
diagnostic, at which time they are required by EPA's standards(EPA91b), these options are discussed inSection 11.5
of this document However, since one of the test options
involves pressure measurements across the house shell above
grade, and sinc~ a mitigator might choose to perform this
testing prior to mitigation, to assess whether selection of ASD
for a given house might potentially contribute to backdrafting
problems, this issue isaddressed briefly here.
Measurement of the pressure differential across the shell
above grade as an indicator of possible backdrafting assumes
that: a) the draft in the flues of furnaces, water heaters, etc.,
can be expected to be a predictable value reilative to the
outdoor pressure; and b) backdrafting should not occur as
long as the depressurization of the house (relative to outdoors)
is less than that value. The draft in a well-connected, unobstructed flue during cold weather may typically be about
0.028 in. WG (Br92). Thus, for example, two draft protocols
suggest that, to be conservative, house depressurization by
0.020 in. WG 0;1:' more, as measured across the shell above
grade, should be viewed as a threat that backdrafting may
occur in traditional gas-fired furnaces (CMHC88, TEC92).
However, in fact, the draft can sometimes be well below 0.028
in. WG (sometimes falling to about 0.01 in. WG or less) when
the weather is mild, when the flue is obstructed, or when the
flue is not properly connected to the appliance (Fit92, Ne92).
Thus, it will be wise to supplement any pressure differential
measurements across the shell with a more positive determination of whether combustion product spillage is in fact
occurring (e.g., using chemical smoke tracer around draft
hoods). See Section 11.5.

Procedure for pressure differential measurements
across the house shell. The procedure for maF.ing pressure
differential measurements across the house sheJll at the slab
has been discussed in connection with sub-slab suction field
extension testing, in Sections 3.3.1 and 3.3.2.

The procedures for making pressure differential measurements across the house shell above grade have been described
in other documents (F090). Because of the limited applicability of these measurements for ASD design, only a summary of
the procedure will be presented here.
The equipment required for the measurements is a digital
micromanometer, sensitive to ± 0.001 in. WG, the same
device required for the sub-slab suction field extension measurements described in Section 3.3. Also required are one or
two lengths offlexible (but not collapsible) tubing that can be
connected to the micromanometer ports.
One length of tubing must be long enough to run from the
reference port of the manometer to the outdoors, through a
crack in a door or window that can be closed over the tubing
without pinching it. The micromanometer itself (or the end of
the sample tube connected to its second port) would be at the
indoor location where house depressurization (or pressurization) is to be measured. This indoor location will depend upon
the specific objectives of the testing. For example, if the
objective is to assess the possible risk of backdrafting, the
indoor location will be near where the combustion appliances
are located.
It is usually difficult to obtain a reliable measurement of the
pressure differential across the house shell above grade when
any wind is blowing. Winds will tend to pressurize the upwind
side of the house, and depressurize the downwind side. These
pressure effects will vary as the wind velocity varies. In
addition, wind blowing directly into the open end of the
sample tube outdoors will create a dynamic effect on the
pressure readings obtained by the micromanometer, a dynamic effect that will fluctuate as the wind varies.
Several approaches have been suggested in an effort to reduce
the fluctuations in the pressure measurements created by the
dynamic effects of winds. In concept, one approach would be
to ensure that the end of the outdoor sample tube is always
oriented perpendicular to the wind direction, so that the wind
is always blowing perpendicular to the opening and the measured pressure is the static pressure. This is impractical, since
the wind direction is not steady and is difficult to monitor at
the precise location of the sample tube. A more practical
approach is to place some diffuser material over the open end
of the tube, to reduce flow-induced effects. Fritted glass
(F090), cotton (F090), and open-cell foams such as used in air
diffusers for aquariums (Tu92), have been suggested for this
purpose. Yet another approach would be to mount the end of
the tubing between two parallel plates (Br92), or to mount it in
a section of pipe perpendicular to the tube and open at both
ends. [One mitigator uses a soda can for this purpose (Bro92)].
This approach would ensure that air flow is always perpendicular to the opening in the tube, and hence that it is the static
pressure being measured.
In addition to the concern about avoiding wind-induced dynamic pressure effects so that a static pressure can be measured, there is also concern about the variation in the static
pressure. The static pressure on a given side of the house will
change as the wind velocity varies. In addition, the static
pressure will be different on different sides of the house, so
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that the pressure differential result will vary depending upon
where the outdoor measurement is made.
In selecting the measurement location, the effects of the house
on the outdoor static pressure can be avoided by extending the
outdoor sample tube a distance away from the house. As
another option, one could make individual measurements
across the shell on all four sides of the house, and then average
tl1CSC in an effort to "average out" the effect of location around
the house. Some investigators have extended sample tubing to
all four sides of the house, manifolding all of the tubes
together to provide a single integrated pressure reading; this
approach will not normally be warranted during commercial
diagnostic testing; in addition, some investigators suggest that
this approach will not in fact provide an effective integration
(Br92).

TIle house conditions during the measurements are selected
based upon the specific test objectives. These conditions
include: exterior doors and windows open vs. closed; interior
doors open vs. closed; and exhaust appliances on vs. off.
When the objective is to assess the driving force for radon
entry: the exterior doors and windows are normally closed;
interior doors are often open, but tests are sometimes also
repeated with the doors closed to assess depressurization in
particular rooms that may often be closed off by the occupants; and exhaust appliances are often on, but tests may be
repeated with the appliances off. When the objective is to
assess the threat of backdrafting (e.g., based on the procedures
in References CMHC88 and Ne92): the exterior doors and
windows are normally closed; the interior doors are often
selectively closed in a pattern to maximize depressurization in
rooms having combustion appliances; and exhaust appliances
are normally on, again with the intent of creating a worst-case
situation.

In concept, this approach is generally analogous to the standard orifice flow calculation. If an orifice of known diameter

is mounted in a pipe, and if the pressure'drop created by gas or
liquid flow across this orifice is measured, the flow velocity of
the gas or liquid in the pipe can be calculated. In· the case of
the blower door, the flow rate is measured for a known
pressure drop, alloWing the orifice size (i.e., the effective or
equivalent leakage areas) to be calculated.
It is emphasized that the blower door calculations assume that
all of the openings to be combined into a single bell-mouthed
nozzle or into a single sharp-edged orifice, whereas the actual
openings are in fact numerous small gaps of varying configurations with much different flow characteristics than a nozzle
or a round orifice. As a result, the calculated effective or
equivalent leakage areas are not the actual combined areas of
all of the openings. Nevertheless, the effective or equivalent
leakage areas can still be useful numbers which allow one
house to be compared with others in terms of leakiness.
Depending upon the manner in which the blower door is
operated, it can be used to determine the effective leakage
area for the entire house, or for an individual story of the
house.

3.5.5 Blower Door Measurements

Commonly, the effective leakage area is used, in conjunction
with a mathematical model and various assumptions, to estimate the average natural ventilation rate of a house. It should
be understood that any such calculation of the ventilation rate
from blower door data is only an estimate. The blower door
determines effective leakage area, not ventilation rate. The
actual ventilation rate at any point in time will depend heavily
on weather conditions, house characteristics, nature and location of the openings, and homeowner activities; to the extent
that these features are incorporated into the models used to
estimate ventilation rate from blower door data, they can be
incorporated in only a gross, averaged manner.

A blower door is a calibrated fan which can be mounted in a
doorway ofa house with the remainder of the doorway sealed,
blowing out of or into the house. The fan can be adjusted to
operate at different flow rates (up to about 3,000 cfm) to
maintain alternative selected degrees of depressurization or
pressurization within the house, typically in the range of 0.06
to 0.24 in. WG. The air flow rates through the fan at these
different depressurizations are measured.

As a rough rule of thumb, the average natural ventilation rate
ofa house (expressed in cfm) is estimated to be approximately
one-twentieth of the blower door flow rate (in cfm) when the
blower door is depressurizing (or pressurizing) the house by
0.20 in. WG. While this simple correlation gives a rough
indication of average natural ventilation rate, possibly adequate for many field mitigation purposes, it can be in error by
a factor of 2 or more in some cases.

From these results, the "effective leakage area" through the
house shell (as defined by a Lawrence Berkeley Laboratory
infiltration model) or the "equivalent leakage area" (as defmed by the National Research Council of Canada) can be
calculated. The effective leakage area is the nominal area of
the openings through the shell that would have to exist in
order to explain the blower door flows that would be predicted
when the measured results are extrapolated down to 0.016 in.
WG lftltese openings were combined into a single bell-mouthed
nozzle. The equivalent leakage area is the nominal area of
shell openings when the results are extrapolated down to
0.040 in. WG. if the openings were combined into a single
round. sharp-edged orifice.

The effective leakage area of a house, or the ventilation rate
calculated from blower door results, will rarely, if ever, be
information that can aid in ASD design. Thus, mitigators
planning to install an ASD system ina house will essentially
never conduct a blower door diagnostic test for ASD design
purposes. Blower door testing will be warranted primarily
when the features of a particular house require a mitigator to
assess specific alternative mitigation options other than ASD.
Blower door tests are most likely to be considered when
basement pressurization, crawl-space depressurization, or house
ventilation are among the mitigation techniques being assessed. The blower door result would indicate the tightness of
the basement (or crawl space), providing a direct measure of
how large a fan would be required to maintain the desired
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pressurization of the basement (or depressUlization of the
crawl space). Or, if·house ventilation were being considered,
the blower door would provide an estimate of the average
natural ventilation rate of the house, permitting a calculation
of how many cfm of fresh air would be required to increase
the ventilation rate adequately to get the desired radon reduction.
Procedures for operating blower doors and for converting the
results to effective leakage areas and estimated natural ventilation rates have been described elsewhere (She80, ASTM87,
TEC87, EPA88b, Tu88b). The standard procedure is presented in ASTM E 779-87, "Standard Test Method for Determining Air Leakage Rate by Fan Pressurization" (ASTM87).
Because blower door testing in not usually wammted for ASD
design, no disCI!Ssion of blower door procedures will be
presented here.

3.5.6 Tracer Gas Testing
Three types of tracer gases have been used for various purposes associated with radon mitigation: halogenated hydrocarbons, commonly used as refrigerants; PFTs; and SF6' Of
these, only halogenated hydrocarbons would be convenient
for practical use by a commercial mitigator for pre-mitigation
testing in connection with ASD systems, and even they would
likely have lim.ited value. PFTs might be used infrequently for
pre-mitigation ventilation rate measurements, in cases where
a house ventilation technique is being considered for mitigation. Both halogenated hydrocarbons and PFTs might also
infrequently find some use as a post-mitigation diagnostic tool
for trouble-shooting ASD systems that are not peIforming as
expected. The use of SF6 (usually todeternune house ventilation rate) requires such elaborate equipment, and is so labor
intensive, that SF6 would not be considered outside of a
research setting.

ozone layer. The venting of these gases by the refrigeration
industry is not currently banned. Therefore', to the extent that a
mitigator might wish to conduct this type of diagnostic testing, HFCs should be used.
Refrigerant gases can be obtained in conveniently sized compressed cylinders. Durable hand-held detectors, designed to
pinpoint the source of refrigerant leaks, can be obtained for
about $200 to $300. These detectors, which are usually
battery-powered and portable, are sensitive to refrigerant concentrations as low as 5 to 50 ppm. Many of these detectors
give an audible signal when trace levels of the refrigerant are
detected, with the signal varying in intensity depending upon
the concentration present in the air. The output is thus qualitative, which is usually sufficient for radon diagnostic purposes.
It must be ensured that any detector that is purchased is
capable of detecting the specific refrigerant that is going to be
used as the tracer. The older, CFC-based detectors, which
function by detecting chlorine, will not detect HFCs.
Most mitigators will find testing using halogenated hydrocarbons as a tracer gas to be unnecessary as a pre-mitigation
diagnostic in most cases. Especially where sub-slab communication is good, sufficient information for ASD design will
usually be obtained from prior experience, from the visual
survey, and from suction field extension testing (if needed).
Testing using HFC tracers will not be needed.
However, there might occasionally be situations where innovative utilization of HFC tracer testing prior to mitigation·
might be cost-effective. Among the examples, indicated in
Section 3.1, are:
-

Injection of the tracer beneath an adjoining slab on
grade, and detection· of the tracer in the exhaust from a
vacuum cleaner drawing suction beneath the adjoining
basement slab, in an effort to assess whether the suction field from a basement SSD system would extend
beneath the adjoining slab on grade.

-

Injection of the tracer into one drain tile entering a
sump, and detection of the tracer in the exhaust from a
vacuum cleaner drawing suction on a second drain tile
entering that sump, in an effort to determine whether
the tiles form a contiguous loop.

• Halogenated hydrocarbons
The advantage of halogenated hydrocarbons, marketed under
such trade names as Freon<l!l and Genetron<l!l, is that both the
gases and the detectors are relatively. inexpensive, simple to
use, and readily available through the refrigeration and air
conditioning industry.
The primary disadvantage of chlorinated refrigerants is that
they are destructive to the Earth's stratospheric ozone layer.
For this reason, the original chlorofluorocarbon (CFC) refrigerants (such as R-12) and the so-called "transition"
hydrochlorofluorocarbon (HCFC) refrigerants (such as R-22),
are being largely phased out of production over a 10- to
25-year period; in accordance with the Clean Air Act Amendments of 1990 (Public Law 101-549, Title VI). Venting of
these substances by the refrigeration industry is now banned
by those Amendments. While the Amendments do not explicitly ban the use of small quantities of CFCs and HCFCs as
tracer gases for radon mitigation diagnostics, EPA recommends that these gases never be used for witigation diagnostics.
Only the chlorine-free advanced refrigerants-hydrofluorocarbons (HFCs), such as R-134a-are not damaging to the

Halogenated hydrocarbons have also occasionally been used
for post-mitigation diagnostic tests, as discussed in Section
11. For example, HFCs injected into ASD exhaust piping can
be used to detect where exhaust gases may be re-entraining
into the house.

• Perfluorocarbon tracer gases (PFTs)
In the most common application of PFTs, one or more
2-in.-Iong vials which emit a selected PFT gas are deployed in
selected locations around the house. These emitters passively
release anyone of several alternative (slightly different) perfluorocarbon compounds at a steady rate, dependent on temperature. After the PFT concentrations in the house have been
given a chance to reach steady state, PFT detectors are de107

ployed at selected locations. These detectors adsorb any of the
several PFr gases that are being used.
TIle emitters and the detectors are purchased from a designated laboratory. After the detectors have been exposed for a
selected period of time (commonly two days to one year), the
detector is returned to the laboratory for analysis. Based upon
information supplied by the tester regarding the test conditions, the laboratory report calculates the ventilation rate
(where the emitter and detector are placed in the same zone)
or the flow rate of air between zones (when the emitter and
detector are placed in different zones).
Because multiple PFr compounds are available, it is possible
to emit different compounds simultaneously in different zones
in the house (e.g., with one compound emitted in the bas~
ment, one in the living area, and one in an adjoining crawl
space). Detectors would be deployed in all zones. From the
results, it would be possible to calculate not only the total
ventilation rate of the house, but also the rate of air movement
between the different zones within the house.
It is important to recognize that the ventilation rates determined by PFrs will be integrated (i.e., averaged) over the
entire period that the detector was deployed. Ventilation rates
in houses can vary significantly over time, e.g., as wind
patterns change, as windows are opened, etc. The PFr result
will average all of these effects. It is also important to recognize that, since ventilation rates and interzonal flow rates vary
with environmental and house operating conditions, measurements made under one set of conditions will not address what
the rates would be under different conditions.
To the extent that PFTs might have a practical use in commercial pre-mitigation diagnostics, it would be to determine average house ventilation rates as part of designing a house
ventilation system. PFrs are relatively easy to use, but they do
take time to deploy and retrieve, they are relatively costly, and
there is commonly a delay in obtaining analytical results back
from the laboratory. Thus, although PFrs provide a more
rigorous measure of house ventilation rates than do the estimates obtained from blower door testing, many mitigators
needing to make ventilation rate measurements will probably
find it more convenient to use the blower door.
In research projects, PFTs have sometimes been used for
post-mitigation measurements in ASD systems. For example,
some investigators have released PFTs inside the house and
measured the amounts appearing in the ASD exhaust gas.
TIlcse tests were conducted to estimate the amount of indoor
air being exhausted by the ASD system, and hence the system
hC<'l.ting and cooling penalty (B091, Fi9l). It is doubtful that a
mitigator would often have occasion to conduct such tests
commercially. In one project (Fi91), a PFr emitter was placed
inside ASD exhaust piping to measure the amount of exhaust
re-entrained into the house. However, this approach is experimenL:'l.1, and would likely not be practical for trouble-shooting
a commercial installation.

The procedures for utilizing PFTs for ventilation measure- ,
ments are discussed elsewhere (Di86). Because PFTs will
rarely be used in conjunction with commercial ASD installations, the procedures are not discussed in further detail here.

• Sulfur hexafluoride iracer gas (SF,)
With proper apparatus. SF6 tracer gas can be used to monitor
house ventilation patterns on a continuous basis, thus providing more comprehensive ventilation information than is possible with the time-integrated results obtained using PFTs.
However, the labor and the equipment required to use SF6 are
so extensive that testing using this tracer gas cannot be
afforded outside of a research setting.
A commercial mitigator will never have the need for such
continuous ventilation results. As discussed above, a mitigator considering an ASD system will generally not require
information on house ventilation rates at all, and thus would
not need to conduct even PFT testing, let alone the more
elaborate SF6 testing. Even a mitigator considering a house
ventilation approach would consider, at most, the
time-integrated PFT measurements (or, more likely, the more
approximate blower door approach to estimating house ventilation rates).
Although SF6 will never be used in the design and installation
of a commercial radon mitigation system, a brief review of
how it is used is presented here as background, since mitigators will occasionally see references to tests using SF6•
SF6 is injected into the house from a compressed gas cylinder.
Concentrations in the house air are then measured either using
a gas chromatograph located in the house, or by collecting
house air samples for chromatographic analysis at a remote
laboratory. The SF6 is utilized by one of three techniques:
-

the dilution technique, where the tracer gas is initially
brought up to a uniform concentration inside the house,
and where the ventilation rate is then determined by
observing the drop-off in the concentration over time
(generally several hours). A standard method for using
the dilution technique has been published (ASTM83).

-

the steady state injection rate technique, where the
tracer gas is continuously fed into the house at a
constant rate, and the ventilation rate is determined by
observing the concentration in the house air that is
being maintained by this constant feed.

-

the constant concentration technique, where the flow of
tracer gas into the house is continually adjusted as
necessary in order to maintain a constant concentration
of the gas in the house. The ventilation rate is determined from the flows of tracer that are required.

•
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Section 4
Design and Installation of Active Sub-Slab
Deprc9ssurization Systems
The discussion in this section draws heavily from the detailed
review of available data on active SSD systems, presented in
Section 2.3.1.

4.1 Selection of the Number of
Suction Pipes
The number of SSD pipes required will depend upon sub-slab
communication. In this document, three categories of communication are considered: good, marginal, and Jpoor.
The objective in selecting the number of suction pipes is to
maintain adequate sub-slab depressurization everywhere. As
discussed in Sections 2.3.1b, 2.3.1e, and 3.3.2, ideally, the
SSD system should be maintaining the sub~slab depressurization at: any measurable value (about o.cxn in. WG), if depressurization is measured during worst-case conditions of cold
weather and exhaust appliance operation; about 0.015 in. WG,
if measured during mild weather but with appliances operating; about 0.01-0.02 in. WG, if measured during cold weather
without appliances operating; and about 0.025-0.035 in. WG,
if measured during mild weather without appliances operating. As has been discussed previously, these are probably
conservative figures.

4.1.1 Houses Having Good Sub-Slab
Communication
As discussed;in Section 2.3.1a (House size) and 2.3.1c (Number of suction pipes), one or two suction pipes will generally
be sufficient for a SSD system to treat essentially any residential basement slab or slab on grade when sub-slab communication is good. This has been demonstrated on houses with
slabs as large as 2,700 ft2 (and on schools as large as 50.000
fe). One pipe can be sufficient even when the house has
hollow-block foundation walls. When a good layer of aggregate is preseIit, one or two pipes can sometimes be sufficient
even in houses where there are sub-slab obstmctions such as
interior footings or forced-air supply ducts, which could be
expected to reduce or interrupt the communication.

below 4 pCi/L when basement sub-slab communication is
good. The possibility of avoiding the need for a pipe beneath
the adjoining slab may be improved by installing the basement suction pipe near the stem wall separating the two
wings.
Sometimes a second slab will exist on the same level as
another. with a footing/foundation wall in between. This
situation can occur. for example. when a subsequent
slab-on-grade addition has been added on to an older
slab-on-grade house, or when the house (as initially constructed) was completely bisected by a load-bearing foundation wall resting on footings beneath the slab. When communication is good beneath both slabs, it mayor may not be
necessary to install a SSD suction pipe beneath each slab. If
local experience does not provide guidance on this matter, the
mitigator should perform diagnostics. or should be prepared
to add a suction pipe in the second slab if treatment of the frrst
slab proves inadequate by itself.
The decision to install a second (or additional) suction pipe in
a given slab in a given good-communication house will be
determined by a mitigator's general practices. and by experience with houses in that geographical area. Where there are a
number of factors present that suggest the possible need for a
second pipe. a mitigator will often find it cost-effective to
simply install the second pipe at the outset. or to perform
during-mitigation suction field diagnostics. as discussed in
the introductory portion of Section 3.3, rather than to risk a
call-back if an initial one-pipe system does not perform adequately. Factors which, in combination, might suggest the
need for a second pipe include:
- a particularly large slab;
-

house or geological features which suggest that there
will be significant air leakage into the system from
inside the house or outdoors. thus increasing air flow
and reducing suction field extension. such as:
significant slab openings which cannot be closed
(e.g.• a perimeter channel drain partially concealed
behind wall fmish. or a hollow-block fireplace structure which penetrates the slab);

Where multiple separate slabs are present in a given house--e.g., when a slab on grade adjoins a basement-it may be
advisable to install at least one suction pipe beneath each slab.
Installing a suction pipe beneath the adjoining slab on grade
(often from inside the basement). in addition to installing a
pipe through the basement slab. frequently appears to improve
radon reductions throughout the house. However, it is not
always necessary for the purpose of reducing concentrations

block foundation walls which extend above grade
in slab-on-grade houses, which can allow outdoor
air to flow through the block into suction pipes
placed near the perimeter; and
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_. highly permeable native soils, which can allow
outdoor air to flow through the soil into the system.
•

experience in the geographical area which suggests that
even a reasonably good aggregate layer can sometimes
be uneven or interrupted, or which suggests that certain
obstructions that are observed or suspected (such as
forced-air ducts or grade beams/thickened slabs) can
significantly degrade SSD performance, despite the
presence of good aggregate;

-

hollow-block foundation walls;

- a high source term (i.e., soil gas radon concentrations
greater than about 2,000 pCi/L), when present in combination with. some of the other factors listed here,
since failure to adequately treat even a small fraction of
the entry routes can be important when soil gas concentrations are very elevated;
-

the presence of appliances that might be expected to
create significant house depressurization, which might
overwhelm the SSD system if sub-slab depressurizations are only marginal.

Clearly, some of the above factors will be more important
tImn others, depending upon the situation. The combinations
of these factors which will warrant a second SSD pipe in
good-aggregate cases may vary by geographical area.
nle procedures for deciding whether a house has "good
communication" have been discussed in Sections 3.2 and 3.3.
In general, houses having an uninterrupted bed of aggregate
beneath the slab will have good communication. The communication will be especially likely to be good if the aggregate is
clean, coarse stone (i.e., without a lot of fme material to block
the voids between the larger stones); however, communication will probably be reasonably good even if the aggregate
has not been washed and if some fine material is present. As
discussed in Section 3.2, the presence of aggregate can sometimes be determined by visual inspection, if it is visible
through slab openings, or if the homeowner observed the
house during construction and can confmn its presence. The
likely presence of aggregate can also often be inferred from
local building codes, and from experience with other houses
in the area.
Oood communication can sometimes exist, at least under
parts of the slab, even when aggregate is not present. Such
communication can be provided by: a) permeable native soils
underlying the slab (such as well-drained gravel soils); b)
subsidence offIll material beneath the slab, usually around the
perimeter where excavations for the footings were backfilled
during construction, leaving an air gap between the soil and
the bottom of the slab; and c) insulation board or other such
material placed beneath the slab before it was poured, if this
material is itselfporous, or if air gaps have developed between
the material and the slab or soil.
In the absence ofaggregate, the mere presence of one of these
other three features will not necessarily guarantee sufficient

communication to permit effective treatment of the slab with a
single SSD pipe, unless vacuum cleaner suction field extension testing confmns that adequate suction field extension can
indeed be achieved. Highly permeable native soils can sometimes result in such high air flows from outdoors that multiple
suction pipes will be needed (and perhaps that the fan should
be reversed to operate the system in pressure, as discussed in
Section 2.4.1). Subsidence of backftlled soil cannot be relled
upon to be sufficiently complete to permit effective extension
of the suction field from a single SSD pipe around the entire
perimeter, if communication is otherwise poor. Experience
with insulation board beneath the slab is too limited to permit
definitive statements about its possible role in improving
communication in otherwise-marginal cases.
The presence of a good aggregate layer will not necessarily
ensure good communication (i.e., good extension of the measurable suction field) where there are interruptions in the
aggregate, e.g., by forced-air supply ducts, or by interior
footings or grade beams. However, as discussed in Section
2.3.1a (Sub-slab obstructions), one SSD pipe can often still be
sufficient, despite these obstructions, if there is otherwise a
good layer of aggregate everywhere. The success with a
one-pipe system in such cases will depend on the ability of the
suction field to extend through or under the obstruction.
Where the nature of the underlying aggregate is unknown, or
where the aggregate layer IS known to be incomplete, the
determination of whether or not the communication is. relatively good can be made using the qualitative suction field
extension measurement procedure described in Section 3.3.1.
Alternatively, a mitigator could decide to proceed with the
installation of the first SSD suction pipe, and measure the
sub-slab suction field produced by this pipe in deciding upon
the nature of the communication and any need for additional
pipes (the during-mitigation diagnostic approach discussed in
the introductory portion of Section 3.3).

4.1.2 Houses Having Marginal or Poor
Sub-Slab Communication
Where sub-slab communication is marginal or poor, more
SSD suction pipes will be required, as discussed in Section
2.3.1a.
In houses having marginal communication, one suction pipe
per 350 to 750 ftz of slab area has typically been found to be
required, corresponding to 2 to 4 SSD pipes in a typically
sized basement slab. In cases where communication beneath
the basement slab is this marginal, it will be increasingly
important that any adjoining slab on grade wing also be
directly treated with additional SSD pipes.
In some extreme cases, sub-slab communication will be so
poor that even 2 to 4 SSD pipes will prove to be inadequate.
For most mitigators, such truly poor-communication houses
will prove to be only a few percent of the local market,
although in some regions of the country, such houses may be
encountered more fr~quently. These houses commonly have
their foundations built into bedrock, or into a very tight (and
sometimes moist) sand, or into wet clay, with no aggregate.
Mitigators have reported installing as many as 8 to 11 suction
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pipes in such houses, with 20 pipes installed in one house
being studied under a research project (corresponding to about
1 pipe per 100 ftz).
Various steps can be considered to reduce the number of
suction pipes in poor-communication cases, as discussed later.
These steps include excavation of pits beneath the slab where
the pipes penetrate, use of very high-suction/low-flow fans, or
perhaps the use of high-pressure air or water jets beneath the
slab to drill channels between the soil and the underside of the
slab (in an effort to improve communication). But it is clear
that, whatever is done, there will be a significantly increased
labor effort and/or materials cost involved in installing SSD
systems in such houses, and there will likely continue to be a
significant number of suction pipes, even if the number can be
reduced by the steps just listed. In houses having such poor
communication, it would be appropriate to give consideration
to mitigation approaches other than ASD, prior to selecting
that technology.

-

Install a one-pipe (or perhaps two-pipe) SSD system,
with provisions to add additional suction pipes. Before
putting the fmish on the installation, operate the system
fan and measure the sub-slab suction field developed.
Add the number of additional suction pipes needed to
achieve the required depressurizations, as indicated in
the introductory portion of Section 4.1. This is the
during-mitigation diagnostic approach referred to earlier, and will provide the most defmitive design guidance. It is, by definition, a quantitative diagnostic approach, because the system flows and depressurizations will automatically be equal to the flows and
suctions developed by the SSD system.

-

Proceed with quantitative suction field extension measurements using a vacuum cleaner, as described in
Section 3.3.2, to determine how many suction pipes are
needed before the system is installed.

Many (but not all) investigators have observed that quantitaAs with houses having good communication, houses having tive suction field extension diagnostics with a vacuum cleaner
marginal or poor communication may have some characteris- tend to over-predict the number of suction pipes needed, as
tics that will become apparent during the visual inspection. . discussed at the beginning of Section 3.3.2, when the proper
These can include: a lack of aggregate visible through slab flows are maintained in the vacuum. As indicated in that
openings; observations by the homeowner that no aggregate earlier discussion, some of the reasons for the over-prediction
was placed during construction; knowledge that lbuilding codes may procedural errors in conducting the diagnostics or inheror practices at the time of construction did not include use of ent limitations on the ability to reproduce SSD sub-slab
aggregate; familiarity with the local geology; and experience depressurizations using a vacuum cleaner. Other possible
explanations why fewer-than-predicted suction pipes can
with other similar houses in the area.
achieve good radon reductions are that: a) the higher-flow
In the absence· of such guidance from the visual inspection, SSD system is creating a sub-slab ventilation component that
the fact that the communication is not good cannot be deter- the vacuum cleaner cannot reproduce; and b) the goal depresmined until the qualitative suction field extension measure- surizations (up to 0.025-0.035 in. WG) are conservative.
ment is conducted, as described in Section 3.3.1. These qualitative diagnostics would identify whether the communication If sub-slab suction field measurements are made using any of
is good or not good. However, if communication is not good, the three options above, and if "effective radii" (as in Figure
the qualitative diagnostics might not reveal whether it is 11) are drawn, either figuratively or literally, the interpretamarginal or poor. The vacuum cleaner suction might fail to tion of those results to determine the number of suction pipes
extend to the remote test holes used in the qualitative ap- must be done in conjunction with the determination of pipe
proach, whether the communication is marginal or whether it location, discussed in Section 4.2.2. Given that the objective
is poor, providing no basis for distinguishing bellWeen the two. is to achieve proper coverage of the slab with a suction field,
And the qualitative tests would provide no defmitive guidance there are two alternatives for deciding upon what proper
coverage entails.
regarding the number of suction pipes required.
Thus, if the qualitative suction field extension testing shows
that sub-slab communication is not good, the mitigator has
several options:
-

-

If local experience suggests that the communication is
probably marginal, rather than poor, proceed to install
a two- to four-pipe SSD system without further
pre-mitigation diagnostics. Post-mitigation suction field
diagnostics would be advisable to ensure that an adequate suction field has been established. The subsequent retrofit of additional pipes into the system might
be necessary if the initial two- to four-pipe system
proves to be inadequate in reducing radon levels. It
might be advisable to install the system with T fittings
at appropriate locations to simplify the retrofit of additional pipes if needed.
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Complete coverage ofthe slab. If it is desired to ensure
that the selected depressurization is maintained beneath all points of the slab, one would have to identify
practical sites for pipes on the house floor plan. Pipes
would be distributed among those sites as necessary
such that the effective radii overlapped each other and
the entire house perimeter, theoretically maintaining
the desired depressurization essentially everywhere
under the slab. This approach is desired any time that:
a) there are important entry routes in the interior of the
slab, not just at the perimeter; and/or b) it is not
desirable to locate the pipes J.lear the perimeter for one
reason or another, e.g., due to local concerns regarding
air leakage into the system through perimeter block
foundation walls. Due in part to air leakage experienced with perimeter SSD pipes in slab-on-grade houses
with very poor communication in Florida, this is the

approach recommended in Reference F090 for such
houses.

- Coverage ofperimeter only. Alternatively, one might
decide to place the pipes near the perimeter, since the
most common major entry routes (the wall/floor joint
and, if present, the hollow-block foundation wall) will
be located there. Also, the sub-slab communication
will commonly be somewhat better immediately beside
the perimeter, due to the excavation and backfill that
Imd to occur in that region when the footings were
poured during construction. In this case, the effective
rndius might be used to select the pipe spacing around
the perimeter, to ensure that the desired sub-slab depressurization is maintained at all points around the
perimeter. By this approach, if the effective radii did
not extend sufficiently far to adequately depressurize
the entire interior portion of the slab, it might be
decided to leave that interior portion not fully treated,
with the assumption that there are no major entry
routes there.

Many mitigators and researchers focus on the perimeter treatment approach in many instances (Sc88, Tu91b, Gad92, KI92,

Mes92).

4.2 Selection of Suction Pipe
Location
4.2.1 Houses Having Good Sub-Slab
Communication
When sub-slab communication is good, the location of the one
or two suction pipes can be fairly flexible.
One primary consideration in location selection will be the
convenience of the home-owner. This criterion will generally
dictate that the pipes be located in unfmished space, such as
the unfinished portions of basements, or in utility rooms or
workshops in otherwise-fmished basements and slabs on grade.
If no unfinished space is available, the pipes can be located
inside closets. The pipes should be located so that they do not
interfere with occupant traffic patterns, i.e., they should generally be near other already-existing obstructions, or near
walls. If the homeowner has plans to finish a portion of a
currently unfinished basement, or otherwise has preferences
regarding pipe location, these factors would also influence
site selection.
One-pipe SSD systems do not require that the single pipe be
centrally located. If necessary, the pipe can usually be at one
end ofthe house, near the perimeter wall. Where two pipes are
used, it would be appropriate to space them as uniformly as
possible. For example, if half of a basement is unfinished, it
would generally be logical to locate both pipes in the unfmished portion (one pipe at one end of the house, the second
near the central wall dividing the fmished and unfmished
portions). But if only one room is unfinished, it will be
necess<1lY to locate the second pipe in a finished portion of the
slab.

The routing of the exhaust piping will often play an important
role in locating the suction pipe. For example, if the exhaust
piping is to be routed from a basement into an adjoining
slab-on-grade garage and then through the garage roof, it
would be logical to insert the suction pipe through the basement slab at a convenient location near the wall adjoining the
garage, in order to reduce the length of the horizontal piping
run. Or, if the exhaust is to be routed up through an existing
utility chase, the suction pipe might be located near that chase.
Factors associated with the slab could play a role in locating
the pipes. If an unfinished sump pit is present, for example, a
pit with no drain tiles or sump pump, hence not providing an
opportunity for sump/DTD, and if this pit is to be used as a
ready-made hole through the slab for a SSD suction pipe, this
would clearly dictate suction location. Observed or reported
sub-slab utility lines, or areas having heating coils built into
the slab, could rule out certain parts of the slab, to avoid
damaging these utilities when drilling through the slab. However, some mitigators recommend deliberately locating suction pipes near sub-slab utility lines when there are interior
footings or other sub-slab obstructions (Bro92, KI92); the
channel excavated for the utility line may penetrate through
the obstruction, thus providing an avenue for the suction field
to extend through the obstruction.
If a given house has multiple slabs, each having good communication, it may be desirable (although not always necessary)
to locate a suction pipe in each slab, as discussed in Section
4.1.1. One such case would be a basement house having an
adjoining slab on grade. Location of the basement suction
pipe near to the stem wall between the two wings may reduce
the likelihood that a separate pipe will be needed to treat the
adjoining slab.
Where more than one suction pipe is planned, it would be
desirable to locate the pipes so that they can most conveniently be manifolded together, if possible, so that they could
be connected to a single fan.
The desirability of locating a suction pipe in a garage depends
upon how well the garage slab communicates with the
living-area slab. For example, in basement houses where the
garage is on the same level as the basement, the garage slab
and the living-area slab may be integral; such houses are
effectively walk-out basements, with the garage being the
grade-level portion of the basement. In such cases, the suction
pipe can be placed in the garage with no penalty. But as
another example, slab-on-grade houses having attached
slab-on-grade garages commonly (by code) have the garage
slab offset several inches below the living-area slab, sometimes with a footing/stem wall between the two slabs. Even
when both slabs were poured at the same time, the communication between the two may be uncertain. In these cases, a
suction pipe in the garage may not be fully effective in
treating the living area unless the pipe is installed to draw
suction beneath the living-area slab, as discussed in Section
4.5.6.
It would generally be good practice to locate the suction pipes
toward suspected important entry routes to help ensure effective treatment of those routes, when this can be done without
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resulting in undue air leakage into the system. While this is
generally good practice, it is not always necessary in
good-communication cases, since the suction field will tend to
extend to that entry route even when the suction pipe is
remote. For example, in a walk-out basement, the front wall
may be completely below grade while the rear wall is completely above grade; it would be logical in this case to locate
the suction pipe toward the below-grade wall. Or if there is a
block fIreplace structure in the middle of the slab which
penetrates the slab and rests on footings underneath, it might
be appropriateto bias the pipe toward that structure (although
not necessarily to place the pipe immediately beside the
structure).
However, where the entry route is a major opening, it would
be best to try to close this opening rather than attempting to
treat it, without closure, by placing a SSD suction pipe nearby.
For example, locating a suction pipe near to an unclosed
perimeter channel drain could result in substantial house air
leakage into the system, potentially preventilllg the suction
field from effectively extending to more remote points under
the slab while also increasing the house heating/cooling penalty.
Suction pipes are commonly installed vertically down through
the slab from inside the house, such as shown in Figure 1.
Alternatively, the pipes can be inserted horizontally through
the foundation wall from outdoors, just below slab level, such
as illustrated in Figure 2. Vertical interior pipes will typically
be preferred for basement slabs, due to the depth of excavation that would be necessary to get below slab level from
outdoors.. However, where the basement slab is very highly
fmished, horizontal extension of the pipe beneath the footing
from outdoors is sometimes preferred for aesthetic reasons
(Kl89). In slab-on-grade houses, where the slab is near to
grade level, vertical pipes inside the house are often still
preferred, especially in one-story houses with attics. In these
cases, penetration of the SSD pipe up through the ceiling and
into the attic provides a convenient exit route for the exhaust
piping which is more aesthetic than the exterior fan and stack
that a penetration from outdoors could necessitate.
Horizontal penetration of the SSD pipe from outdoors will
most commonly be applied in slab-on-grade houses where it is
not desired to take an exhaust stack up through the house and
through the roof. Good examples are houses with a flat roof
and no attic (a feature characteristic of the Southwest), and
houses with a cathedral ceiling. But as indicated above, penetration from outdoors can be used in any slab-on-grade or
basement house where, due to interior finish, it is desired to
keep all piping outdoors.
If the suction pipes are to be installed horizontally from
outdoors, the .location of the wall penetrations would be
selected based upon:
-

Aesthetics. Any horizontal suction pipe that is to be
above grade should preferably be in the rear of the
hous.e, away from the street.

-

Accessibility. The presence of driveways, patios, landscaping, etc., immediately beside the house would complicate access to the foundation wall.

- The possible presence of sub-slab utility lines in the
Vicinity.
.
- The desired spacing between suction pipes, if there are
to be more than one, and the possible need to treat
multiple slabs, if present.
Horizontal penetration of the suction pipe through the foundation wall is also widely used in cases where a slab-on-grade
wing adjoins a basement. In these cases, suction pipe(s) to
treat the adjoining slab on grade are inserted horizontally
through the stem. wall from inside the basement, just below
the adjoining slab. This piping is then commonly manifolded
together with the vertical interior suction pipe(s) penetrating
the basement slab, and connected to a single fan. Treating the
adjoining slab with a horizontal penetration from inside the
basement is usually simpler, less expensive, and more aesthetic than the options of installing a vertical pipe inside the
fmished living area on the upper slab, or of installing a
horizontal pipe from outdoors. It also facilitates tying together
the piping treating the upper and lower slabs into a single-fan
system.
Many mitigators prefer locating suction pipes near the slab
perimeter. The perimeter is often the most aesthetic location
and the most convenient for the occupant. In many cases, it
may also be the best location from the standpoint of radon
reduction; the suction field may extend effectively around the
perimeter, treating this region having the highest radon entry
potential. (This latter point may be less crucial in
good-communication cases, where the suction field is likely
to extend effectively around the perimeter regardless of pipe
location.)
A concern has been raised that location of pipes near the
perimeter of slabs at grade (slab-on-grade houses, or the
grade-level side of walk-out basements) could permit substantial amounts of outdoor air to flow into the system through
block foundation walls or through the soil beneath shallow
footings, interfering with suction field extension (F090, K192).
This could be a potential problem either with horizontal/
exterior pipes, which will almost always be near the perimeter·
of a grade-level slab, or with vertical/interior pipes that are
located near the perimeter. However, as discussed in Section
2.3.lc (Location of suction pipes), experience suggests that
when sub-slab communication is good, perimeter location of
SSD pipes in such slabs does not generally appear to present a
sufficiently severe air leakage problem to seriously impact
SSD design or performance, even with block foundations that
extend above grade. Perhaps leakage would become more of a
problem in cases where the underlying native soil is highly
permeable (e.g., well-drained, gravel soils). The problem with
perimeter location in such houses appears to arise when
communication is not good.
It would thus appear that mitigators do not have to feel
constrained against perimeter placement of SSD pipes in
grade-level slabs having good communication. However, for
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safety's sake, it may still be desirable to locate the pipes away
from grade-level perimeters, especially with block foundations and shallow footings, if another location is available
which is also convenient.

4.2.2 Houses Having Marginal or Poor
Sub-Slab Communication
Location of the SSD suction pipes will become more importnnt when communication is marginal or poor, because favorable sub-slab characteristics can no longer be relied upon to
extend the suction field to the places where it is needed most.
Thus, it is more important that the pipes be located near the
major soil gas entry routes. (However, if the entry route is a
significant opening that cannot be at least partially sealed, the
suction pipe should not be so near that excessive air leakage
into the SSD system results.)
In particular, major entry routes include the perimeter walV
floor joint, the wa1Vfioorjoint where any interior load-bearing
wall (or fireplace structure) penetrates the slab, and
hollow-block foundation walls, where present. Thus, except
perhaps in som~ cases involving grade-level slabs, discussed
later, it would appear generally desirable to locate the suction
pipes near the foundation walls, where the radon entry potential is usually the greatest. The pipes should be about 6 in.
away from the walls, perhaps a little further in some cases,
just far enough away to avoid the footings and to provide
space for operating any equipment (such as a coring drill)
required to prepare the hole through the slab. Location of the
pipes in this manner reflects emphasis on the approach referred to as Coverage ofperimeter only, discussed at the end
of Section 4.1.2.
Locating the pipes near the foundation walls has another
advantage, in addition to being near the major entry routes. In
poor-communication houses, the sub-slab communication is
likely to be best around the perimeter. Even if much of the
slab is poured on undisturbed, impermeable native soil or
bedrock, some excavation and back-filling would have had to
have taken place when the footings were poured. This
back-filled soil is likely to be more permeable than the undisturbed soil, and may even have subsided, creating an air gap
bet ween the soil and the underside of the slab. Thus, a suction
pipe located in this region may be able to treat a much greater
length of the perimeter than would be predicted by the effective suction radius determined from quantitative suction field
extension diagnostics conducted in the middle of the slab.
In houses with marginal communication where two suction
pipes are felt to be needed, one logical configuration would be
to place the one pipe near the middle of each of two opposing
walls, if these pipes can then conveniently be manifolded
together. Such manifolding of remote pipes will be most
convenient in certain cases, such as: vertical/interior pipes in
unfmished basements; vertical{mterior pipes in slabs on grade
where horizontal runs to connect the pipes can be made in the
attic; or horizontaVexterior pipes where the pipes can be
connected via a buried loop of piping around the house
perimeter outdoors. Where such manifolding is not convenient, the mitigator might wish to try pipes on two adjacent
walls. In houses where four pipes are needed, one logical

configuration would be to place one pipe near the middle of
each perimeter wall, in an effort to best distribute the suction.
In some cases, there may be important entry routes toward the
interior of the slab, such as frreplace structures which penetrate the slab, extensive 'slab cracking, etc. In these cases, it
may be desirable to place one or more of the pipes at an
interior location, near these entry routes. Likewise, if there is
a load-bearing interior foundation wall which penetrates the
slab and rests on footings, this interior foundation wall may
require a pipe nearby, just as in the case of the perimeter
foundation walls.

In the few percent of houses where sub-slab communication is
truly poor, rather than just marginal, one pipe beside each
perimeter wall (and beside major interior routes), as just
discussed, may be inadequate. In these cases, suction pipes
can be spaced around the perimeter at the intervals required to
maintain the desired sub-slab depressurizations (as summarized in the introductory portion of Section 4.1) at the perimeter, consistent with the Coverage ofperimeter only approach
in Section 4.1.2.
If quantitative suction field diagnostics have been performed,
the pipes can be positioned so that the effective suction radii
(as discussed under Interpretation of results in Section 3.3.2)
overlap around the perimeter. This approach assumes that the
sub-slab communication around the perimeter is the same as it
is at the location where the suction field extension diagnostics
were conducted, which may well have been toward the slab
interior; this is probably a conservative assumption. Or, the
mitigator could utilize the during-mitigation diagnostic approach, installing the frrst few SSD pipes, measuring perimeter sub-slab depressurizations with the system fan operating,
and then continuing to add pipes at the necessary locations
until the desired depressurizations are achieved everywhere
around the perimeter.

By the above method,no attempt is made to ensure that the
suction also covers the entire interior of the slab (the Complete coverage of the slab approach in Section 4.1.2), unless
there are apparent significant entry routes there.
But where the slab is above grade, with a hollow-block
foundation/stem wall and/or shallow footings, it may sometimes be desirable to locate the suction pipes away from the
perimeter when communication is poor. In such cases, the
Complete coverage of the slab approach may be necessary.
Where this approach is necessary, the pipe locations can again
be selected based either on quantitative diagnostics or
during-mitigation diagnostics, as above, except that now the
objective is to achieve adequate depressurization everywhere.
The possible need to locate pipes away from the perimeter in
poor-communication slab-on-grade houses with shallow block
foundations is based upon experience in slab-on-grade houses
ill Florida (F090, F092), and is supported by some experience
in Arizona and southern California (Kl92). In some of the
Florida cases, perimeter locations provided lesser radon reductions than did pipes more toward the interior, suggesting
that the benefits of perimeter placement were being outweighed by the disadvantage of increased outdoor air leakage
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into the system through the stem wall or through the soil under
the footings. However, perimeter placement will not always
be ruled out in such houses. In New Mexico, where communication was also very poor, with slabs above grade and block
foundations, good radon reductions were achieved with perimeter pipes (Tu91b). The more favorable results apparent in
New Mexico may be due, in part, to the fact that the source
term was much lower there than in Florida.
If it were desired to locate the suction pipe toward the interior
when inserting the pipe horizontally through the foundation
wall from outdoors, it would be necessary to auger horizontally beneath the slab for some distance. This would add to the
complexity and cost, and would increase the risk of hitting
sub-slab utility lines. In most cases where the suction pipe
must be located toward the interior, it will probably be preferred to use verticallinterior suction pipes.

region beneath the basement or living-area slab, or
when the pipes are installed in a manner which will
treat the livable-area slab (Section 4.5.6).
-

In houses having multiple slabs, the need to have suction
pipes beneath each slab is increased when communication is
marginal or poor. Quite possibly, multiple pipes will be
needed for each slab.

The discussion in Sections 4.1.2 and 4.2.2 focuses on careful
selection of the number and location of suction pipes as a
means for successful application of SSD to marginal- and
poor-communication houses. Other approaches can also be
considered in an effort to reduce the number of suction pipes
required. These other approaches include:

In some cases where sub-slab communication is poor or
uneven, the slab may in effect be divided into segments, with
a suction field in one segment not effectively extending into
adjoining segments. In these cases, it would be desired to
install at least one suction pipe in each segment. The qualitative and quantitative suction field extension diagnostics described in Section 3.3.1 and 3.3.2 might provide some indication of the presence and location of these segments. However,
it is likely that the number of test holes (and the single vacuum
cleaner suction point) will be inadequate to map the sub-slab
characteristics sufficiently completely. The suggestion given
previously, that suction pipes be placed beside two to four of
the perimeter foundation walls (and near any Dlajor unclosed
interior entry routes), should generally help ensure that all
such sub-slab segments will be treated. However, in cases
where this does not occur, it will be necessary to conduct
post-mitigation diagnostics, as discussed in Section 11, to
identify the areas of the slab not being adequately treated.
In addition to the above considerations regarding the placement of SSD suction pipes in marginal- or poor-communication
houses, the constraints which pertain to placement in
good-communication houses also apply. As discussed in Section 4.2.1, among these constraints are:
-

Location of the pipes in unf'mished space or in closets.

-

Location of pipes so that they do not interfere with
occupant traffic patterns (which should be achieved if
they are near the perimeter walls, as discussed above).

-

Location of pipes to facilitate the manifolding of the
multiple pipes together, if possible, and to facilitate the
routing of the system exhaust.

-

Location of pipes away from sub-slab utility lines.
[Some mitigators recommend location of the pipes
near such lines, since improved communication may
be found in the sub-slab trench that was excavated for
these lines, and since the lines may penetrate sub-slab
obstructions such as interior footings (Bro92, Kl92)].

-

Location of pipes in garages only in cases where it is
known that these pipes will communicate with the

Insertion of pipes either vertically from indoors, or
horizontally from outdoors.

-

Methods for improving the performance of a given·
suction pipe, given the marginal or poor communication. Such methods include: excavating a larger pit
beneath the slab at the point where the pipe penetrates,
to further reduce pressure losses and to intersect additional fissures/permeable strata not in direct contact
with the underside of the slab (see Section 4.5.1, Excavating a pit beneath the slab); using a higher-suction
fan, capable of developing· suctions as great as 25-40
in. WG under the low-flow conditions commonly observed in poor-communication houses (see Sections
4.4.2 and 4.4.3); or possibly mounting two mitigation
fans in series, to increase suction. More comprehensive
pre-mitigation suction field extension measurements,
to more completely map the sub-slab region and thus
permit more informed selection of pipe number and
locatiori, might also be considered as a method in this
category.

-

Methods for improving the communication. One developmental method that has been explored experimentally has been the use of high-pressure air or water je~
beneath the slab, in an effort to drill channels between
the soil and the underside of the slab. (Note that water
jets should never be used where the underlying soil is
an expansive clay.)

It is emphasized that each of the above methods will involve
some effort and cost, which will at least partially offset any
sayings that might be achieved by reducing the number of
suction pipes or facilitating their placement. But in very
poor-communication cases, one or more of these measures
may be needed, in addition to multiple pipes, in .order to
practically achieve adequate radon reductions.

4.3 Selection of Suction Pipe Type
and Diameter
4.3.1 Type of Suction Pipe
Rigid, non-perforated polyvinyl chloride (PVC) piping is the
standard piping used in the industry, being readily available
and having the structural integrity suitable for this application.
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In some cases, rigid, non-perforated polyethylene (PE) piping Schedule 40 is now required for mitigation systems in specific
or acrylonilrile butadiene styrene (ABS) piping have also applications, such as new constmction (KI92).
been reported to have been used, having an appearance and
physical characteristics generally similar to PVC piping. Where At least two types of Schedule 40 PVC piping are available:
PE or ABS piping is used, it must be noted that the PVC pressure-rated (solid PVC); and foam-core, suitable for waste,
cement used to join PVC piping and fittings can be ineffective drain, and vent use (Kl92). The Schedule 40 foam-core piping
on the-se materials. The fittings must be of the same material . and fittings are much less expensive than the pressure-rated
as the piping, and the appropriate cleaning solvents and adhe- . material, provide better durability than the thin-walled piping,
sives for that material must be used to join the pipes and and offer some of the same advantages as the thin-walled in
fillings.
terms of being easier to handle and cut than the pressure-rated
Schedule 40.
In cases where the suction pipes are being inserted horizontally from outdoors, some mitigators have reported using Thin-walled piping does not fit properly into Schedule 40
flexible corrugatedpolyethylene orpolypropylenepiping (simi- fittings (joints, elbows, tees), and vice-versa (F090, Br092,
lar to drain tiles, but not perforated) for horizontal runs below Mes92). The mitigator should not attempt to mix PVC piping
grade outdoors, due to ease of installation in this situation and fittings of different weights.
(KI89. Kl92). This flexible non-perforated piping has been
used: to extend horizontally through the foundation wall in Resistance to ultraviolet (UV) radiation over years is a general
slabs on grade, as in Figure 2; as a manifold connecting concern for PVC piping located outdoors (e.g., in exterior
multiple horizontal suction pipes of the type shown in Figure stacks). Eventually, the pipe exposed to sunlight will become
2; and, in basement houses, to extend beneath the footing into brittle and crack if not properly protected. This concern is
greatest for thin-walled piping. Any length of PVC piping
the sub-slab region from outdoors.
located outdoors shoul~ be painted, regardless of weight, or
In cases where an exhaust stack extends above the eave the coated with a UV protectant. Due to UV degradation, no
outside of the house, many mitigators 3- by 4-in. aluminum significant length of thin-walled piping should be used outdownspouting (or mock PVC downspouting having a 3.5-in. doors even with a coating.
square cross-section) for the exterior stack, for aesthetic reasons. Regular 2- by 3-in. aluminum downspouting has some- 4.3.2 Diameter of Suction Pipe
times been used also, but creates a substantial back-pressure.
Two factors are considered in selecting the diameter of the
Other types of dueting are not advised for SSD systems. piping used in SSD systems.
Flexible ducting and flexible clothes drier hose should never
- First, the pipe should be of sufficiently large diameter
be used in any part of the system. This type of hose is subject
to being tom, and can sag, creating a site for accumulation of
such that there is not excessive suction loss resulting
from air flow through the piping. The suction loss for a
condensed moisture. Also, it can be difficult to obtain suffigiven length of piping, which results from friction
ciently gas-tight joints with this hose.
between the gas and the pipe wall, increases as the air
velocity increases. For a given air flow rate (in cfm),
Many mitigators use thin-walled PVC piping, rather than
velocity increases as pipe diameter decreases. Thus, the
thicker-walled Schedule 40 piping. The thin-walled piping
smaller the pipe diameter, the more of a given fan's
provides significant savings in materials costs (He91c), alsuction capacity will be consumed in moving air/soil
though the amount of this savings will vary around the coungas through the piping, and the less will be available to
try depending upon the local market. Labor time may be
maintain suction beneath the slab.
reduced somewhat because the thin-walled piping is lighter
(and thus easier to handle), and much easier to cut. Also, it is
somewhat flexible, allowing it to be flexed slightly to simplify
Likewise, the pipe should be sufficiently large so that
its installation (e.g., in aligning it simultaneously through a
the velocity is low enough to avoid excessive flow
noise inside the pipe and noise where the exhaust jet is
cored hole in the slab and through a hole in the ceiling above).
released. Mitigators report that flow noise and exhaust
The quality of thin-walled piping and fittings can vary significantly (Bron); mitigators using thin-walled piping should
jet noise tends to become objectionable when it gets as
high as 1,000-1,500 ft/min, which would correspond to
locate a source of high-quality material.
roughly 90-130 cfm in a 4-in. diameter pipe. The flow
The Schedule 40 piping has the advantage of greater structural
noise can become a problem at even lower velocities
integrity, and should be considered in cases where the piping
when the pipe is routed through a bedroom Closet.
Noise problems will be the worst at fittings, such as
may be subject to physical impacts, or where the increased
rigidity of the heavier pipe is desired. While many mitigators
elbows and size reducers.
use thin-walled pipe extensively, considering it to be sufficiently strong and durable for this application, others refuse to
- Second, the pipe should be of sufficiently smalldiameter to reduce aesthetic impact and to facilitate installause anything other than Schedule 40 due to its increased
dumbility. Some fittings, such as the 6-to-4-in. bushing distion.
cussed later as an option for supporting the suction pipe at the
slab, are available only in Schedule 40. In some locations, Typically, flows in SSD systems are in the range of 20 to 100+
cfm when operating with one of the commonly utilized 50- to
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90-watt centrifugal in-line tubular fans mounted in 4-in. piping, although individual installations will be encountered
outside that flow range.

may also be visible in some basements. It is readily available
as either thin-walled piping or as Schedule 40, and it is
reasonably easy to handle.

Figure 13 shows the suction loss per 100 ft of piping as a
function of the flow rate, with pipe diameter as a parameter,
calculated using standard fluid dynamic equations as presented in Reference Ca60. This calculation assumes
smooth-walled pipe having average wall friction. The flexible
corrugated polyethylene or polypropylene piping, with a corrugated wall, would have much higher suction losses (about
1.8 times as high, according to Reference KI92).

The detailed procedure for estimating system suction loss is .
discussed later, in Section 4.6.1. For the purposes here, it is
sufficient to assume that the equivalent length of piping for an
example system is about 70 ft (consisting of about 35 ft of
straight piping total upstream and downstream of the fan, plus
two mitered 90° elbows adding a flow resistance equivalent to
about.a 35-ft length of straight 4-in. piping). As shown in
Figure 13, in the typical range of SSD volumetric flow rates
observed in reasonably good-communication houses with standard 50- and 90-watt tubular fans (about 20 to 100 cfm),
friction losses are roughly 0.03 to 0.6 in. WG per 100 ft of
straight 4-in. pipe. For the example piping configuration with
70 linear ft, the total loss would be in the range of 0.02 to 0.4
in. WG. These losses can be handled by the 90-watt in-line
fans, which develop 1 to 1.5 in. WG static pressure or more at
those flow rates. Except at the highest flows (which the
50-watt fans probably would not generate), the friction losses
can also be handled by the 50-watt in-line fans, which develop
suctions of 0.4 to over 0.75 in. WG at these flows. These
figures thus confmn the reasonableness of selecting 4-in.
diameter piping in the typical case.

In practice, most mitigators usually use 4-in. diameter PVC,
PE, or ABS piping in SSD systems, except in cases where the
mitigator routinely encounters very low-flow situations, or
where space limitations (such as the need to fit the pipe inside
a stud wall) dictate the use of smaller-diameter piping. Four-in.
piping represents a reasonable compromise between the two
factors listed above. It is sufficiently wide to limit suction
losses and flow noise to reasonable levels even in cases where
actual flows are at the upper end of the commonly observed
range for SSD systems, as discussed below. It is also wide
enough to keep flow velocities below the value at which flow
noise is reported to become a problem, except perhaps at the
highest SSD flow rates. It is sufficiently small to not be too
obtrusive; and it resembles some of the sewer piping which

10

Three-in. diameter piping is useful for any portion of the
piping run that must be located inside stud walls. The 2-in. by
4-in. studs will not provide a gap between the sheets of
sheetrock large enough to accommodate a 4-in. diameter pipe,
but 3-in. piping will fit conveniently. The 3-in. piping will
have a greater suction loss than the 4-in. piping, as indicated
in Figure 13. And the velocity at which flow noise is expected
to become objectionable occurs at a flow rate of about 50-75
cfm with 3-in. piping, a flow range which might commonly be
achieved.
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Figure 13. Suction loss per 100 linear ft of straight piping, as a
function of gas volumetric flow rate and pipe diameter, for
circular pipe having smooth walls. (Derived from Refer. ence CaGO.)

Using the procedure discussed in Section 4.6.1, a mitigator
would have to calculate the impact of a given length of 3-in.
piping in any particular system under consideration. From
Figure 13, with 3-in. piping, the friction losses at 20 to 100
cfm range from roughly 0.15 to 2.5 in. WG per 100 ft of pipe.
(In fact, with 3-in. piping, the flow range would be lower than
20-100 cfm, due to the increased suction loss.) Using the
example system considered previously for the 4-in. case (35 ft
of straight piping plus two elbows, which now has a resistance
equivalent to 60 ft of straight 3-in. piping), the total loss in the
system would be 0.09 to 1.5 in WG. At the lower flows
(giving 0.09 in. WG suction loss), both the 50- and 90-watt
fans (which develop 0.75 and 1.5 in. WG, respectively, at
those flows) could easily tolerate the entire system being
installed with 3-in. piping. However, at the higher flows,
where the two fans sustain suctions of aboutOA and 1 in. WG,
respectively, the 1.5 in. WG suction loss resulting when the
entire system consists of 3-in. pipe could not be tolerated. As
a result, use of 3-in. piping throughout would cause both the
system flows and the sub-slab depressurization to be reduced
with either the 50- or 90-watt fan. The. impact on flows and
sub-slab depressurizations at the higher flows would be less if
a 110- to 140-watt in-line radial blower, recently on the
market (Ra92), were used (see Section 4.4.2).
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Rather than constructing the entire example system out of
3-in. pipe, one might use 4-in. pipe for much of the system,
and, say, use 20 ft of straight 3-in. pipe (and a 4-to-3-in.
reducer) for the segment that extends up between the stud
walls. In this case, the suction loss for the total system over
tIle range of20-1oo cfm would be about 0.1-0.8 in. WG. Most
of tIl is range could be tolerated by the 90-watt fan, except
perhaps at the highest flows, and part of it could be tolerated
by the 50-watt fan.
It must be recognized that if the suction loss becomes too high
for the fan to handle at the assumed flows, the effect wiII be
tIt.:1l the system flows will drop, and the fan wiII operate at a
different point on its perfonnance curve. As a result of this
drop in flows, sub-slab depressurizations wiII also drop. Since
SSD systems in gOOd-communication houses are sometimes
over-designed anyway, this drop in flows and sub-slab depressurizations may not be serious in tenns ofradon reduction
perfonnance.
In view of the above discussion, it is believed that if the
sub-slab communication is good and if a 90-watt fan is
utilized, a segment of3-in. piping in the system (or sometimes
even use of 3-in. piping throughout the system) wiII be
acceptable unless the flows are in the upper part of the range
and/or the segment of 3-in. piping is long. That is, the increased suction loss created by this smaller piping may be
accommodated by the 90-watt fan, so long as the sub-slab
communication is good enough such that high sub-slab depressurizations do not have to be maintained at the suction
hole.
TIrrce-in. piping is slightly less expensive than is 4-in. piping
of the same weight, and is a little easier to handle, because a
worker's hoods will easily fit around its circumference (He91b,
He9Ie). However, 3-in. piping and fittings are less readily
available in some areas. Also, a mitigator who stocks primarily 4-in. piping will encounter some additional time requirements in planning for the use of 3-in. piping in a single
installation, ood in procuring the proper amount of the smaller
pipe.
In poor-communication eases where flow is very low-on the
order of about 10 cfm or less per suction pipe-1.5- to 2-in.
diameter piping has sometimes been used, to facilitate installation and improve system aesthetics. At such low flows,
system suction losses and flow noise should not be a problem.
However, as discussed below, if flows became as high as
25-35 cfm, suction losses could become unacceptable for
many fans, and flow velocities would surpass the 1,000-1,500
ft/min value at which noise can become objectionable.
From Figure 13, the friction loss in 2-in. piping at a flow rate
of 10 cfm is roughly 0.3 in. WG per 100 ft. For the example
system considered above (35 ft of piping plus two elbows,
now having a flow resistance equivalent to 52 linear ft of2-in.
piping), the system loss (assuming the entire system consists
of 2-in. piping) would be 0.15 in. WG. This loss can be
hnndled by the standard 90-watt centrifugal tubular fans (which
can develop about 1.5 in. WG static pressure at 10 cfm), the
110- to 140-watt in-line radial blowers (which develop 2.5 to
4 in. WG at this flow), and the high-presstireflow-flow fans

(capable of about 20 to over 40 in. WG atthis flow). However,
at 35 cfm, the friction loss in the 2-in. piping rises to about 3
in. WG per 100 ft, or about 1.5 in. WG for the 52-ft example
system. The loss in the example system is about equal to the
total static pressure that can be developed by the 90-watt
in-line fans at 35 cfm; it is also greater than the static pressure
that can be developed by many of the high-pressureflow-flow
fans at this flow rate, which is higher than many low-flow fans
are designed to handle. The loss could be handled by the
140-watt in-line radial blower, which reportedly generates
almost 3.5 in. WG at 35 cfm (Ra92).
Thus, with essentially all of the 90-watt and higher-powered
fans, 2-in. piping can be considered for individual SSD suction pipes in poor-communication houses, if desired for convenience or aesthetic reasons, when flows in the riser
in
the range of 10-20 cfm and less. Where flows are sufficiently
low and the fan suction sufficient great, analysis analogous to
that in the preceding paragraph indicates that 1.5-in. piping
can also be considered...

are

Systems in houses having poor communication often consist
of a number of suction pipes connected to a manifold pipe,
which in tum leads to a single fan. As indicated above, 1.5- to
2-in. piping may be satisfactory for the individual suction
pipes, which may be contributing less than 10 cfm apiece to
the system. However, the manifold pipe, which will carry the
combined flow from all of the suction pipes, should probably
be 4-in. piping, if the combined flow is greater than rougWy
25-35 cfm (depending upon the fan/blower performance curve
and the length of piping).
As implied in the preceding discussion concerning the example piping configuration, suction losses in the system for a
given pipe diameter will depend not only on the length of
straight piping, but on the number and type of fittings in the
network (e.g., elbows, tees, 6-to-4-in. reducers). These fittings
create a flow resistance/suction loss equivalent to certain
lengths of straight piping. Depending upon the number and
type of fittings, the fittings can sometimes be a more important contributor to suction loss than is the straight piping. The
method of using Figure 13 to calculate the total suction loss in
different piping systems is presented in more detail in Section
4.6.1, in connection with design of the piping network.

If flows have been measured during pre-mitigation suction
field extension testing (as described in Section 3.3.1 and
3.3.2), or if more extensive sub-slab flow measurements have
been made (as described in Section 3.5.1), the mitigator will
have an early indication of whether the system is likely to be
moderate- to high-flow (suggesting the need for 3- to 4-in.
piping), or if it is likely to be very low-flow (in which case
1.5- to 2-in. piping can be considered, if desired). In some
cases, the likelihood that a house may present a very low-flow
case will be apparent to a mitigator prior to any diagnostic
testing, based upon the visual survey and upon experience in
the geographical area.

4.4

Selection of the Suction Fan

The fan must be able to maintain an appropriate suction in the
piping (and hence beneath the slab) at the flows encountered
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in the system. Thus, the appropriate fan for a given system
will depend upon the flow characteristics of the sub-slab and
the difficulty expected in achieving an adequate suction field
distribution.

Tubular fans. While many commercially available fans and
blowers might be considered for use in mitigation systems, the
most widely utilized fans to date are centrifugal in-line fans,
typically rated to draw 50 to 90 watts maximum. These fans
are referred to in this document as tubular fans, consistent
with the terminology used in the heating, ventilating, and air
conditioning industry (ASHRAE88). Because of their widespread use, in-line tubular fans are the type of fan illustrated in
the various figures in this document.
Where sub-slab communication is good, the smaller 50- to
70-watt tubular fans will sometimes give adequate sub-slab
depressurizations, if flows' are not real high. However, in
general, the 90-watt fans are recommended for use in any
house having good or marginal sub-slab communication, because of their, ability to generate relatively high suctions
(generally 1 to over 1.5 in. WG) over the full range of flows
observed in SSD systems (20 to 100 cfm). The 90-watt tubular
fans have also been applied successfully in houses having
poor sub-slab communication, although the flows in such
houses are often so low that the fan would not be operating at
an optimum point on its performance curve.

High-suction/low-flow blowers. In poor-communication
houses, where system flows can be very low, and a high
suction might aid in extending the suction field beneath the
slab, high-suction regenerative or high-speed centrifugal blowers have been llsed in some cases. High-suction blowers that
have been specifically designed for radon mitigation applications can develop suctions as high as 5 to 50 in. WG at the low
flow rates commonly encountered in poor-communication
systems (around 20 cfm) (Pe90, Ra92). The purchase price of
these high-suction blowers is much greater than that of the
standard centrifugal in-line tubular fans, and their power
consumption is much higher (about 200-300 watts maximum). These high-suction blowers are not configured for
in-line use, andthus have a different appearance from the fans
illustrated in this document.
Success with the use of these blowers has been reported in a
number of installations (Cra91, Py92, Zu92). According to the
manufacturers, a fair number of these blowers have been sold
(Zu92). However, a rigorous comparison has not been conducted of the effectiveness of the high-suction blowers vs. the
90-watt tubular fans in poor-communication installations.
A potential problem with some of these high-sUiction blowers
is that they are designed for low flows, with maximum flows
often no higher than 25-50 cfm. If flow increases after installation (e.g., due to development of new air leaks through the
slab), the blower may be overwhelmed and suction may drop
to low values. Some users also report that these blowers can
be noisier than the tubular fans.

In-line radial blowers. A series of in-line radial blowers
designed for radon mitigation applications has recently come
on the market, offering a performance curve' intermediate

betweenthe 90-watt tubular fans and the high-suction/low-flow
blowers. Unlike the high-suction blowers, these new blowers
reportedly can handle the higher flows sometimes observed in
SSD systems, being able to maintain suctions of almost 1 in.
WG at flows of 100 cfm, similar to the 90~watt fans. But these
blowers can reportedly develop suctions of over 2 to 4 in. WG
as flows drop, compared to the 1.5+ in. WG maximum with
the 90-watt fans. These in-line radial blowers could thus be a
reasonable choice in marginal- or poor-communication houses.
However, the radial blowers use somewhat more power than
the 90-watt fans (95 to 140 watts maximum), and they are
somewhat more expensive to purchase (although the least
powerful radial model is comparable in price to the 90-watt
fans). Their performance (in terms of reliability, durability,
and noise levels) has not been as widely demonstrated as it has
for the tubular fans, although the manufacturer claims that a
large number have been successfully installed to date.
The radial blowers have an appearance similar to that of the
in-line tubular fans.

Basis for fan/blower selection. In the large majority of
cases, the fan will be selected based upon experience in other
houses in the area If sub-slab aggregate is observed during
the visual inspection (Section 3.2) or is known to be present,
communication will be good. In this case, flows are more
likely to be toward the middle or upper portion of the 20-100+
coo SSD flow range (although this is by no means assured),
and a 50- to 90-watt tubular fan will usually be the appropriate
choice.
If no aggregate is present based upon the visual inspection, the
fan selection must be based on experience. A 90-watt fan will
probably be a reasonable choice in any case. Unless the native
soil is highly permeable or air leakage is otherwise expected
to be high, a 95- to 140-watt radial blower could also be a
reasonable choice, if these prove successful in practice. A
high-suction/low-flow blower would not be a good choice
based solely on visual inspection (without further, sub-slab
diagnostics), unless local experience has demonstrated that
flows in such cases are consistently very low.
If suction field extension diagnostics have been conducted
(Sections 3.3.1 and 3.3.2), and if flows were qualitatively
judged or quantitatively measured during these diagnostics,
the flow and communication results could help in fan selection. Moderate flows and excellent communication might
suggest that a 50- to 70-watt fan would be satisfactory. But in
most cases, especially when flows are high or communicatiori
is not excellent, a 90-watt fan would be suggested. If flows are
moderate and communication is marginal or poor, a 110- to
140-watt in-line radial blower might be suitable. Only if
quantitative flow measurements during quantitative suction
field testing show flows below 10-20 cfm should a high-suction!
low-flow blower be considered.

Where pre-mitigation sub-slab flow measurements are conducted to aid in fan selection, the qualitative flow estimation
approach (see Section 3.3.1, Test procedure) or the simple
quantitative approach (see Section 3.5.1, Simple sub-slab flow
measurement) will usually be sufficient, if flow results are
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needed at all. These approaches will reveal whether sub-slab
flows are generally high, moderate, or low. The more comprehensive, quantitative flow measurement approach discussed
in Section 3.5.1 (More extensive sub-slabflow measurements)
will probably be of value infrequently, if ever, to most mitigators. The performance curve for each of the individual fans on
the market covers a fairly broad range; thus, it is doubtful that
the more extensive flow testing would often provide information that would aid in any meaningful fine-tuning of fan
selc,ction (i.e., enabling the mitigator to pinpoint the preferred
brnnd or model of fan for a specific house), beyond what can
be done with the simpler information from the suction field
testing.

The one case in which the more extensive pre-mitigation flow
measurements might be of value is the case where sub-slab

flows are ve.ry low, and the mitigator is trying to decide on
whether to utilize one of the high-suction/low-flow blowers.
The performance curves of these blowers can vary significantly from one another, and from those of the in-line tubular
fans and radial blowers. A high-suction/low-flow blower can
be overwhelmed if flows are only slightly higher than expected. Thus, when one of these blowers is being considered,
it could be well worth the investment to take the time to make
a more extensive, quantitative pre-mitigation flow measurement to ensure that such a blower is indeed the best choice.
Fortunately, the industrial vacuum cleaners often used to
conduct the diagnostics commonly have the performance
Characteristics needed to simulate the high-suction blowers
reasonably well.
Another question that a mitigator might like to address with
e:<tensive, quantitative sub-slab flow diagnostics is whether a
SO- to 70-watt tubular fan might be sufficient in
good-communication cases, avoiding the need for a 90-watt
fan. Unfortunately, that question often cannot be effectively
answered by this test, if a vacuum cleaner is being used for the
pre-mitigation diagnostics. Flows in good-communication
houses will often be too high to permit a vacuum cleaner to
reproduce SSD flows. To address this question with these
diagnostics, the mitigator would have to use portable ASD fan
test stands, as discussed in the introductory text in Section 3.3,
utilizing 50-, 70-, and/or 90-watt fans to accurately reproduce
the flows and suctions that such fans would generate in that
particular house.

4.4.1 Centrifugal In-Line Tubular Fans
The 50- to 90-watt centrifugal in-line tubular fans have become the standard fans used in the industry, for a variety of
re."lsons.
-

Their performance curve--i.e., the suctions developed
at different flows-are in the range needed for SSD
applications. In particular, the 90-watt fans provide
reasonably high suctions over the full range of SSD
flows.

•

Their in-line COnfIguration makes them convenient for
installation in the system piping.

-

Theirpurchase price is reasonable, ranging from roughly
$90 for the 50- to 70-watt fans (with 4- to 5-in. couplings), to roughly $100 for the standard 90-watt fan
with 6-in. couplings, to roughly $130-$150 for the
larger, 100-watt fans with 6- to 8-in. couplings, based
upon 1991 costs (He91b, He91c).

-

They are quiet (about 2 to 4 sones), if mounted properly to avoid vibration.

Table 1 lists some of the tubular fans that are being marketed
for radon mitigation, from three manufacturers. This list is
provided as an illustration of the types of fans available, and is
not to be construed as a complete listing offan manufacturers,
or of the models offered by the manufacturers listed. To put
the capabilities of these fans into some perspective, the listing
is subdivided into six general categories, according to ascending power requirements or fitting diameter.
Of the six categories of fans listed in Table 1, the Category 4
fans (the 90-watt fans having 6-in. fittings) are the ones which
appear to be the most universally applicable. They should
provide ample suction and flow in essentially all good- and .
marginal-communication houses. In some cases, they do a
credible job even in poor-communication houses.
The performance curve for each fan is summarized by the
flow-vs.-suction columns on the right-hand side of Table 1.
The 90-watt fans are rated as being able to move 270 cfm at
zero static pressure, i.e., the condition that would exist if a
free-standing fan with no upstream or downstream couplings
or piping were operating at full power in free air, with
essentially ambient (0 in. WG) pressure at both the inlet and
outlet. When this fan is mounted in a piping network with the
resistance of the sub-slab and the suction piping and couplings
on the suction side, and with the resistance of any exhaust
piping and stack on the pressure side, flows will decrease
significantly below 270 cfm, reflecting the extent of the
suction at the inlet and of the back-pressure at the outlet.
Simply installing a 6-in.-to-4-in. coupling on each side of the
90-watt fan, as would be necessary to install this fan, with its
6-in. fittings, into a network of 4-in. piping, would create
enough resistance to reduce the flow to roughly 180 cfm
(Br92).
In good- and marginal-communication houses, the 90-watt
fans typically draw flows ranging from below 20 to over 100
cfm, depending upon the resistance of the sub-slab and the
suction loss in the piping network. In accordance with their
performance curve, the fans can maintain a suction of about
1.0 in. WG at the upper end of this flow range; but in fact, the
suctions in the SSD system piping near the slab penetration
will sometimes be below 0.5 in. WG at 100 cfm due to friction
losses in the piping. (See the discussion in Sections 4.3.2 and
4.6.1.) At the lower end of the flow range, the fans can
maintain a suction somewhat greater than 1.5 in. WG. (Although Table 1 indicates a suction> 1.0 in. WG at zero flow
for the Category 4 fans, based upon manufacturers' literature,
these fans have been widely demonstrated to generate something close to 1.7 in. WG at no flow.) At such low flows,
friction losses in the piping will be much reduced, and the
suction being maintained in the piping will be close to the
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Table 1.

Fan
Category

2
3

Examples of In-Line Tubular Fans Which Have Been Marketed for Radon Mitigation1•2

Fan
I.D3

Max.
Watts

K4
R100

50

Horsepower

Fitting
• Diameter
(in.)

70

F125
K5
T1
R125

70

Max.
Suction
(in. WG)

4

2800
2900

122
124

4
4

2500
2450

160
179

1/30
1/40
1/40

5
5
5
5

2500
2800
2800
2900

205
158
158
146.

1/20
1/20
1120

6
6
6
6

2500
2150
2150
2350

270
270
270
270

110
110
110
102

>1.0
>1.0
>1.0
>1.0

1/40

F/FR100
K4XL

.4

RPM

Flow (cfm)
@Oin.WG @ 1 in. WG

1/20

50

>0.75
>0.75
60
50

>1.0
>1.5
>0.75
>0.75
>0.75

F/FR150
K6
12
R150

90

5

F/FR160
K6XL

100

1/15
1/15

6
6

2150
2150

361
360

122
122

>1.0
>1.0

6

F/FR200
K8
T3A
R200

100

1/15
1/15
1/15

8
8
8
8

2150
2150
2150
2800

410
410
410
541

135
135
135
324

>1.0
>1.0
>1.0
>2.0

4

90

125

1

This listing is intended as an example of the types of fans which have been utilized in, or marketed for, radon mitigation systems. This list is
not intended to be a comprehensive compilation of fans suitable for this application, nor does inclusion of a fan on this list signify endorsement
by EPA.
2 All fan specifications presented here are taken directly from the manufacturers' literature.
3 The fan identifiers refer to the following manufacturers: F and FR =Fantech; K = Kanalflakt; R = Rosenberg; T = Kanalflakt.

maximum which can be generated by the fan. In general, the
poorer the communication, the lower the flow and hence the
greater the suction.
.
In houses having good communication, the 50- to 70-watt fans
(Categories 1,2, and 3 in the table) can be sufficient to reduce
indoor levels· below 4 pCilL, unless flows are very high.
AlternativelY,the 90-watt fans could be turned down to operate at reduced power; this step would probably prolong fan
life, so long as the fan was not turned down so far that the
reduced air flow could not adequately cool the motor. However, as discussed in Section 2.3.1, use of a smaller fan, or
reducing the fan power, can result in increases in the residual
indoor radon level, even if levels remain below 4 pCi/L.

e.g., the local climate and fuel costs. Each mitigator and
homeowner will need to make their own decision regarding
the tradeoffs between the increase in health risk due to increased radon exposure likely with the smaller fan, versus the
somewhat reduced costs and reduced environmental impact of
the smaller fan.
Another potential advantage of using a smaller fan is reduced
risk of backdrafting combustion appliances, due to the reduced amount of air drawn out of the house. Backdrafting will
be a serious situation if it occurs and should be checked as part
of post-mitigation diagnostics (Section 11.5) or perhaps during pre-mitigation diagnostics (Section 3.5.4). However, as
discussed elsewhere, backdrafting usually occUrs in conjunction with SSD systems only when the house was in a backdraft
condition or had only a marginal draft prior to mitigation. This
issue will need to be addressed regardless of the SSD fan
selection. Thus, it is doubtful that concern about backdrafting
will often influence the choice between a 90-watt fan and a
50- to 70-watt fan.
.

There are several incentives to use a smaller fan. These
include reductions in the system installation and operating
costs and, on a national scale, reduced consumption of natural
resources (coal, oil, gas) and reduced pollution from the
generation of electrical power to operate the larger fans. In
terms of the installation cost, the savings in the purchase price
of the smaller fans, relative to the 90-watt fans is fairly small, Based upon experience, in very few cases should the 90-watt
about $5 to $10 in 1991 dollars. Use of a 50-watt fan will fans be inadequate to handle the volume of air withdrawn
reduce operating costs (due to fan electricity and the house from the sub-slab in residential SSD installations. Flows
heating/cooling penalty) by roughly $70 per year relative to greater than perhaps 150-180 cfm combined with suctions less
the 90-watt fan, or about $5.50 per month, in an "average" . than perhaps 0.25-0.35 in. WG in the system piping near the.
climate (Washington, D.C.) (He91b, He91c). The actual slab penetration (and confmned by low depressurizations
operating cost savings can vary significantly, depending on, measured beneath the slab) would suggest that the 90-watt fan
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might be inadequate. If flows are so high from a residential
insla1Jation that the 90-watt fan cannot move enough air to
maintain adequate sub-slab depressurizations, the ftrst step
would be to look for (and close) major unclosed slab openings
which may be permitting large amounts of house air to enter
the system. The system piping might also be checked for
leaks. Ifthe high flows are found to be due to an unavoidable
cause, such as highly permeable native soil, or major slab
openings that are not practical to close, such as a perimeter
channel drain concealed behind wall ftnish, then options other
than a larger fan might be considered next These options
could include addition of more suction pipes, or conversion of
the system to a sub-slab pressurization system in the case of
highly permeable native soils.
If the decision is made to remain with a SSD system, the
90-watt fan may be replaced with a lOO-watt fan. As shown in
Table I, the loo-watt units with 8-in. couplings can move
about 410 cfm or more at zero static pressure, compared to
270 cfm for the 90-watt fans, and can develop suctions at zero
flow which are at least comparable to those with the 90-watt
fans. These fans have a purchase price about $30-$50 more
than the 90-watt fans (1991 prices), and will have a somewhat
greater operating cost, due to the modest increase in power
requirements and to the increased amount of treated air that is
likely to be withdrawn from the house. Alternatively, a second
90-watt fan could nominally be mounted in parallel with the
fteSt, a step which would likely increase flows more than
would a switch to a lOO-watt fan. Use ofa second 90-watt fan
would also result in a greater increase in purchase price (a
$100 increase rather than a $30-$50 increase), and a greater
increase in operating cost due to electricity and heating!
cooling penalty.
It is re-emphasized that the loo-watt high-flow fans would be
considered only in cases where flows were unusually high. If
the problem is that flows are very low" as in
poor-communication houses, the use of lOO-watt fans (in an
attempt to better extend the suction field) would not be a
suitable response. Rather, in low-flow cases, the appropriate
option to consider would be use of higher-suction blowers, as
discussed in Sections 4.4.2 and 4.4.3. (Alternatively, two
90-walt fans could be nominally be mounted in series to
roughly double the suction, although these fans might not be
operating at an optimum point on their performance curves.)
In assessing the actual operating costs of SSD systems, it
should be noted that the power ratings presented in Table I are
the maximum power that the fan would draw, if the fan were
operating at maximum flow and zero suction. In most cases,
the fan will be operating at an intermediate point on its
performance curve, and will be drawing less power. For
example, in one study where fan power drawn by SSD fans
was measured, the 90-watt fans were in fact drawing 60-65
watts (Tu91c); in a second study, they drew 59-72 watts,
averaging 68 watts (B09l).
One other consideration in selecting a fan will be whether the
fan is rated for outdoor use. Of the general exhaust configurations discussed in Section 4.6, two have the fan located in an
enclosed space: the case where the exhaust stack rises up
through the interior of the house, with the fan in the attic; and

the case where the piping from a basement SSD system is
routed out through the basement band joist into an adjoining
slab-on-grade garage, with the fan in the garage. For these
conftgurations, the fan would not have to be rated for outdoor
use.
However, two other exhaust configurations envision the fan
being outdoors: the case where the piping from a basement
system is routed out through the band joist to outdoors, with
the fan mounted on the piping outdoors; and the case where
the suction pipes penetrate beneath the slab horizontally from
outdoors, with the fan necessarily mounted on a riser from the
horizontal pipe(s) outdoors. In these cases, if the fan were not
rated for oUUl90r use, it would have to be suitably enclosed.
As discussed in Section 4.6, EPA's interim mitigation standards rule against location of the fans within liveable space
(such as inside basements) due to concerns about leaks of
high-radon exhaust gas from the pressure side of the fan.
Thus, when a fan is not rated for outdoor use, locating it inside
the basement is not considered an appropriate approach for
addressing this issue.
Many of the fans listed in Table I are not currently UL listed
for outdoor applications, due to concerns about whether the
electrical components are adequately weather-proof. Some of
these fans have been incorporated in numerous outdoor installations over the years, and have demonstrated reasonable
durability during that time period, as discussed in Section
2.3.1. However, occasional failures have been reported in fans
not rated for outdoor use due to rainwater entering the electrical box on the side of the fans (Br092). This has been
observed when the coupling is not tight where the wire enters
the box; it has also been observed when the electrical switch
'on the outside of the house is higher than the fan, so that
rainwater will run down the wire into the coupling. One
possible solution to this problem that has been used in practice
is to drill a hole near the base of the fan's electrical box, so
that the water will drain out and not flood the box (Br092).
Infrequent cases have also been encountered where the fan,' s
electrical box has flooded by condensate inside the piping,
when the wiring leading from the box to the fan motor inside
the housing has not been adequately sealed where it enters the
box from the interior of the fan (Mes92).
At the ti~e of this writing, only one of the fan manufacturers
listed in the table is marketing fans UL listed for outdoor
mounting; others are currently working on models that will be
rated for outdoor use.
One other consideration in selecting a fan is that the fan
housing should preferably be integral, and otherwise designed
to reduce leakage of high-radon exhaust gas on the pressure
side. Even though fans in attics, crawl spaces, and garages are
outside the living area, it is generally desirable to eliminate
leakage of exhaust gases in those areas. In general, fans
having integral plastic bodies minimize leakage; this includes
all of the fans in Table 1 except for the KanaIflakt K series
fans. Where there areJeakage points around the fan housing,
these should generally be caulked before installation.
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4.4.2 In-Line Radial Blowers
In-line nidial blowers designed specifically for radon mitigation applications have recently been introduced onto the market. From the manufacturer's performance data, these blowers
should be able to produce suctions comparable to those of the
90-watt tubular fans at flows toward the upper end of the
typical SSD flow range (i.e., about 1 in. WG at 100 cfm).
Thus, the radial blowers should perform as well as the standard tubular fans at relatively high-flow conditions.
But these radial blowers offer the advantage of much higher
suctions (over:2 to 4 in. WG) at the low flows, compared to
just over 1.5 in. WG with the 90-watt fans. Thus, these new
blowers would be expected to provide higher suctions over
much of the SSD flow range. This feature could help extend
the suction field in marginal- and poor-communication houses
using fewer suction points than would be needed with a
standard fan; it could also accommodate the piping friction
loss where small-diameter piping must be used.
While these in~ line radial blowers provide lower suctions than
do the high-suction/low-flow blowers discussed in Section
4.4.3 at"low flows (e.g., 10-20 cfm), they offer a potentially
significant advantage in that they can handle much higher
flows (over 100 cfm). Flows this high would overwhelm the
high-suction/low-flow units, reducing their suctions to low
levels. Thus, the in-line radial blowers could be considered in
marginal-communication cases where flows would be too
high for the high-suction units, and will be better able to
handle increases in system flows over time in
poor-communication houses if, e.g., new air leaks appear in
the slab after installation.
The performance characteristics of three in-line radial blowers are summarized in· Table 2. This list is intended for
illustration of the types of units available; it is not intended as
a comprehensive compilation of blowers having these characteristics, nor does inclusion of a blower on this list signify
endorsement by EPA. The particular blowers included on the
list are being marketed specifically for radon mitigation. All
of the data in the table were provided by the manufacturer
(Ra92, Zu92).
Because these blowers are relatively new on the market, they
have been less widely demonstrated in the field than have the
tubular fans. Thus, at this time, it is not possible to rigorously

Table 2.

compare the actual radon reductions achieved in the field
compared to reductions with the 90-watt fans, or to rigorously
compare the noise levels associated with the blowers vs. the
fans. Nor can anything be said regarding the durability of the
radial blowers. However, the manufacturer claims that a large
number of the radial blowers have been successfully installed
to date, and that they are about as quiet as the tubular fans
(Zu92).
The GP20l has a capital cost (according to 1993 prices) about
the same as do the 90-watt tubular fans in Section 4.4.1
(generally a little below $100). The GP201 also draws about
the same amount of power (95 watts maximum, compared to
90 watts maximum for the tubular fan), so that it should have
a similar cost for electricity. The other two blowers in Table 2
have a somewhat higher capital cost (about $110 to $160)
than do the tubular fans; they also draw more power (110 to
140 watts maximum), thus suggesting a somewhat higher cost
for electricity. The radial blowers might be considered when
any increase in installation and operating costs would be
offset by cost savings resulting from reductions in the nUmber
of suction points that would otherwise be needed with the
90-watt tubular fans.
Because these blowers are designed for in-line mounting, they
can be mounted on the piping in the same manner as the
in-line tubular fans discussed in Section 4.4.1. The blower
couplings are 3 in. diameter; they would thus be mounted in 3
in. piping, or, if4-in. piping is used, wouldrequirea4- to 3-in.
adapter coupling.

4.4.3 High-SuctionILow-Flow Blowers
The 90-watt centrifugal in-line tubular fans have sometimes
given fair radon reductions in houses having poor sub-slab
communication and low flow (10-20 cfm or less) when there
have been sufficient SSD suction points, although the fans
were operating at the low-flow end of their performance
curve. Better reduction performance (or comparable reductions with fewer suction points) might be achieved by using
the in-line radial blowers, if these prove successful in practice.
The in-line radial blowers will provide higher suctions, but,
like the tubular fans, are designed to operate routinely at flows
higher than those seen in true poor-communication houses.
Where flows are in fact as low as 10 to 20 cfm and less, better
performance (with fewer suction points) and longer fan life

Performance Characteristics of Some In-Line Radial Blowers Being Marketed for Radon Reduction Systems

Brand
Name

Fan

DynaVac

GP201

I.D

Max.
Watts
95 .

Fitting
Diameter
(in.)

RPM

Flow (cfml
@1 in. WG
@Oin.WG

Max.
Suction
(in. WG)

3

3000

-130

77

2.0

GP301

110

3

3000

-140

92

2.6

GP501

140

3

3000

-140

95

>4.0
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might be achieved by using high-suction/low-flow blowers,
designed to operate routinely at these very low flows. The
very high suctions in these high-suction/low-flow units (18 to
50 in. WG maximum) might extend more effectively beneath
the slab with a reduced number of suction points, compared to
the 1.5+ in. WG maximum achievable with the 90-watt tubulnr fans and the 2.5-4 in. WG maximum with the in-line radial
blowers.

TIle perfonnance characteristics of two brands of high-suction!
low-flow blowers are summarized in Table 3, based upon
manufacturer literature (Pe90, Ra92). This list is intended for
illustration of the types of fans available; it is not intended as
a comprehensive compilation of blowers suitable for this
application, nor does inclusion of a fan on this list signify
endorsement by EPA. The particular blowers included on the
list are being marketed specifically for radon mitigation, and
have reportedly been soundproofed for acceptably quiet operation.
The Pelican S-3 blower is a centrifugal regenerative blower,
specifically configured and soundproofed for residential radon mitigation use. Although it is being used for mitigation
installations being made by its manufacturer, it is not currently being marketed for use by othermitigators. The DynaVac
units are high-speed centrifugal blowers.
The radon reduction perfonnance of these blowers has not
been extensively compared against that of a 9O-watt tubular
to 140-watt in-line radial blower) in a given
fan (or a
house. Some mitigators working in poor-communication houses
report that the use of one of these high-suction blowers has
reduced the required number ofsuction points by one or more,
compared to use of a standard fan (Bro92, Kl92). However, it
is not possible at this time to provide specific guidance
regarding the benefits of using one of these blowers rather
than one of the other units under specific conditions.

no-

It is re-emphasized that these high-suction/low-flow units
generally cannot handle flows above the low end of the SSD
flow range. As shown in Table 3, all but one of the units falls
to zero suction once the flow increases to about 25-50 cfm. As
a result, if olle of theseblowers is installed in a system initially
having a very low flow. and if the flow subsequently increases
after installation, for example. due to new openings created in
the slab or due to a drying and increased permeability in the
underlying soil, these low-flow units could be overwhelmed,

Table 3.

and the radon reduction perfonnance could be seriously degraded.
The manufacturers claim that these high-suction/low-flow
blowers are acceptably quiet if mounted properly to avoid
vibration, although exact figures are not available to compare
against the 2-4 sones for the tubular fans. The units are
enclosed within a soundproofed casing. In practice, some
mitigators report that with one or two of the blowers in Table
3, exhaust mufflers and careful siting of the fan can be
required to reduce the blower noise to levels that homeowners
do not fmd objectionable.
None of these units can be supported by the PVC piping; both
must be mounted on (or suspended from) rafters, joists, the
side of the house, or other members. They are thus somewhat
less convenient than the in-line tubular fans and in-line radial
blowers, but the piping can be readily designed to account for
the configuration of these units.
A main disadvantage of.the high-suction/low-flow blowers is
that they are significantly more expensive than the tubular
fans. An individual Pelican unit retailed for $695 in 1991
(Pe90), compared to about $100 for the 90-watt tubular fan;
individual DynaVac blowers retail for $630-$660 in 1992
(Ra92). At near-zero flow, these blowers would draw a maximum of 200-300 watts, although, at higher flows, the power
consumption would be well below that. This maximum consumption is roughly 100-200 watts more than the maximum
consumption of the 90-watt tubular fan, which would increase
the annual cost of electricity to run the fan by $70-$140, if
electricity costs $0.08 per kWh. These blowers would most
often be considered in cases where these increased installation
and operating costs are offset by savings resulting from reductions in the number of suction points required.
Because there has been less experience with these high-~uction
fans, there is less infonnation on their durability.
In addition to the two brands of high-suction fans listed above,
there are a variety of industrial blowers on the market that can
operate at low flows and generate high suctions. But these
other blowers have not been designed with residential radon
mitigation applications in mind. Of particular concern, many
are too noisy for residential applications. In addition, their
fittings may not be configured for easy connection to PVC
piping, and the fan casing itself may not be configured for

Performance Characteristics of Some High-Suction/Low-Flow Blowers Suitable for Radon Reduction Systems

Fan
Manufacturer

Fan

1.0.

Flow (cfm)

Max.
Watts

@ 0 in. WG

@ 10 in. WG

Max. Suction
@Ocfm
(in. WG)

Pelican Environmental Corp

S-3

210

27

22

26

DynaVac

HS2000

270

110

72

18

HS3000

195

44

37

34

HS5000

320

53

47

50
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convenient mounting in a house. The housings around some
of these blowers may not be leak-tight, so that caulking of the
housing leaks would be required. Like thefans listed above,
these other blowers have a higher purchase price and a higher
power requirement (150-250 watts) than do the tubular fans.

4.5 Installation of Suction Pipes
Beneath the Slab
4.5.1 Vertical Pipe Installed Down
Through Drilled Hole Indoors
Probably the most common method of installing SSD suction
pipes is to drill a 4.5- to 6-in. diameter hole through the
basement slab or the slab on grade inside the house, and to
mount the pipe vertically through that hole. This method is
illustrated generically in Figure 1, although there are a variety
of acceptable methods for actually installing the pipe in the
hole, as discussed later.

Selecting the specific hole location. The general location
of each suction hole will have been selected during system
design based upon a number of criteria, described in Section
4.2. During the actual installation, described here, a more
specific identification will be required of exactly where the
hole is to be drilled.
Several factors will contribute to this selection. For one thing,
the hole will have to be far enough from the foundation wall
and any other obstructions (at least 6 in.) to avoid the footing
(which commonly extends out 4 in.) and to provide the
workers with sufficient clearance to operate thl~ drilling equipment. In addition, sometimes a SSD suction pipe in a basement is to be connected by a horizontal run to another suction
pipe, Of is to be routed to a remote point where it will exit from
the basement. In these cases, if the basement ceiling is unfinished, it will often be optimal to locate the suction pipe
directly beneath the space between two joists suppOrting the
floor above, so that the pipe can easily be connected to the
horizontal run between the joists. Or, if there is a suspended
ceiling, the mitigator may wish to locate the pipe centrally
under a ceiling panel for easy penetration of the ceiling. If the
pipe will extend straight up through the ceiling as part of an
interior stack, the mitigator may wish to line up the slab hole
with the hole in the ceiling above; finish on the floor above, or
obstructions in the attic, might influence the precise location
of the ceiling hole.
Since the slab hole is often an inch or two larger in diameter
than is the pipe, there will be some flexibility for shifting the
pipe an inch or so one way or another, in order to get the pipe
straight and precisely lined up with any overhead connections.
In selecting the specific hole location, the installers should
also consider some of the criteria that should have been used
to select the general location during system design. In particular, the installers should be alert to the possible location of
sub-slab (on in-slab) utility lines, and to the availability of a
convenient route for connecting the suction pipe to other
suction pipes and to the exhaust point.

Drilling the hole through the slab. The hole that is made
through the slab will usually be between 4.5 and 6 in. in
diameter when the 4-in. piping (which is 4.5 in. outside
diameter) is being used. The desired diameter of the slab hole
for 4-in. piping will depend upon how the suction pipe is to be
mounted in the slab, as discussed later. When smaller-diameter
piping is to be used, the slab hole could nominally be smaller,
although it will still have to be large enough to accommodate
a worker's hand or an auger ifa pit is to be excavated beneath
the slab, as discussed later.
To make the hole through· the slab, many mitigators use a
rotary hammer drill, an electric power drill which includes a
hammering motion. The rotary hammer drill is used to drill
holes, typically 1/2 in. diameter, through the slab around the
circumference of the desired suction hole. A chisel bit is then
used to break out the concrete in the center.
Another option for drilling the slab holes is a coring drill with
a 4.5- to 6-in. bit. A coring drill uses a hollow bit the size of
the desired hole to remove a plug of concrete of that diameter,
leaving a slab hole having a smooth perimeter. Coring drills
can be operated dry using a carbide bit or wet using a diamond
.bit. With wet drills, where water is used to cool the bit during
drilling, a dike must be used to capture· the water during
drilling. Dikes have been fabricated out of sand (Sc88), tempered masonite (Ba92), and 1/8-in. thick flexible plastic sheeting (Ba92). Also, a wet vacuum cleaner or some other approach must be used to remove the resulting slurry. Although
wet coring drills are quieter than dry drills, the mess associated with wet drills can preclude their use in heavily iInished
areas.
Compared to the coring drill approach, the rotary hammer
approach takes longer and leaves a hole having a more ragged
perimeter. However, coring drills are much larger and more
expensive than rotary hammers; two operators may be required; and, with the wet coring drills, care must be taken to
capture and dispose of the slurry. Accordingly, many mitigators commonly use rotary hammers ,for residential applications, and rent a coring drill for those cases where many holes
will be required (e.g., in the large slabs often encountered in
schools and large buildings). Mitigators installing large numbers of systems may find it cost-effective to purchase a coring
drill directly.
It is recommended that the installers attempt to control the
drill so that it penetrates no deeper than the bottom of the slab,
insofar as possible. The concern is to avoid damage to utility
lines that may unexpectedly be beneath the slab despite the
efforts that were made to locate the hole where no lines would
be present. (Stopping the drill at the bottom of the slab would
not avoid damage to utilities embedded in the slab.) If a rotary
hammer drill is being used, the mitigator may wish to probe
carefully beneath the slab with the drill bit after making the
first holes around the core circumference, pushing the bit
somewhat deeper, to try to identify the presence and nature of
any sub-slab obstructions (such as a utility line or a footing)
before drilling further holes. Mter the concrete core is removed, the fill should be inspected. If this inspection shows
that no lines are present and if the sub-slab material is
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hard-packed, the drill might then be used to penetrate deeper
into the hard sub-slab material, to aid in excavation of a pit.

should be ventilated, to reduce the concentration of dust and
radon.

Another option to avoid damage to sub-slab or in-slab utility
lines is a safety cut-off switch that has been developed by one
mitigator (Bro92). This switch would open, and shut off
power to the drill, if the drill bit touches anything metal in or
beneath the slab, such as metal water lines, gas lines, and
electrical conduits. The circuit for such a safety switch could
be assembled in a box; the power cord from the drill would
plug into the box, and a cord from the box would plug into an
electrical outlet in the house. Two leads would extend from
this box; one would be clipped to the drill, and the other would
be clipped to a water pipe or other metal pipe extending
tllrough the slab, creating a low-voltage circuit. Since all
metal utilities effectively interconnect, connecting the one
clip to any accessible metal line entering the sub-slab will
effectively include all metal utilities in this circuit. If the drill
bit touches any metal line in or under the slab, the low-voltage
circuit will be closed, activating a relay which will open a
switch in the wiring providing power to the drill, thus shutting
orf the drill.

Excavating a pit beneath the slab. As discussed in Section

It is recommended that a visual indicator (such as a light bulb)
also be included in the low-voltage circuit, so that the light
comes on when the drill bit touches metal (B(092). This light
may flash before the relay switch is activated, alerting the
workers that a problem exists before damage is done to the
utility line.
Mitigators would have to construct this cut-off switch themselves. A circuit diagram for this switch is included in Reference EPA89c. This safety cut-off switch would not work if the
sub-slab utilities were water or sewer lines made of plastic.
Some mitigators also use a ground fault interrupter (GFI) in
the power cord to the drill, to protect the workers. The GFI
would shut off power to the drill if there were a short-circuit in
the drill. Thus, a GFI could be helpful when working under
wet conditions, when short-circuits might be created by the
presence of water. The GFI would also shut off the drill if the
drill cut into a sub-slab electrical conduit, creating an electrical surge in the drill; in this case, the GFI might reduce
damage to the conduit, but would not prevent damage altogether, and would not necessarily prevent electrical shock to
the worker. For this application, GFIs are mounted on a short
length of cord which is plugged in between the electrical
outlet and the drill.
Except with the wet coring drill, some dust is generated
during the drilling process. Continuous operation of a vacuum
cleaner immediately beside the drill bit is generally helpful in
reducing the amount of dust in the air around the installers,
and the amount deposited in the house. The vacuum cleaner
should exhaust outdoors; vacuums depending upon bags to
capture the dust should be located outdoors. If a dry coring
drill is being used in a fmished area, temporary dust curtains
have been suggested to isolate the drilling area from the
fmished part of the house, although many mitigators fmd this
unnecessary. In cases where the drilling process generates
significant amounts of dust and noise, the workers should be
provided with respiratory and ear protection. The work area

2.3.1, excavation of a pit directly under the slab hole will
often aid in the distribution of the suction field beneath the
slab. The pit will reduce the suction loss encountered as
sub-slab gases remote from the pipe (initially moving at only
a few feet per minute or less) accelerate to pipe velocity
(perhaps 100 to 1000 ft/min). The loss is much less if this
acceleration occurs in the free space of a pit rather than in the
pore space within soil or gravel.
Stated in another way, the pit significantly increases the
surface area of the exposed soil face through which the soil
gas flows. Increasing this surface area reduces the maximum
velocity of the soil gas through the soil pores, and hence the
suction loss. To illustrate this point, with a pit of sufficient
size, the gas beneath the slab will never be moving at a
velocity as high as it will be after it enters the suction pipe.
But if the pipe were resting directly on the soil, so that the
exposed soil face were equal to the cross-sectional area of the
pipe, the gas under the slab near the pipe entrance would
necessarily have to be moving at a greater velocity than that in
the pipe, since the void space in the soil is much less than the
open area in the pipe.
Another benefit of excavating a pit is that the pit will potentially intersect fissures or permeable strata at some distance
from the suction hole, or at some depth beneath the slab. In
addition, the pit will help prevent sub-slab water from blocking the suction pipe.
From a practical standpoint, such pits are probably not really
necessary when there is an aggregate layer under the slab.
Because of the good communication in such houses, the
system could still perform well despite sustaining the in'creased suction loss resulting from the lack of a pit. In
addition, the suction loss might be less in the relativelyIarge
pores between pieces of aggregate (compared to the loss that
would take place in the tiny pores between hard-packed soil
particles). However, pits are usually relatively easy to dig
when aggregate is present, to the extent that some mitigators
are not able to separate out the labor hours/costs required to
dig ·the pit from the total labor/costs required to drill the hole
(He91b, Re91c).
Thus, it is recommended that a pit always be excavated
beneath the cored hole. Where there is good aggregate, this is
done because it is easy to do, it might help, and there is no
reason not to do it. When there is good aggregate, a relatively
small pit will probably be sufficient. Where there is not good
aggregate, the pit is excavated because it can be important in
improving the performance of the system; in this case, a larger
pit may be warranted. In general, the more packed the soil
(and the harder it is to excavate the pit), the more important
the pit probably is.
The pit is often excavated largely by hand, by reaching
through the 4.5- to 6-in. hole in the slab. If it is clear that there
are no utility lines buried in the soil under the hole, the rotary
hammer drill or coring drill that was used to make the hole
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through the slab might be used to help break up hard-packed
soil immediately under the slab, to simplify the excavation. A
variety of power and hand tools can also be used to loosen the
hard-packed soil. Some mitigators insert an auger or some
similar tool through the slab hole to break up the soil. These
augers can be driven by a power drill, possibly fitted to drill at
a right angle. The shaft on the auger can be about 2 ft long.
Many mitigators imd it convenient to use the industrial vacuum
cleaner to remove the loosened soil through the slab opening,
rather than digging it out with a trowel.
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A hole roughly 1 to 3 ft in diameter and 4 to 18 in. deep can be
reasonably excavated in this manner. Thus, a pit as large as
about 10-14 ft3 (about 75-100 gal) could nominally be dug.
This is much larger than is necessary based on fluid flow
considerations (Br92), and pits are significantly smaller in
most cases (commonly 1-3 ft3, or roughly 5-25 gal). While the
appropriate size and shape of the pit will depend upon the
particular house and geological conditions, some mitigators
report often finding it preferable to increase pit diameter
rather than to increase depth (Br092).

Note: When using expanding
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Usually, this pit is left as an empty void. In some cases where
there is no aggregate under the slab, some mitigators suggest
placing some gravel in the bottom of the pit to help prevent
th~ sides from caving in as a result of sub-slab moisture
(Ba92);

. Flowable
Urethane Caulk
Suction
Pipe

Because of the high radon concentrations that can exist under
the slab, the worker digging through the open slab hole may
sometimes need to wear a respirator, depending upon sub-slab
levels and the time it takes to excavate the pit. Radon measurements at the slab by one mitigator in a region having only
moderate sub-slab radon concentrations and good aggregate
(so that excavating a sub-slab pit took only 10 minutes),
suggested that no significant additional radon exposure occurred during pit excavation (Mes92). If the vacuum cleaner is
used to remove dirt, it should be exhausted outdoors.
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Mounting suction pipes through slab. A variety of acceptable methods exist for mounting the suction pipe in the
slab. Figure 14 illustrates several methods for the case where
the weight of the pipe is not being supported at the slab; in
these cases, the piping will have to be SUPpOlted overhead in
some manner, as· discussed below. Figure 15 shows several
methods for mounting the suction pipe in cases where the pipe
weight is being supported at its slab penetration.
In essentially all cases, the bottom of the pipe ends somewhat
above the underside of the slab, or roughly even with the
underside. This is to prevent the pipe opening becoming
plugged with soil over time if the pit caves in, or blocked by
water if the pit floods during wet periods. The pipe must not
rest on the bottom of the pit; this would restrict air flow into
the pipe, anq could result in the pipe becoming blocked by
cave-ins and water. In the one example shown where the pipe
is supported by the bottom of the pit (Figure 15E), notches
which extend up to the underside of the slab have been cut in
the pipe to avoid these problems (An92).
Another common feature in all of these options is that the gap
between the outer circumference of the pipe and the concrete
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Suction
Pipe.

o
C) Use of mortar and flowable caUlk.

Figure 14. Alternative approaches for installing the SSD suction pipe
in the slab, in cases where the weight of the suction pipe
is not supported at the slab penetration.
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Figure 15. Alternative approaches for installing the SSD suction pipe in the slab, in cases where the weight of the suction pipe is supported at
the slab penetration.
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must be effectively caulked closed. Since this slab opening is
right at the point where suction is being drawn, this opening
would have a particularly detrimental effect on suction field
distribution if left unsealed. Urethane caulks are recommended
for this application, because they bond better to the concrete
than silicone caulks. If the gap around the perimeter is fairly
narrow (e.g., less than about 1/4 in. wide), a gun-grade
(non-flowable) polyurethane caulk is probably the best choice;
this caulk should be forced down into the gap, in order to
maximize the pipe and concrete surface area that it contacts,
to improve bonding. If the gap is wider than 1/4 in., it will
likely be necessary to force some appropriate material (such
as backer rod) down into the gap (see Section 4.7) to provide
support for the caulk. In this case, a flowable urethane caulk
can be used; the flowable caulks work their way into irregularities in the surfaces, providing a better seal.
In the details in Figure 14, the caulk, foam, or mortar must be
applied after the entire piping network is in place. Otherwise,
the vertical pipe may shift somewhat during the remainder of
the installation process, causing the se31 to be broken at the
slab.
Figure 14A shows one common approach when the piping is
not supported at the slab (Bro92). This is the specific method
illustrated in Figure 1. The 4.5-in. O.D. suction pipe is inserted into a 5- to 6-in. diameter slab hole. Backer rod (a
closed-cell foam which is sold in rope form) is stuffed down
into the gap between the pipe and the slab, and the channel
above the backer rod is flooded with flowable urethane to a
depth of less, than 1 in. (consistent with the instructions
provided by the caulk manufacturers). One possible disadvantage of this approach is that the caulk and backer rod do not
provide much support against lateral movement of the pipe.
Figure 14B is similar to 14A, except that the support for the
flowable caulk is now provided by expandable foam rather
than backer rod (An92). The foam may provide some additional support against lateral movement. In this case, the
bottom of the pipe is shown slightly below the underside of
the slab, in an effort to avoid plugging of the pipe by the
expanding foam.
Figure 14C shows a method for providing further support
against lateral movement (An92). In this case, a layer of
mortar is placed between the foam and the caulk. Mitigators
using this technique report that the flowable caulk can be
applied directly on top of the wet mortar, without waiting for
the mortar to set (An92). Applying the caulk while the mortar
is still wet prevents the caulk from adhering to the mortar, but
apparently does not prevent adequate bonding to the side of
the pipe and to the concrete slab.
A variety of approaches can be used to support the piping
weight at the 'slab penetration, some of which are shown in
Figure 15. One method is to drill the slab hole to be just about
equal to the 4.5-in. O.D. of the suction pipe, as shown in
Figure 15A (Mes92); the pipe is forced down into the hole
until it lpdges tightly against the sides of the hole. This is
possible in part because the face of the concrete inside the
hole is irregular, if the hole was prepared using a rotary
hammer drill. A similar approach is shown in Figure 15B

(Mes92); however, in this case, a straight fitting is cemented
onto the end of the pipe, so that the hole diameter can now be
5 in. instead of4.5 in. (somewhat facilitating the excavation of
a sub-slab pit). In both of these cases, the residual gap
between the pipe and the slab will probably have to be caulked
with non-flowable urethane caulk, unless the fit is indeed tight
enough that flowable caulk can be used.
Another method for supporting the suction pipe is illustrated
in Figure 15C (F090). In this case, the end of the suction pipe
is cemented into a PVC flange having an inside diameter of 4
in. The outer diameter of the flange, about 5 in., is slightly
smaller than the slab hole. The lip of the flange, about 6 in. in
diameter, rests on the top of the slab as shown in the figure,
supporting the pipe. A non-flowable caulk must be forced into
the gap between the outer circumference of the flange and the
concrete, and a good bead of the caulk should be placed
between the lip of the flange and the top of the slab, before the
flange is pressed down into the hole. The suction pipe should
be effectively cemented to the interior of the flange, to prevent
leaks at the seam between the pipe and the flange.
Another effective approach is to use a 6- by 4-in. bushing, as
shown in Figure 15D (Kl92), a fitting which is available in
Schedule 40. At one end, this bushing is designed to fit around
the 4.5-in. O.D. of a4-in. suction pipe; at this end, the bushing
itself has an O.D. of about 5 in. At the other end, the bushing
is designed to fit inside a 6-in. pipe; the main extension of the
bushing will thus be about 6 in. O.D. at this end, but it has a lip
which is about 6.5 in. diameter, equivalent to the O.D. of 6-in.
pipe. The 4-in. suction pipe is cemented into the smaller end
of the bushing; the 6-in. end of the bushing is placed down
into the'slab hole, which should be about 6 in. diameter; and
the 6.5-in. wide lip rests on the top of the slab, supporting the
piping. Non-flowable urethane caulk is forced between the
sides of the bushing and the hole, and between the underside
of the lip and the top of the slab.
In Figure I5E, the weight of the pipe is supported by allowing

the pipe to rest against the bottom of the pit (An92). To avoid
flow restriction and to avoid pluggage of the pipe with soil or
water, notches are cut in the side of the pipe, extending at least'
as high as the underside of the slab. In the figure, the gap
between the pipe and the slab is sealed with backer rod and
flowable urethane caulk.
Another option that has been used (Mes92) is to partially
embed one or more large masonry nails (spikes) laterally into
the side-wall of the slab hole, at a depth perhaps halfway
between the top and underside of the slab. A portion of each
spike extends into the hole opening. The pipe then rests oil the
exposed portions of the spikes.
In the cases shown in Figure 14, where the weight of the
piping is not supported at the slab, some means for supporting
the pipe will be required to prevent it from dropping all the
way down to the bottom of the hole. This will be done using
hangers and/or strapping, or perhaps pipe clamps. The exact
manner in which hangers, strapping, and/or clamps will be
used to support the suction pipe will depend upon the configuration of the remainder of the piping network.
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Discussion of the configuration and support of the overall
piping network is presented in Section 4.6.3. The discussion
here addresses only the immediate support of the individual
vertical suction pipe. in cases where it is not supported at the
slab penetration.
Figure 16 illustrates some alternative methods for supporting
the suction pipe in the case where the vertical suction pipe
connects to a horizontal piping run. There are two categories
considered for this case: a) the horizontal run is perpendicular
to the overhead floor joists. below the joists; and b) the run is
parallel to the joists. up between the joists.
Figure 17 shows some alternative methods for supporting the
suction pipe in the case where the pipe extends straight
upward through the overhead flooring.
In all cases, the support is provided in a manner that attempts
to reduce or avoid the transmission of vibration noise from the
pipe to the joists or flooring. In cases where there is a
horizontal run of piping. supports should be provided every 4
to 10 ft along the run; one of these supports should be near the
vertical pipe.
One common support material is plastic strapping, perhaps 1
in. width. Figure 16A shows two possible methods for using
strapping to support a horizontal pipe running below the joist.
The ends of the strap are nailed into the joist. It is important
that the pipe be suspended a short distance below the joist, as
shown, rather than being held against the joist, to avoid
transmission of vibration. Vibration is not transmitted well
through the strapping itself. Where the pipe is parallel to and
up between the joists. the upper inset in Figure 16B shows a
common way to suspend the piping between the joists. The
reclanglc labelled "Strapping loop" in the lower diagram of
Figure 16B is attempting to depict such strapping suspending
the pipe between the joists. (Such a suspending strapping loop
is also what is being depicted by the rectangle labelled "Strapping" in Figure 1 and subsequent figures.)

As shown in Figure 17A. strapping can also be used to support
vertical pipes. However. in this case. the strapping must be
attached to the pipe by screws in order to prevent the pipe
from slipping down through the strapping. (When screws
must be inserted into pipes, it may be advisable to use Schedule 40 piping. since the thin-walled pipe may be prone to
crack.)
For horizontal runs. hangers can also be used to support the
pipe. as illustrated in Figures 16A and 16B. One common type
of hnngeris a plastic J-hook, shown in two of the insets. The
method of using the hook will depend upon whether the pipe
is parallel or perpendicular to the joists.
Where the pipe extends straight up through the overhead
flooring, the weight of the piping can also be supported
against the flooring. As shown in Figure 17B. some mitigators
cement a straight fitting. or pipe coupling, into the pipe at just
the right position; the lip of the fitting rests on top of the
overhead floor, providing the support. Alternatively, as shown
in Figure 17C, a two-piece pipe clamp can be clamped tightly
around the pipe at that location. resting on the flooring. In this

case, it may be desirable to place some type of cushion (such
as closed-cell insulation) between the clamp and the floor to
reduce the transmission of vibration noise to the flooring.
Figures 16 and 17 show the suction pipe extending straight
upward from the slab. Where the suction pipe is installed near
a perimeter wall, another option used by some mitigators for
supporting the pipe involves offsetting the pipe so that the
riser is flush against the wall (Br092, K192). To accomplish
this, a vertical pipe stub about a foot long would be installed in
the slab, and two 45° bends would be attached to this stub to
provide the desired offset. In this case. the pipe would be
supported by attachment against the wall, using one of the
approaches described in Section 4.6.5 for attaching an exterior
stack against the side of a house (see Exhaust piping from
exteriorfans - support of stack against house).

4.5.2 Vertical Pipe Installed Down
Through Large Hole Indoors (Large
Sub-Slab Pit)
When a 4.5- to 6-in. diameter hole is cored through the slab, as
described in Section 4.5.1, the size of the sub-slab pit that can
be excavated is detennined by the length of an arm, or the
length of an auger that can be inserted through the hole. The
largest feasible pit excavated through a slab hole would thus
be roughly 18 in. radius and 18 in. deep. or about 10-14 ft3
maximum (about 75-100 gal). Many pits are probably much
smaller than this. due to the practical. difficulties in carrying
out the excavation.
In tenns of reducing suction loss due to acceleration of soil
gas up to pipe velocity, a 10- to 15-gal pit is probably larger
than is necessary, even for the highest pipe velocities, based
on fluid flow calculations (Br92). Thus, from this standpoint,
there is no incentive to make the pit any larger. However. a
larger pit would potentially help intersect fissures or penneable strata more remote from the suction hole. On this basis.
some investigators have postulated that a larger pit might be
useful to help extend the suction field in very
poor-communication houses.
Excavation of a larger pit would require that a larger hole be
made through the slab. using a jackhammer or some other
means. From a practical and structural standpoint, the largest
such slab hole that might be considered would be about 3 ft by
3 ft. This hole size would pennit the excavation to extend to a
greater radius than 18 in. and a greater depth. Such a large
hole would increase the cost of the installation. by about $200
per hole (Re91b, Re91c). With slabs that are tiled or otherwise fmished, it would increase the aesthetic impact as well.
The data presented in Section 2.3.1 show that increases in pit
size can sometimes, although not always, improve the measured suction field extension in houses having poor sub-slab
communication. Most of the pits studied were smaller than
those that would be achieved by creating a 3 x 3-ft hole in the
slab, preventing a rigorous assessment of the practical benefits of making a pit that large. The largest pit studied in
Reference Py90 (24 in. square and 18 in. deep) did not
significantly increase suction field extension relative to smaller
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Figure 16. Some alternative approaches for supporting the weight of a suction pipe when
pipe is not supported at the slab penetration.
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pits (20 in. square by 16 in. deep) of the size that might be
excavated through a 6-in. diameter slab hole.
In summary, there is no experimental basis for believing that a
large pit (beyond that which can be excavated through a 6-in.
slab hole) will be helpful in improving SSD performance in
poor-communjcation houses. The only theoretical basis for
considering large pits in residential cases, i.e., the hope of
intersecting remote fissures or permeable strata, will be very
site-dependent; the potential for actually intersecting fissures!
strata by making a large pit has not been demonstrated.
As a result, preparation of a large opening in the slab to
excavate a large pit will not commonly reflect good practice.
Consequently, this approach is addressed here only briefly,
insofar as it differs from the approach in Section 4.5.1. This
approach is considered here because some mitigators may
occasionally face geological situations where it may be applicable.

Making the hole through the slab. If the pit is to be left
open, rather than being filled with aggregate -- so that the
restored slab will be suspended over an open cavity -- the pit
should probably be no more than about 4 x 4 ft, .or perhaps
somewhat larger, for structural reasons. (If a much larger pit is
planned, the mitigator should check with a structural expert to
ensure that the suspended slab will have adequate strength.)
The mitigator will have to decide how large the slab hole
should be to enable excavation of a pit of the desired size. A
slab hole of about 2 x 2 ft to 3 x 3 ft might be reasonable to
provide the needed access.
A jackhammer or an electro-pneumatic roto-stop· hammer
would be logical tools for creating such a hole in the slab. The
jackhammer or electro-pneumatic could be rented for this
purpose. Alternatively, if the mitigator has a coring drill, the
large slab hole could be created by drilling multiple adjacent
6-in. circular holes. It is recommended that the hole be prepared with the sides at an angle (i.e., with the hole dimensions
being smaller at the bottom of the slab than at the top). The
resulting slant in the vertical face of the old concrete will help
support the weight of the new concrete which will be poured
to restore the slab.
As discussed in Section 4.5.1, the installers should use care to
avoid rupturing any unexpected utility lines beneatl:l the slab.
. Use of a safety cut-off switch would help avoid damage to
utilities.

Excavating a pit. Once the hole has been crl"dlted in the slab,
the excavation of the pit can be accomplished using a variety
of tools. If the underlying soil is hard-packed or is rock, the
jackhammer (or other appropriate power equipment) can be
used to break up the soil.
The pit would be excavated out under the slab to the desired
dimensions (e.g., 4 x 4 ft). If the pit is not at least 3 x 3 ft, there
is no point in making the large hole through the slab, since a
pit approximately 3 x 3 ft can often be excavated through a
6-in. slab hole. If it is known that a permeable stratum
underlies the surface soil at some reasonable depth, an effort
might be made to penetrate down to that stratum.

It is suggested that the pit be left as an open cavity when the
slab is restored. This will maximize the benefits of the pit,
providing the greatest reduction in suction loss resulting from
acceleration of the soil gas to pipe velocity through the pit.
The other option, back-filling the pit with clean, coarse aggregate, would simplify the restoration of the slab, but would
somewhat increase the suction loss.

Mounting suction pipes through the slab. Some type of
plywood or sheet metal form must be prepared to permit new
concrete to be poured, to restore the slab. While a variety of
approaches are possible for preparing this form, one approach
that has been used with some success in this application
(Cr92a) is to prepare a piece of plywood slightly larger in
cross-section than the slab hole, with a 4.5-in. hole cut generally near the center to accommodate the suction pipe. This
plywood is then cut in half, so that it can be fit down through
the slab hole. Masonry nails or spikes are partially driven
laterally into the side-wall of the slab hole at intervals around
its perimeter. The two sections of the plywood form are then
pulled up tightly against the underside of the slab, by attaching wire to the plywood and pulling this wire tight around the
protruding nails.
Another approach for supporting the plywood form would be
to cut the plywood so that it is slightly larger than the bottom
dimensions of the slab hole, but smaller than the dimensions
at the top of the slab (Br092). The plywood will thus lodge
against the sloped sides of the slab hole near the bottom of the
slab. With this approach, the re-poured segment of slab will
necessarily be slightly less than 4 in. thick.
The suction pipe is placed vertically down through the 4.5-in.
hole in the plywood sheet. The pipe IS inserted such that its
lower end is just below the sheet and the underside of the slab
(i.e., such that the pipe ends in the open space within the hole,
and is not r~tjng on the bottom of the hole). The pipe is
supported in this suspended position by hangers, strapping, or
clamps attached to the joists or flooring overhead, using one
of the methods illustrated in Figures 16 and 17.
Fresh concrete is then poured on top of the plywood, restoring
the slab, with the pit remaining as an open cavity underneath.
While the concrete is soft, a groove perhaps l/2-in. deepis
tooled around the perimeter of tJ1e slab hole, where the new
concrete meets the original slab; a groove is also tooled
around the circumference of the suction pipe, where it penetrates the new concrete. When the concrete has set, these
grooves will be flooded with flowable urethane caulk, in an
effort to keep these seams gas-tight. A follow-up visit to the
house will be required to conduct this subsequent caulking
step.
Over time, the plywood or sheet metal support may decay or
rust away. This is not a problem. After the concrete covering
the hole is dry, its weight will be borne by the slanted sides of
the original slab.
As one alternative to this approach, the pit could be back-filled
with clean, coarse aggregate. The suction pipe would then
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penetrate into this aggregate. to a depth just below the underside of the slab. A layer of plastic sheeting. or perhaps of
roofing material, would be placed over the top of the aggregate. to prevent the wet concrete from settling down into the
aggregate and plugging the pore space. The slab would then
be restored, as above, with grooves tooled to permit subsequent caulking.

4.5.3 Vertical Pipe Installed Into Unused
Sump Pit Indoors
On occasion. a mitigator may encounter a basement having a
sump pit having no drain tiles and never containing any water.
Such unused sump pits may be encountered, for example, in
cases where codes require installation of a sump but where the
particular lot involved has no drainage problem, so that the
builder or homeowner did not install drain tiles or a sump
pump.
On those occasions where unused sump pits are encountered,
they may be used as ready-made holes through the slab for a
SSD system. avoiding the need for drilling a hole with a rotary
hammer or a core drill. The pit would be capped with a
gas-tight cover, and a suction pipe would be installed through
this cover, as discussed in connection with sump/DID systems in Section 5. If drain tiles were present in the sump, this
would be a sump/DID system; but since no tiles are present in
this case, it is considered a SSD system.
It must be ensured that the unused sump pit is communicating
with the sub-slab region. For example, if the walls and, bottom
of the sump are fonned by a plastic sump liner having no
penetrations, or by poured concrete, the SSD pipe would be
drawing suction on a closed box; the suction would not be
e.ffectively extending under the slab. In such cases, it would
be necessary to ensure that a number of holes were drilled
through the walls of the sump lining, at a level immediately
beneath the slab.
Cost analysis indicates that the presence of such an unused
sump pit will not reduce the installation cost of a SSD system
(Re91b, Re91c). The savings in labor achieved by avoiding
the need to drill a hole through the slab will be approximately
offset by the increase in labor required in sealing a cover over
the sump. In fact, the installation cost will be somewhat
higher with the sump pit, by an amount equal to the materials
cost for the sump cover. However, where such a pit exists, it
stilI will genemlly make sense to use the pit as the SSD
suction hole. Even if the suction pipe were to be installed
through the slab at another location instead, the sump pit
would still have to be capped, to prevent radon entry and to
reduce the amount of house air that would flow into the SSD
system through an uncapped sump.

4.5.4 Horizontal Pipe Installed Through
Foundation Wall from Outdoors
In some cases, it may be desirable to insert the suction pipes
horizontally through the foundation wall from outdoors, such
as illustrated in Figure 2. This approach will reduce the
aesthetic impact indoors, but can increase the impact outdoors
(especially when compared with interior suction pipe-s having

an exhaust stack rising inside the house). As discussed in
Section 4.2.1, installation of the pipes horizontally from outdoors is most likely to be attractive when: a) the slab is near
grade level, so that less excavation is required to get below the
slab outdoors; b) interior fmish is extensive, so that the cost,
complexity, and aesthetic impact of interior pipes would be
significant; and/or c) the house is not amenable to an interior
stack with a fan in the attic (including houses having flat roofs
or cathedral ceilings with no attic), so that the aesthetic impact
of an exterior fan and stack would be unavoidable even with
. interior suction pipes.
Exterior horizontal pipes would most commonly be considered in slab-an-grade houses, or basement houses having
slabs only moderately below grade. However, cases have been
reported where exterior penetrations have been used in full
basement houses, due to extensive fmish in the basement and
due to homeowner preference (Kl89).

Selecting the specific hole location. The criteria for selecting the specific location for the suction hole on the exterior face of the foundation wall will be similar to those for
selecting the specific slab locations for vertical interior pipes.
There must be adequate space beside the house to pennit
excavation and use of the drilling equipment (e.g., away from
bushes, patios, and chimneys). The location must permit
convenient mounting of the fan and routing of the exhaust
stack. For example, the pipe should not be mounted directly
under windows through which the fan and stack would be
visible from indoors; it should be located so that the piping
will be least obtrusive outdoors.
The exact depth beneath the slab at which the hole is drilled
may require judgement. For example, if the foundation stem
wall for a slab-on-grade house is hollow block capped with a
solid L block, as shown in Figure 2, it could be desirable to
drill through the course of hollow block immediately below
the L block. But the hole should not be too far below the slab,
since it is desired to access any aggregate layer immediately
beneath the slab.
In basement houses, where the foundation wall generally does
not extend below the slab, the suction pipe will usually
penetrate beneath the footing. The pipe can also be routed
beneath the footing in slab-on-grade houses when the footing
is very shallow (in mild climates).
As with vertical interior pipes, installers using horizontal
exterior pipes must be alert to sub-slab utility lines or forced-air
ducts beside the foundation wall. If it is planned to auger some
distance horizontally beneath the slab -- so that the SSD pipe
will extend beneath the slab instead of ending immediately
beside the foundation wall -- attention must be paid to utility
lines that might be beneath the slab within that distance.

Drilling the hole through the foundation wall. If piping
having a 4-in. inside diameter will be used, a hole 4.5 to 6 in.
diameter must be drilled horizontally through the foundation
wall of slab-on-grade houses. Some excavation will usually
be necessary to expose the wall beneath the slab, and working
space immediately beside the wall may thus be limited. Especially where the foundation wall is block, and is hence rela134

tively easy to. drill through, the rotary hammer drill will beneath the slab; the slab will be resting on the footings. As a
usually be the'appropriate tool; a series of l/2-in. holes would · result, the effort described above to drill through the founda- .
be drilled around a 4.5- to 6-in. circumference, and the interior tion wall will be unnecessary. In this case, excavation through
chiseled out).
the soil under the footing will be required, by hand or using an
auger.
Even where the wall is poured concrete 8 in. thick, the rotary
hammer drill may still be preferred. To use a coring drill on ·Excavating a pit beneath the slab. If the suction pipe is to
poured concrete walls, it would be necessary to clear a suffi- end near the interior face of the foundation wall (i.e., if the
cient area to accommodate the drill, and to block up or hole has not been extended with an auger), a sub-slab pit
otherwise support the drill in a horizontal position while should be excavated inside the foundation wall. As discussed
drilling the hole. The coring drill bits are often only 6 in. deep; in Section 4.5.1, this should be done regardless of whether or
consequently, it would be necessary to drill into the wall to a not there is aggregate under the slab. Possible pit sizes, and
depth of 6 in., chip out the still-attached core, then drill the the procedures for excavating the pit are generally the same as
remaining 2 in. through the 8-in. wall. As a result, it will those discussed in that earlier section for verticallinterior
usually not be convenient to try to operate a coring drill pipes.
sideways to prepare the hole, even when a coring drill is
available.
The pit should always extend upward to the underside of the
slab, as illustrated in Figure 2, ensuring that the suction pipe is
If it is desired to extend the hole horizontally for some communicating with the layer of aggregate (if present) bedistance beneath the slab, an auger can be used to carefully neath the slab. This is particularly important in cases where
extend the hole horizontally through the sub··slab fill. If the the hole has been drilled through the wall some distance
hole is to extend several feet, powerful augers can be rented or below slab level. Even where there is no aggregate, there may
purchased. For shorter distances (2 ft or less), a smaller auger be a region of improved communication immediately under
bit that can be driven by a power drill could be used (the same the slab, due to subsidence of the soil or to an air gap
auger bit that can be used to excavate sub-slab pits). The associated with sub-slab insulation, if present.
smaller auger bit could be driven by a right-angle drill if there
is not sufficient clearance to accommodate the shaft of the Especially where communication is poor, the pit should also
auger straight on. The drill must have a torque adjustment extend as far toward the interior of the slab as possible.
feature, so that the drill does not begin spinning and injure the
Investigators in Florida recommend that the pit not extend to
operator if the auger binds.
the left and right, exposing the interior face of the foundation
Such augering has been found to be desirable in wall, when the walls are constructed of hollow block (F090).
poor-communication slab-on-grade houses with block foun- Air leakage into perimeter suction pipes through block walls
dations in Florida (F090, F092) and in Arizona and southern was a significant problem in Florida, and the concern was that
California (Kl92). In those houses, the apparent problem was exposure of the interior face of the block wall would exacerair leakage into the system through the block foundation walls bate this problem. Leakage would be much less of a concern
when the suction point was near the wall. Such leakage with poured concrete foundation walls.
appears clearly to be less of a problem in good-communication
houses and in houses with poured concrete foundations. Even The pit should extend downward below the wall hole. This
in some poor-communication slabs on grade with block foun- will reduce the risk of the pipe becoming blocked by soil or
dations, it will sometimes be possible avoid the need for · water if the soil walls of the pit shift over time, or if water
augering, based upon the experience in New Mexico (Tu91b). collects in the pit due to condensation in the pipe or due to wet
seasons.
If augering is performed, and if the hole through the foundation wall is not immediately below the slab, e.g., if it has been If the hole is extended using an auger, a pit might be created at
lowered in order to miss a course of solid L blocks, care must the end of the augered hole by manipulation of the auger,
be taken that the augered hole be horizontal. If the hole is angling it up and down, and side to side.
angled upwards, toward the bottom of the slab, a low spot will
be created in the piping near the exterior face of the founda- Mounting suction pipes through the waU. When this
tion wall. Condensed moisture could accumulate at that point, configuration is used in slab-on-grade houses, the suction pipe
would be mounted horizontally through the foundation wall
potentially blocking flow.
from outdoors. Unless an extended hole has been augered, the
To avoid damaging sub-slab utility lines, it would be desirable pipe should terminate within a few inches of the interior face
to initially drill only to the interior face of the foundation wall. of the wall, within the open space of the excavated pit. In
Sometimes forced-air ducts are located immediately beside basement houses, the pipe is mounted horizontally under the
the foundation wall. It could be helpful to use a safety cut-off footing, again terminating in the sub-slab pit.
switch and perhaps a GFI (as discussed in Section 4.5.1,
Drilling the hole through the slab) with the rotary hammer, The suction pipe must not be sloped upward toward the
underside of the slab. The greatest risk of this occurring is
coring drill (if used), or auger.
when the hole through the wall has been made at some
If the horizontal pipe is being installed from outside a base- distance below slab level. Such a slope would create a low
ment house, the foundation wall usually will not extend point in the piping at the exterior face of the wall where
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condensate would accumulate, blocking gas flow. Where the
horizontal pipe is at a depth beneath the aggregate layer,
communication between the pipe and the aggregate must be
provided by extending the suction pit upward, rather than by
sloping the pipe upward. In fact, sloping the pipe slightly
downward beneath the slab to facilitate condensate drainage
may be desirable, if this is possible.
The horizontal pipe should be well supported on the exterior
of the wall by soil underneath. Unless this pipe is being
connected by a horizontal run to other suction points around
the house perimeter, the outer end of this pipe will be directed
900 upwards to a fan and an exterior stack above grade, as
discussed in Section 4.6.5. Even if this fan and stack are
supported by brackets or strapping, some of the weight will
likely be borne by the end of the horizontal pipe. If this end of
the pipe is not adequately supported underneath, the torque
applied by the fan/stack weight could cause the end of the pipe
bene..'\th the slab to shift upwards, creating the low point for
condensate accumulation discussed in the preceding paragraph.
The gap between the outer circumference of the horizontal
pipe nnd the foundation wall must be closed, to reduce the
amount of ambient air that would be drawn down through the
(usually shallow) soil into the system. Since this annular
opening will be on the vertical face of a wall, flowable
urethane caulk will not be applicable, since it would just drain
away. Gun-grade (non-flowable) polyurethane caulk could be
one choice. The wall and hole surfaces would be cleaned as
appropriate (e.g., the drilling dust vacuumed up), to remove
loose dust and dirt that would hinder bonding of the caulk: to
the wall surfaces. The caulk should be worked into the horizontal gap to a reasonable depth, to increase the contact area
for bonding.
Expanding closed-cell foams are perhaps the most common
choice to seal this gap. Foams could be particularly appealing
where the foundation wall is hollow block. Properly injected,
the foam could seal not only the gap at the exterior face of the
wall, but also the gap between the interior hollow-block core
and the pipe, and the gap at the interior face of the wall (under
the slab). In this way, the foam would block not only the
ambient air flowing down through the soil along the exterior
face of the wall, but also ambient and indoor air that might be
drawn down through the block cores. The foam might be
iJ\iected into the cavity through the gap between the suction
pipe and the exterior face of the wall (Br092), or through
small specially drilled holes in the exterior face above and
below the pipe (Kl92). When using foam to seal the entire
block cavity, some type of support may have to be placed
inside the block below the pipe in order to prevent the foam
from dropping down into the cavities below.

If foam is used, care must be exercised to ensure that the foam
does not expand into the sub-slab pit ill a manner which
blocks the suction pipe. Such blockage of the pipe has occasionally been observed when the pipe ends immediately beside the interior face waIl (under the slab). To be sure, the
foam should be injected before the vertical riser is connected
to the horizontal pipe, so that the horizontal pipe can be

inspected and rodded out, to detect and clear away any foam
that may have expanded into the sub-slab end of the pipe.
The use of foam to close this gap for block walls has the
advantage of reducing air leakage into the system through the
block cores, but at the same time, necessarily reduces any
block-wall depressurization component of this SSD system.
Use of foam in this manner has generally appeared to be
advantageous, or at least not detrimental, in terms of the radon
reduction performance of the system; i.e., any BWD component was either insignificant or unnecessary. In only one study
house (a large slab on grade with good aggregate and sub-slab
forced-air supply ducts) did the BWD component appear to be
important, with the use of foam creating a measurable deterioration in system performance (House 1 in Re91a).
In addition to gun-grade polyurethane caulk and expanding
foam, cement or quiCk-setting mortar have also sometimes
been used to seal the gap around the suction pipe (An92,
Br092). One mitigator reports that termites and ants have
sometimes been observed to chew through expanding foam in
some regions, so that cement might be preferred at least for
the outer seal for this below-grade application in such regions
(Br092).
In cases where the hole has been extended with an auger, and

a horizontal pipe is being inserted for some distance beneath
the slab, it will be particularly important to rod out the pipe
after it has been inserted. The end of the pipe beneath the slab
may have become plugged with soil as the pipe was being
pushed through the augered hole. This problem can be reduced by inserting the pipe only part way into the augered
hole (Kl92), although it must be inserted far enough so that
the open end of the pIpe is reasonably isolated from the
interior face of the block wall (thus avoiding the excessive air
leakage into the system through the wall that the augering step
was intended to avoid).
Mter the suction pipe has been installed and the exterior
excavation around the pipe is being re-ftlled, it would be
advisable to pack the back-filled dirt in an effort to reduce the
possible leakage of ambient air down through loose fill and
into the system.
Rigid PVC, PE, or ABS piping is a reasonable choice for
exterior suction pipes, just as for pipes installed indoors.
However, one mitigator (K189, Kl92) reports success using
flexible corrugated polyethylene and polypropylene piping
for the horizontal below-grade penetrations through
slab-on-grade foundation walls, beneath basement footings,
and beneath slab-on-grade footings in cases where the footings are shallow. This corrugated piping is similar to the
material commonly used for drain tiles, except it is not perforated. Use of the flexible piping simplifies installation. It can
be considered for use in this exterior application because it is
supported horizontally by the underlying soil, potentially
avoiding sagging; and, being below grade, there is less concern regarding leakage through the difficult-to-seal seams
between piping segments, and regarding damage to the flexible material. This flexible piping is then connected to rigid
PVC piping to serve as the riser on which the fan is mounted
above grade.
136

Where non-peiforated flexible piping is used for exterior
suction pipes, it must be buried at least 18 in. below grade
(Kl92) to avoid excessive ambient air leakage into the system
through the unsealed seams between piping segments. Also,
care must be taken to lay this flexible piping on a reasonably
flat-bottomed channel, since it can sag, providing low sites for
condensate accumulation.

4.5.5 Horizontal Pipe Installed Through
Foundation Wall from Inside Basement

poured concrete or hollow block, the gap in the face of the
wall toward the basement (the right-hand face in Figure 18)
must always be carefully sealed.
When the stem wall is block, mitigators report that significant
amounts of air can be drawn into the system via the hollow
blocks, even when care has been taken to seal the gap around
the penetration in the face of the block inside the basement
(Bra92; Mes92). This leakage, which adds a BWD component
to the system,. will reduce the suction that can be maintained
in the SSD piping. The reduced suction can be a problem in
many cases, especially when sub-slab communication is marginal or poor and when maximum suction is thus needed in the
piping. As a result, it is often important that the gap also be
sealed at the "outer" face of the block; the outer face is
defined here as the face against the soil under the adjoining
slab, or the left-hand face in Figure 18. Sealing of the outer
face will reduce the amount of air from inside the leaky block
cavities being drawn into the pit and thus into the system.

Perhaps the most common use of horizontal suction pipes is to·
treat adjoining slabs on grade in basement houses having such
adjoining slabs. The pipes are inserted horizontally through
the stem wall separating the basement and the adjoining slab,
at a level just below the adjoining slab. Treating the adjoining
slab in this manner avoids the need to install pipes in the
living area on the adjoining slab (which will usually be highly
fmished), and greatly simplifies connection of the SSD piping
treating the slab on grade into the suction pipes treating the
If the hole through the "inner" face of the stem wall (inside the .
basement slab.
basement) is sufficiently large, this could facilitate injecting
A typical configuration for installing a horizontal suction pipe foam around the gap in the outer face by inserting a wand
beneath an adjoining slab on grade from inside the basement from inside the basement,' before the inner face is sealed
and for connecting the horizontal pipe into a basement SSD (Mes92). The foam might seal not only the gap in the outer
system is illustrated in Figure 18.
face, but also the block cavity around the pipe to further insure
that air leakage via the block wall will. be reduced. One
The methods for installing horizontal suction pipes through mitigator recommends drilling small holes through the inner
the stem wall from inSIde the basement are sinlilar to those face of the blocks just above and below the suction pipe, and
described in Section 4.5.4, for the case where the pipes are injecting foam into the block cavity through these holes
installed from outdoors. There are only a few differences. In (Kl92). To aid in foaming the block cavity, it may be necesselecting the specific location for drilling through the stem sary to stuff some type of supporting material into the void
wall, some attention will now be required to the nature of the beneath the pipe, to prevent the foam from dropping down
basement fmish. Assuming that the horizontal pipe is to be into the voids below as it is being injected. Care inust be taken
connected to a vertical riser from the basement slab, the hole to ensure that the foam does not expand into the pit beneath
in the stem wall must be located near a basement riser (or in a the adjoining slab in a manner which blocks the suction pipe.
position to otherwise facilitate connection to a riser).
The below-grade horizontal pipes discussed in Section 4.5.4
As with exterior horizontal penetrations, a rotary hammer drill are supported by the soil beneath the pipe. When the horizonmay be the best approach for making the hole through the tal pipe is inside the basement, it may be supported at its
stem wall, especially if the stem wall is hollow block. If the connection with the vertical riser when the horizontal pipe is
wall is poured concrete and if it is desired to make the hole by as short as suggested in Figure 18. If the horizontal pipe is not
supporting a coring drill sideways, sufficient space must be near a riser, and must run for some horizontal distance before
available for using the drill in this position and for supporting connecting to a riser, this horizontal run will have to be
it in this manner from below or above. See Section 4.5.4, supported by hangers or strapping .as discussed in Section
4.5.1 (Figure 16) and Section 4.6.3.
Drilling the hole through the foundation wall.
The pit excavated beneath the adjoining slab should extend
upward to the underside of that slab. It should extend outward
and downward enough to prevent the horizontal pipe from
becoming blocked with soil if the sides of the pit shift over

4.5.6· Suction Pipe Installed from Inside
Garage

With the configuration shown in Figure 18, the horizontal
pipe could be sloped in either direction to avoid condensate
buildup in the pipe. Any condensate in the horizontal pipe
could drain either to the pit beneath the slab on grade, or to the
vertical riser in the basement.

In houses having an adjoining garage, it would be very
convenient to be able to insta1l the mitigation system in the
garage. Especially when the garage is a one-story slab on
grade with its own roof, placement of the suction pipes and
the fan entirely in the garage would eliminate the aesthetic
impact in both the living area and outdoors, and would commonly result in the entire system being remote from the
bedroom wing.

Care is needed in sealing the horizontal pipe into the stem wall
to reduce the amount of basement air drawn into the SSD
system around this penetration. Thus, whether the wall is

In basement houses having walk-out basements with a garage
slab on the same level as the basement, the garage slab will
often be integral with the slab of the adjoining basement. In

time.
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Note: Careful sealing of pipe
penetration through outer face
of block can be important to
prevent excessive leakage of
air into the system via the
block wall.
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FIguro18. A typical configuration for treating an adjoining slab on grade using a horizontal suction pipe penetrating the stem wall from inside
the basement

these cases, if communication is good, vertical suction pipes
inside the garage may well treat the entire slab. In basement
houses having an adjoining slab-on-grade garage, suction on
the garage slab will likely have only limited impact on the
living area, and the garage will thus be of no use for locating
suction pipes. (However, in this latter case, the garage could
still provide an excellent location for possible routing of the
exhaust stack and mounting of the fan, eliminating the need
for a stack inside the living area or outdoors.)
Of primary concern in this section are slab-on-grade houses
having an adjoining slab-on-grade garage. In such houses, the
living-area slab will essentially always be a few inches higher
than the garage slab, for code reasons. In some cases, there

will be a foundation wall (supporting the living-area slab)
separating the region under the garage slab from the region
under the living-area slab. In other cases, there will not be a
separating foundation wall, but there will still be the step
between the slabs; the concrete for both slabs may have been
poured at the same time, with a form having been used to
create the step.
In either case, the communication between the garage slab and
the living-area slab will be uncertain and will vary from house
to house. This will always be true in houses having generally
poor sub-slab communication. It can also be true in cases
where there is aggregate beneath the living-area slab, especially when there is a separating foundation wall. Therefore, it
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is uncertain whether a vertical suction pipe installed down
through the garage slab will effectively treat the living area.
Sub-slab suction field extension testing, together with experience with other houses in the area, would be necessary to
detennine whether the house might be adequately treated with
vertical pipes .in the garage.

To Fan in
Garage Attic
Suction Pipe

On occasion, slab-on-grade houses have been encountered
where the step down to the garage slab occurs in the garage
several feet away from the frame wall which separates the
garage from the living area. That is, the living-area slab seems
to extend several feet into the garage. The potential for
success with a vertical suction pipe in the garage is increased
in such cases, if the pipe is installed in that portion of the
living-area slab which extends into the garage. But in most
cases, the step cown to the garage slab occurs right at the
frame wall, or within less than 1 ft of the wall; in these cases,
a vertical pipe through the living-area slab within the garage is
not practical.

...

45° Elbow
Foam and/or
Urethane
Caulk
Garage Slab

Pit

Where vertical pipes in the garage will not adequately treat the
adjoining living area, the garage can still be considered as a
possible site for installing a suction pipe beneath the living-area
slab on grade; inserting the pipe horizontally or at an angle
from inside the garage. The approach for installing such pipes
from inside the garage is discussed in the remainder of this
section.
Figure 19. One possible method for angling a suction pipe beneath

In some cases when there is a foundation wall between the
living-area and garage slabs, steps as tall as 12 in. have been
observed between the two slabs. A step this tall. would provide
a clearance of roughly 8 in. between the bottom of the
4-in.-thick living-area slab and the top of the garage slab,
enough to install a 4-in. diameter suction pipe. In these cases,
a horizontal pipe could be installed through the foundation
wall beneath the living-area slab, using the same considerations as apply when the horizontal pipes are installed from
outdoors (see Section 4.5.4). The only difference would be
that, in these cases, no excavation would be needed to expose
the exterior face of the foundation wall beneath the living-area
slab.

the living-area slab of a slab-on-grade house, from inside
an adjoining garage (adapted from Reference FogO).

Selecting the specific hole location. The criteria for selecting the specific hole location along the junction between
the garage and the living area will be generally similar to
those discussed in Section 4.5.4, for penetrations from outdoors. The location will be selected to avoid obstructions in
the garage, and with consideration to the anticipated routing
of the exhaust piping within the garage.
Preparing the hole. If the pipe is indeed inserted at a 45°
angle right at the junction of the two slabs, as shown in Figure
19, the hole will have to penetrate concrete perhaps 8 in. thick
or more. If a foundation stem wall is present, and if it were
poured concrete, the lower portion of the hole could be
penetrating a layer of concrete even thicker still.

But in most slab-on-grade houses having adjoining garages,
there will be a.much smaller drop (perhaps only 4 in.) between
the living-area and garage slabs. One logical approach for
inserting a suc.tion pipe beneath the living area from inside the
garage is to install the pipe at an angle. This approach is
illustrated in Figure 19, adapted from Reference F090.
Whether a mitigator chooses to angle a pipe from inside the
garage in slab-on-grade houses, or whether the pipe is instead
installed vertically in the living area, for example, inside a
closet or in a utility room, will depend upon a variety of
factors. Thesefactors include the availability ofpipe locations.
inside the living area, the required pipe location to achieve the
desired suction field distribution under the slah, the resulting
pipe routing required if the pipe is in the living area, and the
preferences of the mitigator and homeowner. Lpcationof the
pipe in the garage becomes more preferred when the house.
has multiple stories and/or no attic, complicating pipe routing
and fan placement with indoor suction pipes.
.

A rotary hammer drill could be used to prepare this hole, in
the manner described in earlier sections. Or, a coring drill
could be supported at a 45° angle. Since coring drill bits are
often only 6 in. deep, it could be necessary to core the first 6
in., chip out the still-attached core of concrete, and then core
the remainder of the distance.

Excavating a pit. The pit beneath the living-area slab willbe
excavated by hand through the diagonal hole in the concrete.
The methods for this excavation will be similar to those
discussed in Section 4.5.1. The pit should extend upward as
necessary to reach the underside of the living-area slab, iDtersecting any aggregate layer. When aggregate is not present
under the living-area slab, the importance of this pit increases,
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The pit should be sufficiently deep and wide such that shifting
of the dirt sides of the pit over time or entry of water into the
pit during wet seasons will not block the suction pipe.

MOllnting the suction pipe. The suction pipe is inserted
through the angled hole, as shown in Figure 19. The end of the
pipe beneath the slab should be in the open space within the
pit, above the bottom of the pit. The gap between the outer
circumference of the pipe and the sides of the hole must be
sealed with non-flowable polyurethane caulk or with expanding closed-cell foam. This angled section of pipe will be held
in this position by the hangars/strapping which will be securing the piping run overhead in the garage.

4.6 Design/Installation of the
Piping Network and Fan
After the individual suction pipes are installed by one of the
methods discussed in Section 4.5, they will need to be connected to a fan which will exhaust outdoors. There are alternative methods for configuring the overall piping network and
fan/exhaust system. and there are a variety of approaches for
the detailed design and installation of the piping and fan!
exhaust system. Sections 4.6.2 and 4.6.3 address the design
and installation of the piping network leading from the individual suction pipes to the fan; Sections 4.6.4 and 4.6.5 cover
tile mounting of the fan and the design and installation of the
exhaust piping/stack on the exhaust side of the fan.
When there is more than one SSD suction pipe. these pipes
will generally be joined together by a horizontal run of PVC
piping. The resulting single manifold pipe must be routed to a
single fan. Usually, the amount of soil gas flow drawn by SSD
systems is sufficiently low such that it is not necessary to use
more thM onc fan for the entire system. Multiple fans will be
warranted only in cases where it is not practical to manifold
the suction pipes together for one reason or another, and it
decided to install two or more separate systems (with different
pipes routed to different fans) rather than trying to connect the
pipes.
For the purposes of this discussion, there are two fundamental
types of exhaust configuration:
1. Interior stack. A representative version of this configuration is illustrated in Figure 20. When the suction pipes are
inside the house, the piping can be routed up through the
interior of the house, usually through closets or other
inconspicuous areas on the floors overhead, or via an
existing utility chase. Ifthere is an attic, the fan should be
mounted in the attic. exhausting through the roof. Mounting the fan in the attic protects the fan from the weather
(especially important when the fan is not UL rated for
exterior use), and improves aesthetics outdoors. If there is
no attic. the fan could be on the roof.

2. Exterior stack. One representative version of this configuration is shown in Figure 21. In basement houses, the
exhaust piping penetrates the basement band joist or
foundation wall just above (or below) grade. It is recommended that the fan be mounted on this piping outdoors
near grade, and that a stack on the discharge side of the

fan be installed to release the exhaust above the eaves.
This approach usually minimizes the aesthetic impact
inside the house, but increases the impact outdoors due to
the stack extending up outside the house.
One common variation of· the exterior stack configuration,
which can be used when a basement house has an adjoining
slab-on-grade garage, is to route the piping through the basement band joist into the garage. The discharge stack is then
directed up inside the garage through the garage roof, assuming that there is no living area above the garage. In this
approach, referred to here as a "garage stack," the fan could be
mounted in the garage attic, if present, or near the garage slab
at the base of the stack.
Mitigators have tried a variety of other variations to the
exterior stack configuration, with the primary intent of minimizing the aesthetic impact of the exterior stack. In one
variation, the exhaust piping penetrating the basement shell is
extended horizontally below grade for some distance away
from the house, where the exhaust pipe then comes above
grade at a less visible location. In another variation, the
exhaust stack has" been deleted altogether, with the fan discharging immediately beside the house at grade; in some
cases, the fan has even been placed inside the basement to
further reduce the impact outdoors. Elimination of the exhaust
stack, and location of the fan inside the basement, are inconsistent with EPA's interim mitigation standards (EPA91b).
Where the suction pipe has been installed horizontally through
the foundation wall from outdoors, as discussed in Section
4.5.4 above, the exhaust configuration will almost always
involve an exterior stack. Of course, the exact configuration
would necessarily look different from that illustrated in Figure
21 for vertical indoor suction pipes.

4.6.1 Suction Loss in the Piping Network
Calculation of the suction loss in the piping network was
discussed previously in Section 4.3.2, in connection with the
selection of the suction pipe diameter. It is also referred to in
Section 4.4, in connection with selection of the appropriate
fan. In this current section, this calculation is covered more
definitively, in connection with the overall design of the
piping network (such as illustrated in Figures 20 and 21) in
conjunction with the selection of pipe diameter and fan performance.
The suction loss in the piping network will depend upon: a)
the velocity in the pipe, which in turn depends upon the
volumetric flow rate (in dm) and the pipe diameter; and b) the
length of piping and the number and nature of the flow
obstructions, such as fittings. (It will also depend upon the
pipe wall friction, which would be higher for corrugated
flexible piping than for smooth-walled PVC; only
smooth-walled pipe is being considered in this discussion.)
The system fan has to be selected to provide the needed
sub-slab depressurizations after compensating for the suction
loss in the piping.

In practice, rrwst mitigators will have little occasion to perform piping loss calculations in residential applications. The
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Exhaust

1. Horizontal piping run in attic
shown only for illustration.
Stack could have penetrated
straight upward through
roof, if there were sufficient
headroom to install fan
at that location.
2. Electrical wiring to
fan illustrated in
later figure.

~J::~~~.::::U~~~l;+-----Strapping
(or other
L
Support) to Support
Piping and Fan

Horizontal
Piping Sloped
Down Toward
Stack

Insulation May Be
Needed on Attic Piping
in Very Cold Climates

Strapping (or other
Support) to Support
Piping Weight (Every
4 - 10 Ft.). See Earlier
Figure.

PVC T-Fitting,
Cemented Tightly
to Adjoining
Piping

.
Joist

Horizontal Piping
Sloped to Drain
Condensate toward
One of the Suction
Pipes

Figure 20. One representative SSD piping configuration illustrating an interior 'exhaust stack.

141

1

Notes:
1. Figure depicts one configuration
utilizing 3"X4" metal downspout
as the exterior stack. Other
possible configurations using
PVC piping as the stack are
shown in a later figure.

StrappIng

2. Figure depicts stack being
supported at rain gutter by
strapping attached through
outside lip of gutter. Other
methods of support at the
gutter, and against the fascia
In the absence of a gutter, are
shown in a later figure.

2

One Bracket As
Close to Overhang
As Possible
3"X4" Metal
Downspout
Used
1
As Stack - - - . - - - - '
4" Round-to-3"X4"
Rectan~ular

Adapter

3. Electrical wiring to fan
illustrated in later figure.
Standard Bracket to
Attach Downspout to
Side of House

4" Dla. Round
PVC 45 0 Elbow - - ' "

PVC T-Fitting,
Cemented Tightly
to Adjoining Piping

Strapping (or Other
Support) to Support
Piping Weight (Every
4-10 Ft.). See Earlier
Figure.

•
Horizontal Piping
Sloped to Drain
Condensate Toward
One of the Suction
Pipes
Suction Indicator
(or Other Failure
Indicator!Alarm)

Figuro 21. One representative SSO piping configuration illustrating an exterior exhaust stack.
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most common use will be in cases where it is necessary to Calculation procedure. The suction losses in the piping
determine whether 2- or 3-in. diameter piping can be substi- will result from two factors: 1) friction between the air and the
tuted for 4-in. piping in selected cases without encountering walls of the pipe, calculated as loss per unit length of straight
undue suction losses. In some cases, where sub-slab commu- pipe; and 2) turbulence created by flow obstructions in the
nication is marginal or where the piping network is particu- piping system, namely, fittings such as elbows, tees, and size
.
larly long or convoluted, it may also be helpful in fan selec- reducers.
tion (e.g., to assess whether a higher-suction radial blower of
the type discussed in Section 4.4.2 might be necessary). And The losses in straight pipe due to wall friction can be calcuwhen interpreting the more extensive sub-slab flow diagnos- lated based upon standard fluid flow considerations, dependtics described in Section 3.5.1 to aid in selecting a fan, suction . ing upon the friction resistance of the pipe wall. The losses per
loss calculations would be required to convert the sub-slab '100 ft of smooth-walled pipe having average wall friction
depressurizations measured at the baseline test hole to the were presented in Figure 13 in Section 4.3.2. The figure
suctions at the fan inlet (so that a desired fan performance presents the suction loss as a function of volumetric flow rate
curve could be plotted).
and pipe diameter, i.e., as a function of gas velocity.
On the other hand, it is unlikely that a mitigator will often
have much choice regarding the length of piping and the
number and type of fittings. The piping configuration will
probably often be determined by other factors: the need to
locate suction points in order to achieve an adequate sub-slab
suction field distribution; the location and nature of finish
inside and around the house; and the practical routing of the
exhaust stack. Assuming that the suction pipe location and the
piping configuration have been selected intelligently to begin
with, there will probably not be much flexibility for reducing
the length or number of fittings if calculations suggest that
suction losses may be significant.
And, in general, there will probably not often be a major
concern with suction losses in the piping network in residential applications, if 4-in. piping has been used and if one of the
90-watt tubular fans (or equivalent) has been used, as discussedlateL
'
Thus, the mitigator should locate the suction points and design
the system piping in an effort to reduce the length of piping
(upstream and downstream of the fan) and to reduce the
number of fittings, consistent with the need to achieve adequate suction field extension and to have and acceptably
aesthetic system. With this approach, suction loss calculations
of the type discussed below will usually be limited to cases
where small-diameter piping or where long or convoluted
lengths of piping are being considered.

Suction losses associated with flow obstructions are handled
by expressing that loss in terms of the loss in an equivalent
length of straight pipe. For many fittings, a LID ratio can be
obtained from the literature, that is, the length of straight
piping (L) that would give the same friction loss as that caused
by the fitting, divided by the diameter of the piping (D). The
losses associated with various fittings are presented in Table
4, derived from Reference Ca60. The figures in the table
include both the LID ratio for the fitting, and the equivalent
length of straight piping that would give the same suction
losses as a function of pipe diameter.
Note that the suction loss in a 90 0 elbow can vary dramatically, depending upon whether the elbow makes a smooth vs.
a sharp turn. The internal dimensions of many commonly
available PVC elbows appear to be a cross between a smooth
turn (on the outer circumference) and a mitered tum (on the
inner circumference). Thus, the actual LID ratio for the elbows commonly used in mitigation applications will probably
be somewhere between 9 and 65.
Other common obstructions include size expanders or reducers, for example, the 4- to 6-in. couplings used to connect fans
having 6-in. unions onto 4-in. piping. The suction gains due to
such expanders and the losses due to reducers, which depend
upon velocity, can be calculated based upon tables and equations in Reference Ca60.
Once the piping network has been designed for a given SSD
installation, such as illustrated in Figures 20 and 21, the

Table 4.

Number of Feet of Straight Pipe Required to Create the Same Suction Loss As Created by the Flow Obstruction in One Fitting

UD
Type of Fitting

Ratio

Tee

-60*

90° elbow
- smooth round curve
- mitered (sharp turn)

45° elbow
- smooth round curve
- 3-piece elbow

9
65

Equivalent Feet of Pipe, for Different Pipe Diameters
Pipe Diameter 2 in.
3 in.

4 in.

10 ft

15 ft

20 ft

1.5 ft
11 ft

2 ft
16 ft

3 ft
22 ft

4.5
0.8 ft
61ft

1 ft
1.5 ft

1.5 ft
2 ft

* This UD ratio, for gas flow around the 90° bend within a tee fitting, varies slightly with gas velocity. The ratio for flow straight through the tee
would be less than that for the flow making the turn from the branch.
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approximate suction loss that will occur in the network can be
calculated as follows:

1. Convert the flow obstructions in the anticipated fittings in
the total piping network (upstream and downstream of
the fan) into an equivalent length of straight piping, using
Table 4;

2. Add this equivalent length to the total length of straight
piping anticipated (upstream and downstream of the fan);

3. Obtain from Figure 13 the approximate suction loss per
100 ft ofstraight piping, for the anticipated pipe diameter
and system volumetric flow.
4. Multiply the total number of feet derived in 2) above,
divided by 100, times the loss per 100 ft obtained in 3).
This will be the total estimated suction loss in the piping
network at the projected air flow.

If there are sevcral90° elbows or tees in the piping network, it
would not be unusual for these fittings to make a larger
contribution to the total suction loss than that from the straight
piping.
Note that this calculation procedure addresses the piping and
fittings on the discharge (pressure) side of the fan, as well as
those on the suction side. Such piping and fittings on the
pressure side couId result, e.g., the exterior stack shown in
Figure 21. The flow resistance on the pressure side will create
a back pressure that will reduce flows, and will reduce the
fan's ability to develop suction. Thus, flow resistance on the
pressure side must. be considered on the same basis as resistance on the suction side, for the purposes of calculating the
suction that can be established.

Interpretation of results. The total piping suction loss
calculated in 4) should be subtracted from the suction that can

be maintained by the planned fan at the flow rate anticipated
in the system, obtained from the fan performance curve. This
difference will be the suction that the fan will maintain in tl'!.e
suction pipe at the point where the pipe penetrates the slab. It
will also roughly equal the suction existing immediately under
the slab in the sub-slab pit; at typical flows, there will be only
a small suction loss resulting from the acceleration of the gas
in the pit to pipe velocity. (See the calculation procedure for
suction losses due to "abrupt entrances" in Reference Ca60.)

If the calculated suction in the pipe near the slab is unacceptably low, then steps may need to be taken to improve it. If
small-diameter piping has been planned, it may be necessary
to switch to larger-diameter piping, at least in some parts of
the system (such as the manifold pipe to which the individual
suction pipes connect). One could also switch to a fan which
can develop higher-suction at the anticipated flows, such as
those discussed in Sections 4.4.2 and 4.4.3, or could mount
two standard tubular fans in series. One could also consider
reducing the length of piping or number of fittings, althollgh,
in many cases, it is doubtful that there would be sufficient
fie:dbiIity in adjusting the piping configuration to achieve
substantial reductions in suction losses by this method.

It is not possible to rigorously define the minimwn acceptable
suction in the pipe near the slab that would trigger design
changes. The real measure will be how well this suction
extends beneath the slab. This will vary from case to case,
depending upon communication and flow. As a rough rule of
thumb based upon experience, with a 90-watt in-line duct fan
in houses having reasonably good communication, the pipe
suction near the slab should probably not fall much below 0.5
in. WG; however, where communication is good, lower suctions may be acceptable. In poorer-communication cases, a
higher suction would be desirable. (A higher suction would
also be expected; since flows are often quite low in
poor-communication houses, large pressure drops through the
piping would be less likely.)
The use of Figure 13, in accordance with Step 3) above,
requires some estimate, prior to system installation, of what
SSD system flows will be. If no pre-mitigation diagnostics
have been performed other than a visual inspection, this
estimate will be very rough, based upon the mitigator's expeI"rience with other similar houses in the area. If a simple
(qualitative or semi-quantitative) measurement of sub-slab
flows has been made using a vacuum cleaner prior to mitigation, as discussed in Section 3.5.1, the estimate of SSD flows
would be somewhat more reliable, but still fairly rough. Only
if the more extensive, quantitative, pre-mitigation sub-slab·
flow measurements have been made with the diagnostic
vacuum cleaner and only if the piping system suction losses
have been calculated based upon the suction-vs.-flow characteristics of the sub-slab region as discussed in Section 3.5.1
will the flow estimates in the piping be reasonably accurate.

Evaluation ofneedfor suction loss calculations. At the
beginning of Section 4.6.1, it was stated that there will probably not often be a major concern with suction losses in the
piping network in residential applications, if 4-in. piping has
been used and if one of the 90-watt tubular fans (or equivalent) has been used. The calculation procedure described
above can be used to supPort this statement.
Suppose that sub-slab communication is good and that, as a
result, flows are at the high end ofthe SSD range (100+ cfm).
At those flows, losses in the 4-in. piping would be 0.6 in. WG
per 100 ft, from Figure 13 in Section 4.3.2. The 90-watt fans
would maintain about 1 in. WG at their inlet at 100 cfm. Thus,
the fans could tolerate a piping length (including the equivalent length contributed by fitting resistances) of 100 to 150 ft
while still maintaining several tenths of an inch WG under the
slab, which may well be sufficient suction in
good-communication cases. A piping length of 120 ft would
correspond to, for example, 40 linear ft of straight 4-in. piping
plus four 90° elbows or tees; this could often be sufficient for
a system in a two-story basement house requiring some horizontal run in the basement or attic in addition to the vertical
rise up to the roofline.
In fact, with an extended length of piping, flows might drop
below 100 cfm, and suction correspondingly increase in accordance with the fan performance curve. But again, with
good communication, some reduction in flow will often not be
a problem, unless the high flows are resulting from excessive
leakage through a major unclosed entry route in the slab, or
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rear), and the horizontal piping run could be up between the
joists, making it as unobtrusive as possible. This is the configuration illustrated in Figures 20 and 21.

through highly penneable soil. In those cases, more suction
points or a larger fan might be warranted.
Suppose, on the other hand, that sub-slab communication is
poor, and that flows were at the low end of the SSD range
(about 20 cfm). At this flow, the 90-watt fans develop suctions at the fan of perhaps 1.7 in. WG, and, from Figure 13,
the suction loss in 4-in. piping is roughly 0.03 in. WG per 100
ft. At such low suction losses, the fan would still be maintaining about 1.5 in. WG suction under the slab even if the piping
run were 300 ft equivalent. It is difficult tq imagine a piping
configuration so long and convoluted as to have an equivalent
length greater than this, even with multiple suction points and '
numerous elbows and tees. Consequently, piping length/configuration becomes almost irrelevant with 4-in. piping when
flows are so low. The only question in a case such as this is
whether more suction pipes or a higher suction fan may be
needed due to the poor communication.
In summary; whether communication is good or poor, it is
doubtful that a mitigator will often encounter a piping configuration so long or convoluted in residential applications
that it would be justified to increase SSD piping diameter
above 4 in., when a 90-watt tubular fan is being used. Accordingly, when the intent is to install an SSD system with 4-in.
piping with such a fan, piping suction loss calculations will
usually not be necessary.

4.6.2 Considerations in Pipe Rlouting
Between Suction Points and Fan
If there is more than one SSD suction pipe, the multiple pipes
will usually be connected by a horizontal run of piping. This
piping run will then continue to a point where it can penetrate
the shell of the living area and lead to a single fan. Two
representative routings are illustrated in Figur€'.$ 20 and 21.
This piping should be routed so that it does not interfere with
nonnal traffic patterns in the house, or with the adjustment,
operation, or maintenance of any mechanical equipment. (The
one exception to this can be the sump pump in sump/DTD
systems, discussed in Section 5.) It should also be as aesthetically acceptable as possible.

If the two suction points are on opposite ends of the house, so
that the connecting horizontal run is perpendicular to the floor
joists, the horizontal pipe will necessarily have to be below
the joists. Four-in. horizontal pipe running perpendicular to
the floor joists would never be run through cored holes
through the joists, not only because 'Of installation effort
involved, but also because of structural concerns, as discussed
in Section 4.6.3 below. If there is a support beam running
from one end of the house to the other, providing support to
the floor joists in the middle of the basement, the horizontal
piping can logically be run beside this support beam, just
below (and perpendicular to) the floor joists. If there are a
number of suction pipes along the length of the basement,
horizontal legs from the various pipes can tap into the central
horizontal pipe along its length.

Selection of where the piping exits the basement. At
some convenient location, the collection pipe must be routed
up through the house to a fan in the attic, as in Figure 20. Or,
the pipe must be routed through the band joist to a fan
outdoors or in the garage, as in Figure 21. (Occasionally, a
mitigator may choose to penetrate the foundation wall below
the band joist.)
. Where the exhaust piping will rise through the house, the
location for this interior stack will be selected to provide the
most convenient and aesthetic route (e.g., up through a utility
chase, or through closets on the floors above). It would be nice
to avoid routing the pipes through bedroom closets, if this
were possible, to avoid the risk that the flow noise in the stack .
might disturb sensitive occupants.
If the piping is to exit through the band joist, the location for
this penetration would be selected based on a number of
criteria. Existing constraints may prevent all of these criteria
from being simultaneously met in the optimum manner. These
criteria include:
-

Connection of multiple pipes in basements having unfinished or suspended ceilings. In an unfinished or par-

Achieving the shortest and least visible horizontal run
inside the house, avoiding indoor obstructions.

- Minimizing the visual impact of the fan and stack
outside the house; this will often mean that the penetration should be on the rear (or perhaps side) of the
house, preferably where the fan at the base of the stack
might be concealed behind shrubbery.

tially finished basement, vertical interior suction pipes will
nonnally extend upward to the basement ceiling, to the level
of the perimeter band joist which rests on top of the founda,tion wall. If a vertical suction pipe is to be connected to one or
more other suction pipes elsewhere in the basement, a horizontal pipe is, run across an unfinished ceiling (or above a
suspended ceiling) to pennit the suction pipes to be manifolded
together.

-

If one suction point is by the front or rear wall of the house
and if a second pipe is needed, it would be logical to try to
locate the second pipe directly opposite the frrst on the opposite wall (between the same two overhead floor joists), if this
location would provide the needed suction field distribution.
In this case, the horizontal pipe joining the two points would
be parallel to the floor joists (which usually run from front to

Avoiding obstructions on the exterior face of the house
that would interfere with extension of the exterior stack
up to the eave; thus, the piping cannot penetrate directly beneath any windows (through which the stack
could be seen from inside the house), and especially
not directly below overhung bay windows.

- Ensuring that the fmal discharge point (usually just
above the eave directly above the penetration) will be
at least 10 ft away from upstairs windows, skylights, or
other openings in the house shell, consistent with EPA's
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interim radon mitigation standards (EPA91b), as discussed in Section 4.6.4.
-

-

Avoiding location of the fan, the stack, or the final
discharge point near bedrooms, if possible. The noise
associated with the fan and stack, although often subtle,
can occasionally be objectionable to sensitive occupants, especially if generated near a bedroom window.
The noise results from: fan noise heard at the fan, and
fan noise transmitted inside the exhaust pipe and heard
at the discharge point; stack vibration transmitted from
the fan, or vibration in the house siding to which the
stack is attached; flow noise in the stack, if the gas
velocity is high enough; and turbulence in the exhaust
escaping the pipe. Noise can be a particularly important
consideration when using one of the high-suction!
low-flow fans discussed in Section 4.4.3, since these
tend to be noisier than the tubular fans.
Locating the penetration relatively near to an electrical
junction box inside the house, to facilitate connection
of the fan wiring into the house circuitry, discussed in
Section 4.6.5.

Where the fan and stack are inside an adjoining garage, many
of the above criteria will be more easily met The fan and
stack will not be visible outside the house, avoiding concerns
about reducing the visual impact outdoors. There should be
increased flexibility in routing the stack around any obstructions in the garage. The piping can be routed horizontally in
the garage attic if necessary to ensure that the exhaust is at
least 10 ft from any openings in the living area. The fan and
stack will likely be away from the bedroom wing, unless there
arc bedrooms above the garage.

Pipe routing considerations when there is only one
SSD sllction point. If there is only one suction pipe pen-

combined flows· from all pipes could be sufficiently high to
create an unacceptable suction loss in a 2-in. diameter horizontal collection pipe.

ReqUirement that horizontal piping runs be sloped. At
all locations in the system, the horizontal piping must slope
slightly downward towards the vertical suction pipes, so that
condensed nwisture can drain away_ There must be no low
points in the system piping where condensate can accumulate
(unless provisions are made for drainage, as discussed later).
Soil gas has a high moisture content. This moisture will
condense inside the pipes whenever the piping run is exposed
to a temperature below that of the soil gas, which will occur
during cold weather in piping runs which are outdoors or in
unheated areas such as attics. Ensuring that all horizontal
piping is sloped back toward the vertical suction pipes will
permit any condensed moisture to flow back down beneath
the slab through these risers.
If the horizontal piping were sloped down away from the
risers, the condensate could accumulate at the low end of the
piping. As a minimum, such accumulation would reduce the
effective diameter of the piping, thus reducing the flow and
increasing the suction loss. This could potentially reduce
system performance, even if the slope appears to be only
slight. In the extreme case, if the slope is great enough, the
water could block flow entirely, thus rendering the system
completely ineffective.
The degree of slope towards suction pipes can be fairly slight.
Some mitigators use slopes as great as 1 in. per 4 to 8 linear ft
when the horizontal run is relatively short, consistent with
sewer codes. However, this degree of slope could sometimes
be inconvenient in long horizontal runs of 4-in. piping; for
example, a 30-ft run perpendicular to the floor joists would
terminate at a suction pipe 6 in. below the joists if the slope
had to be 1 in. per 5 ft. In fact, since the flows involve only
condensate, the more rigorous slopes specified in sewer codes
are probably not necessary for this application. Some mitigators use more gradual slopes, ranging from 1 in. per 10 ft to 1
in. per 40 ft, with one mitigator proposing 1 in. per 100 ft.

etrating the slab, the only horizontal run needed in the system
would be the run over to the band joist penetration or to the
location where the interior stack is to rise through the house.
The location of the suction point would normally be selected
in an effort to minimize this horizontal run. Where the stack is
to extend up through the house, it could be possible to locate Approaches when the piping must be routed over or
the suction point directly under the path of the stack, so that no . under obstructions. A low point in the horizontal piping
can be creat~ if the piping has to jut up or down in order to
horizontal run would exist at all.
pass over or under some utility piping or other obstruction
Diameter ofthe piping network. In houses where there are along the basement ceiling. If the piping forms an inverted
4-in. diameter suction pipes, the horizontal piping which "U" to pass over the obstruction, the horizontal segment on
connects the individual suction pipes will generally also be the far side of the obstruction could become a low point,
4-in. diameter piping. As discussed in Section 4.6.1, flows iIi unless there is a vertical suction pipe on each side of the
SSD systems should almost never be high enough to warrant inverted "U" to drain the moisture away. If the piping forns a
the use of larger-diameter piping for the central horizontal "U" to pass under the obstruction, this "U" creates a trap
pipe. Where such high flows are encountered in a SSD sys- which could accumulate water over time. The placement of
tem, the problem is probably one of leakage through slab the vertical risers and the routing of any horizontal piping
openings or piping joints, suggesting a need for sealing rather should be selected in an effort to avoid such low points in the
than for larger piping.
.
piping.
In poor-communication houses where a number of 2-in. or
3-in. diameter vertical suction pipes have been installed, it
may be advisable to use 4-in. piping for the horizontal collec~
tor, depending upon the actual flows and the fan used. Although flows in individual suction pipes will be low, the

Figure 22 illustrates two approaches for addressing this issue
where potential low points are unavoidable. If the piping
forms a "0" over the obstruction, as in Figure 22A, it would
be optimal to place a vertical suction pipe on each side of the
"U," with the horizontal run on either side of the "U" sloping
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downward toward the appropriate riser. If the piping fonns a
"U" beneath the obstruction, as in Figure 22B, the most
fail-safe approach would be to locate a suction pipe directly
under the "U" as shown.
If it is not practical to locate vertical pipes as suggested in
Figures 22A and B, a less preferred option would be to drill a
. hole at least 1/2 in. diameter through the bottom of the piping
at the low point. Flexible tubing of this diameter should be
fIrmly mounted into the hole, leading to some location where
the condensate can drain: for example, a nearby vertical
suction pipe, a floor drain, or the voids inside a nearby
hollow-block wall. Tubing at least 1/2 in. diameter is required
to reduce the risk of plugging. Care must be taken to avoid
kinks in the tubing. Also, drain tubes should not be located in
unheated areas where the tube might become plugged with
ice. This design may result in some suction loss in the system,
due to air being drawn into the pipe through the tubing;
however, unless the system is marginal to begin with, this
small air leak should not noticeably impact system perfor~
mance.

Vertical mounting offans. Whether the piping is routed
qut through the band joist or up inside the house, the piping
should always turn upward prior to the point at which the fan

Hanger

.Suction Pipe on CZ:::sewer Pipe
(Cross-Section) or
Either Side of Hump
other Obstruction
A) Piping run is routed over the obstruction; suction
pipes on both sides of hump permit condensate
drainage to sub-slab.

Strapping

Floor Joist
Suction Pipe Installed
at Bottom of Dip'
B) Piping run is routed under the obstruction; suction
pipe at iow point in dip permits condens~lte drainage
to sub-slab with no risk of pluggage.

Figure 22. Two of the alternative methods for providing proper drainage when a horizontal piping run must be routed over or
under obstructions, creating low points in the piping.

is mounted, so that the fan will be mounted vertically. Vertical
fan mounting will ensure that condensate will drain out of the
fan and not accumulate in the fan housing.

Pipe routing considerations for basements with finished ceilings. The preceding discussion focused on basement houses which were partially or largely unfInished, where
any required horizontal piping could be run across an unfmished ceiling or above a suspended ceiling. Where the ceiling
and walls are fmished with sheetrock and/or panelling, the
piping installation may be more complicated and more expensive, in order to reduce the aesthetic impact.
One option would be to install the horizontal piping runs in
the basement, as before, but providing any. additional fInish
that would be required (including framing around the piping,
as necessary) in order to make the installation aesthetically
acceptable. A second option would be to take each suction
pipe straight up through the house (e.g., through closets on the
floors above) into the attic, avoiding any horizontal runs in the
basement; if there is more than one pipe, the horizontal runs to
connect the pipes would be located in the attic. See the later
discussion of attic piping in slab-on-grade houses.
A third option for handling extensively-fmished basements
would be to take each pipe out through the band joist, and to
connect each pipe to its own fan outdoors, avoiding the
complications involved in connecting the pipes. As a fourth
option, the pipes could be taken out below the band joist, so
that they penetrated the shell below grade level, in which case
the multiple pipes might be connected via a horizontal loop of
pipe buried around the perimeter outdoors. In this case, a
vertical riser for the fan would be tapped into the loop at a
location suitable for an exterior fan and stack (see Selection of
where the piping exits the basement above). A fIfth option
would be to install the suction pipes horizontally from outdoors, discussed later.
.

Pipe routing considerations for slabs on grade. In
slab-on-grade houses having an attic, especially houses having only one story, it will commonly be most convenient to
install vertical suction pipes inside the house, extending up
through the ceiling into the attic. Horizontal piping runs can
be made in the attic relatively easily, to connect the different
suction pipes (if there is more than one), and to route the
piping to a point where the fan can be mounted (on a vertical
segment of piping inside the attic) such that the fan exhaust
then penetrates straight up through the roof on the rear slope.
Another option would be to install the suction pipes horizontally from outdoors.

Routing considerations with attic piping runs. With
attic piping runs in either basement or slab-on-grade houses,
the routing of the horizontal piping should be selected to
avoid any obstructions in the attic, and to be out of the way of
expected traffIc patterns, to the extent possible. Again, care
must always be taken that the horizontal piping slope slightly
downward toward the riser pipes with no low points, to pennit
drainage of condensate.
'
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If there is only one riser pipe entering the attic from the living
area, as in Figure 20, the only horizontal run needed in the
auic would be that required to route the piping to the point in
the attic where exhaust pipe can penetrate up through the roof.
'This will usually also be the point at which the fan is mounted,
in the manner illustrated in the figure. This generally should
be somewhere away from the bedroom wing in an effort to
avoid fan noise there, especially when one of the high-suction/
low·flow fans is to be used. This location should also be on
the rear slope of the roof, so that the exhaust pipe will not be
visible from the street. Other considerations in fan location
include: ensuring that the exhaust point is at least 10 ft away
from openings in the house shell, such as skylights or windows in adjoining wings, in accordance with EPA's interim
standards (EPA91b); adequate headroom in the attic to mount
the fan; access for maintenance; and convenient access to a
power supply. In climates having heavy snowfall, it has also
been suggested that the exhaust pipe penetrate the roof slope
at a point sufficiently close to the peak so that substantial ice
dams will not build up behind the pipe, causing damage to the
roof or shingles (K192). In any climate, it is desirable to
penetrate as far up on the roof slope as possible to reduce reentrainment.

is illustrated by the three-dimensional inset in Figure 2. The
riser and fan would then tap into this loop at an acceptable
location (see Selection ofwhere the piping exits the basement
above). To avoid condensate buildup, this connecting loop of
piping must be buried at an elevation slightly above that at
which the horizontal suction pipes penetrate through the wall,
so that the "horizontal" suction pipes are in fact sloped
slightly downward. Ifflexible piping is used for any portion of
the below-grade horizontal run, care must be taken that the
floor of the trench is flat, so that no part of the piping sags· to
form a low point for condensate buildup.

4.6.3 Considerations in Pipe Installation
Between Suction Points and Fan
A number of factors should be considered when the piping
runs are installed.
•

The rigid PVC, PE, or ABS piping is commonly obtained
in 1O-ft lengths, which must be cut to the desired length
or spliced together with straight fittings (or couplings)
where runs longer than 10 ft are needed. Other PVC
fittings commonly used in the piping network are tees,
90° elbows, 45° and 22.5° bends, Y fittings, and size
reducers or expanders (e.g., 2-in.-to-4-in. adapters, for
connecting a 2-in. diameter suction pipe to a tee in a 4-in.
diameter central collection pipe).

•

The fittings must be of the same material (PVC, PE, or
ABS) and of the same weight (thin-walled or Schedule
40) as the piping.

•

All piping and fittings must be carefully cemented together with cement formulated for the particular material
used (PVC, PE, or ABS), to ensure a permanent and
gas-tight connection. Simple pressure fits will not provide a sufficiently gas-tight seal. While simple pressure
fits might sometimes look tight, a significant fraction of
the fan capacity could be consumed in drawing house air
into the piping through the leaky joints. In addition, some
simple pressure fits could become disconnected due to
wear and tear over time.

•

As emphasized previously, all horizontal piping runs
should be slightly sloped (1 in. drop for every 4 to 100
linear ft), so that condensed moisture will drain back
down into the sub-slab region via the suction pipes. Low
points in the piping, where condensate could accumulate,
should be avoided. If low points are unavoidable, a
vertical suction pipe should be installed under the low
point, if possible, as shown in Figure 22; otherwise, a
drain tube at least 1/2 in. diameter should be installed.

•

The pipiIig network must be properly supported. Horizontal runs should be supported every 4 to 10 ft. Several
alternative methods for providing such support to horizontal runs are shown in Figure 16, using pipe hangers or
plastic strapping attached to the overhead floor joists in
basements. See also the discussion associated with these
figures, toward the end of Section 4.5.1. Methods for
supporting horizontal runs in attics, attaching the hangers
or strapping to braces and rafters in roof trusses, are

If the single riser pipe can penetrate into the attic directly
below the roof penetration point, there would not have to be
any horizontal attic run at all.
Where there is more than one vertical riser pipe entering the

attic, these pipes must be connected by a horizontal run in
some logical pattern. If there are a number of suction pipes
entering along the length of the attic, a horizontal collection
pipe can be located down the center of the attic, with horizontal legs from the various suction pipes tapping into the horizontal pipe along its length. The horizontal collection pipe
should be mounted at an elevation slightly above that at which
the risers end, so that the horizontal legs tapping into the
conection pipe will be sloped downward toward the risers. At
some convenient location, the collection pipe must be routed
to the point in the attic where the fan will be mounted and
where the fan exhaust can penetrate through the roof. In
systems having relatively high flows, connection of the fan
into the horizontal collection pipe at a central location between the vertical suction pipes will help ensure comparable
suctions in the individual suction pipes.
As with the basement piping, 4-in. diameter pipe will often be
desirable for the horizontal collection pipe (depending upon
flows and fan capability), even in cases where flows are low
enough such that 2- or 3-in. piping is adequate for the individual suction pipes.

Pipe routing considerations with horizontal penetration ofsuction pipes from outdoors. In those cases where
the suction pipe penetrates horizontally through the foundation wall from outdoors, it will be common for the piping to
rise straight up from the horizontal suction pipe, with the fan
mounted vertically on this riser, in the manner indicated in
Figure 2. Where there are multiple horizontal suction pipes,
they may be connected by a horizontal length or loop of
piping buried around the perimeter of the house. One representative configuration for such a horizontal length of piping
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illustrated later in Section 4.6.4. The piping should never
be supported against any other utility piping, ducting, or
mechanical equipment that may subsequently be moved
during servicing or relocated.
Vertical runs can be supported from wooden members of
the house using methods such as those illustrated in
Figure 17; Vertical suction pipes can also be supported at
the slab, by a method such as those shown in Figure 15.
Even the simplest piping network should be supported at,
at least, two locations. One of these locations can be at
the slab. One of the support locations should be near the
vertical suction pipe, to ensure that it does not drop into
the sub-slab pit, and one should be near the fan (see
Sections 4.6.4 and 4.6.5).
Strapping can effectively support the weight of the piping, but will usually not proVide significant support against
lateral movement of the piping. Where strapping is the
primary support, a mitigator may wish to include some
measures to reduce lateral movement Lateral support
will usually be provided by the slab penetration, and by
the penetration through the band joist (exterior stacks) or
overhead flooring (interior stacks). Caulking the seams
around the penetration through band joist for exterior
stacks, required in any event to prevent water entry, may
further reduce lateral movement of the pipe at that location. Likewise, caulking of the seam around the penetration through the overhead flooring with interior stacks
will provide lateral support as well as improving appearance (Br092).

attics and vented crawl spaces appears less important in
climates that are only moderately COld.
• In cold climates, some mitigators find it important to
insulate exterior piping (outdoor stacks), to avoid ice
blockage of the exterior stack during cold weather. For
such exterior use, one mitigator (Wi92) reports using the
black closed-cell foam insulation commonly used around
the refrigerant lines running to outdoor air conditioning
compressors. This tubular insulation can be obtained in
diameters that fit around the outside of PVC piping.
Another approach that has been suggested for insulating
outdoor piping involves use of Schedule 40 PVC piping
having a foam core; this piping, which is not pressure
rated, has foam in the center with layers of rigid PVC on
the inner and outer surfaces. In the extreme, a mitigator
could enclose the PVC stack using framing or aluminum
chases, as discussed later, so that regular fiberglass insulation (not suitable for outdoor use) could then be used
around the piping.
In an effort to avoid the need for insulation, some mitiga-

tors try to place exterior stacks on the southern side of the
house, to increase sun exposure (KIn). Where aluminum
downspouting is used as the exterior stack for appearance
purposes, insulation of the stack would be somewhat
more difficult, and would likely defeat the key purpose of
using the downspouting, namely, to make the stack unobtrusive.
• Some mitigators also consider insulating certain indoor
piping under the following conditions:

• In supporting the pipes from wooden members in the
basement and attic, the pipes may have to be isolated
from the wooden member to reduce the transmission of
vibration to the wooden members, thus reducing noise.
The hangers and strapping shown in the various figures
ensure that the piping does not contact the wood. Where
there is "hard" contact with the wood, as with the pipe
clamp resting on the flooring in Figure 17, some cushioning material should be placed between the clamp and the
flooring.
•

As discussed in Sections 4.6.4 and 4.6.5, fans are usually
mounted vertically on the rigid piping using flexible
couplings, e.g., in the form of 4-to-6-in. adapters in cases
where the 90-watt fans (with 6-in. diameter couplings)
are connected to 4-in. piping. These flexible PVC couplings, which have the appearance of lUbber, greatly
reduce the transmission of fan vibration to the piping,
thus reducing noise. The flexible couplings must be
clamped tightly to both the fan and the piping to avoid
leaks.

• In very cold climates, any piping runs in unheated but
protected space (such as attics and vented crawl spaces)
may need to be ~Trapped with insulation. Such insulation
will reduce the amount of condensation inside the pipe,
and, in particular, will reduce the risk that this condensate
will freeze and plug the pipe with ice. Pipe insulation in

- Interior stacks rising through bedroom closets, to reduce noise. Such insulation becomes increasingly imPOrta.llt when the flow velocity in the pipe reaches
about 1,000 to 1,500 ft/min, at which velocity increasing numbers of occupants find the noise objectionable.
- To reduce possible "sweating" on the outside of the
pipes during hot, humid weather, in cases where such
condensate on the outside of the pipes could cause
damage to house fmish. Insulation for this purpose
would be important for piping running through finished
areas or above suspended ceilings.
• Where a suspended ("drop-down" or "false") ceiling is .
present, location of horizontal piping runs above the
suspended ceiling is a relatively simple method for installing the piping which greatly reduces the visual impact of the system.
• Where pipes are installed in fmished space, or outside the
house, it will sometimes be necessary to enclose the pipes
for aesthetic purposes, depending upon homeowner preferences. One option is to box the pipes in using furring
strips and sheetrock, painted to match the pre-existing
finish. One mitilJator (J091) has reported using.
pre-fabricated tt
sided aluminum chases with flanges,
19thS, which can be attached to the
obtained in 10-1
wall enclosing
piping. These pre-fabricated metal
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This will show outdoors where the hole needs to be in
order to properly line up with the band joist and piping
indoors. The hole through the wall is then made from
outdoors, to minimize damage to the bricks. First, a
hammer and chisel are used to remove the necessary
bricks and expose the sheathing; then, a hole saw can be
used to make the hole through the sheathing and the band
joist. Following installation of the piping, the original
bricks can be cut as necessary and re-pointed.

chases are relatively quick to install, and avoid the need
for carpentry.
•

Where PVC, PE, or ABS piping extends outdoors, if it is
not boxed in, some mitigators paint the pipe (for appearance purposes and to protect it from UV radiation), or
coat it with a UV protectant. Only UV-protected Schedule 40 piping (or piping which is inherently UV-resistant)
should be used outdoors.

•

Holes for the piping through wooden members such as
band joists are commonly made using a hole saw (a
circular blade that fits onto a power drill). Holes through
sub-flooring can be made with a standard hand saw, or
with a hole saw.

When the exterior finish is wood, vinyl, or aluminum
siding, a similar procedure is used. Two pilot holes are
drilled from indoors to identify the necessary location of
the hole outdoors. The hole is then drilled with a hole saw
from outdoors, to ensure that the hole is located in the
center ofa strip ofsiding, and to minimize visible damage
to the siding; also, access is usually better from outdoors,
pennitting a neater job. The hole should probably be in
the center of a strip of siding, if possible, for the purposes
of convenience and neatness. To accomplish this, the
hole may need to be shifted upward or downward somewhat compared to the position indicated by the pilot
holes; in that case, it would no longer be exactly in the
center of the band joist. (However, in no case should the
hole be shifted to an extent that the space between the
hole and either the top or bottom of the band joist is less
than 2 in.)

• Where a pipe penetrates a load-bearing wooden member,
this penetration must be made in a manner which does not
seriously reduce the structural integrity of the member.
At least 2 in. should always remain between the hole and
boUt the top and bottom of the member, even in the case
of band joists (which are supported underneath by the
foundation wall). With members which are not supported
underne..1.Ut (floor joists and rafters), an additional requirement is Utat the hole not have a diameter greater than
one-third the height of the member. With such unsupported members, the distance between the bottom of the
hole and the bottom of the member should be greater than
2 in., if possible; the lower part of the member will be in
tension, and thus will be more likely to fail than the upper
part, which will be in compression.

•

These guidelines mean that a 4 in. diameter pipe can be
inserted through a 2- by lO-in. band joist (or even a 2- by
8-in. band joist, when encountered); at least 2 in. will
remain at the top and bottom, assuming the penetration is
neM the center of the band joist. But a 4-in. pipe cannot
be installed through a 2- by lO-in. floor joist, because 4
in. is greater than one-third of the lO-in. height of the
joist. A 2-in. pipe could be inserted through the floor
joist, since it would constitute less than one-third of the
joist height.
In addition, floor joists should not be notched at the
bottom to accommodate the piping, since this may unacceptably reduce the strength of the joist. For example, if a
2-in. notch is cut into the bottom of a 2- by lO-in. floor
joist, the entire joist will be to the strength of a 2- by 8-in.
joist.

In cases where the exterior fmish covering the band joist
is particularly decorative or difficult to cut (e.g., a stone
veneer), some mitigators elect to penetrate the basement
foundation wall below the band joist (and below the point
at which the fmish ends on the exterior). This often means
that the penetration is below grade level. Some mitigators
consider penetration of the foundation wall below the
band joist for aesthetic reasons even in cases where the
exterior finish is regular siding or brick veneer. Although
drilling through the block or concrete wall below grade is
more complicated than sawing through the bandjoist, this
approach avoids the complexity and aesthetic impact of
trying to deal with and restore the exterior finish. When a
hole is made through the foundation wall below grade,
careful sealing is required in order to avoid water problems indoors.

• Where the piping through the basement band joist enters
an adjoining slab-on-grade garage, the fmish on the garage side of the band joist will usually be fire-rated
sheetrock. In this case, the hole through the joist is made
in the same manner as that described above, for the case
of exterior siding.

• When Ii hole is being cut through the basement band joist
to route the piping outdoors near grade level, care must be
taken to extend Ute hole neatly through the exterior finish
(usually siding or brick veneer) on the outside of the band
joist. MlUlY mitigators make this hole just large enough to
accommodate the pipe (typically about 4.5 in. outside
diameter).

•

When the exterior finish is brick veneer, a good approach
would be to drill two pilot holes from inside the house out .
through the veneer, using a rotary drill with a small bit.
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In mounting the piping horizontally through the hole
through the band joist, many mitigators simply insert an
integral section of the rigid piping through the hole, as
suggested in Figure 1.
One mitigator (Kl92) has sometimes found it advisable to
place a straight 4- by 4-in. flexible coupling (analogous to
the 4- by 6-in. couplings used for mounting the fans) over
the section of pipe where it penetrates the joist, to reduce
the transmission of vibration to the band joist. (In this

case, the hole through the band joist may have to be
somewhat larger than 4.5 in.) Other mitigators report that
transmission to vibration to the band joist is usually not a
problem.

penetration would no longer be considered a breach in
the :frre wall.
•

• Following mounting of the pipe through the hole, the
penetration must be :fmished in an appropriate manner
(e.g., the brick veneer must be re-pointed), and the gap
between the pipe and the wall must be caulked well from
outside (e.g., using non-flowable urethane caulk). This is
mandatory to prevent rainwater that runs down the outside of the pipe from entering the house and damaging the
band joist and other wooden members.

If the ceiling hole is to be lined up with a hole in the slab
directly below, special care will be needed in siting the
two holes. The piping can be manipulated to fIt through
the two holes by slipping the base down to the bottom of
the sub-slab pit, the sliding it upward through the ceiling
hole. The use of thin-walled piping (which will flex
slightly) may simplify mounting a length ofpiping through
the two holes.

If the gap is closed with mortar during the repair of brick
veneer, rather than being closed with caulk, a non-shrink
mortar should be used, so that it does not pull away from
the pipe or foundation during curing.
The frame wall between the living space and an adjoining
slab-on-grade garage is considered a fIre wall according
to most building codes, and is covered with fIre-rated
sheetrock. Where SSD exhaust piping penetrates through
a basemen~ band joist (and through the sheetrock on the
garage side of the joist) into the adjoining garage, this
would be considered a breach of the fire wall. The
concern is that, in the event of a fire in the garage, the
PVC pipe would melt, leaving a 4-in. diameter opening
through the wall which could nominally facilitate the
spread of the fIre into the living area.

•

According to codes, an appropriate fIre break needs to be
installed in the piping at that penetration. Three types of
fIre breaks can be considered:
-

-

-

The fusible linkage type. Such a fire breaks consist of a
short segment of metal pipe containing a spring-loaded
metal damper held open by a fusible linkage. This
segment of metal pipe would fIt in the hole through the
band joist, with PVC piping connecting on either side.
In the event of a fIre, the fusible linkage would melt,
allowing the damper to close, closing th(~ hole through
the joist When such a unit is installed, care must be
taken to ensure that the damper is in fact properly open,
since inadvertent closure of the damper would block
the exhaust pipe, rendering the SSD system ineffective.
The intumescent wrap type. Strips of intumescent material are wrapped around the outside of the PVC pipe
in the annular gap between the pipe and band joist. Or,
if this gap is too small to accommodate the strips, the
strips are placed at the seam between the pipe and the
joist, enclosed within a metal collar that will force the
materialinto the joist hole if the pipe melts. In the event
of a fire, if the pipe melts, the intumescent material
would expand into the hole, sealing the hole.

Where a pipe penetrates an overhead ceiling into the story
above, care must be taken to locate the overhead hole to
avoid obstructions on the floor above. Before any hole is
made through a ceiling, it should be verifIed that there are
not radiant heating coils in the ceiling, and that there is
not electrical wiring, forced-air ducting, or other utilities
above a suspended or sheetrock ceiling.

•

Where a ceiling penetration is being considered, it
should be recognized that the ceiling will sometimes
be considered a frre break, similar to the wall between
the living area and the garage. The ceiling may be
considered a fire break in multi-family housing, or in
large buildings such as schools, though not usually in
single-family houses. The ceiling may sometimes be
considered a fire break in residential garages. Where
the ceiling is considered a :frre break, one of the three
approaches indicated above for the garage frre wall
should be implemented whenever that ceiling is penetrated by a PVC, PE, or ABS pipe.

4.6.4 Design and Installation of the Fan
and Exhaust Piping-·lnterior Stacks
The preceding two sections addressed the routing and installation of the piping between the suction pipe and the fan. The
next two sections address the mounting of the fan onto this
piping· network, and the design and installation of the piping
leading from the fan to the ultimate discharge point.
As discussed in the introduction to Section 4.6, two basic
exhaust confIgurations are considered for the purposes of this
document: an interior stack, with the stack rising through the
living area to a fan usually mounted in the attic; and an
exterior (or garage) stack, with the fan and exhaust stack
mounted outdoors (or in the garage). Section 4.6.4 addresses
the frrst of these cases; exterior and garage stacks are addressed in Section 4.6.5.

Overall design considerations for all stack configurations. There are two general guidelines that are considered in
the design of the exhaust system. Both of these guidelines
result from the fact that there can be high radon concentrations
in the exhaust (often more than 100 pCijL and occasionally
greater than 1,000 pCijL).

The framing-in approach. If the SSD stack within the
garage is completely enclosed with framing and
frre-rated sheetrock, including the poinlt at which the
pipe penetrates into the garage from the basement, this

1. The fan should be outside the livable envelope of the
house.
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2. The exhaust should be released at a point where
re-entrainment of the exhaust back into the house will be
minimized, and where exposure of persons in the yard
and in neighboring houses will be minimized.
Regarding the frrst guideline above, the fan should be outside
the livable envelope due to a concern that leaks might develop
over the years in the fan housing or in the pipe couplings or
fittings on the pressure (discharge) side of the fan. Such leaks
could result due to aging of the cement sealing the joints, or
due to wear and tear on the piping over the years. If
pressure-side leaks develop and if the pressure-side piping is
inside the livable space, some of the potentially high-radon
exhaust gas would be forced into the livable space. Such leaks
could go undiscovered for years. While the amount of leakage
could be small in many cases, there have been some cases
where indoor pressure-side leaks have caused a distinct increase in indoor radon levels compared to post-mitigation
levels with the leaks sealed.
No cases have been identified where indoor pressure-side
leaks in an otherwise properly installed SSD system were
sufficiently severe to cause indoor levels to increase above
their pre-mitigation values. However, this nominally could
happen if tlle leakage was significant enough.
There are no defmitive data on the frequency or severity of
such pressure-side leaks in the exhaust piping. Nor are t1lere
data on how alternative methods for careful sealing and
supponing of the exhaust piping might reduce the risk of such
leaks. In concept, it should be possible to design the exhaust
piping to reduce this risk. However, in the absence ofany data
on the effectiveness and practical durability of such measures
and in view of the problems that could potentially arise if the
fan, in fact, wound up blowing sub-slab radon into the house,
EPA's Interim Radon Mitigation Standards (EPA91b) conservatively specify that the fan should be outside the livable
envelope.
To be outside the livable envelope, the fan should be in the
attic (for the stack configurations discussed in this section), or
outdoors or in an adjoining garage (for the stack configurations discussed in Section 4.6.5). House air flow patterns
typically involve air movement from the living area up into
the attic and out through vents and leakage points around the
roof. Thus, any pressure-side leakage associated with
attic-mounted fans would generally tend to be carried away
from the living area by this natural flow. Attached garages are
sufficiently well isolated from the living space, such t1lat if
there were any leakage from garage-mounted fans, only a
small fraction of this leakage would circulate into the living
area. Mounting the fan in t1le attic of the garage would further
reduce such circulation, although such attic mounting probably will not usually be necessary.
EPA's interim mitigation standards specify that fans not be
mounted in crawl spaces, since air flow patterns would tend to
draw any pressure-side leakage from crawl-space-mounted
fans up into the living area. Crawl-space-mounted fans would
be of greatest concern in cases where the crawl space is not
ventilated, and especially where the crawl space is effectively
conditioned space (e.g., where the crawl space is completely

open to an adjoining basement). Where the crawl space is not
conditioned, and has foundation vents around the perimeter,
any leakage would be diluted by outdoor air.
Regarding the second guideline listed above-minimizing
exhaust re-entrainment and exposure to persons outdoorsEPA recommends that the exhaust be released veltically
above tlle house (or garage) eave wherever possible. EPA's
Interim Radon Mitigation Standards (EPA9Ib) currently
specify that tlle discharge point be at least 10 ft: above grade
level; away from any window, door, or other opening (such as
an operable skylight); away from any private or public access;
and away from any opening in an adjacent building. It is
anticipated that EPA's fmal mitigation standards will explicitly require t1lat the exhaust be discharged above the eave,
preferably the highest eave. Design of the exhaust in this
manner should help ensure that t1lere is significant dilution of
t1le exhaust by outdoor air before it can be re-entrained into
t1le house, or before it can reach persons in the yard or in
neighboring houses. The interior or exterior stack that is
required to discharge the exhaust in this manner can add about
$100 or more to the SSD installation cost (compared to the
alternative of exhausting immediately beside t1le house at
grade level) (He91b, He9Ic), and can sometimes create an
aesthetic impact.
Very little data exist quantifying the effects of SSD exhaust
re-entrainment, as a function of the key variables (including
exhaust configuration, exhaust location, exhaust velocity/momentum, house characteristics, and weather conditions). Documented cases where exhaust re-entrainment in fact caused a
significant deterioration in SSD perfonnance all involve cases
where: the exhaust was directed downward toward the soil
immediately beside the house, as with a drier vent or wit1l a
90° downward elbow on the fan exhaust (Mi87); or where the
exhaust was directed straight upward immediately beside the
house, or horizontally parallel to the house, especially when
there were doors or windows nearby (Fi91). The very limited
data which are available directly comparing above-eave and
grade-level exhausts suggest that grade-level exhausts, directed horizontal to grade and aimed 90° away from the
house, can result in re-entrainment no more severe than that
experienced when the exhaust is discharged vertically above
the eave (Fi91). Of course, tlle relative effects of the grade-level
vs. above-eave exhaust might vary for differing weather conditions, exhaust velocities, etc.
Also, grade-level exhaust would not necessarily prevent exposure of persons in t1le yard immediately beside the exhaust.
Limited data suggest that the radon in the exhaust will often
be substantially diluted within a few feet of the discharge
location.
In summary, exhaust vertically above the eave, or use of the
10-ft criteria currently specified in EPA's standards, represents a conservative effort to help minimize re-entrainment
and exposure of persons outdoors. This conservative approach
is currently preferred because data are not presently available
to quantify those conditions under which grade-level exhaust
will result in acceptably low re-entrainment and outdoor
exposure. The effects of a given amount of re-entrainment
will be less when the exhaust concentration is relatively low
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(e.g., below about 100 pCi/L), suggesting that measures to
reduce re-entrainment might potentially be less crucial at such
relatively low exhaust levels.

General considerations with interior smcks. One representative example of an interior stack is illuslrated in Figure
20.
The decision to install an interior stack instead of an exterior
or garage stack will depend upon the specific situation in a
given house, and upon the preferences of the mitigator and
homeowner. An interior stack will most likely be preferred
when: a) there is a convenient utility chase leading from the
basement to the attic through which an interior stack might be
routed; b) in the absence of a chase, there is some other
convenient route for directing an interior stack up through the
floor(s) above the basement into the attic; c) there is an attic
where the fan can be located; and/or d) there is no adjoining
garage, or it is impractical to route the stack through the
.garage, so that a garage stack is not an option.
Where it is practical to route the exhaust piping up through the
house, and where there is an attic in which the fan can be
mounted, the· interior stack/attic fan exhaust configuration
offers several advantages.
-

The aesthetic impact outside the housle is essentially
eliminated. The only part of the system visible outdoors will be a foot or two of the 4-in. diameter exhaust
pipe, which will normally be on the rear slope of the
roof (away from the street), and which will have the
general appearance of a plumbing vent.

-

The fan in the attic will be protected from the weather
(particularly important for fans not raled for outdoor
use) while being outside the livable envelope of the
house. Likewise, all electrical wiring for the fan will be
indoors, somewhat simplifying the wiring. At the same
time, the fan and wiring will be out of sight from
indoors as well as outdoors.

-

The discharge will be well above the ea.ve (and clearly
more than 10 ft above grade), in accordance with
EPA's interim standards, since the exhaust can penetrate through the roof at a point toward the peak. The
discharge point will almost automaticalIly be at least 10
ft away from windows, doors, private or public access
routes, and adjacent buildings, in accordance with EPA's
standards. And it should be relatively easy to ensure
that the discharge is at least 10 ft away from other
openings through the house shell, such as operable
skylights, air intakes, and gable or soffit vents.

The primary disadvantage of the interior stack/attic fan configuration is that a route must be identified by which the
piping can extend up inside the house. Where the house is a
one-story slab on grade (so that the pipes can penetrate the
ceiling directly into the attic), or where there is an accessible
utility chase providing a direct path to the attic, routing the
piping up inside the house will not be complicated. But where
such a convenient path does not exist, the piping will have to
be routed through, e.g., closets on the floor(s) above the slab.

In such cases, if there is an adjoining slab-on-grade garage, a
mitigator may wish to consider a possibly more convenient
option of routing the piping into the adjoining garage, since
garage stacks offer many of the same advantages as interior
stacks.
A cost analysis (He9lb, He9lc) has shown that installing the
stack up through closets in the house can sometimes be no
more expensive than installing the stack exterior to the house
or in an adjoining garage. The cost impact of the interior stack
will depend upon the exact characteristics of the house, and
the experience of the mitigator's crew with interior stacks.

Selecting the location of interior stacks. Interior stacks
will be extended up through the house through a utility chase,
if available, or through closets or other inconspicuous areas in
the floors above the slab, as discussed in. Section 4.6.2.
Routing is easiest when there is an accessible chase, or when
the house is a one-story slab-on-grade so that the pipes
penetrating the living-area ceiling enter the attic directly.

Selecting the location offans for interior stacks. With
the interior stacks, the fan is usually mounted in the attic. As
discussed under Overall design considerations above, fans
mounted in attics are considered outside the livable envelope
of the house, in accordance with EPA's interim standard. Any
leakage of exhaust from the pressure side of the fan should
flow outdoors in response to normal flow patterns up through
the house, rather than being drawn down into the living area.
Within the attic, the fan is commonly mounted directly below
the point at which the exhaust pipe will penetrate up through
the roof, as shown in Figure 20. On this basis, the criteria for
selecting the specific location for the fan within the attic are
discussed in Section 4.6.2 (see Routing considerations with
attic piping runs). These criteria include criteria associated
with the fan (e.g., access to fan in attic) and criteria associated
with the exhaust penetration (e.g., penetration on rear slope).
Occasional situations may be encountered where it is preferred to mount the fan at some location other than that at
which the exhaust pipe penetrates, e.g., to provide easier
access to the fan for maintenance, or to simplify the wiring.
Considerations in designing and installing the piping network
in the attic, leading to the fan, are discussed in Section 4.6.2
(see Routing considerations with attic piping runs) and Section 4.6.3. In most cases, some horizontal run will be needed
to direct the piping to the point where the fan will be mounted
and/or where the stack will penetrate the roof. A horizontal
run will always be required when multiple risers penetrate
into the attic and must be manifolded together. Even where
only one riser enters the attic, there may still have to be a
horizontal run in the attic if the vertical piping leading up to
the attic cannot be placed directly below the roof penetration.
Where there is not an attic or where any attic is inaccessible
(e.g., where there is a cathedral ceiling or a flat roof), the fan
for any interior stack would have to be installed on the roof.
Roof mounting of the fan would eliminate some of the advantages of this exhaust configuration. The aesthetic impact
outdoors would be increased, since the fan would now be
visible. In addition, when the roof is flat, penetration of the
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stack through the roof can create water leakage problems over
time unless the penetration is sealed very carefully. Where
there is no attic, the interior stack may sometimes still be a
viable option, but an exterior stack could be preferable.

piping that penetrates the roof. If one of the smaller fans listed
in Table 1 were being used, the couplings would be a straight
4-in. couplings or a 4- to 5-in. couplings. If one of the radial
blowers discussed in Section 4.4.2 were being used along with
3-in. suction piping, 3- to 3-in. couplings would be used.

Criteriajor selectingjamjor interior stacks. The selection of the appropriate fan to achieve adequate SSD performance has been discussed in Section 4.4. In the figures and
discussion in this section, the focus is on the in-line tubular
fans covered in Section 4.4.1. If another type of fan were used,
the details regarding the mounting and support of the fan
would have to be adjusted accordingly, for that other type of
fan.
With interior stacks having the fan mounted in the attic, it is
not necessary for the fan to be UL-rated for exterior use.
If the fan were mounted on the roof, the fan would no longer
be protected, and it would have to be UL-rated for outdoor
use. Or, a protective housing would have to be installed
around the fan. Where a roof-mounted fan is required, a fan
model specifically designed for wall or roof mounting could
be considered, although the in-line models discussed in Sections 4.4.1 and 4.4.2 could still be practical.

MOllnting jans in attics. A detailed diagram illustrating a
representative technique for mounting a fan in the attic is
presented in Figure 23.
The fan should always be mounted vertically. Vertical mounting of the fan is crucial, so that condensed moisture (and any
precipitation that enters the stack) will drain down through the
fan and down to the sub-slab region via the system piping. If
the fan were mounted horizontally, the condensed moisture
could accumulate in the lower portion of the fan housing.
Such accumulated moisture would interfere with the rotation
of the fan blades, significantly reducing fan performance and
shortening fan lifetime.
If only one horizontal pipe is running over to the fan location,
as in Figure 20, a 90° elbow is installed on the end of the
horizontal pipe. The fan is then mounted on a vertical segment
of piping extending up from this elbow. If horizontal pipes are
running to the fan from two directions, as in Figure 23, a tee
fitting would be used. If there is no horizontal run, the fan
would be mounted directly on the vertical riser penetrating the
ceiling into the attic.
The fan must be mounted on the vertical pipe with an air-tight
coupling. Commonly, flexible PVC couplings, such as those
marketed by Fernco, Indiana Seal, and Uniseal. These flexible
couplings should help reduce the vibration transmitted to the
piping by the fan, compared to what would be expected if
rigid PVC couplings were used. But even with these flexible
couplings, some vibration can still be transmitted (Br092).
Figure 23 (and the other figures in this document) illustrate an
in-line tubular fan having 6-in. diameter couplings, such as
the 9O-watt "Category 4" fans listed previously in Table 1,
being connected to 4-in. diameter piping. Thus, a 4-in.-to-6-in.
flexible coupling is shown both below the fan, and also above,
where the 6-in. fan outlet is reduced back to 4-in. exhaust

The flexible couplings are clamped tightly to the fan and to
the pipe using standard circular hose clamps, to avoid leakage.
Leakage at the outlet coupling of the fan would force some
high-radon exhaust gas out beside the house (or in the garage
attic). Leakage at the inlet coupling would draw outdoor air
into the system, increasing system flow and potentially reducing the suction that could be maintained in the SSD pipes. The
hose clamps must be tightened sufficiently to prevent leakage;
however, severe over-tightening could cause distortion of the
pipe or fan, potentially increasing leakage (Br092).
If there is uncertainty regarding the air-tightness of the fit,
tests could be conducted with a chemical smoke stick to detect
leaks. If leakage is occurring, the coupling should be adjusted;
if adjustment does not eliminate the leakage, the seams between the flexible coupling and the piping or fan could be
caulked. Any such caulking should be done with an easily
removable caulk, such as silicone caulk, rather than polyurethane, so that the fan can be easily removed later for maintenance. Caulking should not normally be necessary.

Subsequent removal of the fan for maintenance or replacement would involve loosening the flexible couplings and
sliding the fan up or down as necessary to remove the unit.
The short length of stack above the fan in Figure 23 may be
withdrawn down through the flashing as part of this procedure. If the stack is thus removed and re-installed as part of the
fan maintenance, care should be taken to ensure that any seal
between the stack and the top of the flashing remains tight
when the stack is re-installed.
Many of the plastic-bodied in-line duct fans on the market
today have integral, essentially air-tight housings, so that
there will not be leakage into or out of the fan housing.
However, some fan models (especially those with metal bodies) have seams in the housings which will permit exhaust to
leak out (or attic air to leak in) if not caulked properly. Any
such leaks in the fan housing must be detected and effectively
caulked.
The mounting configuration illustrated in Figure 23 represents the in-line tubular fans discussed in Section 4.4.1. It also
represents the in-line radial blowers discussed in Section
4.4.2. Other types of fans may have to be mounted in different
ways. For example, if they were to be mounted in an attic, the
DynaVac HS series of high-suction/low-flow fans listed in
Table 3 (Section 4.4.3) would have to be bolted into vertical
wooden members nailed into, or part of, the roof truss. The
Pelican high-suction blower can be suspended from a horizontal brace in the truss, using a mounting intended to reduce the
transmission of vibration to the brace.

Support jor jans in attics. The fan and piping must be
adequately supported.
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Notes:
1. Figure depicts fan hard-wired into
existing 110-volt house circuit. Other
options are illustrated in a later figure.
Wire should be stapled against wooden·
member every 18 in.
2. Figure depicts end of each horizontal
run being supported near fan by strapping
attached to brace in roof truss. ApprClpriate
method of support in a given house will be
determined by exact configuration of piping
and wooden members. Some alternative methods
of support are suggested in a previous and
a later figure.

Exhaust

3. When strapping does not support fal1l weight
directly, some step may be necessary to
prevent fan assembly from slipping down
on vertical pipe below.
Flashing, Properly
Blended in with
Existing Shingles;
Sealed If Necessary

110-Volt Wiring

1

Electrical Switch
(Accessible and
1
within Sight of Fan)
o

Strapping to
Support Weight
2
of Fan andl Piping

Wooden Support
for Wiring,
If
1
Needed
To Other
Riser, If Any

ATIIC

Existing 110-Volt
1
Junction Box

Joist

Ceiling of,
Living Area
Stack Rising from
Suction Plpe(s)
through Slab Below

Horizontal Runs
Sloped Down Toward
Pipe Rising from
Living Area, for
Condensate Drainage

Figure 23. A representative method for mounting a fan in the attic above an interior stack.
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Insulation May
Be Needed On
, Attic Piping
In Very Cold
Climates

When there is a horizontal piping run in the attic supporting a
fan at one end, the weight of the fan could cause the piping run
to sag at that end. This would create a low point where
condensed moisture could accumulate. One way of avoiding
such sagging is to support each horizontal piping run at a point
near the fan, using hangers or strapping attaching the pipe to
members in the roof truss. Figures 20 and 23 show strapping
attaching the horizontal piping to a horizontal roof brace.
Each horizontal run is supported in Figure 23. Other approaches using hangers and strapping can also be considered,
ad.'lpting some of the alternatives shown in Figure 16 for
supporting basement runs from overhead floor joists; the
difference would be that, in this case, the supporting members
would be components of the roof truss instead of floor joists.
If the horizontal run were parallel to the attic floor joists, it
could be down between the joists, suspended by a strapping
loop analogous to the top diagram in Figure 16b.
Some investigators consider supporting the horizontal piping
directly on the attic floor joists, or by placing some type of
solid support between the tee fitting in Figure 23 and the
underlying joist, so that the piping and fan weight is borne by
Ule joist. Ifthis approach were used, it would be important that
sufficient padding be placed between the piping and the joists,
to prevent fan vibration from being transmitted to the joists.
Support could also be provided directly at the fan, supplementing or possibly replacing any support at the horizontal
piping. The fan could be supported by strapping looped tightly
around the bottom flexible coupling, and attached to a roof
bmce or rafter. Two of the three diagrams in Figure 24 are
examples this approach; although this figure is for the case
where there is no horizontal run in the attic, those two approaches for supporting the fan would also be applicable
when a horizontal run is present. The fan could also be
supported directly using a fan mounting bracket, attaching the
fan to wooden members in the roof truss. Use of a bracket
could result in transmission of vibration to the truss.
However the support is provided, it is important that support
of e.1ch horizontal run be provided near the fan. And (or), the
fan itself should be supported directly. It may also be advisable to support each horizontal run in the attic at the end
remote from the fan (although such remote support is not
shown in Figure 20), depending upon how the interior stack is
supported on the stories below.
In some cases, there may be 110 horizontal piping run in the
attic -- i.e., the riser penetrating the ceiling into the attic
extends straight up tllrough the roof. Figure 24 illustrates tllree
possible alternatives for providing support in the attic for
straight vertical runs. Two of the options show strapping
looped around the flexible coupling beneath the fan and
attached to either a brace or a rafter in the truss. The third
option involves strapping looped around the pipe at the level
of the attic floor joists, and attached to the two adjacent joists;
this option is analogous to that illustrated in Figure 17A, for a
vertical pipe in a basement extending up between the overh~d floor joists. For this third option, a screw would have to
attach the strapping to the pipe, to prevent the pipe from
slipping down through the strapping (Br92). Schedule 40

piping would probably be required in this case, to prevent the
screw from causing a split in the plastic.
A fan mounting bracket, attaching the fan to the roof truss,
would be another alternative for use with straight vertical
runs.
As discussed in Section 4.6.3, any piping network should be
supported at at least one other location, in addition to near the
fan. If there is a horizontal run on a story below (e.g., in a
basement), support sh9uld be provided on each end of that
basement run, near the suction pipe on one end and near the
interior stack on the other, as in Figure 20. When the interior
stack extends straight up through the house from the suction
point in the slab, it is increasingly important that the system
also be supported on the stories below, so that the entire
weight of the stack is not suspended from the connection in
the attic. The most positive support for such an interior stack
would be at the slab, usillg one of the approaches in Figure 15
or equivalent. Another option would be to support the stack at
a floor penetration, e.g., using one of the approaches in Figure
17.
The weight of the fan is supported directly only in the ftrst two
cases in Figure 24, where the strapping is looped around the
lower coupling on the fan; it would also be directly supported
if a fan mounting bracket were used. But in the third case in
Figure 24, and in Figure 23, the support is being applied to the
piping leading to the fan; these configurations are relying on
the piping to support the weight of the fan. Where the fan is
thus not supported directly, there may be a concern that, over
time, the weight of the fan may cause it and the lower flexible
coupling to slide down over the vertical pipe below, especially
in hot climates. Such slippage could result in the vertical pipe
under the fan being shoved upward into the fan. This could
interfere with the rotation of the rotor, reducing system performance and possibly damaging the fan. At least one mitigator
reports having encountered this problem, perhaps because the
lower coupling was not suffIciently tightened (Kl92); others
have not experienced it (Mes92).
To address this possible problem, one mitigator (Kl92) suggests installing a screw into the pipe immediately below the
lower coupling, to prevent this coupling from sliding down
the pipe in cases where the'fan is not directly supported. Such
a screw under the coupling is shown in Figure 23 and the third
option in Figure 24. Another option would be to make the
vertical pipe beneath the fan short enough so that the lower
coupling could be supported by the lip of the tee fitting (or 900
elbow) beneath.

Wiringfans in attics. The fan must be connected to a power
source in a manner consistent with the National Electrical
Code and any additional local regulations.
A common approach is to hard-wire the fan into the house
circuitry in the manner indicated in Figure 23. Since the
in-line duct fans commonly used with SSD systems draw less
than 1 ampere of electrical current, they can usually be wired
into any convenient existing 1l0-volt circuit (e.g., a nearby
electrical junction box, as shown in the ftgure). But where the
addition of the mitigation fan causes the total connected load
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Brace

Strapping Looped
Tightly Around
Bottom Coupling,
Attached to Brace

Brace
Two Ends of Strap
Attached Together
to Rafter or Brace

Strapping Looped
Around Bottom .
Coupling, and the
Two Ends of the
Strap Stapled
Together

Strapping Looped
Around Pipe, Screwed
into Pipe; Ends of
Strap Attached to
Adjoining Ceiling
Joists

Note: When the piping forms
a straight vertical run, as
depicted here, with no
horizontal run, it would be
advisable to ensure that the
piping is also supported at the
slab penetration or elsewhere
in the livable area, as well as
in the attic.

Screw

Strapping

Joist

t~s--

Screw

Figure 24. Some options for supporting a fan and exhaust piping in an attic in cases where there is no horizontal piping run in the attic.
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on the circuit to exceed 80% of that circuit's rated capacity, a
sepnrate, dedicated circuit should be installed to power to fan.
The National Electrical Code requires that a switch (to turn
the fan power on and off) be placed in the circuit within sight
of the fan. Ideally, this switch would be relatively close to the
attic access, to facilitate access by the occupant
'l11e wiring connects to the fan inside the electrical box
mounted on the side of the fan. The wiring leads from the fan,
through the on/oCf switch, to the junction box. Where codes
require that the wiring be stapled every 18 in., a vertical
wooden support may have to be installed in some cases such
as that illustrated in Figure 23, where the wiring drops from
the truss brace to a pre-existing junction box mounted on an
attic floor joist. No suspended length of wire should be
installed within arm's length of an attic access door, to avoid
the risk that someone may inadvertently grab the wire when
entering or exiting the attic (Bro92).
Because all of the wiring is in the attic, the wiring and switch
can be rated for interior use.

In some locations, codes may permit the fan to simply be
plugged in to a nearby electrical outlet, as shown in Figure
25A. In this case, the plug may be construed as the switch
within sight of the fan. The electrical cord will usually have to
be no longer than 6 ft for this approach to be acceptable. In
some areas, it may never be acceptable to simply plug in a
continuously operating appliance such as a mitigation fan,
regardless of cord length.
If the fan cord is plugged into an existing electrical outlet in
the attic, it must be ensured that the power to that outlet will
not be interrupted In particular, the power to outlets incorporated into attic light fixtures may go off when the attic light is
switched off.
When fans are installed by mitigators, codes generally require
that the installation of 1l0-volt wiring be conducted by a
licensed electrician, if this wiring consists of anything more
than simply plugging a 6-ft cord into a nearby outlet. To
simplify the installation in cases where the distance is longer
th..w 6 ft., one vendor is marketing the system illustrated in
Figure 25B, where the wiring is only 24 volts. Wiring of that
low voltage can generally be installed without a licensed
electrician. A transformer in the wiring where it is plugged
into the house electrical outlet steps the system voltage down
from 110 to 24 volts. In this product, the transformer box also
includes an ammeter which measures the current being drawn
the fan, thus serving as a failure indicator. The wiring laid
between the transformer and the fan is thus 24 volts. A
transformer within the tubular fan steps the voltage back up to
110 volts, for normal fan operation. Because the wiring leading to the fan is only 24 volts, the vendor indicates that a
switch is no longer needed within sight of the fan; the "switch"
is now the ItO-volt plug within sight of the transformer/
ammeter (in the basement in Figure 25B).

Exhaust pipingfrom fans mounted in attic. An exhaust
pipe on the pressure side of the fan must be installed up
through the roof. Assuming that the fan is mounted directly

beneath the point at which the roof will be penetrated, this
exhaust piping will consist of a length of straight pipe several
feet long, as shown in Figure 23.
The hole through the roof can be cut with a hole saw or a
reciprocating saw. Because the water-tightness of the roof
will have to be restored with flashing and sealant, it is desirable that this hole be reasonably small and neat. The hole
should be only slightly larger than the pipe, to facilitate
installation and to allow fot.: any expansion or contraction, and
should be cut as close to vertical as possible.
After the length of exhaust pipe is installed on the fan outlet,
extending up through the roof, steps must be t:a1<:en to prevent
leaks around the penetration. Flashing must be installed which
fits snugly around the pipe, and which must be carefully fitted
under the existing shingles above and beside the penetration.
Some shingles will have to be loosened or removed and
replaced to install the flashing, a step which must be carried
out carefully in order to avoid tearing the shingles.
While caulking around the flashing is nominally not required
if the flashing is properly installed, it is advisable to caulk
around the perimeter of the flashing where it contacts the
adjacent shingles after the flashing has been nailed in place.
Caulking the perimeter will help ensure against leakage during heavy rains (Br092). Some mitigators also recommend
caulking the heads of the nails holding the flashing in place,
and placing a bead of caulk at the seam between the flashing
and the exhaust pipe, at the top of the flashing (Mes92).
Where the penetration has been made through a flat roof, the
seam between the pipe and the roof must be thoroughly sealed
with liberal quantities of roofing tar.
The exhaust pipe should extend above the roof by a foot or
two. The primary concern in selecting stack height is to ensure
that the discharge point will not become blocked by drifts of
snow or leaves. Taller stacks might be expected to improve
exhaust dispersion, helping the exhaust jet to penetrate the
boundary layer of air flowing over the roofline. However,
there are no data demonstrating a need to make the stack taller
than I to 2 ft. It is likely that any reduction in re-entrainment
resulting from making the stack taller than 1 to 2 ft would be
offset by the increased aesthetic impact the taller stack.
Where the stack above the fan is only a few feet long, it is
usually not necessary to provide separate support for the
stack. But where this stack is much more than about 3 or 4 ft
long, one mitigator recommends supporting it separately,
usually with strapping connected to the members in the roof
truss (K192).

Caps on the exhaust stack. Some mitigators install a vent
cap on top of the stack, primarily to prevent precipitation from
entering the stack. The concern is that excessive amounts of
rainwater being channeled to the sub-slab region via the
suction pipe might reduce sub-slab communication near the
suction pipe, thus reducing system performance. However,
there is some question whether rainwater entry into the pipe
will indeed be excessive in many climates. For example, a
I-in. rainfall would nominally introduce 0.05 gal of water into
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24-to-1.10-Volt
Transformer Built
into Modified Fan

110-Volt Electrical
Cord, No Longer
Thalll6 Ft.

•

o

24-VoIt Cable, No
Longer Than 50 Ft.
Existing 110Volt Electrical
Outlet, Within
6 Ft. of Fan

-

Control Box (110-to24-Volt Transformer
With Ammeter Built In,
or With Other Failure
Indicator/Alarm).

----

~ 110-Volt Electrical
. Cord, No Longer
Than 6 Ft.

Existing 110-Vol~
Electrical Outlet
A) Fan plugged into accessible,
existing 110-volt electrical
outlet with cord no longer
than 6 ft.
B) Transformer used to step
house voltage down to 24
volts, so that cable between
outlet and fan can be 24-volt
cable, simplifying installation.

Figure 25. Some alternative approaches that can sometimes be considered for wiring SSD fans mounted in attics.

.a 4-in. diameter stack, an amount which will usually be small
compared to the condensate expected from the soil gas. And,
at least where aggregate is present beneath the slab, it may be
expected that any water will often drain away and not interfere
with suction field extension through the aggregate layer.

momentum of the air leaving the stack should generally
prevent light debris such as leaves from entering the stack,
without a cap. While many mitigators report occasional problems due to birds, bats, squirrels, bees, or other animals
entering the stack when there is no cap, these experiences
appear to be infrequent (Bro92, Kl92, Mes92).

A vent cap would also prevent leaves, other debris, and
animals from entering and potentially plugging the stack. The
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A number of mitigators feel that vent caps are unnecessary
(An92, Bro92, Mes92, KI92). Caps can even be undesirable,
because many cap designs will increase back-pressure in the
system. contribute to ice buildup at the discharge point during
cold weather, and potentially reduce dispersion of the exhaust.
For these reasons, vent caps have not been included in any of
the preceding figures.

Two possible designs for vent caps are shown in Figure 26.
The design in Figure 26A, which focuses on preventing the
entry of rainwater into the piping, is not commonly used in
residential radon mitigation installations, but is widely used in
various other commercial applications. This design would not
create any back-pressure in the piping; however, neither would
it help prevent the entry of debris into the stack, if that is a
serious concern.

Rain cap~ Supports
PVC St k
Att.aching
ac
Ram Cap
to Stack

Rounded
PVC Cover

------:~~

PVC Grille

TopVi~w

PVC Collar, to
Attach to Top of
4-ln. Diam. Stack

\

\
\
\

\

\

PVC Stack -----<~

3-Dimensional View

Rain Hits Sides of
Cap, Drips Out through
Annulus between Cap

\87

\

--

d

A) Annular rain cap (section of
duct having somewhat larger
diameter than PVC stack).

B) Rounded PVC cap

FIguro 26. Two possible configurations for vent caps on SSD stacks.
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Exhaust

of the exhaust outside of the building wake. Intuitively, the
exhaust will probably still be diluted sufficiently well that
re-entrainment should not be a serious problem; however,
there are no data or calculations to confirm this intuition.

Figure 26B shows a cap design more widely marketed for
radon mitigation applications. The cap itself resembles a
section of PVC piping sliced in half down its axis, and fitted at
its ends with ~VC grilles. This cap is held in place on top of
the stack by a circular PVC collar at its base, which slips down
over the exhaust pipe like a fitting and can be cemented in
place. This cap should effectively prevent the entry of both
precipitation and debris but would be expected to create some
back pressure and potentially reduce dispersiolll.

Another concern regarding any rain cap is that it may contribute to the accumulation of ice at the discharge during cold
weather, restricting flow and creating significant back pressure. By providing more cold surface area and reducing the
exhaust momentum, a cap could add to the tendency of water
droplets in the exhaust to collect and freeze.

There is also an aluminum cap on the market. The cap has a
perforated cylindrical wall, somewhat larger in diameter than
the 4-in. exhaust pipe, with a solid plate on top. A circular
aluminum collar at its base fits tightly inside the PVC exhaust
pipe.

In summary, there are no data conf'mning that rain caps are
really necessary; from the discussion above, it would seem
that they should not be necessary in many cases. On the other
hand, neither are there data confirming that rain caps will do
any harm; perhaps the greatest risk would be one of increased
ice accumulation during cold weather. Under these conditions, it is left to the discretion of the mitigator regarding
whether or not to install a cap. At least one fan manufacturer
reportedly now requires a rain cap on the stack, as part of the
fan warranty, to keep precipitation out of the fan.

Another design sometimes utilized involves placing one or
two 90° elbows on top of the stack, creating an inverted "L" or
"U" so that the discharge is directed horizontally or down
toward the roof. The inverted U, in particular, should be
effective at preventing entry of precipitation and debris, but
again, would create back pressure and potentially reduce
dispersion.

Mufflers on exhaust stack. Sometimes sufficient noise is
One mitigator (Kl92) reports placing hardware cloth screen
(1/4-in. mesh) over the stack opening, primarily to keep
animals out. The screen is bent to fit inside the pipe, where it
will initially remain in place by pressure fit; the screen is then
secured in place by sheet metal screws. This screen should not
significantly influence system back pressure 01' reduce dispersion.
One of the potential problems with some cap designs is
increased back pressure on the fan. These caps serve as flow
obstructions on the pressure side of the fan, potentially reducing the suction that the system can maintain beneath the slab.
In particular, the cap in Figure 26B, the aluminum cap, and
the inverted L and U, might be expected to offer this disadvantage. However, this back pressure may in fact not be a
serious problem except in cases where flows are high, if the
fan is properly selected. One group of investigators (CI91) has
found that the back pressure created by the cap in Figure 26B .
will be about 0.002 to 0.02 in. WG at flows of 20 to 70 cfm.
This pressure loss will usually be insignificalllt compared to
the suctions typically maintained in the suction piping by the
in-line tubular fans (typically several tenths of an inch of
water, up to more than 1.5 in. WG). An inverted U, with two
elbows, would have a higher pressure loss, 0.01 to 0.2 in. WG
over the typical SSD flow range (20 to 100 cfm). At the higher
flows, this loss might occasionally be important in marginal
systems.
Another potential disadvantage of the cap in Figure 26B, the
aluminum cap, and the inverted. L is that they deflect the
upward-flowing stream, causing it to discharge horizontally
instead of vertically upward, and reducing its momentum. The
inverted U would cause the exhaust to discharge vertically
downward, and would further reduce exhaust momentum. By
changing the direction and reducing the momentum of the
exhaust, these caps will reduce the potential for the exhaust
gas "jet" to penetrate the boundary layer created by air movement over the roofline of the house, thus hindering dispersion

emitted at the point where the exhaust is discharged, that some
homeowners fmd the sound objectionable. This noise could
result from: a) fan noise which is transmitted inside the stack;
and b) turbulence in the exhausted gas as it escapes. Fan noise
inside the pipe is generally higher for the higher-powered
fans, such as the high-suction/low-flow units in Section 4.4.3.
The noise from gas turbulence would be expected to increase
as exhaust velocity increases, and to be greater when there is
an obstruction (such as a fitting or vent cap) at or near the
exhaust point
.
Mufflers are marketed which can be installed in SSD exhaust
stacks downstream of the fan to reduce this noise. Mufflers
are commonly 6- to 12-in. long sections of pipe lined O£\ the
inside with a sound-deadening material (such as acoustic
foam) which "captures" some of the sound waves being
transmitted inside the piping due to the fan. Unless the muffler
increases the diameter of the exhaust stack at its discharge
point, thus reducing exhaust velocity, it is not.clear whether it
will significantly reduce the noise associated with the turbulence in the escaping gas. It is suspected that much of the
noise associated with the exhaust may often be fan noise.
In the case of interior stacks with attic fans, the muffler, if
needed, would logically be installed in the attic above the fan.
Alternatively, it could be installed outdoors after the piping
has penetrated the roof.
.
Mufflers are generally required on the exhausts from the
high-suction/low-flow fans. They are not often used with the
in-line tubular fans in Section 4.4.1. However, even with the
tubular fans, situations have occasionally been encountered
where the sound from the exhaust point -- although subtle -- is
objectionable to sensitive occupants. Mitigators will have to
decide on the value of a muffler on a case-by-case basis.
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Since muffiers are not commonly used with the in-line tubular
fans, they have not been included in the figures in this
document.

Considerations wizen fan must be on tlze roof. All of the
preceding discussion has assmned that the fan will be inside
an attic. Where an accessible attic exists, that will generally be
the preferred location for the fan. Where there is no attic, or
where the attic is inaccessible, the interior stack exhaust
configumtion would necessitate that the fan be on the roof.
This situation would take away some of the advantages of the
interior stack.
If the fan must be on the roof, this will impact the design and
installation approach described above in several ways.

1. Ifthere is no attic, any horizontal piping runs will have to
be inside the house or on the roof, which can be more
complicated and/or less aesthetic than locating them in
the attic.
2. If the roof is flat or is over a cathedral ceiling, making the
hole in the roof for the pipe penetmtion may be more
complicated. With flat roofs, careful sealing around the
penetmtion will be necessary, since flat roofs create an
incre.'lSCd threat of water leakage. With cathedral ceilings, the slope may be steeper; moreover, since the roof
penetration may be in fmished living area, the conditions
under which the hole is drilled can be more exacting.
3. The fan will have to be rated for exterior use. A fan
designed for roof or side-wall mounting may be considered. mther than an in-line tubular fan.
4. The wiring that is outdoors will have to be
sunlight-resistant, and otherwise mted for exterior use.
Likewise, the switchbox will have to be wet-proof, rated
for exterior use, assuming that it is outdoors (e.g., on the
roof) in order to be within sight of the fan. The procedures for wiring exterior fans are discussed in Section
4.6.5.

4.6.5 Design and Installation of the Fan
and Exhaust Piping-Exterior and
Garage Stacks
General considerations with exterior andgarage stacks.
One representative example of an exterior fan and stack is
illustmted in Figure 21. If a slab-on-grade garage adjoined the
basement at the point where the piping exits the basement, the
fan and stack would be inside the garage, with the stack
penetmting the garage roof (assuming that there is no living
area above the garage).
The decision to install an exterior or garage stack instead of an
interior stack will depend upon the specific situation in a
given house, and upon the preferences of the mitigator and
homeowner. An exterior stack will most likely be preferred
when: a) there is not a convenient utility chase leading from
the basement to the attic through which an interior stack might
be routed; b) there is not an acceptable route for directing an
interior stack up through the floor(s) above the basement into

the attic; c) there is no attic; d) there is no adjoining garage, or
it is impractical to route the stack through the garage for one
reason or another; or e) the suction pipes penetrate the foundation wall horizontally from outdoors. A garage stack will
often be preferred when: a) an adjoining garage exists; b) the
suction pipes penetrate the slab indoors (rather than horizontally from outdoors); and c) the location of the suction pipes,
the presence of living area on the overhead floors, or other
factors make it more convenient to route the piping through
the wall adjoining the garage than to install and exterior or
interior stack.
When the fan and the stack are outdoors, this exhaust configuration ~reates a greater aesthetic impact outdoors, compared
to the interior stack/attic fan configuration. However, exterior
stacks can reduce the aesthetic impact indoors, especially in
complex or highly finished houses, and may sometimes be
preferred by the homeowner and mitigator. The exterior stack
will often be less expensive than, or comparable in price to, an
interior stack. unless the house is particularly amenable to an
interior stack (one-story slabs on grade and houses with
accessible utility chases) (He91b. He91c). The cost increase
associated with an interior stack appears to be the least when
the mitigator's crew is experienced with interior stacks. Another potential concern with exterior stacks is an increased
risk restriction or pluggage due to the freezing of condensate
during cold weather; such freezing problems have been reported in cold climates.
Where there is an adjoining garage, locating the fan and stack
in the garage can offer the advantages of both the interior
stack and the exterior stack. Like the interior stack, the garage
stack will essentially eliminate the aesthetic impact outdoors;
it will keep the fan and wiring in a protected location; and it
will usually avoid the risk of stack freezing during cold
weather. Like the exterior stack, the garage stack will avoid
aesthetic impacts inside the living area. A garage stack may be
roughly $100 more expensive than an exterior stack because
of the firebreak that is often needed where the pipe penetrates
from the basement into the garage and because of the costs
associated with penetmting the garage roof (a cost which the
exterior stack avoids unless it penetrates the roof overhang,
also discussed later) (He91b, He91c). A garage stack may be
either more or less expensive than an interior stack, depending
upon the particular house characteristics and the experience of
the mitigator with interior stacks.

Selecting the location ofexterior or garage stacks. The
criteria for deciding where the exterior or garage stack will be
located have been discussed in Section 4.6.2 (see Selection of

where the piping exits the basement).

An additional consideration in locating exterior stacks is that
the risk of the stack becoming plugged with frozen condensate
during cold weather can be reduced if the stack can be located
on the south side of the house, where it will be exposed to
more sunlight (Kl92).
'

Selecting the location ofexterior orgarage fans. Where
there is an exterior stack, EPA's standard specifies that the fan
must be outdoors (EPA91b), as emphasized previously. With
garage stacks, the fan must be in the garage. Location of the
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fans outside the .livable area is intended to reduce the risk of
increases in radon levels if leaks develop over the years in the
fan housing or piping on the pressure side of the fan.
Exterior fans are commonly mounted near grade level immediately outside the foundation wall, at the base of the exhaust
stack, as shown in Figures I and 21. This location will reduce
the visual impact of the fan, compared to the alternative of
mounting it higher in the stack, and will improve the ability to
potentially conceal the fan behind shrubbery. Location near
grade also facilitates access to the fan for maintenance, and
may simplify the electrical wiring. Also, in view of the fact
that aluminum downspouting is sometimes used for -exterior
stacks for aesthetic reasons, attempting to mount the fan on
top of the artificial downspout would represent an added
complication.
One potential disadvantage of having the fan at the base of
exterior stacks is that, in cold climates, ice that has formed
inside the necessarily uninsulated stack during the winter may
become dislodged and fall down into the fan during thaws,
preventing proper system operation and potentially damaging
the fan. One mitigator who has occasionally observed this
problem reports that although the fallen ice did sometimes
prevent rotatiOll of the fan rotor and hence interfere with
system performance, it did not seem to damage the fans
(Kl92).
With garage stacks, one potential disadvantage of having the
fan near the slab is that any pressure-side leaks would release
high-radon exhaust near the living area However, unless the
garage is conditioned space, the garage is usually sufficiently
well isolated from the living area (and the amount of exhaust
released will usually be sufficiently small) such that this
concern should not necessitate that the fan be moved up to the
garage attic, if placement in the attic is otherwise not desired.
If the garage does have an accessible floored attic, location of
the fan in the garage attic could be considered. If the fan is
located in a garage attic, selection of the exact location within
the attic would be made as discussed in Section 4.6.2 (see
Routing considerations with attic piping runs) and Section
4.6.4.

Criteria for selecting exterior and garage fans. The
selection of the appropriate fan to achieve adequate SSD
performance has been discussed in Section 4.4. In the figures
and discussion in this section, the focus is on the in-line
tubular fans covered in Section 4.4.1. If another type of fan
were used, the details regarding the mounting and support of
the fan would have to be adjusted accordingly, for that other
type offan.
, With exterior fans and stacks, the fan should be UL-rated for
exterior use. This will mean that the wiring box and connection on the s~de of the fan will have to be properly
weather-proofed. With fans mounted in garages, rating for
exterior use is unnecessary.

Mounting exterior or garage fans. In accorc:Ia:nce with the
discussion in Sections 4.6.2 and 4.6.3, the system piping will
have been installed through the basement hand joist and

exterior finish to the outdoors (for exterior stacks), or through
the foundation wall below the exterior finish. With garage
stacks, the piping will have been installed through the basement band joist and the fire-rated sheetrock in the garage;
also, the fan wiring could be somewhat different in garages
because it will be in an enclosed space, as discussed later.
A detailed diagram illustrating a representative technique for
mounting an exterior fan is presented in Figure 27. This figure
is for the case where the suction pipes are installed inside a
basement, and is a detailed enlargement of a portion the
system shown in Figure 21. If the suction pipes penetrated
horizontally from outdoors, of course, the portion of the figure
below the fan would look as shown in Figure 2. If the fan and
stack were in a garage, the pipe from the basement would be
penetrating fITe-rated sheetrock on the exterior face of the
wall, rather than brick veneer as shown.
As discussed earlier in Section 4.6.4 (see Mounting fans in
attics), the fans should be mounted vertically, so that condensate and rainwater will drain out of the fan. As shown in
Figure 27, a 900 elbow is usually installed on the end of the
horizontal pipe penetrating through the house shell. The fan is
then mounted on a vertical segment of piping extending up
from this elbow.
.
For convenience in supporting the fan, some mitigators have
suggested mounting exterior fans horizontally, directly on the
pipe penetrating the house'wall. By this approach, a drain hole
perhaps 1/4 to 1/2 in. diameter would be drilled at the low
point in the fan housing, on the underside of the fan, to permit
water to drain out. Based upon simple orifice calculations, a
hole of this size should result in a maximum leakage into the
system of only a few cfm of air, and thus should not create
excessive suction loss with the in-line tubular fans. However,
much experience suggests that, even though the soil gas
passing through the fan will be at a temperature well above
freezing even during the winter, the drain hole can still ice
shut in outdoor fans during extended cold weather. If the drain
'hole becomes plugged with ice, condensate will accumulate in
the fan housing. In addition, horizontal mounting will void the
warranty of some fans. Thus, vertical mounting is recommended.
The fan is commonly mounted on the vertical pipe using
flexible PVC couplings, to help reduce the vibration transmitted to the piping by the fan. See the discussion under Mounting fans in attics in Section 4.6.4. The flexible couplings are
clamped tightly to the fan and to the pipe using circular hose
clamps, to avoid leakage. As in other figures in this document,
Figure 27 illUStrates a 4-in.-to-6-in. coupling, connecting a
tubular fan with 6-in. couplings onto 4-in. piping. The coupling size would vary if the fan or pipe size varied.
Figure 27 shows a short segment of 4-in. piping below the
lower. flexible coupling (between the coupling and the 900
elbow), and another such segment above the upper coupling.
These segments should be sufficiently long so that, when the
couplings are loosened, the couplings can be slid up or down
as necessary to remove the fan for repair or replacement. With
interior stacks, the length of the pipe stub under the attic fan
will sometimes be of less concern since, at least with the
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Notes:

Female End Up at
Seams Where Segments
of Downspout Are
Joined, to Reduce 5
. Risk of Ice Buildup

1. For clarity, switch box is shown below
pipe penetration through wall. More
commonly, switch box will be up beside
fan or pipe penetration. Wiring from
switch to interior junction box may
penetrate house through separate
hole through band joist, as shown
here, or may enter via same
penetration as suction pipe, outside
the pipe.

Caulk
3"X4" Rectangul~
Metal Downspout
Shim Between
4
Bracket and
House, If Needed

2. Other configurations for the fittings
and piping immediately above the fan
are illustrated later.

Standard Downspout
Bracket, to Attach
Downspout to Side
3
of House

3. Other options for attaching the stack
to the house are presented later.
4. Shim between bracket and house may be
needed if piping configuration or
irregularities on face of house force
stack to be too far away from house.

4" Round-to-3X4"
Rectan9.tular
Adapter

5. Male end up at downspout seams would
create a lip inside the stack against
which condensate running down
interior might collect and freeze in
cold climates.

Regular 45° Fittings
(4" Dia. Round PVC)
to Offset Stack2
Against House

Fan Rated for
Exterior Use,
or Enclosed
11D-Volt Wiring,
Rated for
Exterior Use

•

Wet-Proof SWifch
Box, Near Fan ----*

Joist

..

FIguro 27. A representative method for mounting an exterior fan atthe base of an exterior stack.
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Existing 110-Volt
Junction Box

configuration shown in Figure 23, the short length of stack
above the fan could be removed with the fan if necessary.
However, with exterior stacks, which will be firmly attached
to the side of the house, it is important that the fan be able to
be removed without movement in the piping either above or .
below.
If the particular fan model being used does 'not have an
essentially air-tight housing, any leaks in the fan housing must
be detected and effectively caulked.
As one variation of the mounting configuration in Figure 27,

an ABS plastic enclosure is being marketed which can be
mounted around exterior fans to improve appearance and
provide some protection. This housing screws against the side
of the house. It encloses the fan and its couplings, the elbow
and the wall penetration below the fan, and the fittings above
the fan (which serve to offset the stack against the side of the
house). The commercially available enclosure comes with a
"transition box" which offsets the stack against the house,
taking the place of the fittings above the fan; otherwise, the
mounting of the fan inside the enclosure is· essentially identical to that illustrated in the figure.
The mounting configuration illustrated in Figure 27 represents the in-line tubular fans and radial blowers discussed in
Sections 4.4.1 and 4.4.2. The DynaVac HS series of
high-suction/low-flow fans listed in Table 3 (Section 4.4.3)
bolt directly onto the side of the house when used with
exterior stacks. The Pelican high-suction fan is not designed
for use with exterior stacks.

Supportfor exterior and garage fans. The weight of the
fan must be adequately supported. The weight of the stack
above the fan must also be supported separately; support for
the stack is discussed later (see Exhaust piping from exterior
fans below).
The horizontal pipe extending through the wall below the fan
will be supported at its penetration through the band joist, and
by hangers or strapping inside the basement. This pipe should
adequately support the weight of an in-line fan, if the pipe
extends out from the house only as far as is required to
provide clearance between the fan housing and the house.
Many mitigators find that no further support for exterior or
garage fans is needed in many cases. However, for additional
support, some mitigators have. sometimes attached the fail
housing directly to the side of the house using a fan mounting
bracket. If thi$ is done, the bracket must be attached tightly to
the house, to reduce the transmission of vibration; .if there is
wood siding, the bracket should be screwed into studs in the
wall. As another way of providing additional support, some
type of support could be placed between the ground and the
elbow beneath the fan, so that the fan weight is borne by the
ground. Some mitigators have sometimes accomplished this
by installing aT-fitting under the fan, instead of the 90° elbow
in Figure 27, with one leg directed upward and one downward; the fan is then mounted on the upward leg, while a
length of rigid pipe is installed into the downward leg and is
embedded in the ground under the fan. Ont occasion, as
another alternative for providing additional support, the fan

has been attached to a post embedded in ground beside the
fan.
Since these additional support features for the fan are not
usually necessary, they are not shown in Figure 27.

Wiring exterior and garage fans. Considerations involved
in the electrical wiring for fans have been discussed in Section
4.6.4 (see Wiring fans in attics).
When the fan is inside a garage, the wiring considerations will
be very similar to those for attic fans. The fan can be hard-wired
into a convenient existing house circuit with an on/off switch
in sight of the fan; since, the wiring is inside the garage, the
wiring and switch can be rated for interior use. Where codes
permit, the fan may be plugged into a nearby electrical outlet
using a cord no longer than 6 ft.
Where the fan is outdoors, more care in the wiring is required.
See Figure 27. To be within sight of the fan, the on/off switch
will often have to be mounted outdoors on the side of the
house near the fan, as in the figure. In some cases, the switch
is located indoors. in sight of the fan. Commonly, an outdoor
switchbox will be mounted at an accessible location close to
the electrical box on the fan, so that a short length of outdoor
electrical conduit can connect the fan to the exterior switchbox
with a minimum run of the conduit along the side of the house.
Runs of conduit along the face of the house should be stapled
every 18 in.
Wiring from an outdoor switchbox penetrates the house shell
and is hard-wired into the house circuitry (e.g., at an existing
junction box in the basement, as in Figure 27). In the figure,
the wiring penetrates the wall through a separate hole drilled
especially for the wiring. Alternatively, if there is a gap
around the 4-in. hole that has been drilled for the exhaust pipe,
the wire might enter the house through this gap between the
outside of the pipe and the wall. Such a gap may exist, for
example, when the hole has been made through a block
foundation wall with a rotary hammer drill, and is thus slightly
irregular. The National Electrical Code prohibits running
electrical wiring inside air. ducts; thus, it would be against
code to route the wiring into the house inside the SSD piping,
drilling a small hole in the pipe just outside and just inside the
house to accommodate the wire.
Any wiring or conduit used outdoors must be rated for exterior use. Likewise, if the switehbox is mounted outdoors, it
must be weather-proof and rated for exterior use.

Exhaust piping from exterior fans-selection of stack
material. When an exterior fan is mounted near grade level .
as in Figures 21 and 27, an exhaust stack must extend vertically above the fan, if the exhaust is to be at least 10 ft above
grade in accordance with EPA's interim standards (EPA91b).
This exterior stack generally extends to or above the eaves.
There are numerous options in designing exterior stacks.
The exterior stack can be PVC, PE, or ABS piping of round
cross-section, like the remainder of the piping in the system.
The diameter of the stack will commonly be the same as that
in the rest of the system. The back-pressure created by this
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stack will have the same impact on sub-slab suctions as would
an equivalent length of piping on the suction side of the fan.
Use of round piping for the stack has the greatest aesthetic
impact among the alternatives, since it will clearly look like a
stack. Also, UV-resistant Schedule 40 pipe must be used for
exterior stacks, to reduce embrittlement over time. Painting
the sUlek would help address both of these concerns.

street fittings, one end of the fitting is narrowed so that its
outside diameter becomes the same diameter as the outside
diameter of the straight lengths of piping; normally, the fittings are about 1/2 in. wider. The use of street fittings enables
the two 45 0 fittings to be cemented together and to the adapter
above without the need to insert a short length of straight pipe
(perhaps 4 in. long) in between.

Instead of round pipe, some mitigators commonly used aluminum rain gutter downspouting for the stack, so that the stack
resembles a downspout. Where this is done, it is advisable to
use downspouting of 3- by 4-in. cross-section, rather than the
2- by 3-in. downspouts common in residential applications.
The larger downspouting has a cross-sectional area similar to
that of 4-in. diameter piping, thus reducing system
back-pressure and flow noise compared to the smaller downspout. Aluminum downspout stacks can be noisier than PVC
stacks due to vibration, unless care is taken during installation, as discussed later (Bro92, Kl92). Aluminum downspout
stacks may also be more prone to condensate freezing during
cold weather (Kl92); use of the downspouting with the larger
cross section should reduce the risk of complete pluggage
with ice.

The second option iIi. Figure 28 differs from that in Figure 27
in that two regular 900 fittings are used above the fan, instead
of 45 0 fittings. The use of 90 0 fittings requires that the fan be
slightly farther awayfromthe house.

As another alternative, PVC piping ofrectangular cross-section
is being marketed. This rectangular piping is intended to
resemble a downspout once painted to match the house.

The third option differs from the second in that the adapter to
convert from the round fittings to the 3- by 4-in. downspouting is omitted. The rectangular aluminum downspout is crimped
as necessary to fit directly into the round fitting, and the
residual gap is carefully sealed with caulk. When the bottom
of the 3- by 4-in. downspouting is properly bent, it reportedly
fits reasonably well into a round 4.5-in. i.d. fitting.
The fourth option in Figure 28 differs from the others in that is
shows the use of 4-in. round PVC piping as the stack, rather
than 3- by 4-in. downspouting.

Exhaustpipingfrom exteriorfans-connection ofstack
segments. Where PVC (or PE or ABS) piping of round or
rectangular cross-section is used as the exterior stack, the

Exhaust piping from exterior fans-offset' against segments of piping are connected with straight fittings/couhouse. Whatever material is used for the stack, the piping plings. The piping and fittings are cemented tightly together,
immediately above the fan is almost always offset toward the
house, so that the stack will be against the house. This
improves the appearance and facilitates supporting the stack.
Even with this offset, the stack may have to stand at least a
fraction of an inch away from the house, due to the dimensions of the fittings and obstructions on the face of the house.
For example, if the fan is mounted beside a brick veneer but
the story above has wood siding (which will protrude out from
the veneer), the stack will have to stand offfrom the veneer by
a fraction of an inch in order to clear the siding above.
There is a wide variety of methods for achieving this offset, a
few of which are discussed here.
In Figure 27, a pair of regular 45 0 fittings of 4-in. diameter
PVC (or PE or ABS) are installed above the fan, with short
lengths of straight 4-in. PVC piping in between as necessary
to mount the fittings. Since the figure assumes that the stack is
3- by 4-in. aluminum downspouting, a PVC adapter fitting is
shown above the upper 45 0 elbow, to serve as the transition
between the round piping and the downspout. The PVC
fittings and piping would be tightly cemented together. The
bottom of the downspout would be fit inside the 3- by 4-in.
opening in the PVC adapter, being bent or crimped as necessary to accomplish a good fit; the seam between the PVC and
the aluminum would then be effectively caulked.
Some of the other alternatives for achieving the offset are
illustrated in Figure 28. The fIrst option is almost identical to
tl1<'1t in Figure 27 (a pair of 45 0 fittings and an adapter with a
downspout stack). The difference is that, in this case, the 45 0
elbows are "street" fittings rather than regular fittings. With

as is done with piping runs inside the house. Assuming that
the stack is above the fan, and hence is operating under
pressure, cementing the joints is necessary to prevent the
escape of high-radon exhaust gas immediately beside the
house through leaks between piping segments. It also improves the physical integrity of the stack.
When aluminum downspout is used as the stack, some mitigators always or sometimes seal the seams between segments
using urethane caulk (Br092). Some mitigators rarely caulk
the seams, relying on a tight pressure fit between the segments
(Kl92). Others sometimes caulk seams, when the seams are
near openings in the house shell (Mes92). Downspout stacks
may be inherently somewhat leakier than PVC stacks, because the joints between segments cannot be cemented and
can be difficult to effectively and permanently seal (Br092).
In cold climates, downspout stacks may have an increased risk
that condensate will freeze inside the stack. To reduce the risk
offreezing, one mitigator recommends that segments of downspouting be joined in a manner such that the wide end of lower
segment joins with the narrow end of the upper segment,
rather th~ vice-versa. See Figure 27. If this were reversed, so
that the narrow end of the lower segment were pointing
upward inside the upper segment, a lip would be created;
condensate running down inside the stack could collect on this
lip, possibly increasing the risk of freezing.

Exhaust piping from exterior fans-support of stlJ,ck
against house. The exterior stack must be effectively supported against the side of the house, to prevent it from
dropping and to maintain its integrity.
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Fittings (4"
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Figure 28. Some of the alternative methods for offsetting exterior stacks against the house.
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A wide variety of approaches have been used for supporting
the stack, depending upon the whether the stack is PVC or
aluminum downspouting. Some of the methods that different
mitigators have reported using are shown in Figure 29.
Whatever support method is used, several such supports are
likely to be needed, at intervals along the stack run. At least
one support will be needed for each stack segment; sometimes, a support may be warranted at each end of a segment. A
support will definitely be required toward the upper end of the
top segment, close to the point where the stack extends
outward around the roof overhang; routing the stack around
the overhang is discussed later. Some mitigators recommend
that the lowest support be some distance above the fan, in an
effort to reduce the amount of fan vibration transmitted to the
siding (Kl92).
Minimizing the transmission of vibration noise to the house is
a possible concern any time a rigid support is used (i.e., in all
of the cases in Figure 29 except for the strapping in Figure
290). It is also of concern when the stack is in direct contact
against the house; this may be particularly common when the
stack is downspouting. Transmission of vibration noise seems
to be worse with downspout stacks than with PVC stacks
(Br092). In addition to placing the lowest support a sufficient
distance above the fan, other approaches that have sometimes
been used in an effort to reduce vibration noise include:

a)

common with downspout stacks, one possible reason why
downspout stacks sometimes seem to be noisier than PVC
stacks. In these cases, Figure 21 and the other figures may be
somewhat misleading, in that they suggest that the downspout
stack is a couple of inches away from the veneer.

In other cases, there may be obstructions along the wall which
will require that the stack stand off from the wall by a fraction
of an inch or more. One example would be a two-story house
with veneer on the lower story and wood siding on the upper;
the siding would extend a fraction of an inch out from the
veneer. In such cases, the stack may have to stand off from the
veneer in order to clear the siding. Some stack supports, such
as those in Figures 29C and 29B, inherently create a stand-off.
Other supports, such as those in Figures 29A, 290, and 29F,
tend to draw the stack tightly against the house. With such
supports, a shim of appropriate thickness could be used to
create the necessary stand-off. Shims would commonly be
pieces of treated wood which are inserted between the house
and the support. Shims are shown in Figures 29B and 29F.

It will commonly be appropriate for a shilTl to extend laterally
all the way behind the stack, from the right-hand connection
between a given support and the house, to the left-hand
connection. In such cases, the support will usually draw the
stack tightly against the shim. Figures 29B and 29F do not
show the shim extending in this manner. Rather, they reflect a
case where there are two small shims for each support, one
located on each side of the .stack where the bracket or clamp
attaches to the house.

Placing a cushioning material between the stack and the
rigid support (Figures 29A, 29B, and 29F). If there is a
shim between the stack and the house to cause the stack .
to stand off from the house as discussed below and if the The support methods shown in Figure 29 reflect some· of the
stack is drawn tightly against the shim, a cushioning more common alternatives. Figure 29A is a standard metal
material might be placed between the stack and the shim. bracket that fits around downspouts, of the type commonly
used to attach the downspouting from rain gutters. Figure 29B
b) Placing a cushioning material between the support and is the same type of bracket, but with a shim to serve as a
the house (Figures 29C and 29B), or between the shim stand-off. Figure 29C is a standard downspout bracket of a
and the house. This may be somewhat less effective than different design, which fits entirely behind the downspout
a) above, since, once vibration has been transmitted to the rather than wrapping around it. Figure 290 shows a continusupport, it may still get through to the siding via the ous loop of plastic strapping, wrapped around· the stack and
screws which will necessarily penetrate any cushion.
drawing it tightly against the house. Figure 29B represents a
two-piece metal pipe clamp; the two sections bolt together on
c) Using strapping, as in Figure 290. Strapping will be less the outside of the stack, and are held by a metal channel which
likely to transmit vibration, in cases where it can be used screws into the side ofthe house. Figure 29F shows standard
without drawing the stack tightly against the house.
galvanized metal strapping which extends tightly around the
stack and screws into the wall on each side; in this example, a
d) Avoiding direct contact between the stack and the house, shim is shown to provide a stand-off.
except via cushioned supports and shims. However, direct contact can improve the integrity and appearance of There are a variety ofother possible approaches. With downthe stack, and is especially common for downspout stacks. spout stacks which are flush against the house, one mitigator
Supports such as those in Figures 29A and 290 usually sometimes screws the downspout directly into the house,
result in direct contact, with the stack drawn tightly inserting a screw through the rear of the downspout from
against the house.
inside the downspout, near the jointbetween segments (Br092).
Another option would be to screw a galvanized metal strap
e) Supporting the stack tightly against a surface that is less vertically up the side of the house, directly behind the stack;
likely to vibrate, such as brick veneer rather than wood the stack could then be attached to this strap, e.g., using
siding, where this is an option.
stainless steel hose clamps tightened around the stack and the
metal strap (Br092).
In cases where the side of the house is basically flat, as with
uninterrupted brick veneer, the stack may often be installed Where the support is being attached to siding, galvanized
flush against the house, depending upon the type of support screws suitable for outdoor use would be an appropriate
used. Placing the stack flush against the house will be most choice. Where the support is being attached to veneer, a
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Figure 29. Some alternative methods for supporting an exterior stack against the side of a house.
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masonry screw or nail could be used. Or a lag bolt could be
used, with a hole being drilled in the brick to accommodate
the lag, and the screw then screwed into the lag.

Horizontal Run Offset Far
Enough Below Soffit to
Clear Fascia Board and
Rain Gutter; Sloped Down
Toward Side of House.

Exhaust piping from exterior fans-routing stack
around or through roof overhang. Where an exterior
stack reaches the roof overhang, there are two options in
configuring the stack: to angle the stack outward around the
overhang and rain gutter, extending the stack above the eave
outside the gutter; or to penetrate straight up through the
overhang. These options are illustrated in Figure 30, for the
case where the stack is 4-in. diameter PVC piping.

Joist

Routing the stack out and around the overhang is the easiest
option for exterior stacks. It will always be the choice when
downspouting is used for the stack. Penetration of the overhang is the more expensive option, but may offer better
appearance when the stack is PVC piping. Penetration of the
overhang may not be advisable in climates where snowfall is
heavy; ice accumulation behind the stack during the winter
may have sufficient weight to damage the overhang.

Metal Clamps -~==~~II
4" Dia.
PVC Pipe
Straight Fitting
(as Necessary)

Figure 30A shows one approach for supporting the stack
whcn it is routed around the overhang. Some of the alternatives are shown in Figure 31.
Whatever option is used for routing the stack around the
overhang, the best discharge approach will be to discharge
vertically upward above the eave, as illustrated in all of the
options in Figures 30A and 31. Discharging upward will
probably best accomplish the goal of reducing re-entrainment
back into the house. Some mitigators delete the last vertical
length of stack shown in the figures, discharging horizontally
(or nearly horizontally) away from the house near soffit level.
This horizontal soffit-level exhaust would meet EPA's interim guideline requiring discharge at least 10 ft above grade
(EPA91b); however, it is unclear that it could be as effective
as the vertical-upward exhaust in helping avoid entrainment
of the exhaust gas in any air circulation zone beside the house
beneath the eave. While the horizontal soffit-level exhaust
directed away from the house can meet EPA's standard, it
would seem that -- since the cost and aesthetic impact of
installing an exterior stack have been incurred -- it would be
advisable to install the last vertical segment of stack that will
help ensure that the desired benefits of that exterior stack are
in fact realized.

A) PVC stack extends horizontally
under soffit and around rain
gutter

Note: Penetration of the overhang
may not be advisable In regions
having heavy snowfall, where ice
accumulation on the roof behind
the stack might have sufficient
weight to damage overhang.

Each of the options in Figures 30A and 31 show the vertical
exhaust at a point several inches above the bottom roof
shingle (and 6 to 12 in. above the lip of the rain gutter). This
height is necessary to ensure that water overflowing the rain
gutter does not enter the top of the stack, and that snow,
leaves, or other debris accumulating on the roof or in the
guttcr do not enter or block the stack opening.
When the stack is of PVC, one approach (illustrated in ~igure
30A) is to bring the stack up just below the soffit, then to
direct it horizontally outward with a 90° elbow. This horizontal ron would have to be at a sufficient distance below the
soffit to clear the fascia, which usually extends lower than
docs tlle rain gutter. Once this horizontal ron has extended
beyond the rain gutter, a second 90° elbow directs the stack

4" Dia.
PVC' Pipe

. Metal Clamp

.

B) PVC stack penetrates soffit
and roof

Figure 30. Options when an exterior stack reaches the roof overhang.
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B) Nylon tie or plastic strapping nailed
to roof under shingle.

A) Plastic strapping looped throu~lh slit
in outer lip of rain gutter, or SClrewed
onto lip of gutter.

Shim to Offset
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Pipe as Necessary
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Note: This approach may
increase vibration noise
by causing vibration in
rain gutter.

Metal
Clamp

Screw

Metal
Clamp

Shim to Offset
Horizontal Run as
.Necessary to Clear
Fascia Board
D) Stack attached directly to fascia
with clamp, when there is no gutter.

C) Metal downspout stack screwed .
directly into lip of rain gutter.

Figure 31. Some alternative methods for supporting exterior stacks where they are routed around a roof overhang.
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upward. As usual, the horizontal run should be sloped slightly
downward toward lhe house to prevent accumulation of condens..·ue or rainwater at low spots.
To support this extension of the stack away from the house, it
is ndvis..,ble to support the vertical riser against the house as
close to the soffit as possible. In Figure 30A, this is shown
being accomplished using a clamp (e.g., as in Figure 29B) or
galvanized metal strapping (as in Figure 29F) attached to the
veneer just below the ftrst elbow. For added security, Figure
30A also shows a second clamp or metal strap supporting the
horizontal run from the somt overhead. Because the horizontal run must be offset below the soffit in order to clear the
fascia, a shim is shown between the horizontal pipe and the
soffit. In practice, this offsetting shim would extend all the
way from the sofftt to the pipe; in this regard, the depiction in
Figure 30A is misleading.
The ftnal vertical segment of the stack extending above the
gutter is also commonly supported from the roof or gutter. In
Figure 30A, this is accomplished by a continuous loop of
plastic strapping that loops tightly around the stack and is
screwed into (or inserted through a slit in) the lip of the rain
gutter. Another screw through the strapping into the PVC pipe
prevents the pipe from slipping down through the strapping
loop over time. The strapping (as well as the downspouting)
can be painted to match the existing house ftnish.
Figure 31B shows another possible approach for supporting a
PVC stack near the gutter. In this case, nylon tie material
(perhaps 3/8 in. wide) or plastic strapping is looped tightly
around the stack and is nailed into the roof beneath the lower
shingle.

for PVC pipe in Figur~ 3IB and 31D. Another possible
alternative, screwing the downspout directly into the gutter, is
illustrated in Figure 3iC. This latter alternative could increase
the amount of vibration noise transmitted to the gutter.
Where an exterior stack penetrates straight up through the
roof overhang (Figure 30B), the stack is supported against the
side of the house, up to the soffit The stack must be positioned so that it will penetrate the sofftt and roof in between
the joists and rafters. The hole through the sofftt and the hole
through the roof can be cut with a hole saw or a reciprocating
saw, with much care taken to align these two holes.
The procedure for installing the stack through the overhang
penetration, and for restoring the water-tightness of the roof,
is· the same as that described previously for installing the
exhaust from an attic-mounted fan through the roof. See
Exhaust piping from fans mounted in attic in Section 4.6.4.
Some caulking and ftnishing around the hole through the
sofftt would be desirable to improve the appearance. As with
the attic-mounted fan, the exhaust stack should extend above
the roof by a foot or two.

Exhaust piping from exterior fans-finish around the
stack. Where the exterior exhaust stack is downspouting, the
[mal ftnish will usually involve painting the downspouting
and the downspout supports to match the existing rain gutter
downspouts.
Where the exterior stack is Schedule 40 PVC piping, painting
the stack (or coating it with a UV-protectant) will be even
more important. Not only will the painting improve appearance, but it will provide some protection from UV damage.
Another method for protecting the exterior stacks and improving their appearance is to box them in, and to paint the
resulting enclosure to match the house. The stacks could be
framed and boxed in using exterior wood. One mitigator
(J091) reports using pre-fabricated three-sided aluminum
chases with flanges on the open side, obtained in 10-ft lengths.
These chases can be attached to the side of the house covering
the stack, avoiding the need for carpentry.

If there is no rain gutter, as in Figure 31D, the stack can be
attached directly to the fascia board (in this example, using a
clamp or galvanized metal strapping). Since the lower shingle
can extend out from the fascia by an inch or more, the stack
will have to stand off from the fascia by that distance. For this
reason, a shim is shown in the ftgure to create the stand-off.
(In pmcdce, the shim would extend all the way from the fascia
to the pipe.) Alternatively, one could notch the lower shingle
to accommodate the stack, avoiding the need for a stand-off Considerations when SSD pipes penetrate horizonmlly
shim. However, a mitigator is probably well advised not to do from outdoors. The preceding discussion of exterior stacks
anything (such as notching a shingle) which might cause (or under Section 4.6.5 has generally assumed the case where the
be perceived to cause) subsequent water problems on the roof, SSD suction pipes have been installed vertically down through
a basement slab from indoors, and where the piping has then
unless it is absolutely necessary.
penetrated the basement band joist to an exterior fan and
When downspouting is used as the stack, the vertical down- stack.
spout against the house will angle outward and upward away
from the house at a point a couple of feet below the soffit. It Where the SSD suction pipes penetrate horizontally through
then bends back to the vertical as soon as it has cleared the the foundation wall from outside the house as in Figure 2, the
rain gutter. This situation is depicted in Figures 21, 31A, and fan and the stack will necessarily be outdoors. This situation is
SIC. As with the PVC stack, the downspout stack should be most likely to be encountered in slab-on-grade houses or in
attached tightly to the house just below the point at which it walk-out basements.
bends away from the house. The ftnal vertical segment should
also be attached to the rain gutter or roof. For example, it can The detailed considerations in selecting, mounting, and wirbe attached to the gutter using a tight loop of plastic strapping ing the fan, and in designing the exterior stack, are exactly the
screwed into (or inserted through a slit in) the lip of the gutter, same for horizontal exterior SSD pipes as those described
as illustrated in Figures 21 and 31A. This is the same ap- above for vertical interior SSD pipes. The only difference is
proach shown for PVC pipe in Figure 30A. As other options, that the exterior fan will be mounted on a riser extending
it could be attached using methods analogous to those shown upward from the horizontal exterior suction pipe as in Figure
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2, rather than being mounted on a segment of pipe extending
out through the foundation wall as in Figure 27.
E~haust

piping from garage fans-general considerations. When the stack is inside a garage, the considerations

in designing and installing the exhaust piping above the fan
will differ somewhat from those discussed above for exterior
stacks.
As discussed previously in Section 4.6.5 (see Selecting the
location of exterior or garage fans), fans for garage stacks
m~y be located eitJIer n~ the garage slab, or in the garage
attIC. The fan locatIOn will have some impact on stack design.
I~ the f~ is lo~at~ near the slab, the basic exhaust configuratIon will be sIml1ar to that shown in Figure 21 for exterior
stacks. If the fan is in the garage attic, the configuration would
be similar to that described in Section 4.6.4 for fans in house
attics. ~ocation of the fans in the attic could be particularly
convement when the garage has an accessible floored attic.

was discussed above. When the. stack is in the garage -- and in
cases where the garage stack is nearly flush against the garage
wall -- the stack could be supported against the garage wall
(for example, using adaptations of the methods illustrated in
Figure.29). In this case, the strapping, brackets, or clamps
around the PVC stack would need to be screwed into the wall
studs, or perhaps attached to the sheetrock using lag bolts.
However, the stack can also be supported overhead from attic
floor joists or from braces and rafters in the roof truss in the
garage attic. Depending upon how the stack and exhaust
. piping are routed in the garage attic, the support could be
accOl~nplished using strapping, hangers, or clamps, using adaptahons ?f the methods illustrated in Figures 16, 17, 20, and
23, and discussed in Section 4.6.4 (see Support for fans in
attics). When a garage stack is supported in this manner, and
especially when the fan is in the attic, the configuration will
~esemble an interior stack in most respects, and the guidance
111 Section 4.6.4 would apply.

"
Exhaust piping
from garage fans-selection of stack EXhaus~ piping from garage fans-piping runs in gamaterial. Whether the garage fan is near the slab or in the rage attic. Whether or not the fan is in the garage attic the
attic, exhaust piping inside a garage will usually always be exhaust piping may have to make a horizontal run in the ~ttic

PVC (or PE or ABS) ofround cross section. Because the stack
will not be visible outdoors, there is no longer an incentive to
use downspouting as the stack material, or to go to the
expense of using PVC of rectangular cross section.

so that the exhaust pornt through the garage roof will be at an
appropriate location. The criteria for selecting the location of
the roof penetration have been discussed in Section 4.6.2 (see
Routing considerations with attic piping runs) and in Section
4.6.4 (see Selecting the location offansfor interior stacks)..

Exhaust piping from garage fans-offset against garage wall. If the fan is in the attic, the piping penetrating into In this regard, one particular consideration for garage stacks is
the garage can be routed upward immediately beside the
garage wall, so that the stack riser can be almost flush against
the wall. Since the fan is in the attic, there is no need to
provide clearance for a fan below the stack riser. Hence, the
need to offset the piping back against the house (or, in this
case, the garage wall), so important for exterior fans, is notan
issue.
If the fan is near the slab, so that clearance for the fan must be
provided at the base of the riser, it mayor may not be
necessary to offset the stack against the garage wall. Such an
offset may no longer be necessary from the~ standpoint of
appearance, since the stack is inside the garage. Nor may it be
necessary from the standpoint of supporting the stack, if the
stack can be effectively supported from members in the attic
roof truss. But an offset against the garage wall may still be
desired in some cases, to get the stack out of the way of the
. occupant, or to enable support of the pipe by attachment to the
wall studs behind the fire-rated sheetrock.

Exhaustpipingfrom garagefans-connection ofstack
segments. As with exterior stacks and the rest of the piping
network, the joints between the segments of stack and the
fittings must be cemented tightly. If the fan is near the slab
leaks in the stack riser would result in radon-containing
exhaust being forced into the garage. If the fan is in the attic,
leaks would result in garage air leaking into stack, reducing
the suction being maintained at the slab.

Exhaust pip;~g from garage jans-support of stack.
The support of exterior stacks against the sidle of the house

that garages are commonly one-story structures attached to
two-story living areas. Since the garage stack will be immediately be~ide the wall between the garage and the living area,
p~netrahon.of the stack straight up through the garage roof
WIth no honzontal run would result in its discharging immediately beside the second story of the adjoining living wing. As
a result, the exhaust piping will require some horizontal run in
the garage attic in order to locate the discharge point at least
10 ft from any windows, attic gable vents, etc., in the upstairs
living area overlooking the garage roof.
On the other hand, it is also common to encounter cases where
the garage roof is at the same level as the roof of the living
area In these cases, it will be more common to encounter
situations where the stack can extend straight up through the
ro?f directly a~ve the point where it enters the garage,
WIthout any honzontal run in the garage attic. This would be
possible when the penetration from the basement into the
garage can be made at a point where a straight vertical stack
would result in an exhaust location that would meet the other
criteria discussed in Section 4.6.2 (e.g., the exhaust will be on
.
the rear slope of the root).
Once the appropriate point has been identified for extending
the exhaust pipe through the garage roof, the procedure for
installing the attic piping, the fan (if it is in the garage attic),
and the exhaust piping through the roof would be the same as
that described in Section 4.6.4 for the interior stack/attic fan
case.

Exhaust piping from garage fans-finish around the
stack. Because the piping associated with garage fans will be
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inside the garage, the need to paint the garage stack, or to
fnune it in for the sake of appearance, will usually be greatly
reduced compared to the case of exterior stacks.

As discussed toward the end of Section 4.6.3, it may sometimes be decided to frame in garage stacks as a means for
meeting code requirements for a lIre break where the plastic
piping has penetrated the flrewall between the basement and
the gnmge. Fnuning in the garage stack would be an alternative to use ofa fusible linkage or intumescent wrap type offIre
break.

Caps and mufflers on the exhaust stack. The consideratioos regarding the decision to install a cap or muffler on an
exterior or garage stack are essentially the same as those
discussed in Section 4.6.4 for interior stacks.
Caps are not usually thought to be necessary. With exterior
stacks, where the stack is discharging near the eave, there may
be an increased risk that the cap, in deflecting the upward
e.xhaustjet near the eave, CQuid cause the exhaust to be swept
back down under the overhang and re-entrained into the
house. The caps would also tend to defeat a key objective of
stacks fabricated from downspouting, namely, to make the
stacks inconspicuous.

shrubbery, or in some other inconspicuous location. By EPA's
mitigation standards, this remote location should be at least 10
ft from any public or private access routes, or from openings
in adjacent buildings.
The horizontal run of piping between the penetration and the
exhaust location is buried in this trench. If the fan is to be
mounted above grade, .Qne logical conflguration would be to
install a tee fitting on the remote end of this piping, with one
leg oriented 'upwards and one downwards. A vertical riser
would be installed on .the uppe~ leg, with the fan mounted
vertically on this riser above grade. A stub of piping on the
lower leg of the tee would extend down into a bed of gravel, in
a pit excavated at that location. The purpose of this dry well
below the fan is drain away any condensate or rainwater, and
is especially important in cases where the contours of the lot
necessitate that the pipe be sloped downward away from the
house. One possible uncertainty with this conflguration is
whether the dry well may become flooded during wet periods.
If the contour of the lot is such that the buried horizontal pipe
is sloped downward toward the house, the condensate and
rainwater would drain back into the SSD riser in the basement. In that case, the dry well below the fan would be less
necessary.

Where a downspout is used as a stack, one should not attempt
to simulate a cap by bending the downspout into a ''D'' at the
eave, so the exhaust is directed at back downward beside the
eave. This configuration could be directing the exhaust down
into the recirculation zone beside the house, increasing the
risk of re-entrainment.

Another option that may sometimes exist for handling drainage when the pipe is sloped away from the house, is to extend
the buried piping run to the point where it reaches grade level.
In this case, the system would become identical to the remote
portion of a DID/remote discharge system as depicted in
Figure 4: a trap is placed between the fan riser and the
. discharge line to prevent outdoor air from being drawn through
Mufflers will usually be needed for the high-suction/low-flow the discharge line by the fan, and any condensate or rainwater
fans, but are not often needed with the in-line tubular fans.
drains away through the above-grade discharge. In this case,
the dry well would be unnecessary.
Since most caps and all mufflers on the market are designed
for use with round PVC piping, some adaptations would be The fan is secured vertically on the riser using flexible PVC·
necessary if they were to be installed in an exterior stack couplings, perhaps a couple of feet above grade. By EPA's
fabricated from downspouting.
current standards, it would not be acceptable to simply allow
the fan to discharge vertically at that height. Rather, in order
Remote exhaust--a variation of the exterior stack. to reduce exposure by persons· in the yard nearby to the
Some mitigators and homeowners are concerned about the potentially high-radon exhaust, a stack would have to be
aesthetic impact created by an exterior stack immediately appended to the fan discharge, so that the exhaust point would
beside the house, as in Figure 21. Where there is no garage, be at least 10 ft above grade. For structural stability, such a
and where the exhaust system must be outdoors, one option stack would have to be supported, e.g., with posts installed for
th.:'lt has been considered to avoid this impact has been to this purpose, or perhaps with guy wires. Such a stack would
extend the exhaust pipe horizontally below grade to some often eliminate the aesthetic benefits of moving the exhaust
point remote from the house, perhaps 10 ft or more away away from the house.
(ElSS, Wi91, Bro92). At this remote location, the buried
horizontal piping is routed above grade and exhausted When If the stack were not installed, contrary to standards, the fan
using this approach, some mitigators mount the fan where the exhaust would have to be protected in order to prevent debris
piping comes above grade; others mount the fan in the buried and animals from dropping into the blades, or to keep children
section of the piping, inside a buried enclosure.
from getting their fingers caught in the blades. Some fan
manufacturers sell grilles that could be installed on the exAssuming the case of a basement with SSD suction pipes haust side of the fan for this purpose. Alternatively, a short
installed through the slab vertically indoors, the exhaust pip- length of PVC piping might be installed on the exhaust side of
ing from these suction pipes would penetrate the house shell the fan,. perhaps with a hardware cloth screen on top.
below grade. This will usually mean penetrating the basement
foundation wall below the band joist. A trench is dug from the While such remote location of the fan and exhaust system
point of the wall penetration to the point in the yard where the would improve aesthetics if a IO-ft stack were not required,
discharge point is to be installed; this location may be behind . there are some potential disadvantages to this design. Even if
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no lO-ft stack is needed on the remote fan, this configuration
will be more expensive than the case where the exterior fan
rises immediately beside the house, due to the trenching
required to bury the horizontal run away from the house, and
due to the added effort involved in coring through the foundation wall below grade rather than sawing through the band
joist (He9lb, He91c). The electrical wiring will be complicated slightly, since a conduit will now have to be laid out to
the remote fan. There will be some suction loss in the length
of buried piping, although this will generally not be a serious
problem when 90-watt fans are being used, and it will be
comparable to the back-pressure loss that would be created by
a stack above the eave.
The preceding discussion assumes the remote fan is installed
above grade. Some mitigators install the fan in a buried
enclosure, for aesthetic reasons. The enclosure is accessible
via an access door in the top of the enclosure at grade. To
reduce the size of the excavation for the fan enclosure, some
fmns mount the fan horizontally; the buried horizontal piping
run penetrates the enclosure on each side, connecting to the
fan. A hole is drilled on the underside of the fan housing, and
gravel is installed below the open-bottomed enclosure, to
allow condensate entering the fan housing to drain away.
Others make the enclosure larger and deeper, so that the fan
can be mounted vertically. With proper excavation, any of the
approaches just discussed with a remote fan mounted vertically above grade could be installed with the fan vertically
below grade.
With any system having the fan below grade, great care must
be taken to ensure that the piping and the dry well beneath the
fan drain properly. Cases have been reported where careless
. installation res~lted in the ultimate flooding of the entire fan
enclosure and underground piping run. Also, the lifetime of
fans mounted in potentially humid underground enclosures
has not been demonstrated.
Because of these concerns, it is anticipated that EPA's fmal
mitigation standards will prohibit mounting of fans below
ground.

mounted indoors. Such precautions thus could never be considered as a substitute for abiding by the standards.
Among the precautions that might be considered could be the
following: a) using a fan having an integral housing, to avoid
leakage through seams in the housing; b) using Schedule 40
(heavy gauge) PVC, PE, or ABS for all system piping; c)
installing only a minimal length of exhaust piping on the
pressure side of the fan inside the house; d) fmnly supporting
the interior piping against both vertical and lateral movement,
especially on the pressure side of the fan, so that any physical
stresses that might be imposed on the fan or piping by the
occupants would be unable to create any flexing of this piping
network that would loosen or break piping seals; and e)
carefully caulking all seams in the piping on the pressure side
of the fan would, even though they have been carefully
cemented and may appear to be gas-tight at the time of
installation. These seams include those in the flexible PVC
couplings connecting the fan to the piping (even though the
hose clamps appear to have produced a gas-tight seal), and
seams between PVC piping and fittings (even though these
joints have been cemented).

Requirement that exhaust be discharged at .least 10 it
above grade. As emphasized at the outset of Section 4.6.4
(see Overall design considerations for all stack configurations) and elsewhere, EPA's interim mitigation standards
require that SSD exhausts be released at least 10 ft above
grade, among other requirements. For exterior stacks, this
requirement generally means that a stack must extend up
beside the house, usually to a point above the eave. It is
anticipated that EPA's fmal standards will explicitly require
that the exhaust be discharged above the eave, preferably the
highest eave. The objective of this requirement is to reduce
the risk of exhaust re-entraining back into the house or exposing persons outdoors. While there is not an extensive data
base defining the extent of re-entrainment or exposure with
different exhaust configurations, the health risks that could
result are considered sufficiently great that they warrant the
aesthetic impact and cost of installing an exterior stack to
avoid the increased risks that might be anticipated if the
exhaust discharged at grade level.

Requirement 'that fans be outside livable envelope of
house. As emphasized at the outset of Section 4.6.4 (see Exhausting at grade level immediately outside the house, i.e.,
Overall design considerations for all stack configurations)
and elsewhere in the preceding discussion, EPA's interim
mitigation standards require that SSD fans be outside the
livable envelope of the house. Although extensive data are not
available documenting the frequency and effects of
pressure-side exhaust leaks when fans are indoors, the potential risk of such leaks is considered great enough that it
warrants the aesthetic impacts and other complications involved in placing the fan outdoors when an exterior stack is
used.

installing a system similar to that in Figure 21, but eliminating
the exterior stack up to the eave, is contrary to EPA's standards. If an installer were to consider exhausting at grade level
because it was truly impractical to install an interior or exterior stack, that installer should consider special precautions in
an effort to reduce the risk of exhaust re-entraInment and
exposure to persons outdoors. It must be recognized that there
is no evidence that any such precautions would compensate
for the risks incurred if the exterior stack were eliminated.
Such precautions thus could never be considered as a substi~
tute for abiding by the standards.

Mounting a fan indoors is contrary to EPA's standards. If an
installer were to consider mounting a fan indoors because it
was truly impractical to mount the fan outdoors, that installer
should consider special precautions in an effort to reduce the
risk of exhaust leakage into the livable area. It must be
recognized that there is no evidence that any such precautions
would compensate for the risks incurred if the fan were

Results to date suggest that if the exhaust were released at
grade, least re-entrainment is likely to occur if the exhaust
were directed horizontal to grade, 90 0 away from the house.
Limited results suggest that exhaust horizontally at grade,
directed 900 away from the house, can sometimes result in
re-entrainment no more severe than that resulting when the
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exhaust is vertical above the eave, at least under the conditions tested (Fi91).
Intuitively, to reduce re-entrainment, it would seem desirable
for the grode-level exhaust to be at least some minimum
distance (e.g., at least 10 ft) from openings in the house shell
(primarily windows and doors), if at all possible. To reduce
exposure of persons outside the house, the other EPA exhaust
standards should be met: the discharge location should be at
least 10 ft from public or private access, and from openings in
adjacent buildings. In particular, the exhaust should not be
near patios or under decks.
One approach for directing the exhaust away from the house
at grade would be to replace the exterior stack shown in
Figure 21 with the following. A short length of vertical pipe
would be attached to the coupling above the fan, to provide a
connection for a 90° elbow. The elbow would be cemented to
the top of this short vertical pipe, with the outlet of the elbow
being horizontal to grade, directed away from the wall of the
house. A short length of horizontal pipe cemented into the
outlet of this elbow could be important, so that the exhaust
gases develop a clear momentum away from the house before
being discharged. If the gases were discharged directly from
the horizontal end of the elbow, without the length of piping,
there would be a turbulence resulting from their deflection in
the elbow that could cause them to mix more rapidly with the
outdoor air, rather than being expelled away from the house in
a clearly defined jet.
If there is not going to be a stack above the fan, another option
would be to install the fan vertically downwards, rather than
upwards as in all of the preceding figures. In this case, the 90°
elbow that is attached to the end of the horizontal pipe through
the wall would be directed down instead of up. Downward
mounting might reduce the visibility of the fan in cases where
the exhaust piping penetrates the foundation wall at a sufficient height. Again, it is recommended that the exhaust from
the fM be ro-directed horizontally away from the house by an
elbow on the outlet of the fan, as discussed in the preceding

paragraph.
A grode-level exhaust must not be directed parallel to the side
of the house, immediately beside the house. Specifically, it
must not be directed downward toward grade b,eside the
foundation, or upward beneath the eave along the face of the
house, or horizontal to grade parallel to the house. In many
inst:lllations where re-entrainment has been confirmed to have
been a problem in the past, the exhaust has been parallel to the
side of the house. In one commonly encountered configuration which should always be avoided, the grade-level exhaust
is directed down toward grade by a dryer vent mounted on the
side of the house, connected to the end of the piping penetrating the foundation from inside the basement

4.7 Slab Sealing in Conjunction
with SSD Systems
House air wiII leak into the SSD system through any unclosed
openings in the slab. Such leakage can interfere with the
extension of the suction field beneath the slab (potentially
reducing radon reduction performance). It will also increase

the house heating and cooling penalty; heated or air-conditioned

air will be drawn out of the house by the system through the
unclosed cracks, and will be replaced by infJ.Itration of outdoor air. If sufficient house air is drawn into the system via
unclosed slab openings, the SSD system could also contribute
to depressurization of the basement or house, thus potentially
contributing to back-drafting of combustion appliances.
For the purposes of this discussion, slab openings are subdivided into three categories: "major" openings, which should
always be sealed as part of SSD installation unless sealing is
truly impractical; "intermediate" openings, which should generally be sealed, if this is reasonably possible; and hairline
cracks, for which sealing can be helpful but is often not
required.

Major openings. The sealing of major slab openings can be
very important in achieving good performance and reducing
operating costs. "Major" entry routes are defined here as those
which are relatively large and distinct, such as perimeter
chMnel drains, large openings through the slab around utility
penetrations, floor drains connecting to the soil or the sub-slab
region, and sump pits.. Such major routes should always be
sealed. In cases where such major routes are inaccessible -such as a perimeter channel drain concealed behind floor and
wall finish -- a conscious decision may sometimes be made to
accept the penalties of leaving the opening unsealed, rather
than incurring a cost that the homeowner would find unacceptable in trying to seal this opening. However, in such
cases, the homeowner should be consulted on this decision,
and advised of the reductions in performance and the increase
in operating costs that may result

Intermediate openings. In· addition to the "major" slab
openings discussed above, there will often be smaller, but still
potentially important, openings ofintermediate size. Examples
of such "intermediate" openings include, e.g., the wall/floor
joint when there is a modest but distinctly visible gap (perhaps
1/32 to 1/16 in. wide or greater), partially open expansion
joints, and small openings through the slab (e.g., around
individual utility pipes penetrating the slab). Such intermediate openings should routinely be sealed closed. However,
where such intermediate openings are inaccessible, e.g., where
a 1/32- to 1/16-in. wide wall/floor joint disappears behind
wall finish in a finished part of the basement, the inability to
seal this opening will be less of a concern, compared to major
·openings.

Hairline cracks. Hairline cracks include, for example, settling cracks or wall/floor joints which are tight, with no (or
very little) separation. Given their length, the total leakage
area represented by hairline cracks could be meaningful despite their narrow width. However, such cracks can be difficult to seal properly and effectively. Simply applying a bead
of caulk on top of this crack in a basement may be helpful, but
it is unclear how effective this sealing would be, or how
durable. To seal such cracks effectively, a channel might have
to be routed in the concrete along the crack, to provide
adequate surface area for adhesion of the sealant (see Section
4 in Reference EPA88a); such a procedure would be
time-consuming, and could significantly increase the cost of
the installation.
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Experience has indicated that a properly designed SSD system
can usually handle the leakage from hairline cracks without a
significant reduction in system performance. Therefore, since
sealing the cracks is difficult and is often not necessary for
good system performance, special efforts to seal hairline
cracks will often not be warranted. Attempts to seal hairline
cracks will likely be most warranted in cases where sub-slab
communication is very poor and the cracks are near the SSD
suction pipes. Any leakage through the cracks in
poor-communication cases might reduce the performance of a
marginal SSD system, which would be having a hard time
extending a suction field even in the absence of such leakage.
Because caulking of hairline cracks may reduce the heating/
cooling penalty and possibly improve system performance,
mitigators who routinely apply a bead of cauUk: to accessible
wall/floor joints, even when the crack is only a hairline and
there is no gap, should continue to do so. Homeowners who
are installing their own systems (and who are thus not concerned about the labor costs of applying the caulk) may wish
to do this. However, it must be recognized that the seal may
not be durable or fully effective, and that it mayor may not be
possible to detect the benefits of such caulking.

General comments on sealing. In the discussion here, the
word "seal" is not used in the sense of a true air-tight seal.
While such a true seal would be desirable, it is often difficult
to achieve such a true seal, and almost impossible to maintain
it permanently as the foundation shifts over the years. In the
context here, where the objective is to significantly reduce
house air flow into the SSD system, a seal is considered
adequate if it closes the opening (and reduces the air flow
through it) to a large degree, even if not 100%. Thus, for
example, if an opening through the slab is sealed with caulk,
and if the bond between the caulk and the surrounding concrete breaks over time (due, e.g., to foundation shifting), the
caulk may still be blocking a large amount of the air flow
through the opening.
Detailed procedures for sealing slab openings are discussed in
Section 4 of Reference EPA88a. The discussion below reviews key features for sealing some of the openings of par. ticular concern from the standpoint of SSD performance.

4.7.1 Perimeter Channel Drains
Perimeter channel drains, also known as canal drains or
"French" drains, are 1- to 2-in. wide gaps around the perimeter of basements (i.e., 1- to 2-in. wide wall/floor joints). A
perimeter channel drain is often intended primarily to drain
water that enters the basement through the porous face of
block foundation walls during wet weather; in some cases,
holes are drille4 through the face of the lower course of block,
at a level below the top of the slab, to facilitate tins water flow.
The drains will also handle water entering from on top of the
slab, e.g., due to a clothes washer overflow. Perimeter channel
drains can also be specifically designed to handle water
entering from beneath the slab, although many are not.
The water entering the perimeter channel drain is commonly
routed to the region beneath the slab. In some cases, there are
drain tiles under the slab, draining to an existing sump in the

basement or to a remote discharge; much of the water from the
perimeter channel drain would be expected to enter these tiles
and drain to the sump or discharge. In other cases, there will
be no drain tiles, in which case the sub-slab aggregate will be
serving as a dry well. In still other cases, the perimeter
channel drain may drain, via an underground channel of
aggregate, to a dry well installed remote from the house.
Where the basement is finished, the perimeter channel drain
will be concealed behind the wall finish.
Perimeter channel drains can be expensive to seal properly,
even when they are accessible. Accordingly, some mitigators
have reported installing SSD systems without sealing the
perimeter channel drain, and obtaining reasonably good radon
reductions, at least when sub-slab communication is reasonably good. To avoid undue leakage of house air into the
system, the SSD suction pipes were installed toward the
center of the slab, away from the perimeter. No studies have
been conducted to evaluate the effect of leaving the perimeter
channel drain unsealed. But since the opening created by the
perimeter channel drain is so large, so widely distributed, and
so strategically located, some penalties might be expected to
result from this approach. Indoor radon concentrations might
be expected to rise during cold weather; the ability of the SSD
treatment to extend to block foundation walls would seem to
be greatly reduced; and the heating/cooling penalty would
intuitively be greater than average.
Thus, serious consideration should always be given to properly sealing perimeter channel drains, except in those cases
where they are concealed behind wall fmish (so that the cost
of sealing could be prohibitive) or where water drainage·
problems or code violations might be created by sealing. A
decision not to seal part or all of the perimeter channel drain
should be made with consultation from the homeowner. The
mitigator should be prepared to seal the channel drain, or to
otherwise modify the system to compensate for air leakage
through the drain, if an initial nritigation system does not
achieve adequate radon reductions due to the open drain.
In some locales, perimeter channel drains are required by
code. In some cases, the drains have an important water
drainage function, as discussed above. Thus, any steps to seal
the drains must be taken with care to properly maintain the
drainage function.
Where the perimeter channel drain is known to have no water
drainage function either from above or below the slab and
where codes do not require that the drain be left open, the 1- to
2-in. wide cap can simply be mortared closed. While mortaring the drain closed may be the simplest approach, it can be a
risk for mitigators. The mitigator may be considered liable for
any subsequent drainage problems that might be attributed to
the closure of this supposedly non-functioning drain.
When the perimeter channel drain has a water drainage function, it can be sealed in a manner which maintains that
function. See Figure 32A, and Section 4 ofReference EPA88a.
The objective of this sealing approach is to install a caulk seal
in the channel at a level beneath the top of the slab;· so that
there is still: a channel beneath the seal (to handle water
entering through weep holes at the base of the block wall, or
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otherwise entering from beneath the slab); and a channel
above the seal (to handle water entering through the block
face above the slab, or otherwise entering from on top of the
slab).
By this approach, backer rod of a diameter slightly greater
thml the width of the perimeter channel drain (or some other
appropriate material) must be stuffed down into the gap
between the slab and the foundation wall, to support a layer of
sealant. Backer rod is a compressible, closed-cell polyethylene foam material which is fanned into cords of alternative
diameters. The top of the backer rod must be at least 1/2 to 1
in. below the top of the slab; the bottom of the backer rod must
be at least 1 to 2 in. above the bottom of the slab (or the top of
the footing). If weep holes have been drilled through the face
of the block wall at a level below the top of the slab, to allow
water inside the block cavities to flow into the perimeter
channel drain, the bottom of the backer rod must be above
those holes, so that they remain open.
The top of the perimeter channel drain is then closed with an
appropriate sealant, supported by the backer rod. The sides of
the perimeter channel drain must be clean (and preferably
should be dry) when the sealant is applied, to ensure a good
adhesive bond between the sealant and the concrete. The

preferred sealant is flowable urethane caulk, since this caulk
will effectively fill in the irregular space between the top of
the backer rod and the slab, and will adhere well to the
concrete. The urethane caulk layer should not be more than
about 1/2 in. deep, since it may not cure properly if it is much
deeper than this; see the instructions from the manufacturer.
The top of the urethane caulk sealing the drain must be below
the top of the slab, by perhaps 1/2 in. or more, creating a
channel on top of the seal.
This sealing approach prevents house air from flowing down
through the perimeter channel drain into the sub-slab region.
But at the same time, it pennits water flowing through the
weep holes beneath the seal to flow into the gap under the
backer rod, and from there into the sub-slab aggregate (or to
wherever the perimeter drain was originally designed to direct
the water). Also, any water entering from above the slab has a
channel in which to collect, on top of the caulk seal.
If a significant amount of water is expected to enter the drain
from above the slab, the channel above the caulk seal will
have to be designed in a manner which will allow this water to
drain away. One approach could be to leave gaps in the seal at
intervals around the perimeter, so that the water in the upper
channel can drain down through those gaps ~to the sub-slab
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region as originally intended. These gaps should be located in
particulM along those walls where water flow from above the
channel is expected to be heaviest. Such gaps in the seal
would, of course, result in house air leakage into the SSD
system through those gaps (and, potentially, radon entry into
the house through the gaps). However, since most of the
perimeter channel drain would be sealed, the seal would be
significantly reducing the amount of air flow. Where a gap
was left in the seal, the channel under the seal should be sealed
on the sides of that gap, so that the sub-seal channel remains
sealed off from the basement.
Another option if there is significant water entering from
above the slab would be to utilize an existing sump, if present,
or to retrofit a new sump into one corner of the basement to
handle this water. See Figure 32B. This figure assumes that
drain tiles had been installed under the slab during construction to collect water from the perimeter drain, and that the tiles
drain to an existing sump. Use of a sump may not always be
satisfactory in cases where water enters the top channel at
points remote from the sump, since the water may not reliably
flow through the shallow channel over extended distances to
the point at which the sump is located, without overflowing
onto the slab at some other location.

Whether an existing sump is available, or whether a new sump
has to be installed, a channel would have to be routed in the
top of the concrete slab, directing the water in the top channel
of the sealed perimeter drain into the sump, as shown in the
figure. Especially in cases such as that in Figure 32B, where
the existing or new sump connects to the sub-slab region, the
sump must be capped so that it is not a major unsealed slab
opening (see Section 4.7.4). Because the top channel in the
sealed perimeter channel drain will be routinely directing
water into the sump from above, the sump cover will have to
be fitted with a trap so that the water drainage function of the
sump can continue while the cover remains air-tight. Sump
covers are discussed in detail in Section 5.5.
The preceding discussion concerning the capping of the sump
assumes the case where it has been decided not to draw
suction directly on the sump, and where a SSD suction pipe
through the slab remote from the sump is the preferred approach. If the sump is an existing sump with drain tiles
emptying into it, as in Figure 32B, one might commonly elect
to install sump/DTD instead of SSD, as discussed jn Section
5. The steps for sealing the sump and the perimeter channel
drain would be essentially the same if sump/DTD were the
intended mitigation approach, as discussed in Section 5.7.
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sump in the basement.
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If a sump were not already present, and if a sump had to be
re,trofit in order to handle water from on top of the sealed
perimeter clk1Jlnel drain, this would add to the SSD installation cost In some cases, the perimeter channel drain will have
initially been designed to route the water into the sub-slab
aggregate with the aggregate serving as a dry well (i.e., with
no drain tiles to handle the water); in other cases, the channel
drain will route the water into a gravel channel leading to a
remote dry well. In such cases, the sump installed as part of
the clk'mnel drain sealing process could do the same, and it
would not be necessary to install a sump pump and water
discharge line in the sump.
In mnny cases, a portion of the perimeter channel drain may
be inaccessible, for example, concealed behind wall iInish. In
such cases, it may be decided to seal the accessible portion of
the perimeter channel drain (in the unfinished part of the
basement), but to leave the inaccessible portion (in the finished part) unsealed, at least initially, due to the costs involved in removing and replacing the imish. When this is
done, the exposed open ends of the sub-seal channel must be
caulked shut where the seal ends, so that house air cannot leak
into tJle sub-seal channel. When a portion of a channel drain is
scaled, ilie mitigator should understand how that particular
channel drain functions (e.g., using aggregate as dry well, or
utilizing sub-slab drain tiles), to ensure that drainage problems will not be created.

4.7.2 Other Major Holes through Slab
In addition to perimeter channel drains, there will be other
cases where major holes exist through the slab. One common
example is the opening, commonly about 2 ft square, often
left in ilie slab around the water and sewer lines that come up
through tlte slab under bathtubs and shower stalls iliat are
installed on slabs. This opening is intended to provide the
plumber some flexibility when installing the bathtub. (There
may also be openings around the water and sewer penetrations
under sinks and commodes in the bathroom, but these will
generally be smaller ilian iliat around the bathtub plumbing.)
Some oilier examples include unused sump holes, or a hole at
the site of some former structure in the basement. An extreme
example of a large hole through the slab would be the case
where some portion of ilie slab is missing, leaving bare earth
exposed. This latter situation could occur, e.g., when small
wings to ilie basement (soch as root cellars or greenhouses)
are left with bare-earth floors.

ing. Mter the plumbing repairs have been made, any holes cut
in the hardened foam can be filled with new foam, or with
caulk or other suitable sealant.

In some cases, no access door will be provided for the bathtub
plumbing, and the major slab opening under the bathtub will
not be as conveniently accessible. In such cases, a decision
must be made regarding whether to leave the bathtub slab
opening unclosed, or to incur the expense of creating and then
restoring an opening in ilie wall to allow the sealing to be
accomplished. Some mitigators routinely make the hole through
the wall and seal the slab. One mitigator reports installing an
air vent grille (such as tltose used with forced-air heating
systems) in the wall hole after the slab is sealed, as a convenient and neat approach for restoring the wall hole (Ba92).
Other mitigators recommend postponing efforts to seal such
inaccessible bathtub slab openings (KI92). Where sub-slab
communication is reasonably· good and radon levels are not
real high, it may sometimes be advisable to initially install the
SSD system without closing the inaccessible bathtub opening,
witlt the intent iliat that sealing step could be taken later if the
initial SSD installation did not achieve adequate perfonnance.

Miscellaneous major slab holes. Where holes of any
significant size exist through the slab, and where these holes
serve no function, the holes should be closed.
If the soil is not level beneath the slab at the location of the
slab hole and if the hole is sufficiently large, it may be
necessary to fill in the sub-slab region up to the underside of
the slab, using some suitable fill material. To reduce subsequent settling of this fill, and cracking of the patch that will be
applied on top, any such fill should be compacted.
Especially where the hole is in an exposed location where
there will be foot traffic, the hole will best be closed using
concrete or non-shrink mortar. Use of concrete or mortar may
also provide the best appearance, blending in with tlte remainder of the slab. The sides of the slab around the perimeter of
the opening should be cleaned, in an effort to improve the
bond between the new and the old slab. New concrete or
mortar is poured to fill the hole, and the perimeter of the patch
(between the new and old concrete) is tooled to provide a
channel about I/2-in. deep. When the new concrete or mortar
has hardened, this channel should be flooded with flowable
urethane caulk, in and effort to plug any crack that may form
as the new mortar shrinks and settles.

Slab holes around bathtub plumbing. Where a bathroom
has been installed on a basement slab or a slab on grade, the
plumbing for the bathtub (and the slab opening around this
plumbing) is commonly accessible through an access door
through the frame wall at ilie head of the tub. This slab hole
could be mortared shut, with the water and sewer lines penetrating the new mortar. However, this could potentially interfere wiili any subsequent plumbing work that may have to be
done on the system, A simpler approach might be to close the
slab opening using an expandable closed-cell polyurethane
fomn. The foam expands as it hardens and cures, tightly
closing the opening. If access to the plumbing below the slab
is subsequently needed, portions of tlte foam can be cut away
(e.g., with a utility knife) as necessary to expose the plumb-

In some cases, when ilie hole is in a remote or less accessible
location, one might elect to close it using expanding foam, as
discussed previously for the case of slab openings under
bathtubs.

Sections ojmissing slab. From time to time, entire sections
of basement slab have been found to be missing in certain
houses. For example, the basement may have a small
eartlten-floored wing which is used as a root cellar. Or, some
significant portion of the basement floor may have been left
unpaved, for one reason or another.
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In such cases, the best course of action will be detennined by
the specific circumstances. Depending upon the size and use
of the unpaved area, it may be recommended to the homeowner that a slab be poured (with aggregate beneath) for that
section.
In other cases, perhaps the best approach would be to treat it
as an unpaved crawl space wing adjoining the slab. In this
case, plastic sheeting would be sealed over theexposed soil. If
SSD on the paved portion of the basement proved to be
insufficient to adequately reduce radon levels, the SSD system might be supplemented by a sub-membrane depressurization under this plastic sheeting (see Section 8).

4.7.3 Untrapped Floor Drains Connected
to the Soil
Floor drains in a basement slab can present: a significant
problem, if they: a) drain to soil (e.g., via perforated drain tiles
beneath the slab, or via pipes to a septic system); and b) are
not trapped.
When the drain empties through perforated piping that passes
through the sub-slab region and when the drain is not trapped,
house air can· be drawn into the SSD system through the
untrapped drain and through the perforations in the drain tiles.
The length of tiles leading from the drain could be "intercepting" the sub-slab suction field, providing a source of leakage
air that could prevent the suction field from extending further
beneath the smb.
Due to the amount of air that can move through the floor drain
and drain tile, the SSD system may not be able to adequately
depressurize the soil surrounding the drain t.ile. Thus, the
untrapped floor drain may continue to serve as a significant
radon entry route into the house.
One technique to detennine whether a particular floor drain is
untrapped would be to remove the top grille and inspect using
a flashlight during the visual inspection of the house (Section
3.2). Other techniques include chemical smoke testing at the
drain during the visual inspection, to assess whether air is
flowing up through the drain; and radon grab sampling in the
drain (Section 3.4). It can be difficult to independently determine whether the drain connects to drain tiles.
To address both the potential disruption of the suction field
and the continued radon entry through the floor drain, the
floor drain must be trapped. Even if the floor drain connects to
a septic system by a solid pipe, rather than the perforated
piping connection to the soil considered previously, trapping
the drain will have the benefit of preventing radon entry into
the house from the septic system.

If the floor drain already contains a trap, it must be ensured
that this trap remains full of water. If the floor drain does not
contain a trap, one can often be retrofit. Dranjer Corp. sells
several models of plastic "waterless" traps fot' various applications, such as the "F-series" trap shown in the sump cover in
Figure 32B. A slightly modified version of that trap, the
DR-2, has been designed to fit into many standard floor drains
ranging from 2 to 8 in. in diameter, beneath th,e existing floor

drain grille. These units seal the existing drain, and direct all
water through the throat: of the Dranjer unit.
Although designs of the different models vary slightly, the
principle of each is that, at the bottom of the throat,
downward-flowing water encounters an impoundment which
it must overflow before entering the sewer line. This impoundment may be a small bowl in which the base of the
throat is submerged, as in Figure 32B or in the DR-2; or, in the
"J-series" unit, the base of the throat may curve upward in the
fonn of a simple P trap (see Figure 5 in Reference EPA88a).
The opening at the top of the impoundment is covered by a
weighted ring (as in Figure 32B) or a ball, which floats to
pennit the water to overflow. However, when no water is
flowing, the ring or ball seats into the opening. The seating of
the ring or ball prevents gas movement upward or downward
through the drain; i.e., soil gas cannot move upward into the
house, and house air cannot be drawn down through the drain
by the SSD system. The floating ring or ball provides a seal
even in cases where there is no water in the trap, hence the
tenn "waterless."
If the floor drain is never used, an alternative approach would

be to simply mortar the drain opening shut. This approach is
not recommended unless it is certain that the drain will indeed
never be needed, and is not required by code. The drain could
also be plugged with a rubber stopper, which could be removed on any occasion when the drain were needed.
Sometimes when a floor drain drains to a septic system, there
will be a clean-out plug in the drain line downstream of the
trap. If this plug were missing, a situation which has sometimes been observed, soil gas could still flow up into the
house, bypassing the trap, even when the floor drain trap is
full of water. If this clean-out drain plug is missing, it must be
replaced (e.g., with a rubber stopper).

4.7.4 Sumps
Sumps not only provide a major opening through the slab, but
also, if drain tiles empty into the sump, as is often the case,
they can connect widely to the aggregate and soil beneath the
slab and around the foundation. As such, they can be major
soil gas entry routes, and they can provide a major leakage
path for house air oroutdo')r air to leak down into a SSD
system.
In many cases where a sump is present and where drain tiles
empty into the sump, a sump/DTD system will be installed
rather than a: SSD system. In this case, the sump would
necessarily be sealed with an air-tight cover, in the manner
described later in Section 5.5, as an inherent part of the sump/
DTD system. Where there are no drain tiles entering the sump
and no sump pump, the sump pit may be used as aready-made
hole through the slab for a SSD pipe, in which case the sump
pit would also be fitted with an air-tight cover as part of the
installation of the suction pipe.
In those cases where a sump exists and where SSD suction
pipes will be installed independent of the sump, the sump
opening must still be fitted with an air-tight cover as shown in
Figure 3 and described in Section 5.5.1. Otherwise, a large
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amount of basement air can flow through the sump and drain
tiles into the SSD system. If water will enter the sump from on
top of the slab, a waterless trap must be installed through the
sump cover. If a sump pump is present and if it is not a
submersible pump, it must be replaced with a submersible
pump.

4.7.5 Intermediate Openings Through
the Slab
Slab openings defined here as being "intermediate" should be
sealed whenever they are accessible. They are distinguished
from the "major" openings discussed previously in that if the
intenncdiate openings are inaccessible and inconvenient to
seal, it will be less warranted to incur increased efforts and
costs attempting to seal these openings.

Wall/floor joints wider than a hairline crack (but not
perimeter channel drains). If the walJlfloor joint is wider
than a hairline crack (e.g., wider than roughly 1/32 to 1/16
in.). it should be caulked wherever accessible. Because of the
nature of this crack, gun-grade (non-flowable) urethane caulk
will generally be the best selection. Flowable caulk would
tcnd to puddle on top of the slab, if the crack is narrow; or, it
may disappear down under the slab, if the crack is wider but is
still too narrow to allow some backer-rod type ofsupport to be
s·tuffcd down before caulking.
The wall/floor joint should be wire-brushed to remove deposits and loose concrete, and should be vacuumed before caulking, to try to make the surface as clean as reasonably possible.
The bead of gun-grade caulk should then be worked down
into the crack to the extent possible.

Even where the entire walJlfloor joint is readily accessible,
caulking the joint in this manner can add more than $100 to a
mitigator's installation cost, depending upon the basement
size. the amount of preparation, and labor rates (He91b,

Hc91c).

Gaps around utility pipes penetrating the slab. When
utility pipes (e.g., water, sewer, and fuel lines) penetrate a
slab, a crack or gap \vill usually exist between the concrete
and the pipe perimeter. Sometimes, the concrete will have
been poured flush against the pipe, and only a hairline crack
will exist around the perimeter. Other times, a gap will be left
around the utility line, often created by a sleeve of metal or
packing around the pipe. This gap may be intended to provide
subsequent flexibility in mounting a fIXture (such as a sink or
commode) on top of the pipe, or to protect the pipe when the
concrete is poured.
If the gap around the perimeter is more than a hairline (e.g.,
wider than about 1/32 to 1/16 in.) but not wide enough to stuff
down some supporting material, it should caulked with
gun-grade urethane caulk, as discussed previously for wall/
floor joints. If it is wide enough to accommodate some supporting material, this support should be provided, and flowable urethane caulk should be used. If there is still some
packing material around the perimeter of the pipe, between
the pipe and the concrete, the top layer of this packing should
be scraped away to provide a channel for the caulk. In all

cases, the surfaces should be vacuumed and cleaned to provide a reasonably good surface for adhesion of the cautle.
The utility lines usually having the biggest gaps (especially
under commodes) will be inaccessible without removing the
fixture. Unless communication is poor, SSD systems are
usually able to handle air leakage through such gaps sufficiently well. It will probably not be cost-effective in most
cases to remove the fixture and seal the gap, in an effort to
improve SSD performance. (As discussed previously, these
gaps around individual pipes are distinguished from the large
holes commonly left around the plumbing for bathtubs, which
are considered "major" openings.)

Expansion joints. Sometimes an expansion joint will be
installed in a residential slab while the concrete slab is being
poured. Expansion joints are strips of asphalt-impregnated
compressible fibrous material about 1/2 in. wide. In some
regions, they are installed around the perimeter of the slab, at
the wall/floor joint, serving as a buffer between the slab and
the foundation wall. In other cases, they are installed in the
middle of the slab, across the width of the slab (perpendicular
to the front and rear walls), often at points where there is a
discontinuity in one of the walls. They are referred to as
expansion joints because they will compress if the slab ever
expanded, thus avoiding cracking from that cause. (In fact,
wet concrete will shrink after being poured, and will usually
never again reach its "wet" dimensions, except under unusual
circumstances.) These joints also serve to isolate one slab
segment from another, and may thus sometimes help control
slab cracking by permitting independent movement of the
segments.
Because the concrete will tend to shrink away from the
expansion joint material as it cures, a gap may exist between
the material and the adjoining concrete, enabling air leakage
down througIithe jomt into the SSD system. This leakage
could inhibit the extension of the suction field generated by a
SSD pipe from extending across the joint into a neighboring
segment of the slab. Leakage through perimeter expansion
joints could inhibit the suction field from extending to treat
the block foundation walls. Even where there is no visible
gap, the expansion joint material will probably not be creating
an air-tight seal.
Sealing an expansion joint will be most important when: a)
the suction pipe is installed near the joint, since nearby leaks
have the greatest impacton suction field extension; b) sub-slab
communication is not good, since it is under those conditions
that marginal suction field extensions can least tolerate leakage; or c) the gap is wide. Thus, for example, one situation
where sealing of expansion joints would likely be important
would be the case where there is a perimeter joint, and where
poor sub-slab communication encourages location of the suction pipes around the perimeter. Where communication is
good, sealing these joints may be less crucial; however, even
with good communication, sealing could potentially improve
system radon reductions and reduce heat loss. A number of
mitigators report that they routinely seal the accessible portions of expansion joints, especially perimeter joints (Br92,
Br092, Kl92).
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One methOd for sealing an expansion joint would be to route
or chip out the top 1/2 in. of expansion joint matelial, creating
a channel along the length of the joint. Mter the deblis is
vacuumed up, this channel could then be ftlled with urethane
caulk. Gun-grade (non-flowable) urethane caulk may be the
best choice in some cases, since flowable caulk can disappear
down into the porous matelial and any adjacent gaps (Br092).
Chipping out the top of the expansion matelial can be a
time-consuming process, because the matelial is very pliable.
In no case should a channel be created simply by compressing
the joint material down, since the material will eventually
return to its original shape and dislodge any caulk that had
been applied on top of it (Kl92).

As discussed in Sections 2.1, 2.2.1, and 2.3.1, SSD seems to
"treat" block foundation walls, in large part, by intercepting
soil gas before it enters the void network. It is not clear that
SSD often treats the walls by establishing a measurable depressulization or flow inside the wall. Moreover, even when
SSD pipes are located near block walls, the depressurizations/
flows that would be maintained in the wall by a stand-alone
SSD system appear to be very low. Under these conditions, it
is unclear how often any practical degree of wall sealing (e.g.,
sealing of top voids) would have a significant effect, given
that significant wall openings will still remain (such as the
block pores and mortar joint cracks) which will still provide
substantial cumulative leakage area.

To avoid the effort involved in chipping out the top portion of
the expansion material, the existing material might simply be
tlimmed down to the level of the slab using a wire brush or
possibly a utility knife (if it extends above the slab). The
surfaces would have to be vacuumed to remove debris that
might reduce caulk adhesion. Gun-grade urethane would then
be spread on top of the existing material without chipping, and
worked down into any visible gap. This approach has reportedly worked well with perimeter expansion joints (K192).
With the perimeter joint, a generous bead of gun-grade caulk
is applied over the joint, and is forced down into any gaps
around the material and attached to the slab and the wall
beside the joint. Although the caulk does not bond well to the
joint materiiu itself, it will bond to the slab and wall, encasing
the entire joint.

Therefore, in cases where sub-slab communication is fairly
good and where a stand-alone SSD system (with no BWD
component) is expected to do a fairly good job in a given
house, it is unclear whether significant improvement in SSD
performance will often be achieved by an extensive effort to
seal openings in the block foundation wall. Wall sealing will
most likely be of significant value with stand-alone SSD
systems in cases where sub-slab communication is marginal
or poor, and/or where the block walls appear to be a particularly important entry route. Wall sealing can also be important
in cases where a BWD component is going to' be added to
supplement a SSD system, as discussed in.Section 7. A BWD
component is most likely to be added for the same reasons just
stated, namely, poor sub-slab communication and an important wall radon source.

Sometimes expansion joints will be inaccessible. Joints around
the perimeter can be concealed behind wall fmish. Interior
joints, perpendicular to the front and rear walls, will sometimes be concealed under frame walls. It will often not be
worthwhile to disrupt the fmish attempting to seal the expansion joint, although, as discussed previously, the final decision will depend on the location of the suction pipes, the
sub-slab communication, and the width of the gap. If an initial
mitigation system is not performing adequately, apparently as
the result of an unsealed inaccessible expansion joint, the
mitigator will need to consider taking steps to seal the joint or
making other system modifications to compensate for the
leakage through the unsealed joint.

When sub-slab communication is good and a stand-alone SSD
system is planned, sealing of the most important wall openings might help to reduce soil gas entry through the walls,
even if it does not aid in depressurization of the walls by the
SSD system.

Other, smaU slab holes. Occasionally, other small holes
will be found through the slab. Such holes might result, for
example, where some previously existing slab penetration
may have been removed. Where such holes are observed, they
should be mortared, foamed, and/or caulked closed.

Even where a frrst-class job has been done in installing a SSD
system, the system will not continue to provide low indoor
radon levels over the long term unless it is properly maintained by the occupant. Gauges or alarms are required to alert
the occupant when the suctions or flows in the system piping
fall to unacceptable levels. Labelling advises the homeowner
who the installer was (in the event that service is needed), and
which switches and circuit breakers control power to the fan.
Labelling also indicates which pipes and other elements are
components of the system, so that they are recognized by new
occupants who may move into the house in the future, and by
maintenance personnel. Labelling thus should reduce the risk
of the system being inadvertently turned off or damaged by
future owners or by service personnel.

4.7.6 Openings in Block FoundBrtion
Walls
In addition to the openings in the slab, there will also be
openings in the foundation walls. Where the waJlls are hollow
block, such air leakage paths into the wall could further
reduce the ability of the SSD system to develop a suction field
in the walls. The major wall openings which would be considered first for closure would be: the open voids in the top
course of block, if there is not a course of solid cap blocks on
top; gaps around utility line penetrations through the wall; and
. missing mortar or defects in the blocks.

If wall sealing is attempted, the most important wall-related

opening to close would be the open voids in the top course of
block, if there is no course of cap block. The procedures for
sealing the top voids and other wall openings are discussed in
Section 7.7.1.
.

4.8
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Gauges/Alarms and Labelling

4.8.1 Gauges and Alarms
EPA's interim mitigation standards (EPA91b) require that
some type of mechanism or device be installed to monitor
system performance and warn of system failure. This warning
device must be plainly visible and easy to interpret.
Warning devices are mandatory because there is no other way,
other than frequent radon measurements, for homeowners to
ensure that the system is continuing to operate properly. It is
not sufficient to rely upon the sound of the fan, to reveal if it
has stopped operating (or if the bearings are about to fail).
Experience has indicated that the electrolytic capacitor in the
fan circuitry can fail, causing a dramatic reduction in fan
perfonnance; however, the fan can continue to operate at this
reduced perfonnance for an extended period, even though the
fan would sound as if it were operating normally (Fi91).
Moreover, the sound of the fan operation would not reveal the
development of system leaks, and reduced suction resulting
from increased air flow. And fmally, fan operation can be so
quiet that a homeowner not paying particular attention to the
system might not detect that the system was not operating,
even if the fan stopped.

Pressure gauges. Many mitigators install mechanical gauges
which measure suction in the SSD piping upstream of the fan.
Such gauges display the system suction, often in quantitative
units of measure. In some devices, the reading is
semi-quantitative. as discussed below. As the term is used
here, a "gauge" does not inherently incorporate a visual or
auditory alarm to alert the occupant when suctions move
outside the acceptable range; thus, gauges rely upon the
occupant to take the initiative to read them. However, a gauge
could be used in conjunction with an alarm, discussed later
under Pressure-activated alarms.
Pressure gauges are mounted on the piping leading to the fan
as one of the last steps in the installation process, as the
mitigator is confJIllling that proper suctions are being established the system. The gauge must be marked to indicate the
expected range of suctions that the system should maintain
during typical operation, so that the occupant can readily tell
when the system is outside its normal operating range.

The occupant must be advised that a decrease in the suction
below the minimum level could indicate a problem such as
fan failure or leaks in the system piping, that must be corrected if the system is to continue to reduce radon levels
adequately. Likewise, an increase above the estimated maximum could indicate a problem such as blockage of the piping.
Pressure gauges should be mounted in the piping relatively
near to the point where the suction pipe penetrates the slab,
since this will tend to provide the best measure of the suction
that is being maintained in the sub-slab pit. If the gauge were
mounted near the fan and if the fan were remote from the slab
penetration, the gauge readings would be strongly influenced
by the fan and could tend to remain high. For example, if a
leak: developed near the slab penetration, this leak could
significantly reduce sub-slab suction. However, the increased
system flows resulting from this leak would increase the
pressure drop through the piping, so that the suction near the
fan might be affected much more modestly. Suction near the
fan could remain within the normal operating range marked
on the gauge, even though sub-slab suctions may potentially
have dropped below the acceptable level.
While some types of gauges can be mounted directly on the
suction piping, some gauges are sometimes or always mounted
on a wall a short distance from the SSD suction piping, and
are connected to the piping by a length of lI8-in. diameter
flexible tubing. The gauge should be mounted at a location
such that the entire length of this tubing remains inside the
basement or living area. Some mitigators have reported that
when this narrow tubing extends outside the living envelope.
e.g., to outdoor piping associated with an exterior stack or to
piping in an attic, moisture can condense inside the tubing
(An92, K.I92). This condensate will block the connection
between the gauge and the suction pipe, causing the gauge to
give a reading of zero suction, incorrectly suggesting a problem with the SSD system.
Several types of pressure gauges are in common use, having
the sensitivity required to measure suctions in the range
commonly seen in SSD piping.
MagnehelicflJgauge. Dwyer Magnehelic gauges, which
commonly cost about $40-$55 (He91b, He91c), are the
most expensive gauge. However, they are easy to read
and can be mounted directly on the suction pipe if. desired. Whether mounted on the pipe or on a nearby wall,
it is connected to the pipe by narrow tubing which extends from a fitting on the gauge to a hole in the pipe.
Magnehelic gauges can measure suctions up to 0.5 to 2
in. WG, and even up to 50 in. WG, depending upon the
particular gauge; the most sensitive gauge has a sensitivity of about ± 0.01 in. WG.

•

Curved inclined manometer. Somewhat more sensitive
than the U-tube manometer at low suctions, the inclined
manometer has the disadvantage that it cannot be mounted
directly on the SSD pipe. It must be mounted on a flat
surface (such as a wall) nearby, and is connected to the
pipe by tubing. An inclined manometer may also have to
be re-zeroed periodically (Br092). Inclined manometers
commonly sell for about $18-$25. One typical inclined

Th,e exact values for the upper and lower suctions which
define the "typical" range for a given system will depend
upoo the following factors: the performance curve of the
system fan; the flow characteristics of the sub-slab region; and
the nature of the SSD piping network (i.e., the suction loss in
the piping). This last factor can also be taken to include where
the gauge is mounted on the piping network, since a gauge
mounted ncar the fan may measure a much higher suction
t1k1.n a gauge mounted near the slab remote from the fan. See
Sections 4.4 and 4.6.1 for further discussion of the suctions
that may be expected with different fans, flow rates, and
piping configurations. The actual "normal operating range" to
be marked on the gauge for a given installation will be
determined in large part by the post-mitigation system suction
and flow measurements that the mitigator makes in the system
piping immediately foUowing installation (see Section 11.3).

flJ
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manometer on the market can measure suctions up to 3 in.
WG, with a sensitivity of roughly 0.02 to 0.1 in. WG at
suctions below 1 in. WG.

•

U-tube manometer. The U-tube manometer is the least
expensive device, costing $8-$15. It can be mounted
directly on the vertical SSD suction pipe, although mounting on a nearby wall would provide a more secure loca-.
tion. In either case, a length of flexible tubing would
connect the manometer to a hole in the pipe. One typical
U-tube manometer on the market can measure suctions
up to 4 in. WG, with a sensitivity of 0.1 in. WG.

• Floating-ball device. One vendor markets a device which
attaches directly to the side of the suction pipe. A stream
of house air is drawn up through the device into a small
hole drilled in the side of the SSD pipe. When the
homeowner places a finger over the inlet hole for house
air flow into the device, the suction in the pipe Gauses a
ball within the device to float upward, either to the
"green" zone (fan operating properly) or the "red" zone
(maintenance required). This device, which is less quantitative than' the others, markets for about $10-$20. A
number of mitigators have reported problems with this
device, due to difficulties in ensuring proper movement
of the floating ball and difficulties in seeing the ball.

Ammeter (measuring current to jan). One vendor markets a gauge which, rather than measuring system suction,
measures the current being drawn by the fan as a surrogate for
suction. This gauge utilizes the principle that, based upon the
fan performance curve and the fan motor performance, the
power being drawn by the motor increase as the air flow being
moved by the fan increases.
This qualitative gauge, which is mounted on a wall, is placed
in the wiring leading to the fan. A needle on the gauge
indicates whether the fan is drawing current within an acceptable (green) range, or whether current has drolPped or risen
into an unacceptable (red) range. The gauge does not provide
a quantitative measure of the actual amperes being drawn.
The acceptable value of the current is set by the mitigator
immediately after installation, based upon the current being
drawn by the fan after the system has been adjusted to give
satisfactory performance.
This ammeter gauge has been illustrated previously in Section
4.6.4, in connection with Figure 25B.

Alarms may be used in combination with one of the gauges
listed above, or may stand alone with no gauge. Gauges
(including gauges combined with a visual or audible alarm)
are preferred over alarms alone. The gauge provides a continuous, often quantitative measurement of how system suction may be changing. Many alarms cost more than the most
expensive gauges.
Visual and audible alarms require a power source..They must
be plugged or wired into a house circuit different from the one
into which the fan is wired, so that failure of the fan circuit
(e.g., tripping of the circuit breaker) would not simultaneously
disable the alarm. The alarm should be plugged into a circuit
without a switch that can be turned off by the occupant.
Alarms should automatically reset when power is restored
after service or after a power supply failure. According to the
current draft of EPA's final Radon Mitigation Standards,
battery-powered alarms would be unacceptable unless they
are equipped with a low-power warning feature, since the
occupant might forget to consistently replace the batteries at
the required intervals over the years.
Where a gauge has not been installed along with the alarm, it
is recommended that the alarm have a light (e.g., a green light)
which remains on continuously while the fan is operating
properly, confirming that the alarm is functional. Audible
alarms should be wired so that they can be turned off by the
homeowner after indicating a problem with the SSD system.
Like pressure gauges, pressure-activated alarms should be
mounted on the suction pipe toward its penetration through
the slab.

Location ojgauges andalarms. Gauges and visual alarms
should be mounted in a location frequented by the occupants
on a regular basis. They should not be mounted in closets
unless this is unavoidable. Where the gauge or alarm must be
placed in such a location, the gauge or visual alarm should be
in combination with an audible alarm.
As discussed previously for gauges and alarms which measure
·system suction, the gauges or alarm should be mounted near
the point where the SSD suction pipe penetrates the slab.

4.8.2 System Labelling
In accordance with EPA's interim mitigation standards
(EPA91b), all components of the SSD system should be
labelled, to avoid inadvertent disabling of the system by future
owners/occupants of the house or by service personnel.

Pressure-activated alarms. In addition to suction gauges,
discussed above, there are also alarms on the market which
provide a visual and/or and audible signal that comes on if
suction drops ~elow a pre-set value. These alarms are also
referred to as pressure switches. Unlike gauges, alarms do not
provide a continuous measure of the suction that exists in the
piping. Rather, they only indicate when the suction falls
below the acceptable minimum set by the mitigator. Also
unlike gauges, alarms/switches only indicate when suction
has fallen unacceptably (e.g., due to fan failure or development of a piping leak); they will not indicate when suction has
risen unacceptably (e.g., due to pipe blockage).

A label should be posted at a central location on the mitigation
system, or on the electric panel or other prominent location,
including a system description, and including the name and
telephone number to contact if a problem arises with the
system. It is also recommended in the current draft of EPA's
[mal Radon Mitigation Standards that this label also include
the date of installation and an advisory to re-test the house for
radon every 2 years. This label should be legible from a
distance of at least 2 ft.
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Any electric switch controlling power to the SSD fan must be
labelled. If the fan or any electrically powered alarm is
plugged into an outlet, this outlet is considered a switch and
should be labelled. Also, the circuit breaker switch or the fuse
should be labelled at the breaker or fuse box, indicating the
circuit into which the fan has been wired, and the circuit into
which any electrically powered alann has been wired. Such
labelling should help prevent homeowners from inadvertently
turning off the fan or the alarm at the box.

Visible portions of the system, including the fan and interior
piping, should be labelled at at least one location on each story
of the house. The labels should read, "Radon Reduction
System."

, III'
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Section 5
Design and Installation of Active Drain-Tile
Depressurization S;ystems (Sump Depressurization)
Where a sump with drain tiles exists in a basement house,
sump/DTD will commonly (but not always) be the ASD
variation selected for installation, rather than SSD. The drain
tiles provide an in-place network to aid in distribution of the
suction field, usually around the slab perimeter. Distribution
of the suction around the perimeter should help ensure effective treatment of the wall/floor joint, often one of the most
important radon entry routes. In addition, if the suction pipe is
installed in the sump, the sump pit provides a ready-made hole
through the slab for the suction pipe.
One typical configuration of a sump/DTD system is illustrated
in Figure 3.
Commonly, the drain tiles emptying into sumps form a complete or partial interior loop, inside the footings beneath the
slab. Sometimes, sumps will have exterior drain tiles, forming
a complete or partial loop around the outside of the footings.
If sub-slab communication is good, sump/DTD will often
perform very well: a) with interior tiles, even if the tiles form
only a partial loop; or b) with exterior tiles, if the tiles form a
complete or largely complete loop (i.e., around at least three
sides of the house). If communication is marginal or poor,
sump/DTD will likely perform best as a stand-alone system
with interior tiles forming a complete loop. With marginal/
poor communication, sump/DTD may also perform well with
nearly complete exterior loops, if there is not a major soil gas
entry route toward the interior of the slab (such as a block
frreplace structure penetrating the slab).
Under conditions other than those listed above, sump/DTD
may sometimes have to be supplemented by SSD suction
pipes. These other conditions include: a) marginal/poor communication, partial interior loop; b) good communication,
partial exterior loop; and c) marginal/poor communication,
partial exterior loop. However, good performance has sometimes been reported with DTD/remote discharge even under
some of these'less favorable conditions. One mitigator reports
achieving reasonable performance with partial exterior loops
around basements having no sub-slab aggregate, apparently
due to reasonably good permeability in the underlying soil
(K192).
Occasionally, sump pits will be encountered that do not have
drain tiles emptying into them. Where such sump pits open to
the sub-slab rul, these sumps can be capped and suction drawn
on them as discussed in Section 5.5.2, utilizing them as a
ready-made hole through the slab. However, as discussed in

Section 4.5.3, such an installation would actually be a variation of SSD, and would not be sump/DTD.
Many of the details involved in designing and installing sump/
DTD systems are similar those for SSD systems, discussed in
Section 4. Thus, the discussion in Section 5 will often refer to
the previous section. The discussion in this section will focus
on those design and installation features unique to sump/
DTD.
The discussion in this section draws heavily from the detailed
review of available data on active sump/DTD systems, presented in Section 2.3.2.

5.1 Selection of the Number of
Suction Pipes: Need for a SSD
Component to Sump/DTD System
Often, sump/DTD systems will not need to be supplemented
by a SSD component. That is, suction on the drain tiles alone
will be sufficient, and it will not be necessary to install
additional suction pipes into the sub-slab region at locations
remote from the drain tiles. In these cases, one pipe, drawing
suction on the drain tiles at the sump or at any other convenient location, will generally be sufficient. The tiles shOuld
effectively distribute the suction along their entire length.
More than one pipe could be needed to draw suction on the
drain tiles in cases where a portion of the drain tile loop is
isolated from the remainder of the loop, as a result of physical
damage or of silting. In such cases, a separate pipe could be
needed to treat each isolated segment, if treatment of only one
segment fails to provide sufficient radon reductions. In practice, it would usually be difficult to ascertain that some
particular segment is thus isolated.
If suction on the drain tiles creates flows so high that adequate
suction cannot be maintained in the piping or under the slab,
the answer will almost never be to install a second suction
pipe into the drain tile loop (and/or additional fan capacity) in
an effort to handle these flows. Rather, the answer will usually
be to conduct additional sealing as necessary to reduce air
leakage into the system, as discussed in Section 5.7. In summary, there will rarely be occasions in practice when a second
suction pipe will be tapped into the drain tile network.
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One of the more common situations under which a SSD
suction pipe will be required in addition to the sump/DID
suction pipe. will be the case where the SSD pipe is needed to
treat a slab-on-grode wing which adjoins the basement with
the sump. The drain tiles entering the sump often loop only
around the basement footings. so that suction on the sump
alone may not directly treat the adjoining slab. (There are
cases, usually with exterior loops, where the tiles will extend
around the slab on grade as well as the basement; in that case,
suction on the tiles at one location should treat both slabs
directly.)
Where the tiles loop only around the basement, then, as
discussed in Section 4.1. it is generally advisable to install a
SSD pipe under the adjoining slab on grade, since that step
usually appears to improve radon reductions, especially in the
living area on the adjoining slab. Where the tiles loop only
around the basement. installing the SSD pipe under the adjoining slab is most important in cases where the communication beneath the basement slab is marginal or poor, or where
the rodon source term is high. In those cases, it will sometimes
not be possible to reduce the living area on the adjoining slab
below 4 pCi/L without a pipe treating that slab directly.
Where communication beneath the basement slab is good and
the source teoo not particularly high, sump/DID in the basement alone is more likely to reduce the entire house below 4
pCi/L; however, even in this case, a SSD pipe beneath the
adjoining slab will usually still provide additional reductions.
The SSD pipe beneath the adjoining slab will usually be
installed from inside the basement, as discussed in Section
4.5.5. and manifolded into the sump/DID piping, leading to a
single fan.
Sometimes. SSD pipes will be needed to help treat the basement slab. supplementing the sump/DID system. As listed
previOUSly, such supplemental basement SSD pipes will most
likely (but will not always) be needed under the following sets
of conditions: a) marginal/poor sub-slab communication, partial interior loop (i.e., on less than three sides of the house); b)
good sub-slab communication, partial exterior loop, low permeability in native soil; and c) marginal/poor communication,
partin! exterior loop, low soil penneability. Supplemental
SSD pipes may sometimes also be necessary with complete
exterior loops, if communication is marginal/poor, if the soil
penneability is low. and if there is a major entry route toward
the slab interior. The pre-mitigation diagnostics can sometimes help to foresee the need for supplemental SSD pipes, by
suggesting the nature of the drain tile loop or by identifying
the sub-slab communication.
Inspection of the sump during the visual survey, together with
knowledge of construction practices in the area, with any
available construction plans, and with observations by the
homeowner during construction, can help suggest the nature
of the tiles. For example, two tiles entering the sump at 90'
angles. pnrallel to the perimeter walls at the comer where the
sump is located, would suggest (but not prove) the presence of
a complete interior loop. A single tile penetrating into the
sump pnrallel to a foundation wall would suggest that the tiles
are inside the footing, but could be suggesting that a complete
loop may be less likely. A single tile penetrating the sump
perpendicular to the adjoining foundation waIl could suggest

an exterior loop. Where the ultimate direction of the tiles is
ambiguous, the tiles might be probed by inserting a plumber's
snake from inside the sump, to detennine changes in direction
near the sump. It is difficult to confmn the extent of the loop
(i.e., complete or partial) unless the homeowner observed the
installation of the tiles when the house was under construction, or unless this is known from as-built construction drawings or from established practices of the particular builder.
If the basement sub-slab communication is not apparent from
observed aggregate under the slab (e.g., around the tile penetrations through the sump wall) or from experience with
construction practices in the area, qualitative suction field
extension testing with the diagnostic vacuum cleaner could be
conducted, as discussed in Section 3.3.1. The problem is that,
unless it is known where the tile loop may be incomplete, this
communication infonnation will not give defmitive guidance
regarding how many supplemental SSD pipes are needed, and
exactly where they should be installed. Accordingly, rather
than doing pre-mitigation suction field extension measurements, it may often be most cost-effective to simply install the
sump/DID system, and to then detennine the appropriate
number and location of supplemental SSD pipes (if any tum
out to be necessary) from sub-slab suction field measurements
with the system operating.
If any SSD pipes turn out to be needed in the basement slab,
supplementing the sump/DID system, the SSD component of
the system would be designed and installed as described in
Section 4. Any SSD pipes would commonly be manifolded
into the sump/DID system piping, leading to a single fan.

5.2 Selection of DTC Suction Pipe
Location: At Sump or Remote
The pipe to draw suction on the drain tiles can be installed into
the drain tile loop at any location around the loop. Often, the
suction pipe is installed remote from the capped sump, as in
Figure 3. Sometimes, the pipe is installed at the sump, through
the sump cover.
Some mitigators prefer to install the suction pipe into the tiles
remote from the sump, for several reasons. A primary reason
is to simplify subsequent maintenance on the sump pump or
inspection of the sump if water drainage problems occur
(Sh91, Br92, Bro92, Kl92). Having the suction pipe away
from the sump cover not only simplifies the removal of the
sump cover, but it also reduces the risk that the pipe penetration through the cover will not be properly resealed by the
pump repairman or homeowner after the maintenance is done.
A related advantage of installing the suction pipe at a remote
location is that any subsequent leales that develop in the sump
cover would have a less significant effect on sump/DID
system perfonnance. The sump cover is the location where
leaks are most prone to occur. As mentioned above, leaks
could develop during subsequent sump maintenance, if the
owner or service personnel do not reseal the cover or some of
the cover penetrations adequately after inspections or repairs
are completed. Leaks could also develop if any of the seals
break over time, or if a water trap through the cover dries out.
On this basis, it would theoretically be desirable to tap into the
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drain tiles as far away from the sump as possible. House air
leaking into the sump would then suffer a significant suction
loss in flowing through the drain tile loop over to the suction
pipe, especially in view of the wall friction created by the
corrugations in the flexible corrugated drain tiles. As a result,
the suction at the sump would be reduced (reducing the air
flow through the sump leaks), and sufficient suctions might be
maintained at other locations in the loop such that the system
could still be effective.
Another reason for tapping into the tiles at a location remote
from the sump could be to facilitate routing of the exhaust
stack. For example, if the sump were on the opposite end of
the basement from an adjoining slab-on-grade garage, one
might elect to tap into the tiles at the opposite end of the
basement, beside the wall adjoining the garage, so that the
exhaust piping could conveniently be routed up through the
garage, with the fan in the garage and the exhaust penetrating
the garage roof.
Where an exterior loop of tiles connects into the sump, a
further advantage to remote installation of the suction pipe is
that all of the piping will then be outside the house. This can
sometimes be desirable for aesthetic reasons.
Of course, tapping into the tiles remote from the sump requires that the configuration of the tiles be known (e.g., it is
known that they form a complete interior loop). This is
necessary so that the mitigator is able to core a hole through
the slab at a remote location, with reasonable certainty that the
tiles will be approximately underneath.
If the DTD suction pipe is installed through the slab to tap into
the drain tiles remote from the sump, the sump must still be
capped with an air-tight cover. Otherwise, basement air would
be drawn down into the sump and through the tiles, dramatically reducing system suctions and performance, increasing
the house hellting/cooling penalty, and increasing the risk of
combustion appliance backdrafting.

The prior discussion focuses on installation of the suction pipe
remote from the sump. However, many mitigators routinely
install the pipe through the sump cover. Even mitigators who
commonly install the pipe remote from the sump sometimes
fmd it desirable to install the pipe through the cover for one
reason or another. Certainly, installation through the cover is
simpler than remote installation, since it avoids the need to
core through the slab or excavate outdoors to expose the tiles
at a remote location. Installation of the suction pipe through
the sump is a reasonable as well as common approach. However, as discussed in Section 5.5.2, this installation must be
done in a manner which facilitates subsequent access to the
sump for maintenance.
The preceding discussion has addressed the location of the
suction pipe which is used to draw suction on the drain tiles
(the DTD suction pipe). In those cases where supplemental
SSD suction pipes also turn out to be required, the location of
the SSD pipe(s) would be selected as discussed in Section 5.1.

5.3 Selection of Suction Pipe Type
and Diameter
The considerations in selecting the type of suction pipe (usually either lightweight or Schedule 40 PVC, PE, or ABS
piping) are the same for sump/DTD systems as those discussed in Section 4.3.1 for SSD systems. Where the suction
pipe taps into an exterior drain tile loop remote from the
sump, in which case the piping will necessarily be outdoors,
the piping should be Schedule 40, coated with paint or a UV
protectant, for improved UV resistance.
Regarding the diameter of the piping, 4-in. diameter piping is
typically used in sump/DTD systems. Sump/DTD systems
tend to have flow rates somewhat higher than those in SSD
systems (commonly 50-150 cfm with the 90-watt in-line
tubular fans, compared to 20-100+ cfm in SSD systems). The
higher flows in sump/DTD systems probably result from more
air leakage into the system through the wall/floor joint and
through block foundation walls, since suction is being drawn
immediately beside the entire perimeter. Perhaps there is also
some leakage associated with the sump cover. Where the tiles
are outside the footings, some of the air might also be outdoor
air drawn down through the soil from grade, especially when
some portion of the tiles are at a relatively shallow depth.
Because ofthese higher flows, 4-in. diameter piping will often
be preferred for sump/DTD systems. Even at the lowest
commonly-observed flow rate of 50 cfm, the flow velocity in
3-in. piping would be about 1,000 ft/min, the value at which
flow noise can start to become objectionable. Even with the
4-in. piping, flow noise could become objectionable at 90 to
130 cfm, in the middle to upper flow range for sump/DTD.
The example system considered in Section 4.3.2 had an
equivalent piping length of 70 ft, consisting of 35 linear ft of
straight piping and two mitered 90° elbows. Referring to the
friction loss curves in Figure 13, the higher flows seen in
sump/DTD systems (100 to 150 cfm) would result in a friction
loss of 0.4 to 1.0 in. WG if this example system consisted of
4-in. piping, a loss that could be handled by the 90-watt in-line
tubular fans discussed in Section 4.4.1. However, if the piping
were 3 in. diameter, the suction loss would be 1.6 to 4 in. WG,
a loss that would challenge even the in-line radial blowers
discussed in Section 4.4.2. If a length of 3-in. piping had to be
used with a sump/DTD system in order to fit the piping into
existing space constraints (e.g., inside stud walls), it would
seem desirable to limit the length of the narrower piping to the
extent possible.
.
But having said this, it must be recognized that if the 3-in.
piping were used in the example system, and if suction losses
as calculated above became too high for the fan to handle, the
system flows would drop, and the fan would operate at a
different point on its performance curve. Suctions in the drain
tiles would thus also necessarily drop. The lower flows would
also mean lower velocities and hence reduced flow noise. In
view of the common effectiveness of sump/DTD systems,
especially when sub-slab aggregate is present, such a reduction in flows and suction may not always result in a serious
degradation in system performance. Thus, the use of 3-in.
piping may not in fact always be a serious problem. Neverthe189

less, it would still seem desirable to use 4-in. piping where
possible.

5.5.1 Suction Drawn on Tiles Remote
from Sump

In view of the above discussion, the use of 6-in. piping in an Where the likely configuration of the drain tiles can be
attempt to reduce suction loss is probably not warranted in estimated fairly reliably (e.g., based upon common house
most cases. Where the sub-slab characteristics are such that . construction characteristics in the area), it can be beneficial to
sump/DTD flows are toward the lower end of the range, the draw suction on the tiles at some location remote from the
standard in-line tubular fans will be able to handle the suction sump. While installation of the pipe remote from the sump
loss in 4-in. piping. Where flows tend toward the upper end of will make the installation slightly more difficult, remote inUle range, any reduction in system flows and in drain tile stallation offers the benefits of facilitating subsequent sump
suctions resulting from the use of4-in. rather than 6-in. piping pump inspection and maintenance and of sometimes facilitatwill probably often not create a serious degradation in system ing the routing of the exhaust piping, among other possible
perfonnance, even with the standard fans. Six-inch piping benefits.
might be considered in occasional cases where flow noise in
Interior tile loops-connecting the remote suction pipe
nWTower pipe becomes objectionable.
(indirect approach). Where the tiles are thought to form a
complete loop. inside the footings, beneath the basement slab,
5.4 Selection of Suction Fan
a hole through the slab is created through the slab near the
Since the flows from sump/DID systems tend to be relatively foundation wall at the point at which it is desired to install the
high, the 90-watt in-line tubular fans discussed in Section suction pipe. The hole is made directly over the estimated
4.4.1 will usually be the best choice. At the flows typically position of the drain tile. Since the tile will usually not tum out
maintmncd by sump/DID systems with the 90-watt fans to be exactly beneath the slab hole, some exploratory excava(50-ISO crm), these fans can commonly establish suctions of tion by hand through the hole will be required in order to
about 0.75-1.0 in. WG in the system piping, based upon the locate the tile.
published fan perfonnance curves. As discussed previously,
this suction will usually be sufficient to handle friction losses Commonly, the hole through the slab will be a 5- to 6-in.
diameter hole prepared using a rotary hammer, or using a
that will occur in 4-in. diameter piping at those flow rates.
coring drill, as described in Section 4.5.1 (see Drilling the
Some mitigators find that, under best-case conditions (a com- hole through the slab) for vertical interior SSD pipes. When
plete interior drain tile loop and good sub-slab communica- the drain tile is located by excavation beneath this hole, a hole
tion), the smaller 50-watt in-line tubular fans are sufficient for through the wall of the tile is made, as illustrated in Figure 3.
sump/DTD systems. These fans will draw smaller flows and This procedure results in a hand-excavated pit beneath the
will maintain somewhat lower system suctions. Because of slab, as discussed in Section 4.5.1, with the tile loop now
their lower flows, they will also sustain less friction loss opening into this pit. The pit should be excavated to .some
through the piping, which will partially compensate for the depth below the drain tile, and to some distance to the right
lower system suctions. In areas where effective long-term and left of the hole that has been created in the tile wall, in an
perfonnance has been demonstrated with the 50-watt fans, effort to avoid the tile becoming silted shut or otherwise
these fans can be considered for best-case sump/DID sys- plugged by sub-slab fill or soil entering the hole that has been
tems. However, in other cases, selection of a 90-watt fan will created in the tile (e.g., due to settling or water movement).
provide the best assurance that effective performance will be The suction pipe is then sealed into this slab hole, exactly as
maintained over the range of conditions that the system is described in Section 4.5.1 for a vertical SSD pipe (see Mounting suction pipes through the slab. and Figures 14 and 15).
likely to encounter over time.
The only difference is that, now, this pipe is in fact a DID
The in-line radial blowers discussed in Section 4.4.2 could pipe (at least in part), since its suction is extending through the
also be considered for use on sump/DTD systems. However, sub-slab pit into the drain tile loop.
at the relatively high flows in these systems, the higher
suction capabilities of the radial blowers would not be uti- Interior tile loops-connecting the remote suction pipe
lized, and they would be an unnecessary investment.
(direct approach). With the configuration described above
and shown in Figure 3, the suction pipe does not physically
Because of the relatively high flows usually encountered with connect to the drain tile. Depending upon how accurately (or
sump/DTD systems, the high-suction/low-flow fans discussed inaccurately) the mitigator guessed the location of the tile
in Section 4.4.3 for SSD systems in low-flow houses will when the slab hole was drilled, the suction pipe may, in fact,
essentially never be suitable for sump/DTD installations.
be several inches away from the drain tile. Where the drain
tiles are inside the footings, and especially where sub-slab
communication is good, a physical connection is probably not
5.5 Installation of a Suction Pipe
necessary. However, where sub-slab communication is poor,
into the Drain Tile Loop
it may become more important to connect the suction pipe
As indic.1led p.reviously, suction can be drawn on the drain directly into the tiles, to ensure most effective distribution of
tiles in one of two alternative ways. The suction pipe can be the suction through the tiles.
installed into the tiles at some point remote from the sump; or,
tlte pipe can be installed through the sump cover.
If a better connection is desired, the suction pipe can be
inserted directly into the drain tiles. One approach for accom190

plishing this would be to install a PVC ''T'' fitting into the
drain tiles with the leg extending upward. The suction pipe
would then be cemented into this upward leg.

the slab. The riser could then be attached to the perimeter wall
using, e.g., one of the methods shown in Figure 29 for
attaching an exterior stack to the side of a house.

To install aT, a second hole may have to be made through the
slab directly over the tile, once the tile has been located by the
initial exploratory excavation, if the ftrst hole was not directly
over the tile. This second hole would have to be 6 in. or
greater in diameter, large enough to accommodate the T
fttting. A pit would be excavated beneath this second slab hole
as necessary to expose the tile. A small section of the tile
would be cut out, so that the fttting can be i.nserted into the
tile. The T fttting would then be ftt into this hole in an inverted
fashion, so that the two ends of the top of the T can be
connected to the two opened ends of the drain tile, and so that
the leg of the T is protruding straight upward through the slab
hole. Each of the cut ends of the tile would connected to the
top of the T. If the drain tiles are rigid perforated ABS or PVC,
the ends of the T might be connected using straight flexible
black PVC couplings, similar to those described in Section
4.6.4 for mounting fans. Hose clamps might be used to
connect the couplings to the T and the drain tiles. If the drain
tiles are flexible corrugated black polyethylene or polypropylene, the tile might be connected to the ends of the rigid T
using hose clamps, or using screws and urethane caulk.

When the remote suction pipe is connected to an interior loop
using the so-called direct approach above, the pipe will be
supported beneath the slab if an inverted rigid PVC T fttting is
used. The T will be resting on the soil beneath. If a flexible
corrugated saddle fttting is used, according to the second
direct option above, the suction pipe would not be supported
beneath the slab, and would have to be supported overhead in
some manner.

When the drain tile is the flexible corrugated material, one
. mitigator suggests fabricating a saddle out of a flexible corrugated T fttting, rather than using a rigid PVC T (Kl92). This
saddle would be cemented over a hole on the top of the drain
tile. This approach is further discussed in Section 6.5.

Exterior tile loops-connecting the remote suctionpipe.
The above.discussion focuses on the case where the tiles are
beneath the slab, inside the footings. If the tiles draining into
the sump were outside the footings, it would be possible to tap
into the tiles outdoors. This outdoor connection would be
made in a manner similar to that described in Section 6.5 (and
illustrated in Figure 4) for the DTD/remote discharge case.
The difference would be that, in the sump/DTD case, the
connection would necessarily always be in the tile loop itself.
Unlike the DTD/remote discharge example in Figure 4, there
would be no discharge line to a dry well or above-grade
discharge point.

Capping the sump. Even when the suction is drawn on the
tiles remote from the sump, the sump should be capped with a
cover that is largely air-tight, to avoid excessive flow of house
air into the sump/DTD system. The sump cover would be
installed as described in Section 5.5.2 (and as illustrated in
Figures 3 and 33), except that the PVC suction pipe would not
penetrate the sump cover. As discussed in Section 5.5.2, this
cover must be attached over the sump in a manner which will
facilitate its removal and replacement during sump maintenance.

Once the suction pipe has been connected to the drain tiles
with the rigid or flexible T fttting, the slab penetration must be
sealed. If the slab hole was only about 6 in. diameter, the
sealing might be accomplished by stuffmg some support
material (such as backer rod or foam) into the annulus between the pipe and the side of the slab, and fJ1ling the As part of capping the sump, a check valve should be inserted
remaining channel above the support with urethane caulk and! in the water discharge line running from the sump pump.
or mortar, analogous to the options shown in Figure 14. If a .Otherwise, outdoor air could be drawn through the water pipe
hole much larger than that had to be made in the slab, it could and pump into the sump/DTD system, reducing the suction
be desirable (and the suction pipe would have more lateral fteld that can be established by the system.
support) if the pit were filled with crushed rock and the slab
restored with mortar. Channels would be tooled around the Efforts to carefully seal the sump become somewhat less
outer perimeter of the new mortar patch, and at the juncture critical when suction is drawn remote from the sump, since
between the mortar and the suction pipe; these channels leaks at the sump will have a less dramatic effect on sump/
would be fJ11ed with flowable urethane after the mortar had DTD performance under that condition. However, signiftcant
set.
sump leaks could still degrade system performance. Thus, the
mitigator is well advised to seal the sump carefully, even in
Interior tile loops-supporting the remote suction pipe. cases where suction is drawn remote from the sump.
When the remote suction pipe is connected to an interior loop
using the so-called indirect approach above, the pipe may be 5.5.2 Suction Drawn on Capped Sump
supported at the slab, if the pipe is mounted using one of the
techniques illustrated in Figure 15 (or an equivalent tech- The other common method for drawing suction on the drain
nique). If the pipe is not supported at the slab, it can be tiles is to insert the suction pipe through the air-tight cover
supported overhead using, e.g., one of the methods illustrated over the sump. When suction is drawn directly on the sump in
in Figure 16 or 17.
this manner, it is increasingly important that the sump cover
remain largely air-tight; leaks in the cover could result in
Since an interior drain tile loop will usually be within about 6 substantial short-circuiting of house air into the system, rein. of a perimeter foundation wall, a mitigator could also ducing system performance.
choose to offset the suction pipe against the wall by connecting a pair of 45' elbows to the pipe where it comes up out of

191

Design ofSllmp covers-general. Figure 3 illustrates one
common sump cover design, a flat circular disk which rests on
top of the slab around the sump hole. While that figure shows
the suction being drawn remote from the sump, the same
cover design could be considered when suction is drawn at the
sump. Some other sump covers are illustrated in Figure 33;
these covers are all illustrated for the case where suction is
being drawn at the sump.
Pre-fabricated sump covers of the type illustrated in Figures 3
and 33 can be purchased. These pre-fabricated covers are
cireular disks of a diameter adequate to rest on the lip of the
sump liner (if this lip is exposed), or on top of the slab around
the sump hole. They are commonly fabricated out ofmaterials
such as molded polyurethane, molded polypropylene, molded
ABS, or 1/4- to 1/2-in. thick sheets of hard clear plastic or
Lucite.
Mitigators can fabricate covers such as those in Figures 3,
33A, and 33B out of sheets of hard plastic or Lucite, or from
sheet metal. It is reoommended that the covers be strong
enough to support the weight of a person without breaking, to
reduce the risk of damage to the cover by the house occupants
and by service personnel.
Where suction is to be drawn at the sump, the sump covers
must have at least two to three penetrations: one (about 4.5 in.
diameter) for the suction pipe; one (1 to 2 in. diameter) for the
water discharge line from the sump pump; and one for the
electrical connection to the sump pump. Sometimes the pump
discharge line and the electrical connection pass through a
single hole, reducing the number of holes from three to two.
When suction is to be drawn on the drain tiles remote from the
sump, as discussed in Section 5.5.1, the hole for the suction
pipe would not be needed.
Another opening would be required for a waterless trap as
shown in Figures 33A and 33B, if water is expected from orr
top of the slab (discussed later). Additional openings would be
required if specific drain lines (such as an air conditioner
condensate drain) were to be installed through the cover. Such
additional openings should be minimized, to avoid complications with maintaining the cover's seal over time (e.g., as
cover removal and resealing are required to permit pump
maintenance). As discussed later, all of these penetrations
must be effectively sealed when the cover is installed.
Fabrication of the cover out ofsome transparent material such
as Lucite or Plexiglass will facilitate subsequent viewing of
the pump and the water level in the sump by the home-owner.
A number of non-transparent covers on the market, such as
that in Figure 33C, include a clear pump viewing window in
the cover to permit such inspection. Such a window sometimes also serves as an access door, through which service
personnel could gain limited access to the pump (e.g., for
flipping the switch on the pump) without removing the sump
cover and thus without breaking the seals around the cover
perimeter and around the various cover penetrations (Mes91,
Bro92). Such a door would be screwed onto the cover with a
gasket to provide a seal.

Design ofsump covers to accommodate waterfrom on
top of the slab. When water is expected to enter the sump
from on top of the slab (e.g., from air conditioner condensate
drains or sink overflows), provisions must be made to permit
this water to pass through the cover from on top. Where this
water is from a specific source such as an air conditioner
condensate drain, one option would be to install a permanent
penetration through the cover for this drain line. However, for
cases where the water will be flowing over the top of the slab
(such as from an overflowing sink), the best approach is to
install a trap through the cover.
If the water flow is frequent enough such that a standard "P"
trap will remain full of water, such a standard water trap can
be installed. However, in cases where the flow will be infrequent or uncertain, such a trap could dry out, unless the
homeowner consistently added water to the trap. It would be
unwise to rely upon the homeowner remembering to continually add water over the years. If the trap dried out, this would
create an opening through the cover which could dramatically
reduce the effectiveness of the cover's seal, and thus significantly reduce the effectiveness of the sump/DID system,
especially when suction is being drawn at the sump. Accordingly, as a general procedure, it would be advisable in such
cases to install a "waterless" trap through the cover (e.g., as
illustrated in Figure 32B). As discussed in Section 4.7.3, when
water is not flowing through the waterless traps, a weighted
ball or ring seats in the trap opening, ensuring that the trap is
closed even if the water dries out.

Where water is expected to enter the sump from on top of the
slab, it would be preferable for the cover to be recessed below
the top of the slab, if possible, thus forming a depression over
the sump which will aid in the collection of water at that
location. Alternatives for recessing the cover in that manner
are illustrated in Figures 33A and 33B.
In some cases, there is a sump liner insert forming the walls
(and perhaps the bottom) of the sump, and the top of this liner
ends at a level below the top of the slab. In this configuration,
the liner creates a lip around the circumference of the sump
hole just below the top of the slab. This lip provides an ideal
support for a flat circular cover of the type described above, as
illustrated in Figure 33A. Where such a lip does not exist,
some investigators have suggested that one be created by
attaching strips of wood to the inside of the liner just below
the top of the sump (Br92).

Alternatively, when there is no lip, the cover can be designed
to be recessed while still being supported by the top of the
slab. A design to provide a recessed cover in such cases is
illustrated in Figure 33B. A few pre-fabricated molded plastic
covers have been marketed in the general configuration shown
in Figure 33B. Alternatively, such a cover might be fabricated
by the mitigator out of sheet metal.
If the cover cannot conveniently be recessed as shown in

Figure 33A or 33B, a flat cover on top of the slab (as in Figure
3, but with a trap) should often work satisfactorily, if the
thickness of the cover material is not great enough to create a
dam.
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Figure 33. Some alternative sump cover designs (illustrated for the case where suction is being drawn at the sump).

193

Attachment of tlte sump cover. The cover must be attached to the slab, or to the lip of the sump liner, in a manner
,vhich will facilitate its subsequent removal and replacement
for sump inspection and sump pump maintenance.
To facilitate cover removal, it is recommended that the cover
be bolted tightly to the slab or lip, with a foam, rubber, or
caulk gasket between the cover and the concrete or liner to
help achieve air-tightness. When caulk is used as the gasket
inste.'td of foam or rubber, silicolle caulk should be selected
instead of urethane caulk for this particular application. Silicone caulk bonds .less well to the concrete. This has the
disadvantage of giving a less durable seal, but permits reasonably convenient removal of the sump cover.
Urethane bonds so well that the cover would be extremely
difficult to remove. Thus, it is not recommended that urethane
caulk be used to bond the cover to the slab or liner lip.
Where the cover rests on the lip of the sump liner, as in Figure
33A, appropriate screws or bolts should be used to attach the
cover to the liner lip, with a suitable gasket in between to
provide an air-tight seal. When silicone caulk is used as the
gasket, a continuous, generous bead of caulk should be placed
around tIle entire perimeter of the lip. With such recessed
cove.rs, provisions must be made so that the cover can be
grasped for removal during subsequent maintenance.
When tlte cover rests on top of tlte slab, as in Figures 3, 33B,
and 33C, masonry bolts or anchors would be used to secure
the cover to tlte slab, with a suitable gasket between tlte cover
and the slab.

Nted for submersible sump pump. The pump in capped
sumps should be a submersible pump. The motors of pedestal
pumps, not designed for submersible operation, are subject to
rusting if enclosed within a capped sump. Thus, the existing
sump pump is not a submersible pump, it should be replaced
with a submersible pump as part of tlte installation.

Installation oj cover arollnd pllmp connections. The
water discharge line from the sump pump and the electrical
connection to the pump must be disconnected, and fit tJrrough
tJle corresponding holes in the cover when the cover is installed. The remaining gaps between the water line or the
elcclrlcal cord and the cover must be sealed. This seal may be
accomplished with gun-gmde caulk. Alternatively, one vendor markets a line of rubber grommets which will fit tightly
around tlte water line or the electrical cord, sealing the hole
tJ\l'ough the cover.
A check valve must be installed in the water discharge line
from the sump pump. When the pump is not operating and this
line is tltus empty, tlte discharge line would constitute a major
source of air leakage into tlte sump if the check valve were not
installed, reducing the suction tltat the sump/DTD system
would be able to maintain in tlte sump. Witltout the valve,
outdoor air would flow from tlte water discharge point, down
through me pipe and tlte sump pump and into tlte sump, under
the depressurization created by tlte system.

Check valves can be designed to be tJrreaded onto metal water
discharge lines, cemented onto PVC lines, or attached to
either metal or PVC lines using flexible couplings which are
small versions of the couplings used to attach mitigation fans
to the system piping. Many check valves can be mounted
either horizontally (as in Figures 3 and 33) or vertically;
otlters can be mounted only vertically. Where the check valve
is connected by small flexible couplings, it can also be used as
the point at which the water discharge line can be disconnected when the cover must be removed for maintenance. See
Desigll of the system to facilitate future maintenance below.
When the check valve is cemented onto the water discharge
line, it cannot be used to disconnect the line during sump
maintenance. In, tltese cases, a piping union should also be
added to the discharge line near tlte sump (Kl92). See Figure
33. The discharge line is cut at that point, and rejoined by the
union nut. When tltis union is loosened, tlte water discharge
line can be disconnected.

Connecting and sllpporting the slimp sllction pipe.
When suction is to be drawn directly on the sump, the 4-in.
PVC, PE, or ABS suction pipe is installed vertically down
through the sump cover, as shown in Figures 3 and 33.
The gap between the outer circumference of the pipe and the
hole through the cover must be effectively sealed. Again,
caulk can be used to seal tltis gap, or, alternatively, a rubber
grommet capable of fitting around tlte 4-in. pipe can be
purchased. One advantage claimed for the grommet is that it
will flex with tlte cover if someone steps on the cover, and will
not break like a caulk seal might under those circumstances
(Kl92). Another claimed advantage is that the grommet ensures tltat the pipe does not contact the cover at any point,
preventing pipe vibrations from being transmitted to the cover,
potentially reducing noise.
In many cases, the weight of the piping will not be adequately
supported at the sump cover. Thus, the weight of this pipe
must be supported overhead, e.g., by hangars or strapping
connected to the overhead floor joists, as discussed for SSD
risers in Section 4.5.1 (and as illustrated in Figures 16 and 17).
Since tlte sump will almost always be near a perimeter foundation wall, another option would be to offset the riser against
the foundation wall, and to attach it to tlte wall, as discussed in
Section 5.5.1 (see Illterior tile loops - supporting the remote
suctioll pipe).

To facilitate subsequent removal of the sump cover for pump
maintenance, the PVC suction pipe should be cut near the
cover penetration, and rejoined using a flexible PVC coupling
with hose clamps. Thus, only a stub of 4-in. PVC piping
would in fact be sealed into the cover. This situation is
illustrated in Figure 33. When it was desired to remove the
cover, the hose clamps would be loosened and the coupling
moved, so tltat tlte pipe stub could be removed with tlte cover.
The alternative to tltis approach would be to break the seal
where tlte pipe penetrated the cover each time the cover
needed to be removed, so that tlte cover could be removed
while the entire suction pipe remained in place. One possible
concern regarding tltis approach is that tlte personnel servic-
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ing the sump pump might not get the pipe penetration through
the covel' properly resealed when the cover was replaced.

Design of the, system to facilitate future maintenance.
It is re-emphasized that the effectiveness of the sump/DTD
system will depend heavily on achieving and maintaining an
effective seal of the sump with the cover. The caulk seals and
the rubber grommets (if used) must remain intact, and any
water trap (or waterles~ trap) through the cover must remain
air-tight (i.e., water must remain in the trap, or the weighted
ball or ring in the waterless trap must continue to seat properly). The occupant must be clearly informed (and the labelling on the system must clearly indicate) that these seals must
be re-established if the cover is ever removed for subsequent
maintenance of the sump pump.

The issue of installing the system in a manner to facilitate
subsequent removal of the sump cover has been raised several
times during the preceding discussion. In summary, with a
properly installed system having the suction pipe through the
cover, the removal might proceed as follows: 1) the sump
cover would be unbolted around its perimeter (and, if there
were a silicone caulk seal, that seal would be broken); 2) the
flexible coupling connecting the suction pipe stub through the
cover would be loosened and slid up or down (or, if such a
break in the suction pipe is not included, the seal at the pipe
penetration through the cover would be broken); 3) the water
discharge line would be disconnected, either at the check
valve (if the valve is connected using flexible couplings) or at
the point where the pipe union is installed; and 4) the cover
and the sump pump would then be removed from the sump as
a unit, with the 4-in. PVC pipe stub, the water discharge line,
and the pump electrical cord remaining sealed at their penetrations through the cover. If the pipe, water line, and electrical
penetrations had been sealed using rubber grommets, the
breakage of the seal where the suction pipe penetrates the
cover (the alternative in step 2 above) would consist of simply
loosening the grommet.

5.6 Design/Installation of the
Piping Network and Fan
The design and:installation of the piping network and fan for a
sump/DTD system would be exactly as described in Section
4.6 for a SSD system.

5.7 Slab Sealing in Conjunc::tion
with Sump/DTD Systems
The same types of slab sealing, discussed in Section 4.7 in
connection with SSD systems, would also be important for
sump/DTD systems.

WaUlfloor joint. For the same reason, sealing of the wall!
floor joint where accessible (in cases where the gap is wider
than, e.g., 1/32 to 1/16 in.) may be more important for sump/
DTD systems than for SSD systems. See Section 4.7.5.

Sumps. As emphasized previously in Section 5, the sealing
of sumps is an automatic and mandatory part of installing
sump/DTD systems. The specific procedures for sealing sumps
have been described in Section 5.5.2.
Floor dmins. In some cases, floor drains may drain directly
into the sump or into the drain tile loop. Where the floor drain
drains directly into the sump, this will usually be apparent by
virtue of a pipe from the drain penetrating the sump wall.
Where the drain connects to the drain tile loop remote from
the sump, this will be less apparent. Where floor drains drain
into the sump/ drain tile system, it is particularly important
that the floor drain be trapped. Otherwise, a substantial amount
of basement air will be drawn into the system through the
open drain, dramatically reducing system performance and
increasing the house heating/cooling penalty.
Where the floor drain does not contain a trap, or where the
trap does not remain full of water, a waterless trap can be
installed, as discussed in Section 4.7.3. One alternative approach that some mitigators have used in cases where the
drain empties directly into the sump, has been to create a
"trap" inside the sump. By this approach, an elbow is fitted
onto the floor drain pipe entering the sump, directing it
downwards toward the bottom of the sump. There, it is
immersed in a weighted plastic container full of water. One
problem with this approach is that, if the pump does not
regularly fill with water to a level above the top of the
container, the container could dry out over time, rendering
this in-sump trap ineffective.

Other drains. On occasion, other drains may also empty into
the sump or into the drain tile loop. Any such other drains
must be identified, and addressed in some appropriate manner.
Where the drain tile loop is outside the footings, basement
window well drains (and sometimes even rain gutter downspouts) have occasionally been observed to empty into the
drain tile loop. Large amounts of outdoor air would be drawn
into the system if these features were not addressed in some
manner. In the case of window well drains, they might be
trapped in a manner similar to floor drains, or sealed altogether if they never receive any significant amounts of water.
(One concern with the use of waterless traps in such exterior
drains is that there is an increased risk that debris may enter
the trap, preventing the weighted ball or ring from seating
properly.)

Perimeter channel drains. Sealing of perimeter channel
drains, as discussed in Section 4.7.1, would be of particular
importance for sump/DTD systems, in cases where the drain
tiles form an interior loop around the basement perimeter.
Because the suction would be being directed! immediately
beside the foundation wall by the tiles, such systems would
exacerbate the leakage of house air down through unsealed
perimeter channel drains into the system.

On those infrequent occasions where rain gutters are found to
empty into the tiles, one option would be to re-route the runoff
from the gutters so that the gutter penetration into the tiles can
be sealed off. However, rather than run the risk of modifying
the house drainage patterns, the mitigator would probably be
best served in such cases by abandoning sump/DTD as the
mitigation approach, capping the sump, and using SSD instead.
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5.8

Gauges!Alarms and Labelling

TIle considerations discussed in Section 4.8, concerning gauges!
aJanns and labelling of SSD systems, also apply to sump!
DTD systems.
The system labelling should include clear instructions that the
sump cover must be carefully resealed if it is ever removed for
pump maintenance or for any other reason.
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Section 6
Design and Installation of Active
Drain-Tile IDepressurization Systems
(Above-Grade/Dry-Well Discharge)
Sometimes, rather than draining into a sump inside a basement, drain tiles will direct collected water to an above-grade
discharge at a location on the lot remote from the house. Use
of above-grade discharge requires that the lot be sufficiently
sloped such that an suitable low point is available. Above-grade
discharge is sometimes referred to as draining to daylight, or
draining to an outfall. Or, rather than draining above grade,
the water may be directed to an underground dry well away
from the house, if the underlying soil is sufficiently porous.

mitigation approach. Figure 4 illustrates a typical DID/remote discharge system in a basement house.
The tiles will aid in distribution of the suction around the
basement footings, near the major soil gas entry routes (the
wall/floor joint and the block foundation wall). However,
where these tiles are exterior tiles (which is often the case
when there is a remote discharge), it can be important that the
tiles form a complete or nearly complete loop (i.e., on at least
three sides of the house). With exterior tiles, if there are major
entry routes (such as a block fIreplace structure penetrating
the slab) toward the slab interior, it can also be important that
sub-slab communication be reasonably good. Where the exterior loop is only partial, or where there are major interior entry
routes, there is an increased chance that a DID/remote discharge mitigation system may need to be supplemented by
SSD pipes. See the discussion in the introduction to Section 5,
regarding the cases under which sump/DID systems with
exterior loops may need to be supplemented by SSD.

A variation of above-grade discharge is sometimes encountered in farmirig communities. In this variation, the drain tiles
around the house empty into an extensive exisling network of
field tiles that had originally been installed to drain the fields.
The outfall from the field tiles might be a great distance from
the house.
Tiles with above-grade or dry-well discharge are most common in basement houses. However, they will sometimes also
be encountered around the footings of other substructure types
on sloped lots.
Most often, the drain tiles draining to an above-grade discharge or dry. well will form a partial or complete exterior
loop, on the outside of the footings. Where the tiles form a
complete loop, a length of tile (referred to here as the "discharge line") taps into this loop on the downhill side of the
house, and extends away from the house (usually with a
downward slope) to the point where it emerges above grade or
ends in a dry well. The water collected in the loop around the
foundation is discharged at that point One common configuration for tiles with above-grade discharges, often encountered in houses having walk-out basements, has the tiles
forming a U around the three sides of the house that are below
grade (the uphill side of the house, and the two ends); each leg
of this U (one on each end of the house) then comes above
grade on the downhill side of the house.
Less commonly, these tiles may be interior to the footings,
beneath the slab. In this case, the discharge line must pass
through or beneath the footings, to extend to the discharge
point remote from the house.
Where tiles having an above-grade or dry-well discharge exist
in basement houses, suction on these tiles can be a viable

While exterior drain tiles with remote discharges sometimes
also are present in slab-on-grade and crawl-space houses, the
data are limited regarding whether DID/remote discharge
would be an effective mitigation approach in those substructure types. In slab-on-grade houses, the tiles may be near the
surface (depending upon the depth of the footings), so that
large amounts of outdoor air could sometimes be drawn into
the system, potentially reducing system effectiveness. In
crawl-space houses, the suction on the tiles might not be
expected to significantly reduce the amount of soil gas entering the crawl space. For these reasons, the following discussion focuses on basement houses.
One mitigator who has tested DID/remote discharge in these
other substructure types (Kl92) reports that the technique has
worked well in slab-on-gnide houses in Colorado, because the
footings are at a sufficient depth (30 in.) to reduce entrainment
of ambient air into the system. In crawl-space houses, DID/
remote discharge with a membrane over the crawl-space floor
is consistently less effective than traditional individual-pipe
SMD. .
.
Many of the details involved in designing and installing DID/
remote discharge systems are similar to those for SSD and
sump/DID systems, discussed in Sections 4 and 5. The dis-
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cussion in this section will focus on those design/installation
features unique to DTD/ remote discharge.
The discussion in this section draws heavily from the detailed
review of available data on active DTD/remote discharge
systems, presented in Section 2.3.3.

6.1 Selection of the Number of
Suction Pipes: Need for a SSD
Component to the DTD/Remote
Discharge System
If the drain tiles form a complete (or at least three-quarters
complete) exterior loop and if the sub-slab communication is
reasonably good, one suction pipe, drawing suction on the
drain tiles at a convenient location, will normally be sufficient. Even if sub-slab communication is only marginal, one
pipe depressurizing a complete exterior loop will probably be
sufficient, if there is no major soil gas entry route toward the
interior of the slab, remote from the perimeter.
If the tiles form an interior loop, one suction pipe tapping into
the tiles will usually be sufficient if: a) the loop is a complete
loop, whether communication is good or marginal; or b) the
loop is only partial, if communication is good. A second
suction pipe tapping into the drain tiles would be needed only
if one segment of tiles was isolated from the remainder of the
loop by silting or physical damage, in which case a second
pipe would be needed to treat the isolated segment. Such
isolation of a particular segment could be difficult to ascertain
in practice.
Under the conditions in the preceding two paragraphs, additional SSD pipes will often not be necessary to supplement the
DTD/remote discharge system, unless the tiles have been
silted or damaged
If the tiles are outside the footings and form only a partial
exterior loop (i.e., are beside fewer than three sides of the
house), or if sub-slab communication is marginal or poor and
there is a significant entry route toward the slab interior, then
the chances are increased that an exterior DTD/remote discharge system would have to be supplemented by SSD pipes.
Likewise, if the tiles are inside the footings, SSD pipes may be
necessary if the interior loop is only partial and if, in addition,
the communication is marginal or poor.
However, one mitigator has reported sometimes achieving
good performance with partial exterior loops without crushed
rock beneath the slab (Kin). In these cases, the slab is resting
directly on graded native soil (a decomposed granite). (Crushed
rock is present in the trench around the footings containing the
drain tiles.) This good performance may be due to: relatively
good permeability in the native soil underlying the foundation
in some cases, enabling the suction field to extend beneath the
footings into the sub-slab region, and around the perimeter to
locations where tiles are absent; and the tendency of the tiles
to intersect below-grade trenches via which utility lines penetrate the foundation, providing a relatively high-permeability
route for the suction to penetrate the foundation wall.

The extent of the drain tile loop, and whether it is exterior or
interior, can be difficult to ascertain unless the homeowner
observed the tiles being installed during construction of the
house, unless there are reliable as-built drawings, or unless a
confirmation can be obtained directly from the builder. Excavation at several locations around the foundation during the
pre-mitigation visual survey can reveal whether the loop is
outside the footings, and whether it appears to be complete.
However, if the footings are very deep, such excavation could
be a time-consuming process. The presence of a discharge line
emerging above grade on each end of the house would tend to
confmn that the tiles form a U around three sides of the house.
Adjoining wings (e.g., a slab on grade adjoining a basement)
increase the likelihood that the tile loop is discontinuous, and
that the adjoining wing may require treatment with supplemental SSD pipes. However, in some cases, an exterior drain
tile loop will extend around adjoining slab-on-grade living
areas as well as the basement.
If the sub-slab communication is not apparent from observations during the visual inspection or from experience with
house construction characteristics in the region, qualitative
suction field extension testing can be conducted with the
diagnostic vacuum cleaner. Together with information on the
nature of the tile loop, the pre-mitigation suction field data
would suggest the likelihood that SSD pipes will be necessary
as a supplement to the DID/remote discharge system. But
unless the location and extent of the tile loop can be estimated
reasonably well, the vacuum cleaner diagnostics may not
suggest specifically the number of supplemental SSD pipes
that will be needed, or where they should be placed.
In summary, rather than excavating around the house to assess
the extent of the drain tile loop, and rather than doing
pre-mitigation suction field extension measurements, it may
often be more cost-effective to simply proceed to install the
DTD/remote discharge system. The appropriate number and
location of supplemental SSD pipes (if any tum out to be
needed) can then be determined from sub-slab suction field
measurements and indoor radon measurements after the DID
system is operating. One mitigator with substantial experience
installing DTD/remote discharge systems reports that, at least
under the conditions he experiences, supplemental SSD pipes
are generally not needed (KI92).
If the likelihood appears high that supplemental SSD pipes are
going to be needed, then the mitigator might opt to abandon
the option of installing a DID/remote discharge system, and
to instead focus directly on a SSD system. This could be
particularly advisable in cases where the house has a basement that is not heavily finished, so that installation of a SSD
system would not be especially complicated,
If any SSD pipes tum out to be needed, supplementing the
DTD/remote discharge system, the SSD component of the
system would be designed and installed as described in Section 4. The SSD pipes might be manifolded to the same
exterior fan and exhaust stack that is serving the DTD system.
(Since the drain tiles will most often be exterior tiles when
there is a remote discharge, the fan and exhaust for a DTD/
remote discharge system will almost always be outdoors.)
Alternatively, it may sometimes be more convenient to install
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a separate fan and exhaust stack for the SSD pipes, so that the
SSD system will be completely independent of the DTD
system.

6.2 Selection of DTD Suction Pipe
Location
Since the suction will extend readily through the entire drain
tile network, the suction pipe may be connected to the drain
tiles at any convenient location. With the exterior tiles most
commonly encountered when there is remote discharge, the
fan will almost always be mounted on this vertical suction
pipe at the point where it extends above grade level, as
illustrated in Figure 4. Many of the criteria used in selecting
the suction pipe location will be based upon the advantages
and disadvantages of having the fan at that location.
The suction pipe is most commonly installed in the loop of
tiles immediately beside the footings, for several reasons.
However, it could also be installed in the discharge line
leading away from the house to the water discharge location.
Figure 4 depicts the suction pipe tapping into the single
discharge line near the house. This location is shown in the
figure only for ease of illustration; it is not a recommendation
that the suction pipe should necessarily be located at that
point.

Location ofsuction pipe in loop beside the house. There
are several reasons why it is common to install the suction
pipe into the tiles immediately beside the footings, rather than
in a discharge line more remote from the house. First, location
of the vertical suction pipe immediately beside the house
greatly facilitates mounting a stack against the side of the
house, exhausting above the eave, consistent with EPA's
interim standards (EPA91 b).
Second, if the suction pipe is mounted in the discharge line
remote from the house, there can be a significant suction loss
between the suction point and the house at the flows encountered (usually 50 to 150 cfm with a 90-watt fan); this is
especially true if the drain tiles are the flexible corrugated
type, which offer about 1.8 times the wall friction of smooth
pipe (Kl92). Since DTD with exterior loops can be dependent
upon maintaining very good suction in the exterior tiles, if this
suction is to extend beneath the foundation into the sub-slab,
this suction loss ha.<; been observed to be significant.
Other factors contributing to suction loss between remote fans
and the house are: damage to the discharge line while it was
exposed during construction; blockage of the line by, e.g.,
rodent nests; and leakage of outdoor air into the line, since the
discharge line will be close to grade at locations remote from
the house. These factors have been found to have a significant
effect on system performance when the suction pipe is installed in the discharge line remote from the house (Kin).
A secondary consideration in remote location of the fan is that
the electrical connection will have to extend some distance
back to the house. However, with the use of underground
conduit, this is not a major problem.

When the suction pipe is installed in the loop immediately
beside the house (or in the discharge line near the house), the
pipe should be installed at a location where the fan and the
exhaust stack (which will generally rise straight upward above
the fan) can aesthetically be installed. The criteria used to
select this location were discussed in Sections 4.6.2 (see
Selection of where the piping exits the basement) and 4.6.5
(see Selecting the location of exterior or garage stacks). This
location would be at the rear of the house, and at a point where
the stack will not be rising in front of windows. It may also be
helpful to locate the connection (and the fan) away from the
bedroom wing, if possible, to reduce the risk of the occupants
being disturbed by fan or exhaust noise. If the DTD/remote
discharge system is going to be supplemented by SSD pipes,
the DTD suction pipe location may be selected to simplify
manifolding together with the SSD piping.
Other factors can also be considered in selecting the location
in the loop around the house. First, a central location would
generally be preferred. For example, if the tiles form a U
around three sides of the house, it might be preferred to locate
the suction pipe toward the bottom of the U, rather than at one
end, in order to achieve even distribution of the suction field.
Second, the mitigator may not wish to choose the location
where the footings and tiles are the deepest below grade, in
order to avoid excessive excavation to expose the tiles at that
point. However, neither should a particularly shallow location
be selected, since that could result in greater short-circuiting
of outdoor air into the system through the soil. It is recommended that the suction pipe be installed at a point where the
tiles are at least 3 ft below grade.

Location of suction pipe in discharge line remote from
the house. Figure 4 is attempting to depict the case where
there is a complete tile loop around the foundation, and where
the suction pipe taps into the single discharge line leading
from this loop to the outfall. In other cases, the tiles could
form a U around three sides of a walk-out basement, with each
leg of the U coming above grade (on opposite ends of the
house). Where the tiles form a U, the suction pipe could be
located in either one of the two discharge lines, if it were
desired to tap into a discharge line remote from the footings.
Several potential advantages may be apparent if the suction
point were located in the discharge line remote from the
house. However, these apparent advantages may often not be
sufficient to justify remote location. One possible advantage
of remote location is that locating the suction pipe in the
discharge line near the outfall will generally reduce the amount
of excavation that will be required in basement houses. The
discharge line near its outfall will be at a shallower depth th~U1
will the loop beside the foundation, which will be at footing
depth. There will have to be some excavation around the
discharge line in any event, even if the suction pipe is in the
loop beside the foundation, in order to install a check valve in
the discharge line (see Figure 4 and Sections 6.5 and 6.7). For
. efficiency, it could be reasonable to install the suction pipe
and the check valve into the drain tiles at the same excavation.
This savings in excavation effort can be offset by reduced
system performance, as discussed above.
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A second advantage of remote location of the suction pipe is
that the fan would be away from the house, reducing the fan
and exhaust noise in the living space. A third possible advan~
tage, if an exhaust stack were not required, would be that the
suction pipe could be located such that the fan is mounted
behind shrubbery a couple feet above grade away from the
house, which could provide a better appearance than would be
the case if the fan were immediately beside the house. Such
remote location of the exhaust could also sometimes reduce
the amount of exhaust re-entrainment back into the house.
However, EPA's interim mitigation standards (EPA91b) currently require that a lO-ft tall stack be installed above the fan
in such remote installations, to avoid exposure of persons in
the yard; thus, it would not be possible to realize any aesthetic
benefits from hiding the fan behind shrubbery remote from
the house.
If the discharge line consists of perforated piping, the suction
pipe should be installed at a point where the line is at least 3 ft
below grade, to reduce outdoor air short-circuiting into the
system through the soil.

Considerations when the tile loop is inside thefootings.
On occasion, the drain tile loop may be inside the footings,
rather thnn exterior. In such cases, connecting the suction pipe
to the tile loop (rather than to the discharge line) would
require that a hole be cored through the basement slab in order
to access the tile. Under these conditions, the system would
take on the appearance of the left-hand side of Figure 3, where
a sump/DTD suction pipe is tapping into interior tiles at a
point remote from the sump.
Tapping into the interior loop beneath the slab would make it
possible for the system piping to be indoors. This situation
could reduce the aesthetic impact outdoors, and may be preferred in specific cases if the basement is partially unf"mished
and if there is a route for the exhaust stack either up inside the
house or through an adjoining garage. But if the fan and stack
will have to be outside the house in any event, due to interior
fInish and/or homeowner preferences, it will be easiest to
simply tap into the discharge line outside the house. Installing
the suction pipe in the discharge line in these cases will avoid
any aesthetic impact indoors, one of the general advantages of
DTD/remote discharge systems.

6.3 Selection of Suction Pipe Type
and Diameter
The considerations in selecting the type of suction pipe, and
the piping diameter, are the same for DTD/remote discharge
systems as those discussed in Section 5.3 for sump/DTD
systems.
The flows from DTD/remote discharge systems appear to be
commonly about 50-150 cfm with the 90-watt fans, the same
range observed from sump/DTD systems. Accordingly, as
discussed in Section 5.3, 4 in. diameter piping will normally
be preferred to avoid undue friction loss and flow noise. Four
in. piping is also of a convenient size for connecting to the
e.xisting drain tiles, which are usually 3 or 4 in. diameter.
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The length of piping associated with DTD/remote discharge
systems may be relatively short when the suction pipe is
immediately beside the house. The piping system illustrated
in Figure 4 would have an equivalent length (including the
equivalent length of the fittings for friction loss purposes) of
only about 35 ft, even for a two-story house. At the upper end
of the observed flow range (100 to 150 cfm), the total friction
loss that would be expected in this length of 4-in. piping
would be about 0.2 to 0.5 in. WG, based on Figure 13. This
suction loss can generally be handled by the 90-watt tubular
fans. Hence, use of 6-in. piping to reduce the suction loss is
probably not warranted in most cases, although it may occasionally be desired to reduce flow noise.
At the middle to upper end of the flow range, the suction
losses (0.8 to 2 in. WG) and flow noise could nominally
become unacceptable if 3-in. piping were used for the 35-ft
system. As discussed in Section 5.3 in connection with sump/
DTD systems, if 3-in. piping were in fact used, flows would
drop, and the fan would operate at a different point on its
performance curve; hence, suction losses and flow noise
would in fact be less. Suction in the drain tiles would also be
reduced. In the case of sump/DTD systems, especially when
there is a complete interior loop with good aggregate, this
reduction in tile suction that would result from the use of 3-in.
pipe may sometimes be tolerated without a dramatic reduction
in performance. But with DTD/remote discharge systems,
where the tiles are commonly exterior to the footings and
where communication to interior entry routes is less well
assured, it is less clear that the reduced suction could be
tolerated. Accordingly, with DTD/remote discharge systems,
it would seem generally more desirable not to reduce the pipe
diameter below 4 in.

6.4

Selection of the Suction Fan

Since the flows from DTD/remote discharge systems are
usually similar to those from sump/DTD systems, the considerations in selecting a fan are generally similar to those
discussed for the sump system in Section 5.4.
At the flows typical in these systems with 90-watt in-line
tubular fans (50-150 cfm), these fans can commonly establish
suctions of about 0.75-1.0 in. WG in the system piping, based
upon the fan performance curves. These suctions should usually be sufficient to handle the friction losses in 4-in. diameter
piping, and to achieve good system performance. Thus, the
90-watt fans would generally appear to be a good choice for
DTD/remote discharge systems.
With sump/DTD systems, the smaller, 50-watt tubular fans
discussed in Section 4.4.1 will sometimes give adequate performance under favorable conditions (with the tiles forming a
complete loop inside the footings, and with good sub-slab
communication). These smaller fans are not recommended for
DTD/remote discharge systems. Remote discharge systems
commonly involve exterior drain tiles. Exterior tiles may be
expected to face a greater challenge in extending a suction
field under the footings and through block foundation walls to
treat interior slab entry routes. Thus, it is considered advisable
to routinely use the larger fan in DTD/remote discharge
installations.
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The in-line radial blowers discussed in Section 4.4.2 could
also be considered for use on DTD/remote discharge systems.
For systems having flows around 100 cfm and higher, the
additional expense of a radial blower would not be warranted,
since the blower would not be maintaining suctions higher
that those which would be produced by a 90-watt tubular fan.
However, for lower-flow systems, the radial blowers could
establish a significantly higher suction (2 to 3 in. WG at 50
coo, compared to about 1.25 in. WG with a 90-watt tubular
fan at that flow). The increased suction may sometimes be
useful in achieving better performance with exterior drain
tiles.
As with sump/DTD systems, the relatively high flows characteristic of DTD/remote discharge systems mean that the
high-suction, low-flow fans, discussed in S(',ction 4.4.3 for
SSD installations in poor-communication houses, would never
be applicable in this case.

6.5 Installation of a Suction Pipe
into the Drain Tiles
In most cases with DTD/remote discharge systems, the suction pipe will be installed into an exterior drain tile loop or
into a discharge line outside the house. The discussion here
thus focuses on that case.
,For those limited cases where there is an interior loop and the
mitigator elects to tap into this loop through the basement
slab, inside the house, the reader is referred to the discussion
in Section 5.5.1, for the case where a sump/DTD suction pipe
is installed inio an interior loop remote from the sump. See
Interior tile loops - connecting the renwte suction pipe (indirect approach) and Interior tile loops - connecting the renwte
suction pipe (direct approach). Installation of the suction pipe
inside the basement is not discussed any further here.

is known that the tiles will be right beside the footing. The
only question would be whether tiles are present beside the
footing at the particular location where it is desired to install
the suction pipe, if the loop is not complete. Where the
basement has an adjoining slab-on-grade or crawl-space living area, tiles will not always be present beside the adjoining
wing; where there is an adjoining slab-on-grade garage, tiles
will generally not be present by the garage.
If, instead, the pipe is to be installed in the discharge line,
some exploratory excavation may be needed to fInd the discharge line at the desired distance from the house. Visually
tracing the path. of the discharge line between the outfall and
the house will suggest the general path of the discharge line,
but may not reveal the precise location of the line.

Maintaining integrity of gravel trench and cover. The
drain tile loop by the footings will commonly be laid in a
trench filled with gravel, as illustrated in Figure 4. Sometimes
this trench may be covered by some material to prevent silt
from working its way into the gravel. If present, this material
may be geotechnical cloth in some cases, although such
materials as roofing paper, straw, and newspaper have sometimes been encountered.
During the excavation to expose the tiles, care should be taken
so that the gravel trench and any cover material can be
properly restored around the tiles after the pipe installation is
completed. For example, sections of the cover material should
not be damaged or disposed of.

Pipe installation using rigid T-jitting. One option for
installing the suction pipe into the drain tiles would be to use
a rigid PVC, PE, or ABS l'-fItting. This is the approach which
is illustrated in Figure 4, for the case where the discharge line
consists of flexible black corrugated high-density polyethylene or polypropylene, which is common in many areas.

Finding the remote outiaU(s). Where the tiles discharge
above grade remote from the house, the fIrst step will generally be to locate the outfall(s) for the discharge line(s). The
location of the outfall(s) will need to be known so that a check
valve can be installed, as discussed later, regardless of where
the suction pipe is to be installed.
Locating the' outfall(s) will usually be done during the
pre-mitigation visual survey. This is not always easy, since
outfalls will sometimes be covered by dirt and leaves. The
mitigator should be alert to the possible presence of two
outfalls, as would be the case when the tiles form a U around
three sides of the house and discharge at each end.
If the drain tiles empty into an extensive network of fIeld tiles,
fmding the distant outfall from the field tiles might be extremely difficult, and is probably not necessary.

Finding the exterior drain tiles or discharge lines. To
install the pipe, an excavation is made to expose the drain tile
at the selectedJocation.
If the pipe is to be installed in the exterior loop around the
foundation, the excavation would be immediately beside the
house. In this case, fmding the tile should be relatively easy; it

Where a rigid T-fitting is to be used, the drain tile is severed at
the point where it is exposed, in order to accommodate the
T-fItting. This fitting (usually 4 in. diameter, as discussed in
Section 6.3) is installed with the l' inverted, with the leg of the
T extending upward. The ends of the top of the inverted T are
connected to either end of the severed drain tile.
When the drain tile is 4-in. diameter flexible corrugated tile as
in Figure 4, one option for making this connection would be to
force each severed end of the tile into one of the openings in
the top of the T, as illustrated in Figure 4. In the figure, the
tiles are shown as being attached to the l' fitting using a bead
of urethane caulk between the tile and the fitting, and by
screws through the fitting into the tile.
Careful caulking of the tile/fitting seam may not always be
necessary. If suction leaks into the gravel trench around the
footings, this will still be directing the suction where it is
desired. However, it is advisable that some steps be taken to
ensure that the iile and fItting do not subsequently become
disconnected. Disconnection might sometimes result in excessive ambient air leakage into the system, and could provide'
an opening that could permit gravel or silt to partially block
the tiles.
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In some areas, the flexible corrugated tiles are 3 in. rather than
4 in. diameter. Three-in. tiles would fit loosely but satisfactorily into the ends of the 4-in. T-fitting, for the type of installation illustrated in Figure 4.
In some cases, the drain tiles will be rigid perforated PVC or
ABS pipe, or baked clay. To install a rigid T-fitting onto rigid
PVC pipe, one option could nominally be to cement the PVC
T-fitting directly onto the severed ends of the PVC drain tile
(or to cement an ABS T-fitting onto ABS drain tile). However, it may be more practical to connect the ends of the T to
the rigid plastic or clay tiles using a flexible PVC coupling,
similar to those typically used to attach ASD fans to the
system piping. In this case, the coupling would likely be a
straight 4-in. x 4-in. coupling, rather than the 6-in. x 4-in.
couplings shown in Figure 4 and elsewhere for attaching fans.
The couplings could be clamped to the tile and to the Tusing
hose clamps. These flexible couplings are commonly used for
underground sewer pipe connections, and are advertised as
being resistant to soil chemicals and roots.
However the rigid T is installed, a vertical section of PVC
piping is then cemented into the leg of the T, extending
upward to above grade level. Usually, the suction fan will be
mounted vertically, directly on this riser, a couple feet above
grade level, as shown in Figure 4. The T-fitting will rest on the
soil beneath the tiles, and will thus support the weight of the
overhe..1<l piping and fan.

Pipe installation directly into tiles without rigid T. It is
also possible to insert the suction pipe directly into the drain
tiles without seve.ring them and installing a rigid T-fitting.
A variety of approaches might be envisioned for accomplishing this. The following approach has been used often by one
mitigator who commonly encounters the flexible corrugated
drain tiles (1(192).
A flexible corrugated T-fitting is used. The 4-in. PVC suction
pipe-long enough to extend above grade-is mounted on the
upwnro leg of the corrugated fitting. This is done by twisting
the corrugated leg of the fitting up into the PVC pipe with a
liberal amount of urethane caulk; several sheet metal screws
are then inserted through the wall of the PVC pipe and into the
corrugated material inside, to create a firm joint. Where the
corrugated drain tile is 4 in. diameter, it may be helpful to
cement a 4-in. PVC straight coupling onto the bottom of the
PVC riser; the larger inside diameter of the coupling (4.5 in.)
may facilitate a comfortable fit of the corrugated tile up into
the PVC pipe.
About one-third of the horizontal bottom of the inverted T
fitting is cut off, creating a horizontal "saddle" which can be
snapped over the existing corrugated drain tile.
A liberal amount of urethane caulk. is spread over the interior
of the corrugated T-fitting saddle, and this saddle is snapped
down over the drain tile with the PVC pipe extending upward.
Sheet metal screws are used to imnly connect the saddle to the
drain tile while the caulk cures. A hole saw blade of suitable
diameter (3 to 4 in.), mounted on a shaft long enough to
extend down through the PVC riser, is then used from above

to cut a hole in the top of the drain tile directly beneath the
riser. The corrugated plug cut from the tile will come up with
the hole saw when the saw is withdrawn.
As an alternative to using the hole saw, one could consider
cutting a hole in the top of the drain tile before the corrugated
saddle is attached.
'
Unlike the case where a rigid PVC T-fitting was used to
connect the suction pipe, this flexible corrugated T saddle will
not as effectively support the weight of the piping and fan
overhead. Thus, in this case, it may be desirable to support the
fan using a bracket attached to the side of the house, or using
some other means.

Installation oj a check valve at the outfall. Where the
discharge line discharges to an above-grade outfall on the lot,
a check valve (or reverse flow valve) must be installed somewhere in the discharge line. The check valve permits water in
the discharge line to flow out into the outfall, but would
prevent outdoor air from flowing up the line in the reverse
direction in response to the suction being developed by the
mitigation fan.
The check valve is mandatory. Failure to install this valve
would result in a substantial reduction in system radon reduction performance. Suctions would drop dramatically, due to
the large amount of outdoor air flowing into the system.
Where there are two outfalls, as where the tiles form a U
around three sides of the house, a check valve must be
installed in each outfall.
Usually, the check valve is installed at the outfall, as in Figure
4. Where the suction pipe is also installed in the discharge
line, rather than in the foundation loop, the check valve must
be between the suction pipe and the outfall; it must not be
between the suction pipe and the house.
Where the discharge line empties into an underground dry
well rather than an above-grade outfall, a check valve may not
be needed. If the dry well is near grade level and is configured
such that large amounts outdoor air might be drawn into the
system through the gravel bed, a check valve could be desirable.
Among the commercially available check valves that can be
used in this application are units which are ordinarily used to
prevent sewer line waste water and gases from backing up
into drains which empty into the sewer line. These valves are
available in 4-in. PVC fittings. The conventional sewer line
check valves contain a hinged, spring-loaded gate in the pipe
which is normally held closed, but which would open toward
the outfall when the amount of water becomes sufficiently
great on the side of the gate toward the house. The gate cannot
swing open in the other direction, so that the suction developed by the fan could never cause the gate to open toward the
house, drawing in outdoor air.
The check valve illustrated in Figure 4 is not a conventional
sewer line valve, but is a valve being marketed specifically for
used in DID/remote discharge systems. It is not spring loaded.
A trap door mounted on a 45 0 angle is held closed by gravity
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when no water is present, but is sufficiently buoyant to lift
when there is water, allowing the water to flow to the outfall.
This valve requires less water than do conventional sewer
valves to cause it to open, ensuring efficient discharge of any
water in the tiles.

valve assumes the case where the drain tiles from the house
discharge at an outfall relatively near to the house. On those
occasions in farming communities when the tiles empty into a
network of field tiles, the outfall from the field tiles can
sometimes be a mile or more away from the house.

In the second edition of this technical guidance manual
(EPA88a), a water trap rather than a check valve is shown as
being installed in the discharge line to prevent air flow into the
system. The water trap is no .longer the recommended approach for accomplishing this objective. Check valves are
easier to install, usually requiring less excavation. Check
valves have the additional advantage that they will not dry out
during extended periods of dry weather, as a water trap could
unless the homeowner was careful to add water. If a water trap
dried out, the performance of the system would deteriorate
significantly.. And unlike a check valve, which could be
installed at or near grade level, a water trap would have to be
installed at a sufficient depth such that the water in the trap
would not freeze during extended periods of cold weather;
this could necessitate additional excavation. Water traps could
also become partially blocked by dirt and debris over the
years.

In such cases, it is probably neither necessary nor advisable to
try to trap the entire field tile network at its outfall, even if the

Although the check valve could· be installed anywhere in the
discharge line between the outfall and the Sllction location,
they will usually most conveniently be installed at the outfall.
To install the check valve in this case, the corrugated tile
would have to be exposed at the outfall. Then, possibly, a
short length of the existing tile would have to be removed to
make room for the valve fixture.
Check valves are commonly mounted in a segment of 4-in.
PVC piping. Thus, once the tiles have been exposed at the
outfall, the pipe segment containing the valve would be installed onto the drain tiles in the same manner described
above when a rigid T is employed to install the suction pipe
(see Pipe installation using rigid T-fitting).
When the drain tiles are flexible corrugated material, as in
Figure 4, the end of the corrugated drain tile is twisted into the
PVC pipe segment containing the check valve. A liberal
amount of urethane caulk is used at this joint, to hold the
check valve :fixture in place and to prevent outdoor air leakage
through the seam (which will necessarily be at or near grade).
Sheet metal screws through the PVC into the corrugated
material provide further physical support. Where the drain
tiles are 4-in.· corrugated material, a 4-in. PVC straight coupling (4.5 in. Ld.) can be cemented onto the end of this check
valve pipe segment as in Figure 4, to facilitate insertion of the
4-in. drain tiles. Where 3-in. corrugated tiles are present, the
tiles would easily fit directly into the 4-in. piping without the
coupling.
If the discharge line is rigid PVC pipe, the check valve could

be cemented directly onto the end of the pipe. Or, if the line is
rigid PVC or ABS pipe, or if it is clay tile, the check valve
could be connected using suitable flexible PVC couplings
with hose clamps.

Considerations when the tiles empty into,field tiles. The

outfall could be located. When the outfall is that distant, it is
not clear how much ambient air will really be drawn from the
outfall. Moreover, it might not be advisable to risk restricting
the out-flow from the extensive network, especially when the
field tiles are draining fields owned by more than one landowner.
Experience with DTD/remote discharge systems in such cases
indicates that a large amount of air will commonly be drawn
into the DTD system from the field tile network (Wi92).1f the
mitigator finds it necessary to install a check valve to achieve
acceptable performance in these cases, the check valve should
be installed in the discharge line near the house, between the
house and the point at which the house tiles connect into the
field tiles. It has been reported that installation of a check
valve may not always be necessary (Wi92).

Restoration and backfilling. Mter the suction pipe has
been installed in the tile, the gravel bed around the tiles should
be restored, as should any cover which was present on top of
the gravel. All excavations must be fIlled in, to re-cover the
tiles.

6.6 Design/Installation of the
Piping Network and Fan
When the suction pipe is installed in an exterior drain tile loop
immediately beside the foundation outdoors, or when it is in
the discharge line near to the foundation, the system piping
will be installed in the general manner described toward the
end of Section 4.6.3 for the case of SSD suction pipes installed horizontally through the foundation wall from outdoors (see Pipe routing considerations with horizontal penetration of suction pipes from outdoors). The fan and exhaust
stack (which would necessarily be an exterior stack) would be
installed as discussed in Section 4.6.5.
The fan is mounted vertically on the riser a couple feet above
grade level, as shown in Figure 4. Assuming that an exterior
stack is planned to direct the fan exhaust above the eave, this
stack would rise above the fan, and would be attached to the
side of the house.
If the suction pipe were installed in the discharge line at some
distance from the house, the issues involved in mounting the
fan and designing the exhaust would be similar to those
discussed toward the end of Section 4.6.5 (seeRemote exhaust
- a variation of the exterior stack). Of course, when the
suction pipe is extending up from a drain tile discharge line as
is the case here, the concerns expressed in Section 4.6.5 about
ensuring proper drainage for any condensate or rainwater are
automatically taken care of. As discussed in Section 4.6.5,
location of the fan remote from the house would make it

preceding discussion regarding the installation of a check
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difficult or impmctical to install an exhaust stack at least 10 ft
high, in accordance with EPA's current standards.
In those limited cases where the suction pipe UlpS into an
interior tile loop inside the basement, the design and installation of the piping network, and of the fan and exhaust system,
would be exactly the same as described in Section 4.6 for SSD
systems, where the SSD suction pipes are inside the basement.

6.7 Slab Sealing in Conjunction
with DID/Remote Discharge
Systems
The same types of slab sealing, discussed in Sections 4.7 and
5.7 in connection with SSD and sump/DTD systems, would
also be important for DID/remote discharge systems. Since
the drain tiles will often be exterior in remote discharge cases,
it may be even more important for these openings to be sealed,
since the extension of the exterior suction field under the
footings and through a block foundation wall into the sub-slab
region will likely be weaker than in the SSD and sump/DID
cases.
Since the drain tiles direct the suction immediately beside the
perimeter foundation wall, it becomes of increased importance that the following openings be sealed: perimeter channel
drains (a..<; described in Section 4.7.1); waIl/floor joints, where
accessible and when wider than about 1/32 to 1/16 in. (Section
4.7.5); and perimeter expansion joints (Section 4.7.5).
Where floor drains drain directly into the drain tile network,
these floor drains must be trapped if the DID/remote discharge system is to be able to maintain suction in the tiles.
Failure to trap these drains could result in a dramatic reduction in system performance, due to basement air leakage into
the system via the open floor drain. Untrapped floor drains
can be trapped by installing a waterless trap, as discussed in
Section 4.7.3, or by plugging the drain if it is never used.
With the exterior dmin tile loops usually encountered in
remote discharge cases, it is not uncommon to find a variety
of other drains emptying into the tiles. Particular examples
which have been observed on occasion include drains from
the bottom of ba..<;ement window wells, and rain gutter downspouts. Any such other drains must be identified, and would
have to be addressed in some appropriate manner to prevent
excessive air leakage into the system.
As discussed in Section 5.7, in connection with sump/DID
systems, such drains can be impractical to address satisfactorily. Untrapped window well drains might be trapped with a
waterless trap, similar to untrapped floor drdins; however, the
large amount of debris expected in such exterior drains might
quickly render the waterless traps ineffective. Or, window
well drains might be sealed altogether if they never receive
any significant amounts of water; however, this could result in
water problems later, if in fact water did enter the window
wells. One mitigator having experience with DTD systems on
exterior drain tile loops (KI92) reports that these systems will
sometimes still give reasonable performance even if connecting window well drains are not trapped or sealed.

Where rain gUller downspouts empty into the exterior tiles,
perhaps the only viable option (if DTD/remote discharge is to
be made to work effectively) is to re-route the runoff from the
gutters to grade level at some appropriate location on the lot,
so that the guller penetration into the tiles can be sealed off
altogether. However, rather than run the risk of modifying the
house drainage problems and of facing a possible liability
issue later, the mitigator would probably be best served in
such cases by leaving the rain gutters alone, abandoning DID/
remote discharge as the mitigation approach, and using SSD
instead.
The drain tile discharge line is one unique example of a
"drain" opening to the drain tiles, which could enable excessive air leakage into the DID/remote discharge system if not
addressed. As discussed in Section 6.6, a check valve must be
installed in the discharge line to prevent air lealmge into the
system.

6.8

Gauges/Alarms and Labelling

The considerations discussed in Section 4.8, concerning gauges/
alarms and labelling of SSD systems, also generally apply to
DTD/remote discharge systems. However, some special considerations also apply for the gauges and alarms, since the fan
and piping for DID/remote discharge systems will commonly
be entirely outdoors.
Some of the gauges and alarms discussed in Section 4.8.1 are
not weather-proofed for use outdoors. Thus, some of the
devices designed for direct mounting on the suction pipe may
not be applicable on the exterior piping unless protected by
some form of enclosure. Such an enclosure could reduce the
occupants' ability to see or hear the gauge/alarm.
Often it may be decided to mount a pressure gauge indoors,
and to connect the gauge to the exterior suction pipe by lI8-in.
diameter flexible tubing that will penetrate the house shell. As
indicated in Section 4.8.1 (see Pressure gauges), some mitigators have reported that moisture can condense or freeze
inside the tubing when the tubing extends outdoors, causing
the gauge to give erroneously low readings. A mitigator may
try to reduce this problem by insulating the tubing and/or
using tubing of a larger diameter. However, it would seem
that th~ most important step in such cases would be to advise
the occupant of this risk and of how to correct it when the
problem occurs.
Many alarms/pressure switches are designed to be mounted
directly on the suction pipe. Such alarms having ItO-volt
wiring designed to plug into a house outlet may have to be
hard-wired into the house circuitry, via exterior rated conduit
extending through the house shell. Simply plugging these
devices into an outdoor outlet, or routing the cord indoors and
plugging it into an indoor outlet, will probably not be acceptable by code in most locations. As indicated in Section 4.8,
the alarm must be wired into a circuit different from the one
handling the fan.
In the particular version of the ammeter gauge discussed in
connection with Figure 25B in Section 4.6.4, where the conduit from the exterior fan would be 24 volts, and where this
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wiring would connect to an ammeter and 110- to 24-volt
transformer inside the house, the 1l0-volt cord from the
transformer could plug into an indoor outlet. Measuring current to the fan instead of pressure would avoid the risk of
condensation and freezing in the outdoor segment of flexible
tubing, discuss~ above.
The labelling requirements indicated in Section 4.8.2 would
remain the same for DID/remote discharge systems. The

centrally located label describing the system would more
likely be on the electrical panel or some other prominent
location, rather than on the system, since the system will be
entirely outdoors. If labels on the system piping are required
only on exposed interior piping, in accordance with the current draft of EPA's final Radon Mitigation Standards, such
labels would not be needed on DID/remote discharge piping
that is entirely outdoors.
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Section 7
Design alnd Installation of Active
Block-Wall IDepressurization Systems

In the large majority of cases, SSD (or, where appropriate,
DTD or SMD) will be the ftrst variation of the active soil
depressurization technology to be considered in a given house.
BWD will usually be considered only as a supplement to SSD
in houses having block foundation walls, in cases where SSD
alone does not appear to be adequately reducing radon entry
through one or more of the foundation walls. It appears that a
BWD component is most likely to be required to supplement a
SSD system when sub-slab communication is marginal or
poor, and the SSD suction fteld is thus less well able to
prevent soil gas entry into the wall void network. However,
supplemental BWD has sometimes been found to be beneftcial even in cases where the SSD system was maintaining
good suction beneath the slab.
BWD has sometimes been found to be very effective as a
stand-alone method, without aSSD component. However, its
performance as·a stand-alone method has been inconsistent.
Two variations of the BWD approach are considered: the
"individual-pipe" approach; and the "baseboard duct" approach.

Individual-pipe approach. In the individual-pipe approach,
an individual s~ction pipe is inserted into the block cavity at
one or more locations around the foundation perimeter. This is
the variation illustrated in Figure 5, for the case where BWD
is being used as a stand-alone technique in a basement house.
The individual-pipe approach has been used in stand-alone
BWD installations. It is also the approach commonly .used
when a BWD component is supplementing a .sSD system.
When used in conjunction with SSD, it is relatively easy to
connect an individual BWD suction pipe to a SSD pipe
located near the wall needing treatment, as illustrated in
Figure 34. Thus, suction can be drawn on the walls via the
same piping network that is being installed for the SSD
system.
The individual-pipe variation has been tested almost solely in
basement houses. A few tests have been conducted in slab-ongrade houses, with the individual BWD pipes penetrating the
cavities in the block stem wall at or below grade, horizontally
from outdoors. As discussed in Section 2.3.4, the results from
slab-on-grade houses are insufftcient to enable guidance re-

garding when such a BWD suction pipe is preferable in such
houses over the option of penetrating the pipe all the way
through the wall, making it a SSD pipe. BWD has not been
tested in crawl-space houses, either as a stand-alone method
or as a component supplementing SMD.
Because there is little or no experience in slab-on-grade and
crawl-space houses, the discussion of individual-pipe BWD
systems in this section focuses on basement houses.

Baseboard duct approach. The second BWD variation,
referred to as the baseboard duct approach, is illustrated in
Figure 35. ill this approach, a series of holes is drilled into the
void network around the perimeter of the basement, just above
slab level. These holes (along with the wall/floor joint) are
then enclosed within a plenum ("baseboard") sealed to the
slab and wall around the perimeter, and this plenum is connected to a fan. ill commercial installations, this plenum
commonly consists of pre-fabricated sections of commercially available channel drain.
Compared to the individual-pipe approach, the baseboard duct
approach should intuitively provide better distribution of the
suction around the walls, because suction is not being drawn
only at individual points. In addition, the baseboard duct
approach is more likely to develop depressurization beneath
the slab--especially in cases where the wall/floor joint is a
perimeter channel drain-because the duct will be drawing
.some (albeit low-level) suction on the sub-slab region directly
through that crack, providing a SSD component to the BWD
system.
The baseboard duct approach is most commonly used for
stand-alone BWD systems, rather than for adding a BWD
component to a SSD system. Installation ofbaseboard ducting
will usually be more difficult than installing individual suction pipes into one or two walls beside SSD risers as in Figure
34. Thus, where the objective is to tap a BWD component into
SSD suction piping, the individual-pipe BWD approach is
usually employed.
Where a stand-alone BWD system is envisioned, the baseboard duct and individual-pipe approaches are more likely to
be comparable in installation effort. In the stand-alone case,
the increased effort required with the baseboard duct ap207
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proach-to drill holes around the perimeter and to seal the
baseboard duct onto the wall and slab-may be offset by the
increased effort required with the individual-pipe approach to
manifold together the large number of individual pipes that
may be needed around the basement
Because of the nature of the baseboard duct installation, this
BWD variation is applicable only in basement houses.

Depressllrization vs. pressurizlltion. The discussion in
Section 7 addresses the case where the block-wall treatment
systems are operated in suction. Where block-wall treatment
is used in combination with SSD, operation in suction will be
the usual approach.
However, where block-wall treatment is used as a stand-alone
method, the amount of air withdrawn from the basement by
the system may sometimes create sufficient basement depressurization to cause back-drafting of combustion appliances in
the basement. In such cases, the mitigator may wish to consider operation of the block-wall system to pressurize, rather
than depressurize, the walls. Block-wall pressurization is discussed in Section 9.
TIle discussion in this section draws heavily from the detailed
review of available data on BWD systems, presented in Section 2.3.4.

7.1 Selection of the Number of
Suction Pipes
7.1.1 Individual-Pipe Variation
Nllmber of sllction pipes per waU. With the individualpipe variation of BWD, each block wall that must be treated
will probably require one or two suction pipes.
Suction drawn in the block cavities of one wall (e.g., the front
wall) will usually extend only weakly, if at all, around the
corners into the adjacent end walls, for two reasons. First, the
flows from a wall are usually fairly high, because of the
extensive leakage area inherent in block walls; for this reason,
the suction and flow field inside a wall will not be able to
extend very far. Second, the mason who laid the block during
construction could have applied the mortar and laid the blocks
in a manner which inhibits the extension of the suction and
flow field around the comer.
This S<'U11e concern exists when there is a discontinuity in one
wall (i.e., a pair of corners in a wall which causes the wall to
be comprised of two parallel segments offset from each
other). In such cases, at least one suction pipe may be needed
in each wall segment that is to be treated:
Because the block walls are so leaky, one often cannot rely
upon a waIl cavity suction field extension test using a diagnostic vacuum cleaner (analogous to sub-slab suction field
extension testing) to predict, prior to installation, when a
given wall will need more than one suction pipe. The high air
flows from the wall will often overwhelm the vacuum cleaner,
with the result that little apparent extension of the vacuum's
suction field may be apparent, even in c~~ where only one

BWD suction pipe may turn out to be sufficient. As a rule of
thumb, in EPA's installations in Pennsylvania (ReS7, Sc88), a
second suction pipe was generally added whenever a wall was
longer than about 25 ft.
The need for a second pipe in a given wall will be greater
when that wall may be subject to particularly high air leakage.
Features which could suggest high leakage include open top
voids which cannot be effectively closed, extenor brick veneer (creating an air gap as illustrated in Figure 5), and a
fireplace structure (which could conceal substantial leakage
routes that cannot be sealed).

Number oj walls that must be treated. Having determined
the number of suction pipes required for each wall that must
be treated, the total number of suction pipes in a BWD system
will then depend upon the number of walls requiring treatment. This issue is discussed more fully in Section 7.2.1 (see
Selection of the walls that must be treated).
When the BWD system is supplementing a SSD system, one
or two walls will usually be treated. At one to two pipes per
wall, the total number of supplemental BWD pipes would thus
be one to four, most or all of which will usually be connected
to a nearby SSD pipe with a T fitting as in Figure 34.
When an in'dividual-pipe BWD system is installed as a standalone measure; all block walls which penetrate the slab may
need to be treated. This would include the usual four perimeter walls, any discontinuities in the walls, any interior block
walls and support structures, and, sometimes, the foundation
walls for a crawl-space wing that adjoins the basement. A
stand~alone BWD system could thus have a total of four to ten
suction pipes.
In a limited number of cases where one or two walls were the
primary radon entry routes into the house, stand-alone BWD
systems have reportedly been successful treating only those
walls (Mes92). Thus, in best cases, one or two pipes have
occasionally been sufficient in stand-alone systems.
When an individual-pipe BWD system is installed as a supplement to a SSD system, the number of SSD suction pipes will
be selected as discussed in Section 4.1. Usually, the number of
BWD pipes will then be selected as necessary to complement
the SSD system. In some cases, a tradeoff may be possible.
The mitigator may choose to install an additional SSD pipe in
an effort to prevent soil gas entry into a particular wall, rather
than installing a BWD pipe in that wall, or vice-versa.

7.1.2 Baseboard Duct Variation
Vertical suction pipes. Usually, only one vertical suction
pipe penetrates the baseboard plenum, as illustrated in Figure
35, if the plenum forms a largely continuous loop around the
basement perimeter. The baseboard is supposed to distribute
the suction from this pipe to the walls around the entire
perimeter.
If the baseboard duct cannot be continuous due to obstructions
or finish, and if the duct must be installed as two or more
isolated segments, then a suction pipe must penetrate each
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segment. The ,suction pipes from the various isolated segments might be manifolded together, and directed to a single
fan. Or, the pipe from one or more of the isolated duct
segments might be directed to a second fan, as discussed in
Sections 7.4 and 7.6.
Even in cases where the baseboard duct is continuous, without
isolated segments, it may sometimes be desirable to have a
second suction pipe penetrating the duct at a location remote
from the frrst pipe. Because of the high flows expected in the
duct, and the relatively small cross-section inside many commercially available pre-fabricated ducts, the suction loss inside the duct can be substantial. As a result, the suction inside
the duct at a point remote from a suction pipe may be quite
low (0.002 to 0.05 in. WG, or less). A second suction pipe,
tapped into the duct on the opposite side of the basement from
the frrst, could help increase the suction at the remote location, even if the second pipe is manifolded into the same fan as
the first. If the second pipe is connected to a second fan, the
improvement in suction would be greater.

Baseboard ducting. The preceding discussion concerning
the number of suction pipes has focused on the rigid PVC, PE,
or ABS pipe that penetrates the baseboard duct and leads to
the fan (the vertical pipe labelled "Suction pipe" in Figure 35).
However, the baseboard duct itself might be considered a
"suction pipe," in the sense that it directs suction around the
wall/floor joint.
Where there are no isolated segments of duct, the duct forms
only one "suction pipe." Isolated segments can be avoided
when the duct can form a continuous loop (an "0") or a nearly
continuous loop (a "C," interrupted in only one location, e.g.,
where there is a door or a fireplace structure in the basement
wall). To avoid isolated segments, there would also have to be
no isolated interior block walls/structures penetrating the slab,
requiring a separate segment of duct.
Where isolated segments of duct 'are necessary, each segment
might be considered a separate "suction pipe." As discussed
previously, each such segment will also require a separate
vertical PVC suction pipe.

7.2 Selection of Suction Pipe
Location
7.2. 1 Individual-Pipe Variation
Lateral position on the wall. If a single individual BWD
suction pipe is being installed into a wall, it would be generally logical to locate it near the horizontal center of the wall,
.midway between the two ends. However, if constraints (such
as basement ftnish) prevent it from being installed in the
center, it should be acceptable to locate if off center. Likewise, if two suction pipes are being installed into a wall, they
would logically be placed about equidistant from each other
and from the ends of the wall, unless constraints dictate
otherwise.
If one section of the wall seemed to contain higher radon

concentrations than the remainder of the wall, it would seem
logical to locate a suction pip~ in that section.

Where there is a discontinuity in a wall, one BWD suction
pipe would be installed on each side of the discontinuity, to
ensure that each wall segment would be treated. If there is a
frreplace structure in a wall, potentially serving as a major
unclosable leakage source, a suction pipe in that wall might be
located near the frreplace structure.
If the BWD pipe is being installed as a supplement to a SSD
system in a basement, the BWD pipe(s) in a given wall would
normally be installed immediately adjacent to a vertical SSD
suction pipe through the slab beside the wall, if possible, so
that the BWD pipe protruding horizontally out of the wall can
easily be T'd into the vertical SSD pipe.
Where possible, the exact location of a suction pipe would be
selected to minimize the aesthetic impact (e.g., not in fmished
areas), and to minimize interference with house usage (e.g.,
not blocking a usual traffic route).

Vertical position on the wall. In terms of the vertical
positioning of the BWD suction pipe on the wall, the suction
pipe should be located as near to the slab as possible, preferably in the first or second block above the slab. Placement
close to the basement slab should increase the possibility that
the wall-cavity suction fteld will extend into the sub-slab
region, treating the wall/floor joint and other slab-related
entry routes away from the wall. That is, it will maximize any
SSD component that the BWD pipes might provide. In addition, location of the penetrations close to the slab should help
ensure the best depressurization of the cavities in the footing
region, where most of the soil gas probably enters the void
network.
Also, location of the individual BWD suction pipes near the
basement slab will reduce the height to which soil gas is
drawn up into the wall. This will potentially reduce the
amount ofradon that might then be drawn into the house if the
low suctions being maintained in the voids by the BWD
system were temporarily overwhelmed by homeowner or
weather effects.
The BWD pipes use the wall cavities as a soil gas collector,
drawing the gas up into the walls and out through the suction
pipes. But the suctions established inside the wall voids by the
system are low, lower than the 0.01 to 0.15 in. WG measured
in the suction pipes. These low suctions are particularly .
subject to being overwhelmed by the basement depressurizations that can be created by, e.g., changes in temperature and
turning on exhaust fans such as in clothes driers. If the BWD
pipes are high on the wall and are, in essence, fIlling the
cavities with diluted soil gas, an overwhelming of the system
could draw this soil gas into the house.

Sl!lection ojthe walls that must be treated-BWD as a
supplement to SSD. In addition to the location of the pipes
installed in a particular wall, another issue is which walls are
selected to receive pipes.
Where an individual-pipe BWD component is being installed
as a supplement to a SSD system, commonly only one or two
of the block walls are treated. The usual situation is that the
SSD system is taking care of most of the slab-related entry
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routes, and there are only one or two walls where the sub-slab
depressurization is failing to adequately prevent soil gas entry
into the wall cavities.
BWD components are usually added to SSD systems either: a)
in cases where prior experience in similar houses (and perhaps
pre·rnitigation testing) suggests, prior to mitigation, that such
a component is needed; or b) in cases where an initial standalone SSD system has already been installed and has failed to
achieve adequate radon reductions. Marginal or poor sub-slab
communication, and very high radon concentrations in the
soil gas., are the conditions most likely to create a need for a
BWD component.
In the former situation, where the possible need for the
supplemental BWD pipes is recognized prior to mitigation,
the prior experience may suggest which walls could need
trentment. These could include, e.g., the wall beside an adjoining slab-on-grade garage, or the wall the deepest below grade
in a walk-out basement. In some cases, selected pre-mitigation measurements (radon grab samples drawn from inside the
block cavities) might aid in the selection of a wall to receive a
BWD pipe. WaIls having pr~mitigation radon concentrations
greater than some value would be selected for such direct
treatment, because that wall thus appears to be a particularly
important entry route.
But there can be a problem with selecting walls based upon
radon measurements in the cavities prior to mitigation. The
radon level in the wall is not necessarily a good indicator of
whether the SSD system will adequately prevent entry of that
radon into the wall; the SSD system might take care of that
wall without a BWD component. Only in the unusual case
where radon levels inside the wall are higher than those under
the slab, can one confidently conclude from such pre-mitigation measurements that there is an important source of radon
into that wall in addition to the sub-slab region. Where that is
the case. treatment of the sub-slab alone will probably not
adequately treat that wall.
In the case where an initial SSD system is not doing the job,
radon gmb sampling inside the wall cavities with the SSD
system operating would indicate which walls are not being
adequately treated by SSD. These would be the walls selected
to receive BWD pipes.

radon into the house. In these apparently limited cases, it can
be sufficient to treat only those specific walls (Mes92).
In cases where all walls are important entry routes, it will be
necessary to treat:
- Each of the four perimeter foundation walls. Even a
perimeter wall that is largely above grade (such as the
above-grade wall in a walk-out basement) should generally be treated; it can still be serving as a conduit for
soil gas from the footing up into the basement, even
though there is no soil in contact with the above-grade
portion of its exterior face.
- Each segment of each perimeter wall, in cases where a
discontinuity in the wall divides it into segments.
-

Any interior block wall which penetrates the slab, e.g.,
a load-bearing wall perpendicular to the front and rear
walls, dividing the basement into sections.

-

Any interior block structure, such as a structure housing a fireplace in the basement, or supporting a frreplace on the floor above.

Where there is a slab-on-grade or crawl-space wing adjoining
the basement, the block foundation walls associated with that
adjoining wing may also need to be treated, especially in cases
where the void network in the walls for the adjoining wing
does not link with the network in the basement walls.

Indoor vs. outdoor locations. In most cases in basement
houses, the individual BWD suction pipes are installed into
the wall from inside the basement, as illustrated in Figure 5.
Indoor installation is generally simpler, at least when the
basement is not significantly fmished, and it minimizes the
piping visible from outdoors. Where the BWD pipes are
supplementing an interior SSD system, the BWD pipes will
always be indoors, so that they can easily be tied into the SSD
piping. The BWD pipes treating interior walls and structures
will necessarily always have to be indoors.

tended as a stand-alone mitigation option, it will sometimes be
nccess.'U)' to treat every block wall which penetrates the slab.
This situation will arise when all of the walls are important
cntry routes. and where stand-alone BWD has been selected
rather than SSD, e.g., because of poor sub-slab communication. or because it is otherwise expected that SSD will not
adequately treat the walls. In this situation, the need to treat
each wall results because the high flows through the walls will
reduce the extension of the suction and flow fields from one
wall to the next, and because the suction field will not always
reliably tum the comers.
.

However, when a basement in heavily fmished (and when any
SSD pipes are also installed from outdoors), the BWD pipes
for the perimeter foundation walls can be installed into the
blocks from outdoors. Exterior installation would mean drilling into the block cores from outdoors rather than indoors. It
would require excavating beside the exterior face of the
basement wall to expose the exterior face of the blocks at the
location where the BWD pipe is to be installed. If the pipe is
to penetrate the wall near the footing, this could mean an
excavation as deep as 5 to 8 ft. The individual exterior BWD
pipes installed in this manner around the perimeter of the
house could be extended vertically upward to near grade level,
and manifolded together via a horizontal loop ofpiping buried
just below grade level around the perimeter. Any exterior SSD
pipes (penetrating horizontally through the foundation wall
below slab level) could also be connected to this same piping
network.

In other cases. stand-alone BWD will be selected because one
or two of the walls appear to be the primary entry route for the

When individual BWD pipes are being installed from inside a

Selection ofthe walls tlzat must be treated-BWD as a
stand-alone system. Where individual-pipe BWD is in-

Other considerations jor pipe location in basements.
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basement, some of the other considerations in selecting pipe in .each of these isolated segments. Within the flexibility
location will be similar to those discussed in Section 4.2.1 provided by the locations and extents of the segments, these
regarding the location of interior SSD pipes. These· other suction pipes should be installed at locations in the segments
considerations include: location of the pipes in unfmished or that facilitate manifolding the various pipes together, and
inconspicuous areas where possible; location of the pipes in directing them to one or two fans.
an effort to minimize interference with occupant traffic patterns (which should not usually be a problem) or with occu- Baseboard ducting. Ideally, the baseboard ducting itself
pant usage of the space; location of the pipes to facilitate .should be installed over the wall/floor joint around the entire
manifolding of the multiple pipes together, in cases where basement perimeter, without interruption. In addition to being
they cannot be [tapped into an immediately adjacent SSD pipe; thus installed on all four perimeter walls and around any
and location of the pipes away from any utility lines which discontinuities in these walls, it should also be installed on
may occasionally be inside the block cores (such as electrical any interior block wall, and around any interior block strucconduits leading to electrical outlets in the block wall).
ture (such as a frreplace structure), that penetrate the slab.
Consideratio~s for slabs on grades. Where individual
BWD pipes are installed in a slab-on-grade house, they will be
installed horizontally into the cores of the foundation stem
wall from outdoors, near grade. In essentially all cases where
BWD pipes have been installed in a slab-on-grade house, they
have been installed in conjunction with SSD pipes also being
installed horizontally through the foundation wall from outdoors. In such cases, it would appear logical to install the
BWD pipes into the block cores just below the slab, at the
same level as· the SSD pipes. Such BWD pipes might be
expected to have the greatest benefit on foundalion stem walls
which are largely below grade. In cases where the stem wall
comes above grade. because the slab is above grade, the
amount of outdoor air drawn through the exterior face of the
block will probably be increased.

7.2.2 Baseboard Duct Variation
Vertical suction pipes. Where a single vertical PVC suction
pipe penetrates a continuous baseboard duct, this suction pipe
can be located beside the foundation wall anywhere around
the basement perimeter. The location of this suction pipe can
be selected for convenient routing of the exhaust piping-i.e.,
directly below a convenient route for an interior stack up
through the living area above, or directly beside a convenient
point for penetration through the band joist to an exterior
stack (e.g., at the rear of the house). It can be selected in an
unfmished part of the basement.
Sometimes it is desirable to install a second (and maybe a
third) suction pipe into a continuous baseboard duct, because
the high flows from the walls can sometimes prevent the
suction field from one pipe from effectively extending through
the duct around the entire perimeter. A second suction pipe
should be located approximately on the opposite side of the
basement from the first pipe. The exact location would be
selected to avoid basement finish and other obstructions, and
to facilitate the routing of the piping. If this second pipe is to
be manifolded together with the first, and both directed to a
single fan, the locations of the two pipes would be selected to
facilitate this manifolding. If the second pipe is to be routed to
its own fan, its location would be selected to facilitate the
routing of a second stack up through the house, or the routing
of the piping through the band joist to a second exterior stack.
Where the baseboard ducting is interrupted, so that there are
two or more isolated segments of ducting around the perimeter, there will have to be a vertical PVC suction pipe located

Complete coverage of the entire perimeter may not be necessary for adequate radon reduction, as long as there is a
significant segment ofducting along each block wall to ensure
that each wall receives some treatment. Among the obstructions that can cause interruptions in the ducting are: doorways
through the block wall (e.g., in walk-out basements); frreplaces built into the wall; heavy interior finish or framing; and
furnaces, stairways, shower stalls, and other obstructions installed flush against (or very near to) the block wall.
The need for complete coverage of the perimeter by the
baseboard duct might be questioned. The individual-pipe
BWD approach applies suction only to isolated points along
the walls, not continuously around the perimeter. However,
most testing of the baseboard approach to date has utilized
nearly complete coverage. And, in the limited testing by EPA
of very high-radon houses in Pennsylvania (Sc88), even with
nearly complete coverage, these houses were not reliably
reduced below 4 pCi/L.
Many commercially installed baseboard duct BWD systems
are installed for the combined purpose of radon reduction and
basement water control (B188). Commercially available "baseboard ducting" has been on the market for basement water
control for many years, prior to the current concern about
radon. Where the ducting has a water control as well as a
radon control purpose, the need for ducting to be installed in a
contiguous length may be mandatory, so that the collected
water can flow through the duct, around the perimeter, to a
sump for discharge.
With interior block walls, where both faces of the wall are
accessible, installing the baseboard duct on just one face
might sometimes be sufficient. If the interior wall separates a
fmished portion of the basement from an unfinished area, the
duct would conveniently be installed on the unfinishedside.
By the very nature of the system, the baseboard duct is
installed over the wall/floor joint inside the basement. The
suction on the wall-through holes drilled through the wall a
few inches above the slab, enclosed within the duct-is thus
applied at the base of the wall. Applying the suction at this
location: a) increases the potential that the BWD system will
develop a suction field under the slab, creating a SSD component; b) increases the suction in the block cavities near the
footing, where much of the soil gas likely enters the void
network; and c) reduces the height to which the system will
draw soil gas up into the wall, as discussed in Section 7.2.1.
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Where the baseboard duct is also used for water drainage, and
where a sump is thus also enclosed within the system, suction
on this sump increases the SSD component of the system.

7.3 Selection of Suction Pipe Type
and Diameter
7.3.1 Individual-Pipe Variation
Type ojpiping. As with SSD and DTD systems~ the type of
piping typicalIy used for individual-pipe BWD systems ,is
rigid thin-walled or Schedule 40 PVC, PE, or ABS piping.

Pipe diameter-BlVD as a supplement to SSD. The
selection of the pipe diameter is influenced by the very high
air flows that BWD pipes will draw out of the walls. In the
large majority of cases, the substantial friction loss in the
piping, combined with the high flows, will result in quite low
suctions in the block voids, even when the 90-watt tubular inline fans are employed.
In the most common case, where individual BWD pipes are
installed as a supplement to a SSD system and are connected
to nearby vertical SSD suction pipes, reducing the diameter of
the BWD pipe is one common option for restricting flows out
of the walls. See Figure 34A, and the discussion'in Section
7.5.1 regarding the need to restrict flows out of the walls in
combined SSD+BWD systems. In the typical case illustrated
in Figure 34A, the vertical SSD pipe is the usual 4 in.
diameter, but the horizontal BWD pipe is 2 in. diameter.
However, as shown in Figures 34B and 34C, 4-in. piping can
also be used for the BWD leg in combined SSD+BWD
systems. Where 4-in. piping is used, a damper or valve is
commonly installed in the BWD pipe to restrict the flow from
the wall.
Whichever of the approaches in Figure 34 is utilized, flows
from the walls are usually restricted adequately such that there
is no need to use piping larger than 4 in. for the remainder of
the combined system. See Section 4.3.2 for discussion of the
selection of pipe sizes for SSD systems.

Pipe diameter--BlVD as a stand-alone system. When
individual-pipe BWD is being used as a stand-alone method
as in Figure S, with no SSD component, restricting air flow
from the walls is no longer an issue. For stand-alone systems,
rodoo reduction performance will likely be improved if the
wall flows are increased as necessary to achieve adequate
suction field distribution in, the void network. Thus, piping of
adequately large diameter should be selected.

EPA's limited experience with stand-alone BWD systems
indicates that, with a 9O-watt fan and 4-in. diameter individual
suction pipes in each wall, the flow in each pipe will typically
be no more than about 50 cfm, sometimes less. At that flow
rate, 4-in. piping can be used for the individual suction pipes
into the walls without suffering an unacceptable suction loss,
especially since anyone suction pipe will probably extend no
more than 10 or 20 ft from the wall to a central trunk line
(collector) running down the center of the basement. From
Figure 13, friction losses between the wall entry point and the

trunk line would be on the order of 0.05 in. WG or less under
these circumstances.

However, that central collector pipe will carry the combined
flow from all of the individual wall pipes, and can thus see
particularly high flows. With 4-in. piping, the maximum flow
that would be generated by a 90-watt "270 cfm" tubular fan is
about 180 cfm, as discussed in Section 4.4.1. With 6-in.
piping, flows as high as 200 cfm have been observed in BWD
systems.
At 180 cfm, the central collector pipe could sustain a friction
loss of about 0.75 in. WG down a 30- to 40-ft-long basement
if the collector were simply a straight length of 4-in. piping
(from Figure 13). ThIs loss would cause the fan to operateat
different point on its performance curve, significantly reduc-·
ing the total system flows well below 180 cfm. As a result, the
suctions that would be being maintained in the walls would
decrease significantly.

a

Thus, in the EPA installations, 6-in. diameter piping was
consistently used for this high-flow central collector. With a
straight 6-in. collector 30 to 40 ft long, the friction loss would
be only about 0.1 in. WG at 200 cfm. Accordingly, Figure 5
shows a4-in. diameter wall suction pipe connecting to a 6-in.
trunk line.

7.3.2 Baseboard Duct Variation
Vertical suction pipes. Commonly, the vertical suction pipe
that penetrates the baseboard duct and extends up to the fan is
PVC (or comparable) piping.
Some early research installations used sheet metal dueting
extending up the basement wall for this purpose, in order to
increase the cross-section and thus reduce suction losses.
However, such sheet metal ducting is more difficult to install
and is difficult to seal effectively. It does not provide a
sufficient reduction in friction losses to compensate for these
complications. Thus, use ofPVC piping is now recommended.
Where a single vertical suction pipe is used to draw suction 01)
the baseboard duct at one location around the perimeter,
experience suggests that flows in this pipe can be roughly 100
cfm or more. (Exact flows will depend upon a variety of
variables.) This flow is lower than the values that are sometimes seen in the trunk line of individual-pipe BWD installations (up to 200 cfm), because of the friction losses encountered inside the baseboard duct. At 100 cfm, 4-in. diameter
piping can probably be used, especially if the total piping run
is only about 30 ft (e.g., extends relatively straight up from the
basement slab to the exhaust point at the root). In this case, the
total suction loss would be on the order of 0.2 in. WG, an
amount that could us~y be handled by a 90-watt fan.
Where a second or third suction pipe tap into the baseboard
duct, 4-in. piping may still be sufficient, depending upon how
the piping is routed. If the piping connects directly to a second
fan, essentially identical to the frrst pipe, then 4-in. piping
could again be adequate. If the piping from the second suction
pipe is going to be directed across the basement to manifold
into the frrst fan, 4-in. piping might again be sufficient for the
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example in Figure 35, it has a cross section that is not quite
rectangular, creating an enclosure extending an average of
perhaps only 1 in. out from the wa11. Thus, when attached to
the slab and wa11, this ducting will have a cross sectiona1 area
of 4 to 5 in2 (equivalent to a round pipe having a diameter of
roughly 2.5 in.). Given the high flows that will come from the
. walls, the suction loss inside this duct will be substantial; the
Because the high flows could sometimes warrant 6-in. diam- ducting was designed to channel water and to be aesthetic, not
eter piping, Figure 35 shows all of the PVC piping as 6-in. to move air. The friction loss will significantly reduce the
piping.
suction that can be maintained in the duct, and the amount of
air that can be drawn out of the walls, unless one or more
Baseboard dueting. In most commercial BWD/baseboard additional suction pipes are installed into the duct. However,
duct installations, the base-board ducting consists of commer- since this low suction will be distributed around the entire
cially available, pre-fabricated ducting composed of vinyl, perimeter by the ducting, and since the wa11/floor joint, a
ABS, or similar material. This commercial ducting, which has major entry route, will be largely or entirely enclosed ·and
been marketed for years for basement water control purposes, depressurized, a1beit to only a low level, these features may
is commonly sealed to the wall and slab using an epoxy help compensate for the low level of the suction.
adhesive. Figure 35 illustrates one version of such commerCustom installations have utilized sheet metal ducts having
cial ducting.
much larger cross sections, from 12 to 36 in2 (Sc88). The cross
The commercial ducting shown in Figure 35 has a bottom that sectional area in these ducts would be equivalent to that in a
curves back toward the wall, and is cemented directly on top round pipe having a diameter of 4 to 6.75 in., greatly reducing
of the wall/floor joint. This configuration creates a vinyl suction loss compared to that in the commercial ducting.
channel inside the ducting, which can be helpful in channel- However, the larger ducts have a much greater aesthetic
ling any water which enters the duct. Commercial channel impact, as well as being more difficult to fabricate and install.
drains for water control would normally be considered for And even with the larger baseboard ducting, the pressures
houses which do not already have a perimeter channel (or inside the ducting (with the system operated to pressurize the
canal) drain in the form of a 1- to 2-in. wide wall/floor joint. wall) were only 0.002 to 0.38 in. WG (and flows were 0.2 to
The particular commercial drain shown in the figure would be 96 cfm), depending upon proximity to a fan (Sc88, Fi91).
a reasonable choice in cases where there is not a pre-existing
perimeter canal.
7.4 Selection of the Suction Fan
roughly 20- to 40-ftpiping run across the basement, assuming
again a flow of about 100 cfm or less. But where the first and
second pipes come together, the combined flow could become
significantly greater than 100 cfm. Thus, 6-in. piping could be
warranted downstream of the junction, including for the exhaust stack.

However, when a baseboard duct system is being considered
for radon mitigation, there may be cases where the baseboard
approach may be of interest in part because a perimeter canal
drain does already exist. In such cases, a commercial channel
drain having the cross-sectional configuration in Figure 35
would cover the.canal, interfering with drainage into the canal
and with extension of the baseboard duct suction field into the
sub-slab region. Thus, where there is a pre-existing perimeter
canal drain, OI)e may wish to use a commercial channel drain
that attaches to the slab a couple inches away from the wall, in
order to leave the canal open.

With either the individual-pipe or the baseboard duct variations of the BWD approach, the high air flows expected from
the walls will generally dictate that the fan be at least comparable to the 90-watt in-line tubular fans listed in Table 1.
These fans can move up to 270 cfm at zero static pressure,
although their practica1 maximum in BWD systems will probably be about 180 to 200+ cfm, depending upon the size of
piping used. These fans will often be able to maintain adequate suctions at the wall suction hole, at the air flows
encountered and with the suction losses encountered in the
piping.

In some custom installations, the baseboard ducting has been
fabricated by the mitigator using sheet metal. 11le sheet metal
duct would be attached to the wall and slab using masonry
screws and caulk. The metal duct can be fabricated. to create
either a rectangular or a triangular cross section when attached
to the wall. Fabrication of the ducting out of sheet metal has
the advantage of enabling a much larger cross-sectional area
inside the duct than is available with the relatively small
commercial ducting, thus reducing friction losses. However,
custom fabrication and installation of sheet metal ducting is
more difficult and time-consuming than is the use of the
commercially available ducting, and hence will usually be
much more expensive. In addition, because it is larger and is
not pre-fabricated, the metal ducting will have a greater
aesthetic impact.

As discussed in Section 4.4, the 90-watt in-line tubular fans
(Section 4.4.1) are generally recommended for stand-alone
SSD systems having good to poor sub-slab communication.
Higher-suction blowers (Sections 4.4.2 and 4.4.3) can be an
appropriate alternative when communication is margina1 to
poor, and the smaller (50- to 70-watt) in-line tubular fans
(Section 4.4.1) will sometimes be suitable when communication is good but flows are not excessively high.

Commercially available baseboard ducting is typically fairly
small. It is commonly only 4 to 5 in. tall. As illustrated by the

When the SSD system is supplemented with a BWD component, the flows from the combined SSD+BWD system will
tend to be higher than those from stand-alone SSD systems.
This can be true despite the fact that steps have been taken to
restrict air flows out of the walls, as illustrated in Figure 34.
Because of these higher flows, the 50- to 70-watt tubular fans
will genera11y not be a good choice for such combined systems. Likewise, flows will very likely be too high for the
high-suction/low-flow fans (Section 4.4.3). And flows will
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likely be high enough such that the radial blowers (Section
4.4.2) would not be generating the higher suctions which is
the primary incentive for their use. Accordingly, the 90-watt
tubular fan will probably often be the logical choice for a
combined SSD+BWD system.
With stand-alone BWD systems, total flows from the systems
(when 9O-watt fans are used) are usually on the order of 100 to
200 cfm, depending upon the pipe size. Suction in the system
piping immediately beside the walls is usually 0.1 to 0.4 in.
WG or less, sometimes significantly less. Under these conditions, it is recommended that the fan always have a capability
at 1c.'\St equal to that of the 90-watt in-line fans. In some cases,
where the BWD system includes only a single fan, one of the
high-flow lOO-watt fans listed in Table 1 (with 6-in. or even
8-in. couplings) might be considered.
In some of EPA's research installations with the baseboard
duct BWD variation, it has been found to be desirable to add a
second 90-watt fan, in order to maintain adequate suctions and
flows in the duct around the entire perimeter. An additional
benefit of the second fan was that where there were multiple
isolated segments of baseboard ducting, it was sometimes
easier logistically to route the suction pipes from the segments
on one end of the house to a second fan, rather than attempting
to manifold all pipes to a single fan. This second benefit could
also sometimes warrant a second fan in individual-pipe BWD
installations, when it is not practical to run a single 6-in.
conector pipe down the center of the basement to direct the
combined flow from all of the individual wall pipes to a single
fan. In any case, one or more of the suction pipes (from one
side of the house) would be directed to one of the fans, and the
remaining suction pipes (from the other side) would be directed to the second fan.

7.5 Installation of Suction Pipes
Into the Block Walls
7.5.1 Individual-Pipe Variation
A hole of the same diameter as the BWD suction pipe is
prepared through one face of a block at the location where the
individual pipe is to be installed. This hole would expose the
cavity inside the particular block, and would not penetrate all
the way through to the other side of the wall. This hole would
be drilled through the inside face of the block wall, inside the
basement, in cases where the BWD pipes are to enter a
basement wall from indoors. Or, it would be drilled through
the outer face of the block, from outdoors, if the pipe is to
enter a basement wall or a slab-on-grade foundation stem wall
from outside the house.
The hole would be positioned on the selected block so that it
penetrated the face at the location ofa cavity. That is, it would
not at the location of one of the block's interior cross members. To judge the proper location, one must identify whether
the blocks in that wall have two interior cavities, or three.
Often, the top of some blocks will be exposed at some point
around the basement, revealing how many cavities the blocks
contain.

Commonly, a rotary hammer is used to prepare the hole into
the block, by drilling a series of l/2-in. holes in a circular
pattern having the diameter of the BWD suction pipe. Because
the block face over the cavity is thin, and because the concrete/aggregate mix used to fabricate the blocks is less dense
than is solid concrete, drilling holes through the face of blocks
with a rotary hammer is much simpler than is drilling such
holes through a 4-in. thick concrete slab, as discussed in
Section 4.5.1.
.
The BWD suction pipe is inserted horizontally, partway into
the block cavity. Mter this pipe is supported by connection
into the remainder of the piping network (as illustrated in
Figure 5 or 34), the gap between the block face and the pipe,
around the pipe circumference, must be sealed. Gun-grade
(non-flowable) polyurethane caulk should be worked into the
gap to form a good seal. If this gap IS not sealed, air will leak
through the gap, reducing the effectiveness of the BWD
syste"1. Because this gap will be immediately beside the
suction pipe, it will potentially have a greater impact than will
other unsealed openings in the wall.
When individual BWD pipes are connected into a SSD system, it is usually necessary to restrict the air flows out of the
wall, using a technique such as those illustrated in Figure 34.
The reason for restricting the wall flow into the SSD+BWD
system is that high flows from the BWD pipes would significantly reduce the suction that could be maintained in the
system, including the SSD pipes. Thus, failure to restrict the
wall pipes would significantly reduce the treatment of the
sub-slab by the SSD system.
Of course, restricting the BWD pipes in this manner dramatically reduces the treatment of the walls. As discussed in
Section 2.3.4, tests of such combined SSD+BWD systems
have commonly shown that the optimum approach in these
cases is to restrict the BWD flows, sacrificing some part of the
wall treatment in order to maintain effective sub-slab treatment
One of the simplest, least expensive, and more widely utilized
methods for restricting wall flow is to use smaller diameter
piping for the leg extenQing into the wall. Figure 34A illustrates this approach, for the case where 2-in. pipe has been
used for the wall and where the vertical SSD pipe is 4 in.
diameter. For this configuration, 4-in. T fitting is installed into
the SSD riser adjacent to the wall hole, with the leg of the T
pointed horizontally toward the wall. A 4- to 2-in. adaptor at
the end of the T leg narrows down to accommodate the 2-in.
pipe that then extends horizontally into the wall cavity. Because of the substantial suction loss in even such a short
length of 2-in. piping, the use of the small-diameter piping
significantly reduces the flow out of the wall into the system.
Figure 34B shows the option of using 4-in. pipe for the wall
leg, and of installing a damper in the leg to allow restriction of
flows from the wall. Dampers are relatively inexpensive, and
would enable adjustment of wall flows after installation in an
effort to optimize system performance. However, some mitigators have reported that dampers are not always reliable
(Kl92).
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Use of a PVC ball valve, as illustrated in Figure 34C, also
pennits adjustment of flows after installation, and offers the
further advantage of being more reliable than the use of a
damper. However, PVC valves are relatively expensive.
:

7.5.2 Baseboard Duct Variation
Vertical suction pipes-where no sump is present.
Some manufacturers of channel drain market a specially
designed segment of baseboard ducting, designed to easily
accommodate a vertical PVC suction pipe. Such a segment
would be installed into the baseboard loop at the one or more
locations where a vertical PVC suction pipe is to be installed
into the baseboard ducting. The suction pipe would then be·
cemented into the fitting in this segment, providing an air-tight ,
seal. Where such connection segments are available, this
would be the preferred approach for connecting the suction
pipe into the baseboard.
Alternatively, as illustrated in Figure 35, a hole could be cut in
the baseboard ducting to accommodate the suction pipe. The
pipe is installed vertically, almost flush against the foundation
wall, fitting into the hole cut in the ducting. At the base of the
vertical pipe, against the slab, a section of the pipe within the
ducting would be cut away, providing an opening between the
suction pipe and the interior of the baseboard ducting.
By this latter approach, the junction between the PVC suction
pipe and the baseboard ducting would then have to be sealed
very well, with gun-grade polyurethane caulk or other appropriate sealant The base of the vertical pipe, where it rests on
the slab, would have to be effectively sealed against the slab
with polyurethane caulk. Alternatively, an end cap could be
cemented onto the base of this pipe. And the seam between
the pipe and the baseboard duct must be sealed.

An added concern is that when holes are drilled through the
interior face of the block wall near the slab, basements that did
not originally have a serious water problem may begin to have
one. Water flowing through the block cavities during wet
periods, which previously might have drained largely to the
sub-sIal) region via the base of the wall, might now flow into
the baseboard ducting through the holes. To avoid claims that
the mitigation system has negatively impacted the drainage
features of the house, it might sometimes be advisable to
install a sump and sump pump system as an integral part of the
baseboard duct system, to handle any such drainage in cases
where water problems might occur.
Figure 36 illustrates an approach used by one vendor in cases
where combined water control and radon mitigation are to be
achieved with a baseboard duct system and a retrofit sump
(E188). In this configuration, a single PVC pipe serves both as
the conduit for collected water from the baseboard ducting to
the sump, and also as the pipe by which suction is drawn on
both the baseboard ducting and the sump. To install this pipe
and the new sump, of course, a section of the slab would have
to be removed and then restored after installation. The sump
must be fitted with an air-tight cover, as discussed in Section
5.5.2.
In other cases, the baseboard ducting might connect to the
sump by a configuration other than that shown in Figure 36. In
such other cases, it might sometimes be preferred for the
suction pipe to penetrate the sump cover, in a manner such as
illustrated in Figure 33 and discussed in Section 5.5.2.
An installation such as the one in Figure 36 has a major SSD
component by virtue of the suction on the sump. This SSD
component can be more important than the BWD component.

Baseboard ducting. Prior to the installation of the baseUnlike vertical SSD pipes, where the pipe penetration through board ducting, holes of about 1/2 in. diameter are drilled
the slab tends to anchor the pipe against lateral movement . through the interior face of the blocks, into the cavities, at all
caused by physical impact, the vertical suction pipe in base- locations where the ducting is to be installed. These holes
board duct BWD systems is resting on top of the slab, and has would usually be in the frrst course of block above the slab,
only the caulk bead at its base to prevent lateral movement. within 4 in. of the slab, so that the will be enclosed within the
This pipe should be attached firmly to the wall using brackets, baseboard ducting. These holes· pennit the suction from the
in order to reduce the risk that it will be jarred and the seals at depressurization system to extend into the void network uniits base broken.
fonnly around the perimeter. In EPA's testing of baseboard
duct BWD systems (Sc88), as well as in commercial systems
Vertical suction pipes-where a sump is present. The (E188), such holes have usually been drilled into every cavity
preceding disc!Jssion addresses the case where the baseboard of every block.
duct does not connect to a sump. Where there is a sump, the
vertical suction pipe can be installed in the capped sump, No attempt should be made to seal the wall/floor joint at
rather than as described above.
locations where the baseboard ducting will be installed over
the joint. Leaving the joint open will facilitate the extension of
In many cases, commercial baseboard duct systems are in- the ducting suction down into the sub-slab region, increasing
stalled for the combined purposes of basement water control any SSD component of the system. Where the baseboard does
and of radon reduction. The need for water control may often not cover the entire length of the wall/floor joint, and where
be a factor in the decision to install a baseboard duct BWD that joint is a 1- to 2-in. wide perimeter channel drain, the
system in the first place. Where water control is also an channel drain opening beneath the baseboard must be sealed
objective, a sump and sump pump will commonly have to be in some appropriate manner at the point where the baseboard
retrofit into the house as part of the system, to handle the ends, so that basement air is not drawn into the baseboard duct
collected water. (The need for water control and for a retrofit . through the open perinleter channel drain beneath the end of
sump will usually not exist in houses having a pre"existing the baseboard.
perimeter channel (canal) drain.)
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Flguro 36. One spec/fie example of a baseboard duct BWD configuration with a major SSD component, for the case where a sump and sump
pump are installed as part of the radon mitigation system. (Safe-Aire, Inc.)

The baseboard ducting must be attached to the slab and wall,
fonning an air-tight seal over the wall holes and the wall/floor
joint. Where commercially available vinyl or ABS ducting is
used, the ducting is usually bonded to the wall using epoxy or
other adhesive. The surface of the wall and slab should be
cleaned and abraded first, to improve adhesion. If sheet metal
ducting were used, the metal ducting would be anchored to the
wall and slab with masonry screws, through flanges incorporated into the ducting for this purpose. The metal ducting
would be sealed against the wall and slab with a continuous
bead of gun-grade polyurethane caulk between the flange and
the concrete. The masonry screws alone would not provide an
adequate seal. When the slab contains irregularities, special
care and additional caulking will be needed to ensure a good
seal.

Commercially available ducting is marketed in pre-fabricated
5- to lO-ft lengths. Butt-joint fittings, having the same
cross-sectional configuration as the ducting, are used (with
sealant) to join lengths of straight ducting. Special
pre-fabricated sections of ducting ean sometimes be obtained
to turn inside or outside comers. Where these comer sections
do not form an integral piece, the mitered junction at the
comer must be sealed carefully, Where the ducting must be
interrupted, end-cap fittings are available to seal the open end.
As indicated above, where the baseboard dueting is being
sealed over a perimeter channel drain, the gap between the
open drain and the base of the baseboard must be sealed at
ends.
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When the lengths of baseboard ducting are custom fabricated
out of sheet metal, more care will be required in sealing the
seams using sheet metal screws and polyurethane caulk. The
butt-joint and end-cap fittings, and the pre-mitered comer
sections, will not be available, and these junctions will have to
be formed and sealed on site.
When the baseboard is also going to collecting water, a
particular effort is needed to ensure that the baseboard forms a
contiguous loop (at least a "C," if not a complete "0").
Continuous ducting is needed so that the collected water can
drain to a single sump. In these cases, it may be necessary to
move some obstructions, or to penetrate through an interior
stud wall which extends perpendicular to the block foundation
wall. If part of the basement is finished, the baseboard ducting
can sometimes still be installed, by trimming of the base of the
panelling and underlying furring strips, and by trimming any
carpeting, to accommodate the baseboard. (Where the fmish
against the foundation wall is a stud wall, this approach would
not be practical.)
The holes that are being drilled through i1he face of the
basement wall will permit any water that ever flows through
the wall cavities to drain out into the baseboard ducting. Prior
to the drilling of these holes, much of the water that might
have entered the cavities might have drained to the sub-slab
region. Thus, if it is thought that the house might have a
drainage problem (based upon the contour of the lot, the
appearance of the walls, and the occupant's experience), a
sump should be installed in conjunction with the baseboard
duct system. If there is an existing sump, it could be connected
to the baseboard ducting.
If the walVfloor joint is a perimeter channel (canal) drain, it
might drain to an existing sump via a loop of drain tiles under
the slab. See Figure 32B. In these cases, the perimeter channel
drain is enclosed within the baseboard ducting, using a baseboard duct c<;mfiguration that does not interfere with drainage
into the perimeter canal (see Section 7.3.2, Baseboard ducting). The sump should be capped with an air-tight cover, to
prevent excessive air flow through the drain tiles into the
baseboard duct system (as well as to reduce radon entry into
the house via the sump).
If the wall/floor joint is not a perimeter channel drain, but
there is an existing sump, a channel could be routed through
the slab, directing water from inside the baseboard ducting to
the sump. This would be analogous to the approach illustrated
in Figure 32B, for the case where a perimeter channel drain is
sealed. If a channel were routed, it must be covered with, e.g.,
Plexiglass sheet, sheet metal, or a length of PVC piping cut in
half down its axis. In this case, it eQuId be desirable for the
sump cover to rest on top of the slab (rather than below slab
level, as in Figure 32B), so that the sump end of the routed
channel could be enclosed under the sump cover. The seams
between the channel cover, the sump cover, and the baseboard
ducting must be sealed well. The baseboard ducting, the slab
channel, and the sump should form one completely enclosed
unit on which suction can be drawn, with water flow through
the perimeter drain and into the sump unimpeded.

If there is no sump initially, one can be installed as part of the
combined radon mitigation{basement water control system.
One option for doing this was illustrated in Figure 36. Polyurethane or polyethylene sump crocks can be purchased for
this purpose, with the top molded (and with bolt holes provided) to accommodate a gasketed, air-tight sump cover that
is sold with the crock.

Installation of a sump will require removal of a section of the
slab near to the foundation wall with a jackhammer, excavation of a pit at that location to accommodate the sump crock,
and restoration of the slab. If a PVC pipe is installed into the
side of the sump crock to baseboard water into the sump and
to enable suction on the sump and baseboard, as illustrated in
Figure 36, a portion of tb,e footing might also have to be
chipped away, as shown, to make room for the pipe. After the
sump crock and the PVC pipe are mounted in place, the
excavation is back-filled with material that was excavated,
with a layer of crushed rock on top, and new concrete poured
to restore the slab.
While the new concrete is still soft, a groove perhaps 1/2 in..
deep is tooled around the perimeter of the slab hole, where the
new concrete meets the original slab. A groove is also tooled
around the perimeters of the sump crock and of the PVC pipe
where it penetrates the new concrete, and along the wall/floor
joint (if the slab hole extended all the way to the foundation
wall). When the concrete has set, these grooves will be
flooded with flowable urethane caulk, in an effort to keep
these seams gas-tight.

7.6 Design/Installation of the
Piping Network and Fan
The design and installation of the piping network and fan for
BWD systems would be essentially the same as described in
Section 4.6 for a SSD system.
In a stand-alone BWD installation utilizing the individual-pipe
variation, where multiple individual 4-in. BWD pipes penetrate into the cavities of different walls, it is advisable that
the individual 4-in. pipes from each wall connect to a 6-in.
diameter collector pipe, due to the volume of the combined
flows. When the wall penetrations are made from inside the
basement, this 6-in. trunk line would usually run down the
center of the basement. If the penetrations are from outdoors,
the trunk line would form a loop around the house perimeter.
Where a continuous trunk line is not feasible, two trunk lines
could be used, each potentially leading to a separate fan. Some
of the individual 4-in. suction pipes would connect to one of
the trunk lines, some would connect to the other.
Sometimes, two fans will be installed in stand-alone BWD
installations, as discussed in Section 7.4. A second fan may be
installed when there is a second trunk line in an individual-pipe
installation, as discussed in the preceding paragraph.
A second fan may be installed in a baseboard duct installation
when a second suction pipe is installed into the baseboard
ducting loop on the opposite side of the basement from the
fIrSt. A second suction pipe and fan would usually be considered for baseboard systems primarily in cases where there is ,
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no sump adding a major SSD component to the baseboard
system.
When two fans nre used, each fan and exhaust system would
be installed as an independent unit, with all of the considerations discussed in Section 4.6 applying to each one.
Because of the large air flows drawn from the block walls by
stand-alone BWD systems, the radon concentration in the
exhaust is usually much lower than that observed from SSD
systems. This could impact decisions on design of the exhaust
piping.

These top voids are more accessible for closure in some cases
than in others, depending upon the construction features of the
particular house. Inability to close the open top voids will not
always render BWD completely inapplicable, but it can seriously detract from the performance of the system, and can
make indoor radon levels more subject to increases when
weather conditions or the. usage of depressurizing appliances
challenge the system. It may also increase the house heating!
cooling penalty, and the risk of back-drafting combustion
appliances in the basement. In addition, failure to close the top
voids enables the block wall void network to continue to serve
as a chimney for soil gas flow up into the house, at those
locations where the BWD system is unable to adequately
depressurize the cavities.

TIle suction pipes leading to the fans will be 6 in. diameter in
some cases, as discussed in Section 7.3. As indicated in
Section 4.6.2, where a pipe penetrates the band joist (which is Figures 37A and 37B illustrate two approaches for closing the
supported underneath by the foundation wall), at least 2 in. of top voids, depending upon accessibility.
wood must always remain between the hole and both the top
and the bottom of the joist. Thus, the 6-in. suction pipe could Where the dimensions of the block and of the sill plate are
be installed through a 2- by lO-in. band joist, provided the such that one to several inches of the open void are exposed,
hole is cut exactly in the center of the joist. A 6-in. pipe could . as in Figure 37A, there is sufficient accessibility such that the
1Iot be installed through a 2- by 8-in. band joist. And a 6-in.
top voids can be sealed from above with mortar or with
pipe could never be installed through floor joists which are expandable closed--cell, one- or two-component urethane foam.
not supported underneath. For such unsupported members, To prevent the mortar or foam from dropping down into the
the rule is that the diameter of the hole must not be greater block cavities, some suitable support can be forced down into
than one-third the height of the member; a 6-in. hole would be each individual void, if necessary, leaving a depth of about 2
more thrm one-third the height of a typical 2- by lO-in. joist in. for the mortar or foam which is then applied above the
(or even of a 2- by 12-in. joist).
support. Where codes prevent crumpled newspaper from being used as such a support, insulation material could be one
suitable alternative. A rapidly expanding, quick-setting foam
7.7 Wall and Slab Sealing in
might be applicable without any support underneath.

Conjunction with BWD Systems

Sealing of major block wall openings can be crucial in the
application of BWD systems. The block walls are inherently
leaky, and significant amounts of air will leak into the BWD
system regardless of the sealing effort that is undertaken.
However, failure to close certain major opening (such as the
open voids in the top course of block) can result in such
excessive air leakage that the ability to the BWD system to
treat the wall can be compromised.
It is also recommended that major slab openings be sealed. A
stand-alone BWD system can sometimes extend a weak suction field beneath the slab. Failure to close a wide wall/floor
joint could prevent any suction from reaching the sub-slab
region. Since BWD systems will not reliably treat entry routes
toward the interior of the slab, the need to seal such interior
routes in conjunction with stand-alone BWD systems will be
increased. With major slab-related entry routes, such as untrapped floor drains, sealing (or trapping) these major openings is generally good practice in any event, to reduce potentially significant soil gas entry if not aid in suction field
extension. And finally, with some baseboard duct installations, sealing of sumps is an integral part of the installation.

7.7.1 Wall Openings

If several inches .of the void are exposed, mortar can be
considered to close the top voids. Mortar may have a lower
materials cost than foam, but will be much more
time-consuming to apply. When mortar is used, it is crucial
that the mortar be forced all the way to the far face of the void
under the sill plate, to ensure that the entire void is closed. See
Figure 37A.

When only an inch or two of the top void is exposed, there is
not sufficient room to accommodate a person's hand into the
void. Mortar is thus no longer an option, because it could not
be reliably spread to the far face of the void under the sill
plate. In these cases, expandable foams must be used.
Expandable foams are obtained in 12- to 24-oz. aerosol spray
cans (for small jobs), or in compressed cylinders up to 16 lb.
(likely required when an entire course of blocks is to be
sealed). Foams can be applied directly from the can, or can be
injected through a hand-held wand or nozzle connected to the
container with a hose. The wand or nozzle can be inserted into
the small opening accessible under the sill plate, injecting the
foam in a manner which will effectively seal the entire void.
The foam should initially be directed toward the far face of the
void, again to ensure that the entire void is sealed.

Operz voids in the wp course oj block. One of the most This sealing effort must be applied to every void in the top
crucial openings in block walls to close in conjunction with
BWD is the open voids in the top course of block in the wall,
in cases where the wall is not constructed with a course of
solid cap block on top.

course of block.
In the majority of cases, the dimensions of the block and sill
plate will be such that less than an inch of the top void will be
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Figure 37. Some options for closing major wall openings at the top of block foundation walls, in conjunction with BWD systems.
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exposed, if any of the void is exposed at all. In such cases, it
will be impractical or impossible to force support material
down into the cavities. Without such supporting material, it
could be more difficult to get foam to effectively close the top
voids. since large amounts of foam might drop down into the
cavities below. Where none of the void is exposed, there is an
additional complication, in that the cavity is not accessible
other than by drilling through the block face or sill plate.
Where at least a fraction of an inch of the void is exposed, a
foam nozzle could be inserted into the void. If a rapidly
expanding. quick-setting foam is used, it may successfully
seal the entire top void. despite the lack of any support
underneath. Another option might be to drill a hole into each
cavity, through the face of the block just below the top of the
wall; some type of support for the foam could then be inserted
through this hole.
If this.. is unsuccessful. efforts could focus on sealing the
fraction-of-an-inch opening between the sill plate and the
foundation wall. as illustrated in Figure 37B. This approach
seals that portion of the top void that is accessible, and relies
upon the sill plate to serve as at least a partial cap on the
portion which is inaccessible. Expanding foam applied on top
of the wall. beside the sill plate, is one material that might be
used to seal this gap. Or. a small strip of wood might be sealed
against the sill plate and the foundation wall using beads of
polyurethane caulk.
Where none of the top void is visible, foam could be injected
into each top cavity through a hole drilled in the face of the
block. If the foam did not expand rapidly enough to avoid
dropping into the cavities below, one suggestion has been to
drill a second hole below each injection hole, then inserting
some type of support through the lower hole. Alternatively,
the seam between the sill plate and the foundation wall might
be caulked with gun-grade polyurethane caulk, in an effort to
improve the ability of the sill plate to serve as a cap for the top
voids.
Reliance on the sill plate as a cap for the top voids, in the
manner indicated in the preceding two paragraphs, is less
effe·ctive than would be successful injection of foam into the
block cavities. TIle inaccessible outside seam between the sill
plate and the block is left uncaulked, and the sill plate would
thus be expected to be a leaky cap. However, use of the sill
plate saves a lot of time and expense. It has seemed to be
sufficient in a few of the EPA study houses in Pennsylvania
where stnnd-nlone BWD systems were tested (He87, Sc88);
however, in other cases, two fans were required and/or radon
levels were not reliably reduced below 4 pCi/L.

Firtplace structures. Fireplace structures incorporated into
block walls offer the potential for large and inaccessible
openings within the structure. For example, there may be a
substantial gap between the actual fireplace insert (and the
nue) inside the structure, and the blocks which form the outer
walls of the structure. Such a gap could extend to above the
b.'lSemcnt, serving as a thennaJ and air-flow bypass to the
uppe.r levels of the house. Thus, even when the top voids in
the remainder of the block foundation wall itself can be
sealed, large amounts of air from the basement, the upstairs,

and outdoors could leak into the BWD system via this inaccessible opening.
There is no practical way to seal such openings within fIreplace structures. The frreplace/chimney structure would have
to be torn down and rebuilt. Where such a structure exists,
additional BWD suction pipes near the structure, and perhaps
increased fan capacity, might be considered to compensate for
the expected leakage. Supplementing the BWD pipes with
SSD should also be considered. The EPA study houses in
Pennsylvania in which stand-alone BWD systems gave the
poorest performance generally had frreplace structures (He87,
Sc88).

Gap associated with brick velleer. In houses having exterior brick veneer, a gap occurs between the veneer and the
sheathing and block behind the veneer. This gap is depicted in
Figure 37C. This gap could sometimes serve as an important
source of air leakage into the BWD system, with outside air
and house air being drawn down through that gap (e.g., from
the eaves where the veneer ends, or from house air leakage
through the sheathing on the floors above).
In an effort to seal this gap, it would be necessary to drill into
the gap at intervals (probably through the band joist, as
illustrated in Figure 37C), and to inject closed-cell urethane
foam through the drilled holes via a hose/nozzle from a
compressed cylinder.
It is not clear from available data under what conditions it will
be cost-effective to try to seal the veneer gap in this manner.
Reasonably good BWD performance has sometimes been
achieved even in brick-veneer houses where this gap was not
closed.

Major ami illtermediate holes through the block wall.
Any major openings through the block wall must be sealed.
Such major openings would include, for example, partially
missing blocks in cases where there is some major penetration
has been installed through the wall. Intermediate openings
should also be sealed. These would include, e.g., modest gaps
around utility line penetrations, chinks in the blocks, and
places where signifIcant amounts of mortar have fallen out of
mortar joints.

Block pores. While the pores in the blocks are small, they
cover the entire face of the wall, and hence can add up to a
substantial leakage area. However, they are difficult and
expensive to seal, requiring that the entire face of the wall be
painted or coated. Tests have shown that the porosity of
blocks can vary by an order of magnitude, depending upon
how they were manufactured (Ru91). A variety of coatings
can reduce this porosity by 95% or more, including, e.g.,
epoxy paints and cementitious block filler. With standard
latex paint, three coats were found to be needed in order to
reduce air-flow through the wall by more than 95% (Ru91).
If the basement were unfinished and the walls thus readily

accessible, the cost of painting the walls in a typical basement
was estimated to cost about $400-$1,000, depending upon the
coating used, including labor and materials. This would increase the cost of a BWD installation by about 20-70%. If part
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or all of the basement were finished, and if finish thus had to
be removed and replaced as part of the coating effort, the cost
could be significantly higher.
It is not clear under what conditions it is cost-effective to try
to seal the block pores, in view of the expense and potential
complications involved in coating the basement walls. In the
EPA testing of stand-alone BWD systems in Pennsylvania, it
was not apparent that sealing of the block pores was necessary
in order to get adequate BWD performance, although no
definitive tests were carried out in order to quantify the
benefits that such sealing would have provided. In only one of
the EPA study houses, which had very porous cinder block
walls, were the block pores sealed (by coating the entire
interior face of the walls with a waterproofing paint).

7.7.2 Slab Openings
Perimeter channel drains. With stand-alone BWD systems, proper closure of perimeter channel drains can be even
more important than it is with SSD systems (see Section
4.7.1). BWD systems will sometimes extend only a relatively
weak depressurization beneath the slab. A wide gap between
the slab and wall will permit so much air leakage into the
system at that point that any extension of the wall suction field
into the sub-slab region will probably be elinlinated.
With the individual-pipe BWD approach, the pelimeter channel drain should be closed as discussed in Section 4.7.1.
With the baseboard duct BWD approach, which is the BWD
approach most likely to be selected when a perimeter channel
drain is present, the perimeter drain will be sealed by enclosure within the baseboard ducting. Any sump associated with
the perimeter channel drain will also be capped as part of the
BWD installation, as discussed in Section 7.5.2 (see Baseboard ducting). The perimeter channel drain would not be
caulked or mortared shut at locations where it was going to be
covered by the baseboard ducting, since the open channel
beneath the baseboard could add a significant SSD component
to the system.
If a portion of the perimeter channel drain cannot be covered
with baseboard ducting in a baseboard duct BWD installation,
judgement will have to be utilized in determining how to seal
this uncovered segment. Often, if it cannot be covered by the
baseboard ducting, it may be too inaccessible for sealing. As a
minimum, the opening in the slab will have to be sealed
immediately under the end of the ducting, so Ithat basement air
will not flow through this channel into the ducting. Uncovered
sections of the perimeter channel drain could be sealed using
the techniques discussed in Section 4.7.1.

Wallljloor joint (when not a perimeter channel drain).
Where the wall/floor joint is covered by baseboard ducting, it
should always be left uncaulked, to increase the possible SSD

component that the baseboard duct BWD system might provide. However, uncovered sections of the wall/floor joint
should be caulked as discussed in Section 4.7.5, whenever it is
wider than a hairline crack. This might be particularly important with stand-alone individual-pipe BWD systems, to help
the wall suction extend beneath the slab.

Other major and intermediate holes through the slab.
Other major holes through the slab, such as openings around
bathtub plumbing, sections of missing slab, and other miscellaneous major openings should be sealed, as discussed in
Section 4.7.2, to aid in the distribution of the BWD suction
field to points under the slab remote from the walls. Likewise,
intermediate slab openings, such as expansion joints and
small slab holes (in addition to the wall/floor joint, discussed
previously), should be sealed whenever accessible, as discussed in Section 4.7.5.

Untrapped floor drains. Untrapped floor drains should be
addressed as discussed in Section 4.7.3. Trapping these drains
may aid in distribution of the weak BWD suction field beneath the slab, and will prevent continued soil gas entry into
the house through the drain.
Sumps. Where an existing sump with drain tiles is present in
a basement,' a sump/DTD system will often be the ASD
approach selected for that house. Where a stand-alone BWD
system is selected for a house with a sump, it will commonly
be because there is a perimeter channel drain draining to
sub-slab drain tiles which empty into the sump. In such cases, .
the baseboard duct BWD approach will often be selected, and
the sump will be enclosed as part of the BWD installation, as
discussed in Section 7.5.2.
If for any reason a sump exists that is not being incorporated
into the BWD system, that sump should be capped with an
air-tight cover.

7.8

Gauges/Alarms and Labelling

The considerations discussed in Section 4.8, concerning gauges/
alarms and labelling for SSD systems, also apply to BWD
systems.
Because of the high air flows from the block walls, a pressure
gauge on a stand-alone BWD system can register lower
suctions than gauges on SSD or DID systems. However, if
the gauge is located near the fan, and if there is a significant
piping run associated with the BWD system, the gauge may
still provide a reasonably high reading. Due to potentially
high suction losses common in the piping for stand-alone
BWD systems, resulting from the high flows, the fan will
have to maintain a fairly high suction in the piping immediately beside the fan in order to maintain a relatively low
suction in individual pipes near their penetration into the wall,
or in the baseboard ducting.
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Section 8
Design and Installation of Active
Sub-Membrane Depressurization Systems
Where the house is built over an earthen- or gravel-floored
clawl space, and where the clawl space is largely or entirely
accessible, SMD is the applicable variation of the ASD technology. In effect, a "slab" of polyethylene sheeting is being
laid over the exposed soil floor, and the region beneath this
"slab" is being depressurized, analogous to SSD or DTD. See
Figures 6 and 7.
Depressurization beneath a membrane over the crawl-space
floor appears to be generally more effective at reducing radon
concentrntions. in the living area than is forced ventilation!
depressurization of the entire crawl space, and distinctly more
effective than are natural ventilation and forced ventilation!
pressurization of the clawl space (fIe92). Ventilation of the
entire crawl space is less expensive to install than is SMD,
although the forced ventilation approaches probably involve a
greater heating/cooling cost penalty, since more treated air is
likely to be drawn or forced out of the living area.

appropriate ASD technology, rather than SMD. The one exception might be crawl spaces with badly Clacked concrete
wash floors, in which case it may still be desirable to lay a
membrane. To design and install SSD systems in such cases,
see Section 4.
Where there is a basement or slab-on-grade wing adjoining
the clawl space, that adjoining wing will often have to be
treated with SSD or DID, in addition to (or instead of)
clawl-space SMD treatment. For such treatment of the adjoining slabs, see Sections 4 through 6. Occasionally, where
clawl-spaces have block foundation walls, it might be necessary to supplement the SMD system with individual BWD
pipes. For individual-pipe BWD supplements, see Section 7.
The discussion in this section draws heavily from the detailed
review of available data on SMD systems, presented in Section 2.3.5.

Crawl-space ventilation approaches are apparently used in 8.1
Selection of the Approach for
about one-third of the commercial installations in crawl-space'
houses, rather than SMD; sealing and barriers were used in Distributing Suction, and the
another one-third(H091). It issuspected that the large fraction Number of Suction Pipes
of ventilation and sealing installations are most likely associated with: a) houses having adjoining basements, where a 8.1.1 Approach for Distributing Suction
SSD or DTD system in the basement is providing most of the
reductions, and where the clawl-space ventilation or sealing Two approaches can be considered for distributing suction
.component is providing only a limited additional benefit; or b) beneath the membrane of SMD systems.
low indoor radon levels, where crawl-space ventilation can
- The mitigator can choose to insert one or more indiprove sufficient.
vidual suction pipes through the membrane, in which
case the SMD system wouldbe analogous to SSD. This
Ventilation approaches are particularly applicable in cases
approach is referred to here as the "individual-pipe!
where the crawl space is inaccessible. In these cases, SMD is
SMD" approach. See Figure 6.
not an option; since reasonably good access to the crawl space
is required in order to install the membrane.
- Or, the mitigator can choose to install a length (or
perhaps a matrix) of perforated piping beneath the
Less mitigation research, and fewer commercial mitigation
membrane to aid in the distribution of the suction. In
installations, have been completed in crawl-space houses,
this case, the SMD system would be analogous to
relative to basements and slabs on glade. Thus, less defmitive
DID. This approach is referred to as the "sub-membrane
guidance is possible for mitigation systems in crawl-space
piping!SMD" approach. See Figure 7.
houses.
The discussion in this section addresses only SMD in clawl
spaces having bare soil floors, or floors having gravel or a
plastic vapor barrier over soil. Where the crawl space has a
poured concrete slab or an unfmished concrete "wash" floor,
it will not be necessary to install a polyethylene membrane
over the floor. SSD beneath the existing concrete will be the

Another option that has been considered, analogous to the
sub-membrane piping/SMD approach, has been to lay a strip
of porous matting beneath the membrane. The strip of matting
might be viewed as analogous to a length ofperforated piping.
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Some mitigators with significant experience using SMD systems routinely use sub-membrane perforated piping (An92,
K(92). Others always use the individual-pipe approach, except perhaps in large or irregular crawl spaces (Bro92, How92,
Sh92).

Potential advantages oj sub-membrane piping. Use of
sub-membrane perforated piping should aid in the distribution
of the suction field beneath the membrane. Perforated piping
,,,ould thus likely be most helpful when the crawl-space floor
is a packed, impermeable soil with no imported gravel on top,
suggesting marginal or poor sub-membrane communication.
On the other hand, it would seem that individual suction pipes
(with no sub-membrane perforated piping) should most likely
be adequate in cases where the crawl-space floor either consists of native gravel soil, or is covered with a layer of
imported gravel, suggesting good sub-membrane communication.
An additional potential benefit of sub-membrane piping is
tb.'lt, by distributing the suction over a wider area, it may be
more forgiving in cases where ruptures occur in the membrane. If a rupture occurs near an individual suction pipe, or a
seam becomes unsealed, air short-circuiting into the individual pipe could dramatically reduce the already-limited
suction field extension created by that pipe, degrading SMD
performance. But if such a rupture occurs near a portion of
sub-membrane perforated piping, the degradation would intuitively be expected to be less severe.

with no gravel. But despite the implicit poor submembrane
communication and the failure to use perforated piping, all but
one of the EPA study houses having individual suction pipes
and having crawl-space floor areas of 1,500 ff and less have
been reduced below 4 pCi/L in the living area with only one
suction pipe. Only the two houses having floor areas of 2,000
.ff and greater (and no gravel) required a second suction pipe
to get below 4 pCifL, or were not reduced below that level,
despite complete sealing of the membrane in one of the
houses. This result would indicate that the individual-pipe
approach can work reasonably well in moderately sized
crawl-space houses, even when the sub-membrane communication would appear to be marginal to poor.
On the other hand, none of the "pure" crawl-space houses in
EPA's study-i.e., none of the houses having only a crawl
space with no adjoining wing of some other substructure
type-were reduced below 2 pCijL with individual-pipe/S:MD
installations. Among the study houses, only those having an
adjoining basement with an operating SSD system in· the
basement were reduced below 2 pCi/L when an individual-pipe
SMD system was installed in the crawl-space wing. The
basement SSD system was believed to be, or was demonstrated to be, largely responsible for the observed reductions.

By comparison, a number of "pure" crawl spaces with
sub-membrane perforated piping have been reduced below 2 .
pCi/L. This fact suggests that perhaps the use of perforated
piping (or additional individual suction pipes through the
.membrane) might have helped performance in the houses with
Guidance regarding tlte need jor sub-membrane pip- individual-pipe systems. However, no definitive studies have
ing. Individual-pipe/SMD seems to be consistently effective been conducted to confrnn this suggestion or to quantify any
in reducing living-area concentrations below 4 pCijL in crawl benefits that the perforated piping might have provided..
spaces up to about 1,500 to 2,000 fe. This has been the case
even when: a) the crawl-space floor is a fairly tight soil, and None of the individual-pipe installations in pure crawl-space
sub-membrane communication would thus appear to be rela- houses involved complete sealing of the membrane among the
tively poor; and b) the membrane has not been fully sealed.
EPA study houses cited above. Complete sealing of the membrane might have helped some of those systems achieve levels
Tile lise 01peiforated piping beneath the membrane is most below 2 pCi/L. Mitigators report achieving levels below 2
likely to be Ivarranted when reductions below 2 pCilL are pCi/L with fully sealed individual-pipe systems (How92,
llt'eded. or when the crawl space is larger thani SOD to 2,000 Sh92).
If. Sub-membrane piping may be beneficial even in smaller
houses, increasing radon reductions when sub-membrane com- In contrast to individual-pipe/SMD systems, sub-membrane
munication is limited. Sub-membrane piping is least likely to piping/SMD systems have consistently reduced living-area
be needed when there is a layer of gravel on the floor.
concentrations below 2 pCijL, even in houses as large as
1,500 to 2,700 fe. This result has led to the conclusion stated
Careful sealing of the membrane may increase the crawl space earlier, that the use of perforated piping beneath the memsize that can conveniently be treated by individual-pipe/SMD brane is most likely to. be required when reductions below 2
systems, and improve their performance. In addition, multiple pCi/L are needed, or when the crawl space is larger than 1,500
individual suction pipes may be a suitable substitute for to 2,000 ft2. Careful sealing of the membrane may reduce the
perforated piping under the membrane.
number of individual suction pipes required in large crawl
spaces, and/or improve the performance of individual-pipe
To date, there has been no defmitive direct comparison of systems relative to sub-membrane piping systems.
individual-pipe and sub-membrane piping SMD systems
back-to-back in a single house. Thus, it is not possible to Cost ojsub-membrane piping. There is a modest installaquantify the benefits of using sub-membrane piping, or to tion cost penalty associated with the perforated piping. The
piping has a materials cost of about $0.30 to $0.40 per linear
specify more precisely when it will be needed.
foot, which would translate to perhaps $0.45· to $0.60/ft
Results to date. Many SMD installations have used the installed. Thus, installation of perforated piping beneath the
individual-pipe approach. The large majority of the membrane will add roughly $10 to $30 to the installation cost
individual-pipe installations have been in houses where the . if the piping is laid as a single length down the center of the
crawl-space floor appeared to be a packed, impermeable soil,
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crawl space, and roughly $40 to $100 if the piping were laid in
a loop around the perimeter.
These costs apply if the piping is simply laid on top of the
floor beneath the membrane, or is buried in loose gravel. If it
is felt to be necessary to dig a trench for the piping in packed
soil, so that the piping does not create such a bulge in the
membrane and is less subject to damage from foot traffic, the
increase in inlitallation cost caused by the sub-membrane
piping would be greater.

8.1.2 Number of Suction Pipes
Individual-pipe/SMD approach. As discussed in Section
8.1.1, one individual suction pipe through the membrane at a
central location has generally been sufficient to reduce
living-area concentrations below 4 pCi/L in crawl spaces
having floor areas smaller than 1,500 to 2,000 ftz. This has
been true even in cases where sub-membrane communication
appeared to be marginal to poor, and even in cases where the
membrane has not been fully sealed.
While one pipe has consistently seemed to be adequate in
moderately sized houses, the data base is fairly limited. The
statement above is based on data from only 12 EPA-sponsored
individual-pipe installations in houses of 1,500 ff and less
with no gravel on the floor, although the results are generally
confirmed by mitigators who use the individual-pipe approach (How92, Sh92). The mitigator might be prepared to
install one or more additional suction pipes in individual pipet
SMD installations in crawl spaces with no gravel, even when
the crawl space is smaller than 1,500 ftz, whenever the floor
area approaches that size.
In the EPA study houses, post-mitigation levels achieved in
the living area were 2 to 4 pCi/L, and pre-mitigation concentrations in the living area were almost always less than 20 to
30 pCi/L. If the goal were to achieve less tharl 2 pCi/L, or if
the pre-mitigation levels were particularly high, more suction
pipes through the membrane could be required.

The individual-pipe/SMD systems in the EPA study houses
often did not have the membranes fully sealed. As discussed
in Section 8.Ll (see Results to date), careful sealing of the
membrane ma,y reduce the number of pipes required for a
crawl space of a given size. Sealing may also improve performance, enabling the individual-pipe system to achieve indoor
levels below 2 pCi/L.
Where there is native or imported gravel on the crawl-space
floor, improving sub-membrane communication,.it is far more
likely that one individual suction pipe will provide better
reductions in large crawl spaces. Individual-pipe/SMD systems with sub-membrane gravel are analogous to SSD systems In basements having good sub-slab communication.
Where there has been imported gravel, single suction pipes
have consistently reduced living-area levels below 2 pCi/L,
although this particular set of conditions has been tested in
only two houses having small crawl spaces (about 300 ftz)
adjoining bJisement wings that were also being treated with
sump/DTD (Mes90a). Thus, the individual-pipe/SMD approacb has not received a fair test in crawl-space houses with

gravel floors, and it is impossible to provide definitive guidance regarding how large a crawl space might be treated with
a single suction pipe when gravel is present.
The individual-pipe/SMD approach has been tested in two
"pure" crawl-space houses having crawl-space floors of 2,000
ftz and larger and having no gravel on the floor to improve
communication. In neither of these houses was one suction
pipe sufficient to achieve living-area levels below 4 pCi/L
(Py90). In one of these houses (DW29, with a floor area of
2,000 ftz and with the membrane unsealed), two suction pipes
were required to reduce indoor levels to 3 pCi/L (from a
pre-mitigation level of 16 pCi/L). In the second house (DW27,
with a floor area of 2,300 ftz and with the membrane fully
sealed), two pipes were insufficient to reduce indoor levels
below 5 pCi./L (from a pre-mitigation level of 33 pCi/L).
Thus, when the individual-pipe/SMD approach is applied to
houses larger than 1,500 to 2,000 ftz with no gravel, at least
two suction pipes might be needed. Sometimes more than two
pipes might be needed. Careful sealing of the membrane
might reduce the number of individual pipes required, or
improve the radon reductions. At this time, more defmitive
guidance regarding the number of pipes in these cases is not
possible.
Where it is desired to install an individual-pipe system in a
large house with no gravel, the mitigatOl: might begin by
installing one or two suction pipes. Any additional pipes
might then be added, guided by suction field measurements or
smoke visualization tests beneath the membrane, if the initial
installation did not provide adequate radon reductions. Alternatively, a submembrane piping/SMD system might be installed at the outset.
In the two study houses having the highest pre-mitigation
levels (88 and 160 pCi/L), individual BWD pipes also had to
be added to supplement the individual-pipe/SMD system,
treating the block foundation walls. This result could be
suggesting that in cases where the source term is as high as it
likely was in these houses, the weak depressurization created
beneath the membrane by individual-pipe/SMD systems may
not adequately prevent radon entry into the block cavities.
Sometimes a crawl space will be divided into sections, with a
footing and even a load-bearing wall separating the sections.
In this case, there would be a separate membrane covering
each section, and each section can be viewed as a separate
crawl space. Each section would require at least one individual suction pipe, in accordance with the preceding discus~a

.

Sub-membrane piping/SMD approach.' Where a matrix
of perforated piping is laid beneath the membrane, only one
vertical PVC suction pipe is required. This single suction pipe
can penetrate the membrane and connect to the sub-membrane
piping at any convenient location.
'
More than one suction pipe would be required only in cases
where the sub-membrane piping consists of two or more
isolated segments, in which case a suction pipe would be
required for each segment. The sub-membrane piping will not
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commonly be present in isolated segments, except in the case
where the crawl space is divided into sections by footings and
foundation walls. In that case, each section of the crawl space
would require its own membrane and its own sub-membrane
piping system.

8.2 Selection of Suction Pipe
Location
8.2.1 Individual-PipelSMD Approach
Where a single individual suction pipe penetrates the membrane, the penetration is usually at some central location in the
crawl space. Where two individual suction pipes penetrate the
membrane, one penetration is usually made at a centrallocalion in each half of the floor area. Where there are more than
two pipes, the penetrations would logically be distributed
uniformly around the cmwl space, unless sub-membrane suction field extension measurements with the first couple pipes
operating would suggest some other distribution.
Individual suction pipes should not penetrate the membrane
immediately beside any unsealed seams in the membrane. To
be conservative, the pipes should not be located immediately
beside sealed seams. Air short-circuiting into a pipe through a
nc.c'U'by sc.'U'n that is not scaled, or that inadvertently is not
fully scaled, could dramatically reduce the extension field
extension from that pipe. Such leakage would further reduce
sub-membrane depressurizations, which will usually be weak
even in the absence of unsealed seams. Accordingly, the
individual pipes should penetrate the membrane near the
center of one of the membrane sheets, away from seams
between adjoining sheets and away from seams against perimeter foundation walls and any interior obstructions (such as
support pie.rs).
Where the foundation walls are hollow block, air can leak into
the sub-membrane region through the blocks. Accordingly,
unless a specific objective is to treat the block walIs, individual S1\1]) pipes should generally not be immediately beside
the perimeter wall. If a suction pipe is ever placed near a wall,
the membrane must be effectively sealed to the wall, regardless of whether the wall is block, poured concrete, or other
material (see Section 8.7).
Where the cmwl space is divided into isolated sections by a
footing and/or foundation wall, the above criteria would be
used to locate an individual suction pipe for each section.

8.2.2 Sub-Membrane PipinglSMD
Approach
Vertical sllction pipe. The PVC suction pipe which penClrntes the membrane and connects to the sub-membrane
perforated piping can tap into the perforated piping at any
point along its length. Thus, the suction pipe can penetrate the
membrane at any convenient location over the submembrane
piping.
This location could be selected to simplify the routing of the
piping and the exhaust stack. For example, the suction pipe
could be located near the point where the piping will penetrate

the foundation wall to an exterior stack, or at the point where
the stack can conveniently extend up through the house for an
interior stack.
Where the sub-membrane piping is not in a continuous loop, it
would be logical to locate the suction pipe toward the middle
of the perforated piping, if this is convenient. Especially
where corrugated flexible drain tile is used as the perforated
piping, and where flow friction inside the perforated piping
can thus be relatively high, application of the suction near the
middle of the piping should help achieve a more even suction
field distribution beneath the membrane.
If there is a section of the membrane that could not be fully
sealed or is otherwise expected to be fairly leaky, the suction
pipe should tap into the perforated piping remote from that
section, if possible, to reduce the leakage of crawl-space air
into the system.

Sub-membrane perforated piping. The perforated piping
beneath the membrane can also be considered as suction
piping, helping to distribute the suction beneath the membrane. This perforated piping is laid on or trenched into the
cmwl-space floor in some suitable matrix under the membrane. Different matrices have been used in different installations, with no defmitive.. study to defme which configuration
might be optimal under different circumstances.
Mitigators who use sub-membrane piping commonly install a
single, straight length of piping down the center of the crawl
space, parallel to the long dimension of the house (An92,
Fit92, Kl92). This simple configuration generally appears to
perform well. More complicated patterns are usually considered only when: a) the crawl space is divided into isolated
segments, in which case a length of perforated piping is
required in each segment; or b) the crawl space has a complicated floor plan, such as an L shape, in which case the length
of perfomted piping should bend and extend down each leg of
theL.
When two adjoining crawl spaces are separated from one
another by a footing, one length of sub-membrane piping will
sometimes still be used to treat both segments (An92, KI92).
In these cases, the perforated piping beneath the membrane in
one crawl space will come up through the membrane, snake
over the footing, and then penetrate beneath the membrane in
the second crawl space. In these cases, the perforated piping
might take the shape of a single long length (if the two crawl
spaces are back-to-back), or a U (if the two crawl spaces are
side by side). Where this approach is used for treating adjoining crawl spaces, the short section of flexible corrugated
piping that snakes over the footing above the membranes, and
joins the sections of perfomted sub-membrane piping in the
two crawl spaces, must not be perforated. Also, its penetration
through the membranes must be well sealed.
In some research installations, where the crawl space was
particularly wide, two or more parallel lengths of piping have
been used, each off center, rather than just one down the
center. These parallel lengths were thim joined by a perpendicular segment near the center. Multiple lengths were used in
this manner, so that no point on the floor is more than 6 to 15
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portion of the slab/membrane may be of less concern, so long
as the membrane is providing a reasonable barrier at the
central locations.

ft from a segment of piping, in an effort to ensure adequate
sub-membrane depressurization everywhere. (See Section
2.3.5b, Operation of central furnace fan, and Section 2.3.5c,
Number of suction pipes.) This research study did not define
whether the multiple lengths were in fact required, or how
wide the crawl space would have to be warrant using more
than one length.

In summary, in many cases where sub-membrane piping is
being used, a single straight length of piping down the middle
of the crawl space will be sufficient. However, in some cases,
more extensive matrices may be needed or preferred. Since
there are not definitive data comparing alternative configurations under different conditions, the particular configuration
for a given installation will have to be selected by the individual mitigator, based upon experience and upon the considerations discussed above. One other consideration in selecting
the specific submembrane piping matrix is the desire to avoid
obstructions, an to be out of the way of foot traffic in the crawl
space, if possible.

If the suction field extended no more than 15 ft in each
direction from a central length of perforated piping, this
would suggest that any crawl space wider than 30 ft would
require more than one length ofpiping. However, as discussed
in Section 2.3.5c, suctions too low to be measured can extend
more than 15 ft from the suction point, even when the floor is
an impermeable soil (Br92). Thus, especially if the membrane
is well sealed, it may be possible to treat crawl spaces wider
than 30 ft with one length of piping.

8.3 Selection of Suction Pipe Type
and Diameter
'.

In the most extensive case, one could envision a central length
of piping, running from one end of the crawl space to the
other, with perpendicular legs extending out at intervals in an
effort to ensure that no portion of the floor is more than a few
feet from a segment of perforated piping.

8.3.1 Individual-PipelSMD Approach
As with the other ASD variations, the appropriate type of
suction piping will be rigid Schedule 40 or lightweight PVC,
PE, or ABS piping with compatible fittings.

In some research installations (Sc88, Fi90, Gi90), the perforated piping has formed a loop around the perimeter of the
crawl space, beside the foundation walls. In addition to treating the submembrane region, this configuration should provide the most effective treatment of the foundation walls.
Where the walls are hollow block, they might be an important
soil gas entry route into the crawl space and the living area. In
addition, the soil near the foundation wall may be a particularly important radon source, due to pressure differentials
across the wall created by wind effects.

The total flows in individual-pipe/SMD systems should depend upon whether the membrane is completely sealed, whether
there is gravel on the floor,. and the number of suction pipes.
Limited results reported for individual-pipe systems where
the membrane was sealed, there was no gravel, and there was
only one suction pipe-i.e., for the expected lowest··flow
case-suggest flows in the range of 20 to 40 cfm with the
90-watt in-line tubular fans (Os89a, Mes90a, How92). In
some cases, these flows represent the flows from the SMD leg
of a combined SSD+SMD system in houses where a basement
adjoins the crawl space. At these flow rates, the system piping
would have to be no larger than 4 in. diameter to avoid undue
suction losses in the piping. Segments of 3-in. piping might
not create unacceptable suction losses at these flows, if needed
to facilitate an aesthetic installation. Refer to Figure 13 and
Section 4.6.1.

Location of the SMD suction immediately beside the foundation walls is somewhat analogous to the recommendation that
SSD suction pipes be located near to the walls in basement
houses where sub-slab communication is marginal. It is also
analogous to the guidance that depressurization of complete
interior drain tile loops should often effectively treat basements having ptarginal sub-slab communication.
When the perforated piping is laid immediately beside the
foundation wall, it will be important that the membrane be
attached to the wall with an effective and permanent seal..
Otherwise, significant air leakage through the membrane/wall
seam could overwhelm the SMD system, preventing suction
from distributing beneath the membrane or into the block
wall.
One possible concern with locating the piping around the
perimeter is that, in wide crawl spaces, the central portion of
the membrane might be left inadequately depressurized. Effective submembrane suction has been found in limited testing to extend perhaps no more than 6 to 15 ft tram the suction
pipe (see Section 2.3.5b, Operation of central furnace fan);
central points may sometimes be more than 15 ft from the
perimeter. However, as discussed in Section 2.3.5c (seeNumher of suction ~, suctions below the measurement limit
can sometimes extend more than 15 ft. Also, as with SSD and
DTD systems in basements, radon entry through the central

Where the membrane is not completely sealed, flows from
individual-pipe systems might be expected to be higher. Data
from two houses with the membrane not fully sealed, with no
gravel, and with only one suction pipe gave flows of 40 to 90
cfm (Py90). Such flows would increase the need to using 4-in.
piping, avoiding sections of 3-in. piping. Since this case also
reflects the situation that could develop with the fully sealed
membrane discussed in the preceding paragraph, if seals
failed or punctures occurred in the membrane over time.
Thus, the mitigator may be well served to consistently use
4-in. piping in individual-pipe/SMD systems whenever possible, to account for possible higher flows in any particular
installation. This could be desirable even when the membrane
is sealed, there is no gravel, and there is only one suction pipe.
Because the crawl-space piping will be out of sight, the use of
the larger piping should generally not create any particular
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difficulties, at least not for that portion of the piping which is
inside the crawl space.

reducing friction loss. However, flow noise in the pipe could
start to become of concern with 4-in. piping at these flows.

Where there is gravel on the crawl-space floor, the flows from
individual-pipe/SMD systems would be expected to be somewhat higher, since the gravel would facilitate the flow of air
from a larger area. In two relatively small crawl spaces (300
ft2) with gravel floors, with the membrane completely sealed
and with only one suction pipe, flows were 30 to 100 cfm with
the 90-watt fans (Mes90a). The higher flows could have
resulted from the possibility that the membrane seams in fact
might not have been sealed as well as was thought. Although
the two houses cited here had poured concrete foundation
walls, higher flows might also be expected when gravel is
present in houses having block foundations, since the gravel
could facilitate air being drawn into the system through the
block walls.

Placing the perforated piping in a loop around the perimeter
might also be expected to increase flows, compared to a
central straight length. In one house where the piping was
around the perimeter, with the membrane completely sealed
and with no gravel on the floor, flows were 113 cfm (Sc88).
Again, 4-in. piping would be appropriate.

Thus, where there is gravel on the floor, 4-in. diameter piping
should generally always be used to reduce the suction loss.
Again, flows could be increased if the membrane were not
completely sealed (or if seals broke), if more suction pipes
were used, or if the crawl space were larger, further underscoring the justification for using piping of at least 4 in.

Use of multiple suction pipes can also increase system flows.
The highest flows reported for an individual-pipe/SMD system-over 100 cfm-were reported for one house having two
suction pipes, without the membrane being fully sealed, but
with no gravel (Py90). In this case, the second pipe added
about 20 cfm to the total system flow, compared to the case
where this same system was operated with only one pipe. At
flows this high, use of 4-in. piping throughout would be
important.

8.3.2 Sub-Membrane Piping/SMD
Approach
Vertical suction pipe. The vertical suction pipe which taps
into the sub-membrane perforated piping and leads to the fan
should. be rigid lightweight or Schedule 40 PVC, PE, or ABS,
as in the individual-pipe approach.
In houses having a single length ofperforated piping down the
center of the crawl space, with the membrane completely
sealed and with no gravel on the floor, typical system flows
appear to be 40 to 80 cfm with the 90-watt tubular fan (B091,
Fil92, KI92). As would be expected, these flows are higher
than those from individual-pipe/SMD systems when there is
no gravel on the floor. At these flows, the piping should
generally be no smaller than 4 in. diameter, based on the
friction losses in Figure 13 and the discussion in Section 4.6.1.
Failure to seal the membrane would be ex.pected to increase
flows. In one house where two parallel lengths of perforated
piping were installed, where the membrane was not sealed,
and where there was no gravel on the floor, flows were 130
cfm (Fi90). At flows this high, the piping should be no smaller
than 4 in. diameter. As discussed in Section 5.3, in connection
with sump/DTD systems, larger (6-in. diameter) piping is
probably not warranted at these flows from the standpoint of

Gravel on the crawl-space floor would be expected to increase
flows. Flows have been reported for three houses having
gravel on the floor (Fi90). All three represent high-flow
conditions, in that, in addition to the presence of gravel, the
sub-membrane piping was laid in a more extensive matrix,
usually as a loop around the perimeter. In addition, the foundation walls were hollow block, increasing the possibility of
air flow from this source. The membranes were always sealed
around the perimeter, but were not always sealed at interior
seams. Under these conditions, total flows were 187 to over
200 cfm with a 90-watt fan at full capacity. These flows are
the maximum that can be expected with the 90-watt fans,
given flow restrictions created by the piping. The highest
flows among these three were observed in the one house
having a complete liner that was completely sealed, with the
piping at an interior location (not a perimeter loop); this set of
conditions would be expected to provide the least leakage of
crawl-space air into the system.
With the roughly 200 cfm flows observed in the systems on
gravel floors, the friction loss figures from Figure 13 would
suggest that 6-in. piping could sometimes be desirable, to
reduce both friction loss and flow noise. At that high flow in
4-in. pipe, a large fraction of the fan suction capacity could be
consumed by virtue of the suction loss in the pipe (about 2 to
3 in. WG total friction loss per 100 ft of pipe), thus providing
reduced suction beneath the membrane. However, in practice,
use of 4-in. piping when there is gravel on the floor may
simply make the fan operate at a different point on its performance curve, reducing flows and sub-membrane depressurizations. When there is gravel on the floor, reduced depressurizations may not represent a serious problem, especially if the
membrane is well sealed.
In practice, the three sub-membrane piping/SMD systems
with gravel floors utilized 4-in. PVC suction piping (Fi90).
All of them performed very well, reducing living-area concentrations below 2 pCijL, usually from pre-mitigation levels
of 15 pCi/L and higher, when the 90-watt fans were operated
at full capaCity. The good results with the 4-in. suction piping
in the gravel-floored crawl spaces could be due to the fact that
the piping run was short, perhaps only 10 to 20 ft long, so that
the total loss inthefVC piping may have been only about
0.25 to 0.5 in. WG~a loss readily handled by the 90-watt .
fans. Another contributing explanation could be that with
such good sub-membrane communication and with the perforated piping to further aid in distributing the suction, little
suction is required for such a SMD installation to perform
well. Careful sealing of the membrane would be particularly
important in gravel-floor cases.
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Sub-membrane perforated pzpmg.. Often, the
sub-membrane perforated piping is the same 3- to 4-in. diameter flexible black corrugated piping commonly used for drain
tiles in the particular geographical area. This flexible piping is
simple to getinto the crawl space, and is simple to lay. It is
particularly convenient when the matrix will involve bends,
such as when the pipe is laid in a loop around the perimeter.
Another type of piping that has been used has been rigid 4-in.
diameter perforated PVC, PE, or ABS piping. To resist crushing, Schedule40 piping might be preferred in this application.
This rigid piping is most convenient when the matrix consists
of a straight length laid down the center of the crawl space,
but, with the use of elbows and other fittings, the rigid pipe
can be formed into any matrix configuration desired.
Both the flexible corrugated piping and rigid piping should be
fairly resistant to being permanently crushed by the weight of
a person on hands and knees, even if the piping is not trenched
into the crawl-space floor. The lightweight rigid piping would
be the most· subject to damage, and might warrant being
trenched into the floor if it is near a foot traffic route. Any of
the piping could be subject to damage from heavy activities in
the crawl space~ e.g., from service personnel installing a new
furnace.
Piping larger than 4 in. diameter has never been used for
sub-membrane perforated piping in SMD systems. This is true
despite the fact that the rough sides of the flexible corrugated
piping result in a friction loss about 1.8 times that in
smooth-walled pipe. When a straight length of piping is used,
when the membrane is fully sealed, and when there is no
gravel on the floor, good performance has been achieved
without larger piping. In these cases, flows are generally low
enough (40 to 80 cfm), the length of piping short enough, and
the system sufficiently forgiving, such that larger piping is not
needed.
.
In the more extreme case, where the piping forms a loop
around the perimeter of a gravel-floored crawl space, flows in
the perforated piping can be on the order of 200 cfm at some
locations, and the piping can involve over 100 linear feet. In
these cases, a significant suction loss could result through this
amount of 4-in. piping. However, the gravel which is contributing to these high flows is also providing excellent
sub-membrane communication which makes high suctions
unnecessary, so long as the membrane is adt',quately sealed.
The results show that, under these circumstances, very good
radon reductions can be achieved despite the presumably high
suction loss in the 4-in. piping. Moreover, the flows will not
be as high as 200 cfm at all locations in the piping.

8.4

Selection of the Suction Fan

when connected into 4-in. piping. Most of the SMD installations discussed previously have utilized such fans.
With the individual-pipe approach, the flows generated by the
90-watt fans were 20 to.40 cfm when there was no gravel on
the floor (with suctions of over 1.5 in. WG in the piping), and
30 to 100 cfm when there was gravel (with suctions of 1.0 to
L5 in. WG).
Especially for the no-gravel case, the smaller 50-watt in-line
tubular fans could handle the flows involved. In fact, they
would generate lower flows. In theory, these lower flows
should be more than sufficient, considering the flows that
should nominally be developed under the membrane based
upon fundamental principles. And, in fact, a few mitigators
report occasionally having reasonable success with these
smaller fans in individual-pipe/SMD systems when the membrane is well sealed and when communication beneath the
membrane is fairly good (Sh92).
However, in practice, the smaller fans are often not a good
choice. The smaller fans would develop considerably lower
suctions than would the 90-watt fans (probably 0.25 to 0.75
in. WG, rather than 1.0 to 1.5+ in. WG). This reduced suction
might not be sufficient to distribute suction beneath the membrane when sub-membrane communication is poor. Also, in
practice, the smaller fans could have trouble handling the
higher flows that could develop over time, as ruptures occur
or seals break.
.
Thus; in view of the limited experience with SMD systems,
and in view of the potential problems that could arise over the
long term from use of the smaller fans, it is recommended that
the 90-watt in-line fans (or equivalent) be routinely used for
individual-pipe SMD systems until data become available
demonstrating when smaller fans might be sufficient.
Where the membrane is fully sealed, .and especially where
there is no gravel, the in-line radial blowers discussed in
Section 4.4.2 could sometimes be a reasonable choice for
individual-pipe systems. At the flows involved-- 20 to 40 cfm
with no gravel, sometimes well below 100 cfm even with
gravel-- the radial blowers would develop distinctly higher
suctions than would the tubular fans (up to 2 to 3.5 in. WG,
compared to 1.5 in. WG). ·These higher suctions could aid in
distributing the suction field under the membrane.
The high-suction/low-flow fans discussed in Section 4.4.3 are
generally not a reasonable choice for SMD systems. The very
high suctions are not required, and the flows that can be
developed (especially if membrane leaks develop over time)
will be too high for some of the high-suction fan models.

Sub-membrane piping/SMD systems. With the

Individual-pipefSMD systems. With either the

sub-membrane piping/SMD approach, flows are sufficiently
individual-pipe or the sub-membrane piping SMD approaches, high, even when no gravel is present, it is even more apparent
the air flows involved and the suctions desired will generally that the 90-watt tubular fans will generally be the best choice.
dictate that the fan be at least equivalent to the 90-watt in-line . Flows may be too high for the 50-watt tubular fans. And, since
tubular fans listed in Table 1 and discussed in Section 4.4.1. flows are consistently above 100 cfm with the 90-watt fans, .
These fans can move up to 270 cfm at zero static pressure, there would not seem to be an incentive to use a radial blower
although they are practically limited to about 180 to 200 cfm since, at these flows, the suctions developed by the blowers
are comparable to those developed by the tubular fans.
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The flows of 100 to 200 cfm observed in these SMD systems
with 9Q-watt fans are too high for 50-watt tubular fans. In
practice, of course, use of a 50-watt fan in such cases would
result in lower flows and lower membrane suctions. When
gravel is present on the floor and submembrane communication is thus very good, these lower flows and suctions may in
fact be sufficient. Some mitigators have occasionally used the
smaller fans with sub-membrane piping/SMD systems in small
crawl spaces with fully sealed membranes, even when there is
no gravel (An92).
However, experience is not sufficient to confirm that the
50-watt fans will in fact often be adequate. Moreover, as
ruptures in the membrane and the membrane seals occur over
time, the flows may increase to the point that the small fans
will become overwhelmed and no longer effective. Accordingly, it is recommended that the 90-watt tubular fans always
be used in submembrane piping/SMD systems, until an experience based is developed demonstrating when the smaller
fans are acceptable.
With the 200+ cfm flows observed in the sub-membrane
piping systems with gravel floors, one might even consider
using one of the larger, l()()..watt fans in such installations.

To provide additional protection against damage to the membrane, the polyethylene should be overlain by heavier material
along expected traffic routes. Various materials have been
used for this purpose, including roofing felt, EPDM rubberized roofing membrane, and drainage mat.
Special precautions may be necessary in particular cases.
Such cases could include walk-in crawl spaces, where there
may be foot traffic over the entire crawl space floor, or crawl
spaces with very irregular floors (e.g., with sharp protruding
rocks). In such cases, special precautions could include the
use of even thicker cross-laminated material, or installation of
heavier material underneath the polyethylene, between the
sheeting and the crawl-space floor.
In some cases, the crawl space will already have a plastic
vapor barrier such as Visqueen laid over some portion of the
floor, for moisture purposes. Where this plastic is in good
condition, mitigators sometimes straighten this existing plastic and incorporate it into the SMD membrane. However, it is
recommended that \heei~ting moisture control membrane be
replaced with UV-resistant cross-laminated polyethylene sheeting for the SMD system.

Identification ofarea to be covered by the membrane.
However, the sub-membrane piping systems in the several
tcst houses having gravel floors were extremely effective with
the 90-watt fans despite the high flows, reducing living-area
concentrations below I to 2 pCi/L. Thus, even at the high
flows, the 90-watt fans appear to be consistently distributing
adequate suction through the perforated piping to effectively
treat the house. Accordingly, the use of 100-watt fans in such
cases would not appear to be warranted unless indoor levels
below 1 pCi/L were required.

8.5 Installation of the Membrane
and the Suction Pipes
8.5.1 Installation of the Membrane
Selection of membrane material. In almost all reported

Where there is sufficient headroom throughout the crawl
space, the entire floor should always be covered by the
membrane. Complete coverage should provide the best opportunity for depressurizing the soil everywhere, intercepting the
soil gas before it can enter the crawl space. Complete coverage should also reduce the leakage of crawl-space air into the
system. This is particularly true when there is gravel on the
floor, since the gravel will facilitate air flow through the
exposed gravel into the SMD system. If air leakage were
sufficiently high due to incomplete coverage, this could not
only reduce system performance, but also increase the heating/cooling penalty (if treated air is drawn down from the
living area overhead), and perhaps also contribute· to
back-drafting of combustion appliances in the crawl space.

SMD installations, the membrane has consisted of polyethylene sheeting. Such sheeting is relatively easy to obtain in rolls
of appropriate dimensions (10 to 20 ft wide by perhaps 120 ft
long), and is relatively convenient to worlc with.

Sometimes, a portion of a crawl space might be very difficult
to access. For example, the crawl-space floor might be sloped
such that one portion has less than I ft of headroom. Or, a
major obstruction such as a furnace and associated forced-air
ducting could prevent coverage of the floor directly under the
furnace.

Regular polyethylene sheeting as thin as 6 mil has sometimes
been used, although regular 8- to IO-mil sheeting would
provide better puncture resistance. Rather than regular polyethylene. an increasing number of mitigators are using
high-density cross-laminated polyethylene. The
cross-laminated material has dramatically superior tensile
strength and puncture resistance. Unlike the regular polyethylene sheeting, which can be tom by hand even with a
thickness of 10 mil, the high-density cross-laminated material
cannot be tom by hand, even though its thickness may be only
perhaps 4 mil. Due to its significantly increased puncture
resistance, the cross-laminated polyethylene is recommended
despite its higher cost.

As discussed in Section 2.3.5c (see Extent ofmembrane), very
limited results to date suggest that a Sl\ID system can sometimes still be effective even when some limited portion of the
floor is left uncovered. On the other hand, one mitigator
(Kl92) reports that failure to provide complete coverage can
sometimes reduce SMD performance so significantly that it is
necessary either: a) to excavate the inaccessible part of the
crawl space (to provide the headroom needed to enable complete coverage); or b) to supplement the Sl\ID system with
some other technique (such as a heat recovery ventilator in the
house).

1110 polyethylene sheeting that is used must be stabilized to

In summary, sufficient experience has not yet been obtained
to definitively demonstrate under what conditions different
amounts of floor can be left uncovered, and what the perfor-

resist UV radiation.
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mance, operating cost, or other penalties might be for such .
incomplete co~erage. With the current data, the guidance is
that the mitigator should make a best effort to cover the entire
crawl-space floor. However, inability to cover the entire floor
should not lead the mitigator to conclude that SMD is not an
option for that house, especially in cases where the segment of
inaccessible floor is relatively limited and when there is not
gravel on the floor.

Laying the membrane. Installation of a membrane will
require that workers spend some time in the crawl space.
Crawl spaces can contain molds and spores which can be
irritating and unhealthful. Workers should be provided with
appropriate respiratory protection.

At particularly rough or sharp points on the floor, drainage
mat, roofmg material, or some other heavy material might be '
placed beneath the membrane, to try to protect it from puncture. Similar heavy materials should be placed on top of the
membrane as walkways along expected traffic routes, for the
same reason.
Seali~g the membrane-general

The available data demonstrate that radon levels in the living area can often be
reduced below 4 pCi/L even when the membrane is not
completely sealed at the seams between the sheets, at the
perimeter wall, and around interior obstructions. However,
complete sealing is recommended whenever possible, for a
variety of reasons:
- Increased indoor radon reductions expected' with a
given SMD systein, compared to those likely with the
same system if the membrane were not sealed;

The crawl-space floor must be cleared of any movable objects
that are being' stored in the crawl space. If possible, any
irregularities in the crawl space floor (such as embedded
rocks) should be cleared from the expected traffic paths (e.g.,
the path between the crawl-space entrance door and the furnace or water heater), so that the m,embrane will be less likely
to be ruptured by subsequent traffic. If there is an existing
vapor barrier which is to be replaced by the SMD membrane,
the old plastic sheeting might be removed, Some mitigators
leave the old vapor barrier in place, and simply install the new
membrane on top of it (An92).

- Fewer suction pipes required for individual-pipe/SMD
systems;
- Reduced heating/cooling penalty in the house, due to
less treated house air drawn down into the crawl space
from the living area;
- Reduced contribution to possible backdrafting of combustion appliances in the crawl space Qr in an adjoining
basement; and

The 10- to 20-ft wide sheeting should be rolled out over the
floor in a flat, smooth manner, with care by the installers to
avoid ruptures in the membrane during installation. In some
cases, rather than bringing the entire roll of polyethylene into
the crawl space, it may be more convenient to pre-cut the
sheeting to the desired lengths outside, and bringing the
pre-cut sheets mto the crawl space.
Adjoining sheets should be overlapped by at !east 12 in. at
seams between the sheets. Where the sheets meet the perimeter foundation walls, they should be cut leaving about 12 in.
excess sheeting, so that the sheeting can be extended a short
distance up the walls. This will be necessary so that the sheet
can be attached to the walls as recommended. Even if perimeter sealing is not initially planned, it is advisable to leave the
,excess sheeting anyway, to permit subsequent perimeter sealing if it is later found to be desired.
Where the sheeting comes up against an interior obstruction
such as a pier, it should be trimmed to fit around the obstruction, again leaving perhaps 12 in. excess to enable subsequent
attachment to the sides of the obstruction. The sheets should
be laid and trimmed to fit relatively snugly all"ound the obstruction. The optimum width of sheeting to use (10 vs. 20 ft)
will depend upon the dimensions, accessibility, and obstructions in a given crawl space.
Where there is a furnace or water heater in the crawl space, the
membrane should not contact the hot part of the unit. If the
unit rests upon a concrete pad, the membrane might be sealed
against the pad. If a furnace rests, e.g., on hollow blocks, the
furnace can be temporarily jacked up so that the blocks can be
moved and the membrane can be extended uninterrupted
under the furnace; the blocks would then be replaced.

- Increased likelihood that the membrane sheets will
remain in place, and will not get shifted due to foot
traffic over the years, opening gaps in the cover.
A disadvantage of sealing is that it will add to the installation
time and cost. Intuitively, sealing will be most critical for
seams which are near individual suction pipes, or seams
which run parallel to and immediately beside lengths of
sub-membrane perforated piping.
There are currently no definitive data demonstrating the impacts on performance if the membrane is not sealed under
various circumstances. However, the limited available data
confirm that better performance is achieved when the membrane is sealed (see Section 2.3.5c, Degree of membrane
sealing, and the discussion of individual-pipe/SMD systems
in Section 8.1). Moreover, the other potential benefits of '
sealing, listed above, appear compelling. As a result, it is
recommended that the membrane be completely sealed whenever possible.
'
Most mitigators who have substantial experience installing
SMD systems indicate that they routinely seal the membrane
completely (An92, Bro92, Fit92, How92, K192, Sh92);
Where cross-laminated polyethylene has been used as the
membrane, gun-grade polyurethane caulk is an extremely
effective sealant. Where regular polyethylene sheeting has
been used, polyurethane caulk does not provide a good bond,
and some other sealant must be used.

233

Sealing the membrane-seams between sheets. Seams The membrane should remain flat against fie floor right up to
between adjoining sheets of membrane are usually sealed by
applying one or two continuous beads of sealant between the
sheets, in the 12-in. strip where the sheets overlap. As indicated above, polyurethane caulk is a good sealant choice for
the recommended cross-laminated polyethylenes; various other
se.'\lants have been used for regular polyethylenes.
It can be difficult to achieve an air-tight seal. To help ensure
that the sealed seam is air-tight, some mitigators apply one
very liberal bead, using one tube of gun-grade polyurethane
caulk per 15 linear feet (Kl92). Other mitigators apply two
pnra1Icl beads of sealant.
After the sealant is applied, the two sheets of polyethylene are
pressed together. Some mitigators then tape the seams using
duct tape, to hold the sheets together while the sealant cures
(K192). If the tape is not used, the sheets of plastic can shift as
the workers complete the installation, causing the seal to
break hefore the sealant cures.
Even if the mitigator decides not to seal all of the seams
between sheets throughout the crawl space, it is strongly
recommended that the seams be sealed for the sheet(s) through
which an individual SMD suction pipe penetrates, as well as
any se.'U1lS which parallel a sub-membrane perforated pipe.
High leakage rates through unsealed seams near the suction
point could seriously reduce the extension of the suction field
to remote locations.

Sealing the membrane-perimeter foundation walls.
To seal the membrane against the perimeter foundation wall
and any interior piers, one common approach is to simply
adhere the membrane to the wall with a bead of sealant This
is the approach illustrated in Figures 6 and 7, and is the
simplest method for sealing the membrane against the wall.
There would be no other structural support for the membrane
against the wall, other than this bead of sealant. Based upon
field experience, a bead of polyurethane caulk can bond
cross-laminated membranes to the foundation wall very securelyand durably, if the wall surface is reasonably flat and is
properly prepared. Some mitigators report such seals remaining intact in SMD systems for at least five years (K192).
By tIlis approach, the perimeter wall should frrst be wire
brushed at the height at which the caulk bead is to be applied
(i.e., 6 to 12-in. above the crawl-space floor), to remove any
dirt or other loose deposits.
TIle roughly 12 in. of excess sheeting that was left beside the
foundation wall would fien be folded at a 90' angle, at the
joint between the foundation and the crawl-space floor, and
would be extended straight up the wall. That is, the membrane
would remain flat on the crawl-space floor right up to the
wall, at which point it would then proceed straight upward,
basically flat against the wall. See Figures 6 and 7. Some slack
should be left in the vertical section of plastic rising up the
wan; this will help prevent stresses from being applied to that
seam by foot traffic in the crawl space, or by the SMD system
itself when the system fan is frrst turned on and the membrane
is drawn down against the soil (Kl92).

the wall, rather than beginning to rise above the floor at some
distance from the wall. If some portion of fie membrane is
being held suspended above the floor by the bead of caulk,
then any weight applied to the suspended membrane by
persons or animals in the crawl space might cause the membrane to rip away from the wall at that location, or might cause
the membrane itself to tear, destroying the seal.
A liberal bead of polyurethane caulk (or other sealant) would
be applied on the wall near the upper end of the membrane,
and the membrane would be pressed tightly and smoothly
against this bead. Some mitigators report using as much as
one tube of gun-grade polyurethane caulk per 10 linear feet,
then taping the membrane against the wall using duct tape, to
hold the plastic against the wall while the sealant cures
(Kl92).
Where there are obstructions in the wall which extend to
wifiin 6 to 12 in. of the floor (e.g., a crawl-space access door
or a foundation vent), the membrane will need to be trimmed
to pass beneath the obstruction. The caulk bead would likewise extend underneath the obstruction. Where the membrane
turns a comer around the perimeter wall or around a pier, the
membrane would need to be cut and tucked appropriately to
permit a reasonably neat, sealed corner.
Current experience suggests fiat a bead of sealant will attach
the membrane to a flat (block or poured concrete) perimeter
wall with a sufficiently secure and durable bond, without any
further steps to anchor the membrane against the wall. However, under some circumstances, mitigators find it desirable to
attach the membrane to a wall using a 1- by 2-in. or 1- by 4-in.
wooden furring strip nailed into the wall.
One circumstance where a furring strip can be necessary is
when the foundation wall is irregular, e.g., when the wall is
fieldstone. In this case, one approach would be to ftrmly
attach a furring strip to the wall using masonry nails. The end
of the membrane would be caulked onto this strip, and a
second furring strip nailed into the frrst, sandwiching the
membrane between the two. The gaps between the frrst furring strip and the irregular wall would then be sealed using
expanding foam or caulk, as applicable (Kl92).
Another case where a furring strip can be used is when the
membrane is extending all the way up the face of the wall, and
is being attached to the band joist above the wall. This will
sometimes be done when it is desired to try to increase the
treatment of a block wall, as discussed later. It might also be
an option when the wall is irregular (e.g., fieldstone), as an
alternative to attaching the furring strip directly to the fieldstone. One approach that has been used in this case would be
to caulk or cement the end of the membrane onto fie band
joist around fie entire perimeter. The furring strip would then
be placed on top of the caulked membrane and nailed into the
band joist, sandwiching fie membrane between the furring
strip and the band joist.
.
Most mitigators who use furring strips simply sandwich the
end of the membrane between two pieces of wood, as with the
approaches described above. A more rigorous approach would
234

be to wrap the end of the membrane around a furring strip,
then nailing this strip to the wall or to another piece of wood
with a layer of caulk in between. However, this more elaborate and time7consuming approach is probably not necessary
when the membrane has been installed in a manner which will
reduce the risk of the membrane being ripped out of the
sandwich: that is, when the membrane rises flush against the
wall with some slack, as discussed above, and especially
when the membrane is cross-laminated material.

to the baseboard duct BWD approach, would be an alternative
to installing a perimeter loop of sub-membrane piping as a
means for achieving strong suction at the perimeter. This
option is discussed further later.

Sealing the membrane-interior obstructions. Where
there are interior support piers, the membrane can be sealed
around the piers in a manner similar to that discussed previously for sealing against the perimeter foundation wall.

In some early SMD installations, furring strips were used to Where there is a concrete pad in the crawl space supporting,
attach the ends of the membrane directly to block or poured . e.g., a furnace or a water heater, the membrane should be
concrete foundation walls, along with a bead ofcaulk between sealed to the edges of the pad with a bead of caulk or other
the furring strip and the wall. This was done for increased sealant.
security, rather than relying solely on the bead of caulk or
other sealant to anchor the membrane against the wall. The Role of the SMD membrane as a radon barrier. It is
use of furring strips in this manner, when the wall is relatively underscored that the polyethylene being installed as described
flat, does not appear to be widely practiced at the present time, above is intended as an element ofa SMD system. That is, it is
due to the success that has been demonstrated using caulk serving as a plastic "slab" which will enable potentially
alone (as discussed above) and due to the cost and time effective depressurization of the crawl-space soil while reducpenalties involved in using a furring strip. The extreme case ing (but not eliminating) the amount of crawl-space air being
(where the membrane is wrapped around a furring strip) could exhausted by the SMD system.
add about $350 to the installation cost, relative to the simplest
. case (where the membrane is attached with a caulk bead), Without. operation of the SMD fan, this membrane should
varying with the size of the crawl space (He91b, He91c).
reduce (but not prevent) convective (pressure-driven) flow of
soil gas up into the crawl space. Without the SMD fan to
Sealing the membrane-configurations to treat block create depressurization beneath the membrane, the membrane
foundation walls. In some cases where the foundation walls cannot be relied upon by itself to effectively block convective
are hollow blOCk, it is believed that the block wall may be an flow up from the soil. Despite efforts to carefully seal the
important radon entry route into the crawl space and, from membrane, there will undoubtedly be many leakage points.
there, into the house. In these cases, one option would be to
install an individual BWD suction pipe into the block walls, In addition, polyethylene-although a very effective convecanalogous to the approach shown in Figure 34 for basement tive barrier, if it were air-tight-is only a moderate barrier to
SSD systems. However, some mitigators instead modify the radon diffusion. As a result, radon trapped beneath the meminstallation of the membrane in an effort to increase the brane could continue to diffuse into the crawl space.
treatment of the block wall by the SMD system.
Thus, installation of the membrane itself, as a stand-alone
Several options for increasing block wall treatment by the "sealing" step without the SMD component, would likely be
SMD system are illustrated in Figure 38.
of limited effectiveness, even if it is carefully sealed at all
seams. Limited experience to date using crawl-space floor
Some mitigators try to increase the effective BWD component barriers as a stand-alone mitigation approach has shown inby drilling a few holes through the face of the blocks below door radon reductions of only 0 to 30% (He92).
the point where the membrane is sealed against the wall, as
shown in Figure 38A (Kl92). This should increase the flow of 8.5.2 Installation of the Suction Pipes
air from the block cavities into the SMD system, thus increasing suction in the walls, although the suction field will be Individual-pipe/SMD approach. A hole is cut in the memfairly weak beneath the membrane at that point unless the brane at the point where the suction pipe is to penetrate, of the
suction is being distributed by a perimeter loop of same diameter as the suction pipe. The suction pipe is inserted
sub-membrane perforated piping. Another approach, which vertically down through this hole, and the membrane is sealed
may more positively treat the entire face of the wall and the around the pipe in an air-tight manner.
top voids, would be to extend the membrane all the way up the
face of the wall, as shown in Figure 38B (Sh92). In this figure, The vertical suction pipe must be supported in some manner,
the membrane is attached to the band joist by being sand- so that the open end of the pipe beneath the membrane is held
wiched between the joist and a furring strip, in the manner at least a couple inches above the crawl-space floor. If the
discussed previously. One difficulty in this approach is that pipe were to drop so that the open end were resting directly on
.there will always be some obstructions at some point along the soil, air flow into the pipe would be severely restricted,
the wall-e.g., the access door and foundation vents-which reducing the suction field distribution that could be maintained beneath the membrane. Analogous to the case with
the membrane will have to be contoured around.
SSD systems (see Section 4.5.1, Mounting suction pipes
Figure 38C illustrates an option used by one mitigator (An92) through slab), the pipe can be supported by strapping or
for distributing the suction around the perimeter, in an effort hangers overhead, or it can be supported, at the crawl-space
to increase the treatment of the walls. This option, analogous floor under the membrane.
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Agure 38. Some alternative approaches for increasing block wall treatment by a SMD system,
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Several of the,alternatives for installing the individual suction
pipe through the membrane are illustrated in Figure 39.
One common method for installing the individual suction pipe
to place an inverted T-fitting on the bottom end of the pipe
beneath the membrane, as illustrated in Figure 6 and in
Figures 39A and 39B. The top of the T rests on the soil floor,
supporting the pipe, and the two open ends are aimed parallel
to the floor. These three figures vary primarily according to
the steps taken to ensure that the membrane is not sucked into
the open ends of the T, blocking flow.
In Figure 6, a rigid, flat plastic or plywood plate is placed on
top of the T, supporting the membrane above the T for a
distance sufficient to prevent the membrane from becoming
drawn back into the open ends. Figure 39A is essentially
identical to Figure 6, except in this case, the plastic "plate" is
in fact the base of plastic roof flashing units (KI92), identical
to those used to flash around stack penetrations through roofs
(e.g., see Figure 23). The roof flashing is used in this application because it is simple and convenient. In Figure 39B, no
plate is used to specifically protect the ends of the T, but holes
are drilled through the fitting so that suction can also extend
through the sides (Br92).
Another option that has been reported has been to install the
open end of the suction pipe in a frame of some type which
will keep the membrane away from the open end. In Figure
39C, this "frame" is an inverted bucket with holes drilled
through its sides (Sh92). Analogous frames have been fabricated oot of plywood (Mes90a). Since there is no T fitting to
support the weight of the piping in Figure 39C, the pipe would
have to be supported by strapping or hangers overhead, or by
a pipe clamp fitted tightly around the pipe and resting on the
top of the bucket (analogous to the pipe clamp shown at the
overhead flooring in Figure 17C).
The pipe installation approaches illustrated in Figures 6, 39A,
39B, and 39C effectively create a "pit", analogous to the
sub-slab pits for SSD systems, by lifting the membrane above
the crawl-space floor around the pipe penetration. This "pit"
should accomplish one objective of a SSD pit, namely, reducing suction losses as the soil gas accelerates (see Section
4.5.1, Excavating a pit beneath the slab). But it will not
achieve the second objective of intercepting fissures or strata
beneath the soil surface. Figure 39D illustrates an approach
where a true pit is excavated in the crawl-space floor, and
covered with treated plywood to maintain the cavity. This
approach has been considered by researchers (Py90) and
utilized by some mitigators (How92). In the specific configuration shown in Figure 39D, the weight of the piping is not
supported where it penetrates the plywood; hence, it must be
supported by hangers or strapping from the joists overhead.
As one variation of the specific configuration in Figure 39D, a
second piece of plywood is sometimes placed on top of the
membrane and screwed into the plywood underneath, sandwiching the membrane between the two pieces of plywood
(How92). In that case, the pipe penetration t:Iuough the membrane would be sealed using a bead of polyurethane caulk
around the perimeter of the top piece of plywood, between the
plywood and. the membrane, and by caulk around the seam

where the pipe penetrates the top piece of plywood. Asa
second variation, the weight of the vertical pipe is sometimes
supported at the plywood, e.g., using a PVC flange mounted
in the hole th,rough the plywood, analogous to the SSD pipe
configuration shown in Figure 15C (Py90, How92).
No testing has been conducted to assess any performance
benefits resulting from such a pit, due to interception of
fissures or permeable strata.
When any of these configurations is installed, it is desirable to
keep the hole through the membrane as small as possible,
preferably no larger than the pipe diameter. This should
minimize the potential for leaks developing through the membrane over time near the suction point.
If one of the above configurations using a T fitting is used, the
T (and any sub-membrane plate) can be fit onto the bottom of

the suction pipe beneath the membrane after the pipe is
inserted through the membrane hole. Thus, the membrane
hole does not have to be enlarged to accommodate the T and
the plate. To do this, at least one of the membrane seams near
the penetration would have to be left unsealed until after the T
is installed, so that the fitting can be slid under the membrane
from the side. The hole through the membrane for the suction
pipe could be cut as a series of slits radiating· out from the
center, leaving all of the pie-shaped pieces in place. This
could facilitate sealing the membrane against the pipe after
installation.
The perforated bucket in Figure 39C or the plywood frame
would logically be inserted under the membrane in a similar
manner. The sub-membrane sheet of plywood covering any
sub-membrane pit as in Figure 39D would be installed, with a
hole to accommodate the suction pipe, before the membrane
was laid.
Where a T fitting is being installed, some mitigators make a
slit in the membrane sufficiently large to accommodate the T
through the membrane from on top (An92). With the open end
of the T protruding up through the slit membrane, a square
piece of polyethylene sheeting large enough to cover the
slit-and with a hole through the middle just large enough to
accommodate the suction pipe-is sealed over the top with a
continuous bead of caulk or sealant around the perimeter,
sufficiently large to completely enclose the slit. Again, it is
particularly important that this slit be effectively sealed, since
leaks near the suction point could have a serious impact on the
distribution of the sub-membrane suction field.
Once the suction pipe has been connected to the sub-membrane
T fitting, bucket, frame, or plywood sheet, the membrane
must be effectively sealed around the pipe, to prevent air
leakage through the membrane at that location.
.
One possible approach for sealing the membrane against the
pipe is to use a hose clamp, as illustrated in Figures 6, 39B,
39C, and 39D. By this approach, a hose clamp is placed
around the vertical suction pipe above the membrane. A
liberal, continuous bead ofpolyurethane caulk is placed around·
the circumference of the suction pipe, probably about 6 in.
above the crawl-space floor. The membrane is then pressed
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F1suro 39. Some of the alternative approaches for installing individual SMD suction pipes through the membrane.

238

tightly against the sides of the suction pipe, compressing the
caulk bead, and clamped into place with the hose clamp.
Where the hole has been cut in a manner which leaves a series
of pie-shaped· membrane segments radiating out from the
center of the hole, as discussed above, these segments would
be pressed against the caulked side of the pipe and would be
bound by the clamp. Any cuts that have been made in the
membrane around the hole to enable insertion of a T-fitting or
flange should be effectively closed by being pressed against
the caulk and the side of the suction pipe by the hose clamp.
Where there is any doubt, additional caulk ma.y be placed at
the seam between the hose clamp, the membrane, and the
suction pipe to ensure that this penetration is air-tight. Air
leakage at this location could significantly decrease what will
already be a relatively weak sub-membrane suction field.
Instead of a hose clamp, Figure 39A sandwiches the membrane between two roof flashing units. To seal this configuration, a liberal, continuous bead of polyurethane caulk would
be placed around the entire base of the unit above the membrane, between the flashing and the membrane, as indicated
on the figure. Likewise, the seam between the upper unit and
the suction pipe would be liberally caulked.

proach, is an alternative to installing a perimeter loop of
sub-membrane perforated piping. In this approach, a slanted
. strip of treated plywood is sealed against the perimeter wall
with a bead of polyurethane caulk, creating a "baseboard
duct" around the crawl-space perimeter. The SMD membrane
extends up the plywood and is sealed against the wall just
above the top of the plywood. The suction pipe is sealed into
this baseboard channel at some convenient point around the
perimeter. In addition to maximizing treatment of the wall,
this approach should maximize treatment of the floor immediately beside the wall; radon entry will likely be highest
through this section of floor, due to wind effects against the
perimeter walls. However, because of the high flows likely to
come out of the walls, it is possible that suction will not
extend well toward the center of the membrane.
Sub-membrane piping/SMD approach. The suction pipe
for sub-membrane piping/SMD systems consists of two elements: the perforated piping laid beneath the membrane; and
the vertical PVC suction pipe which penetrates the membrane
and connects to this perforated piping.
•

Where the approach in Figure 39D is supplemented by a
second plywood sheet above the membrane, a continuous
bead of sealant is applied around the entire perimeter of the
upper plywood, between the plywood and Ithe membrane
(How92). A liberal bead of sealant is also applied around the
seam between the upper sheet of plywood and the suction
pipe.

Sub-membrane perforated piping. The perforated piping,
which may be the flexible black corrugated piping, or
rigid PVC piping, is laid on the crawl-space floor in the
selected matrix, as discussed in Section 8.2.2.

Commonly, where the floor is bare soil, the perforated
piping will be laid on top of the soil. Where the piping is
being laid in the path of potential future foot traffic, a
trench might be excavated. The trench could be filled
with gravel, and the piping embedded in the gravel. Such
trenching would significantly increase the installation
effort, and is not often done. One mitigator who has
tested SMD systems back-to-back in the same house,
with the piping on top of the soil and also with the piping
in a trench, reports that installation of the piping in a
trench appears to have no impact on radon reduction
performance (Kl92).
.

Except for the cases involving sheets of plywood covering a
sub-membrane pit, the other configurations just discussed all
involve raising the membrane up several inches around the
suction pipe, as necessary to effectively clamp or otherwise
seal the membrane around the pipe. This will cause some
deformation of the membrane sheet through which the pipe is
penetrating. This deformation must not be sufficient to cause
crawl-space soil to become exposed at the seam between that
sheet and the adjoining sheets. To avoid deformation of the
adjoining sheets or undue stresses on the sealed seams, the
seams between the penetrated sheet and the adjoining sheets
should not be sealed until after pipe installation has been
completed.

Where the crawl-space floor is gravel, the perforated
piping can be buried in the gravel relatively easily. However, where the floor is gravel, sub-membrane piping will
be less likely to be needed; the individual-pipe/SMD
approach will probably be adequate.
Where flexible perforated piping is used in a contiguous
pattern with no branches (such as a straight length or a
full or partial loop), it can easily be flexed into whatever
pattern is desired. If a perpendicular branch were desired
(to connect two parallel lengths of piping, or to extend
legs off the main trunk line), a flexible corrugated T-fitting
could be snap-fitted into the length of flexible piping. If a
rigid PVC T-fitting were used rather than a corrugated
fitting, the perforated piping could be connected to the
ends of the PVC T using screws and caulk, as discussed
later in connection with installation of the vertical suction
pipes.

If a 12-in. overlap has been provided between sheets, this

should often be sufficient to prevent the soil from becoming
exposed at seams when the membrane is raised. However, to
be conservative, somewhat greater overlap might be provided
for the sheet through which the pipe will penetrate. Again to
be conservative, it would be desirable for the adjoining sheets
to overlap on top of sheet with the suction pipe, and.for the
seams of those sheets to be sealed, even if the seams between
sheets are not being sealed elsewhere.
Figure 38C illustrates a unique suction pipe installation approach used by one mitigator (An92) in an effort to increase
the extension of the SMD suction to block foundation walls.
This approach, analogous to the baseboard duct BWD ap-

In many cases where there are two parallel lengths of
perforated piping, it will be because there are two adjoining crawl spaces separated by a footing and/or wall. One
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need to be cemented, screwed, or caulked together unless
the piping is expected to come under particular physical
stresses. In this case, the concern is usually not one of
leakage around the joint as installed (as long as the
membrane is carefully sealed), but rather, is one of the.
joint becoming separated over time. Where rigid PVC
fittings are being installed in a corrugated piping matrix,
this joint will be very subject to becoming disconnected
unless it is fIrmly connected with screws or clamps and
caulk. Where rigid perforated piping is used for the entire
matrix, the joints should all be cemented, because this is
easy to do, and because the rigid piping will not flex like
the corrugated material and thus may be more prone to
having uncemented joints become disconnected as a result of physical stresses.

option is to connect these separate lengths using a length
of non-perforated flexible corrugated piping that penetrates up through the membrane in one crawl space,
snnkes over the interior footing, and then descends down
through the membrane in the second crawl space. Depending on the configuration of the crawl spaces, each
end of this non-perforated connector could connect into
the middle of one of the parallel perforated lengths using
a corrugated T-fitting (so that the entire matrix takes on
the shape of an H). Alternatively, the non-perforated
connector might connect the ends of the perforated segments, so that the matrix takes on a contiguous U shape.
The penetration of the non-perforated piping through the
membranes must be sealed well.
Where there are parallel lengths of piping, another alternative to linking these lengths beneath the membrane
woald be to install a vertical PVC suction pipe through
the membrane into each one, and linking these risers by a
piping network in the crawl space above the membrane.

Where the perforated piping does not form a complete
loop, so that there are open ends, the open ends should be
capped. Capping the ends will help ensure that the suction is distributed evenly along the length of the piping. If
an end is left open, most of the air flow into the piping
will likely enter through the open end. Under this condition, the sub-membrane piping/SMD system will tend to
take on the characteristics of an individual-pipe/SMD
system with individual suction pipes at the locations of
the open ends.

Where rigid perforated pipe is used for the sub-membrane
piping, the sections of piping are joined by straight couplings, elbows, and T's as necessary to create the desired
matrix. The fittings should be cemented onto the perforated piping to ensure the structural integrity of the matrix
overtime.

•
When corrugated or rigid fittings are inserted into the
sub-membrane piping network, in accordance with a
numbe,r of the configurations just discussed, one question
is how well the joints should be sealed. If there is some
leakage at the joint, but if the joint is beneath a well-sealed
membrane, it would seem that the leakage should not be a
mlijor problem. In assessing the need for joint sealing in a
given installation, the factors that should be considered
are the following:
-

Vertical suction pipes. A rigid non-perforated suction
pipe is installed into the sub-membrane perforated piping
network at a convenient location. Installation of the suction pipe about in the middle of the perforated piping
would help improve the uniformity of the sub-membrane
suction field. However, unless there is an unusually long
length of sub-membrane piping, applying the suction
near the middle is probably not critical.
One approach for connecting the vertical suction pipe
into the sub-membrane piping network is to use a rigid
PVC, PE, or ABS T-fItting or 90' elbow, as illustrated in
the inset in Figure 7.

How big is the leak? If the gap at the joint is large
enough, the leakage at that point may become so severe
that suction will not effectively extend to more remote
points in the sub-membrane piping, and the system will
take on the characteristics of an individual-pipe/SMD
system with an individual suction pipe penetrating the
membrane at the leakage point.

A leg of the T or the elbow is directed upward through a
hole in the membrane. Depending upon how the membrane is subsequently to be sealed against the pipe, one
option is to cut this hole through the membrane as a series
of slits .radiating out from the center, leaving all of the
pie-shaped pieces in place. See the discussion earlier in
this section under Individual-pipe/SMD approach. The
vertical suction pipe is cemented into the upward leg of
the fItting.

-

How far is the leak from the vertical suction pipe? The
nearer the leak is to the suction pipe, the greater the
impact of the leak can be.

-

Does the leak reflect a structural weakness in the joint
that may result in the segments of sub-membrane piping becoming disconnected over time? The
sub-membrane piping network may be subjected to
some physical stresses due to foot traffic in the crawl
space. If the joint is sufficiently weak that the segments
become disconnected over time, the remote segment of
piping on the far side of the break could be cut off from
the system.

The perforated piping must be fmoly connected to the T
fItting or the elbow beneath the membrane, in a manner
such that it will not become disconnected over time. If
this joint became disconnected over time, there could be
significant leakage of air into the vertical suction pipe,
and the system would tend to behave more· like an
individual-pipe/SMD system with an individual suction
pipe at the location of the T.

The joints between flexible corrugated piping and corrugated snap-fittings are generally very tight, and may not

If flexible perforated piping has been used, and if a T
fitting is being installed in the middle of this piping, the

"Ii
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piping is severed as necessary to accommodate the T.
Each severed end of the perforated piping is then connected to a side of the T using the techniques discussed in
Section 6.5 (see Pipe installation using rigid T-fitting).
Where 4-in. corrugated piping has been used, the piping
may be forced inside of (or around the outside of) the
4-in. T leg, and fmnly connected using screws or a hose
clamp, as appropriate, and urethane caulk. If 3-in. corrugated piping has been used, it should conveniently fit
.
inside the leg of a 4-in. diameter T.
If a rigid 90· elbow is being used instead of a T fitting, the
elbow would be connected to the corrugated piping as
discussed above, but at one end rather than in the middle.
If rigid perforated PVC piping has been used, this piping
is cemented into each open end of the T fitting (or into the
elbow) beneath the membrane.
Other approaches for installing a rigid vertical suction
pipe into the middle of corrugated piping, rather than
using a rigid T fitting, are discussed in Section 6.5 (see
Pipe installation directly into tiles without rigid T).
The membrane must be sealed tightly around the vertical
pipe. This may be accomplished using a hose clamp, as
illustrated in Figure 7. A procedure for using a hose
clamp for this purpose was discussed earlier in this section (see Individual-pipe/SMD approach). Other approaches can also be considered for accomplishing this
sealing, such as sandwiching the membrane between
sealed roof flashing units (an adaptation of the approach
illustrated in Figure 39A for the individual-pipe case).
If there are multiple segments of perforated piping which
have not been connected beneath the membrane, a separate vertical suction pipe must be installed in each isolated segment. The resulting multiple risers will be connected by the piping network above the membrane, as
discussed in Section 8.6.

8.6 Design/Installation of tlhe
Piping Network and Fan
The design and installation of the above-membrane piping
network and the fan, for SMD systems would be essentially
the same as described in Section 4.6 for a SSD system.
Where multiple suction pipes penetrate the membrane, for
either SMD variation, these pipes·would be manifolded together, just as with SSD systems in basements. The piping
would be hung from the floor joists under the living area
overhead. Since the crawl space is not lived-in space, there
will usually be a lot of flexibility regarding the routing of the
piping through the crawl space. However, care should be
taken that the piping not block expected traffic routes (e.g., for
maintenance or subsequent replacement of a furnace located
. in the crawl space).
As with other ASD variations, the exhaust piping from SMD
systems may neatly be routed up through the living area of the

house to a fan mounted in the attic, as suggested in Figures 6
and 7.
Where the exhaust stack is to be routed up the exterior of the
house or through an adjoining slab-on-grade garage, it is
common to direct the SMD piping out of the crawl space
through the band joist, just as in a basement.
For exterior stacks from systems in vented crawl spaces, some
mitigators have occasionally taken the exhaust piping out
through a foundation vent, if a vent existed at a convenient
location. Using a vent would save the effort of drilling through
the band joist and exterior finish. However, this can be a
building code violation, if it reduces the net vent area for the
crawl space below the area required by code. For this reason,
it is recommended that, in general, foundation vents not be
used for piping penetrations through the wall.
When there is an indoor stack, the SMD fan will generally be
in the attic. When there is an exterior stack (or a garage stack),
the SMD fan should be outdoors (or in the garage). Locating
the fan outdoors is particularly important when the crawl
space is unvented and is part of the conditioned space in the
house, which will be the case, e.g., where the crawl space
opens to an adjoining basement.
EPA's interim mitigation standards (EPA9lb) specify that the
fans not be located in the crawl space, even if the crawl space
is vented. The thermal stack flows will tend to draw the
crawl-space air up into the overhead living area. Thus, any
radon released in the crawl space due to leaks on the pressure
side of a crawl-space fan could enter the living area.
In houses with vented crawl spaces, where the fan cannot be
located in the attic or in an adjoining garage, it can be
tempting to mount the fan in the crawl space to avoid the
aesthetic impact of mounting the fan outdoors. It would seem
that, since the crawl space is vented, any radon released from
pressure-side leaks should be diluted by the outdoor air that
will infiltrate through the foundation vents. However, limited
tracer gas data show that, due to the dynamics of crawl-space
houses, over one-half of any radon released by the fan in the
crawl space can flow up into the living area even when the
crawl space is being naturally ventilated (Na8S). As a result,
to be conservative, the interim standards require that fans not
be in crawl spaces, despite the fact that occupants will not
normally be spending much time in the crawl space itself.
In Section 4.6.5 (see Requirement that fans be outside the
livable envelope of the house).. some precautions were discussed that an installer should consider if there were no choice
but to mount a fan in a basement in violation of the standards.
One other precaution that was considered prior to the standards for fans mounted in crawl spaces is to enclose the fan,
the fan couplings, and the pressure-side piping in a tight
enclosure fabricated from sheetrock or insulation board (An92).
A II2-in. hole is drilled in the pipe on the negative-pressure
side of the fan, inside the enclosure, in an effort to slightly
depressurize the enclosure. The concept is that any
pressure-side leaks inside the enclosure would be drawn back
into the fan intake, preventing their release into the crawl
space. Any such enclosure would· have to be tight but would
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(88-160 pCi/L), ~here addition of a BWD component
(supplementing the S:MD system) was necessary in
order to reduce concentrations below 4 pCi/L (Ni89,
Py90). Both of these houses included other complica. tions which prevented the tests from clearly demonstrating the role of the BWD component and the conditions under which a BWD component will typically be
needed in other houses.

also have to enable ready access to the fan for maintenance.
As emphasized in Section 4.6.5, there is no evidence that such
precautions would compensate for the risks incurred if the fan
were mounted in the crawl space, and the precautions thus
could never be considered as a substitute for abiding by the
standards.

8.7 Sealing in Conjunction with
SMD Systems
8.7.1 Sealing the Membrane
The most important sealing in conjunction with the installation of SMD systems will be sealing of the membrane.
As discussed in Section 8.5.1 (see Sealing the membrane general), it is not possible to specify the precise conditions
under which various sealing steps will be cost-effective, or to
qunntify the benefits that will result. However, available data
suggest that better radon reduction performance will be
achieved if the membrane is completely sealed, and a number
of other benefits would be expected as welL As a result, it is
recommended that the membrane be fully sealed whenever
possible.
Complete sealing of the membrane includes: sealing the seams
between sheets; sealing the membrane against the perimeter
foundation wall; and sealing the membrane against any interior obstructions, such as support piers and concrete pads. The
procedures for sealing these different membrane seams were
discussed in Section 8.5.1.

The most critical seams to seal would be: the seams between
sheets penetrated by individual suction pipes and adjoining
sheets; and seams running beside any sub-membrane perforated piping, including, for example, the seam between the
membrane and the perimeter foundation wall in cases where
the sub-membrane piping forms a loop around the perimeter.
The seam between the membrane and the suction pipe, of
course, also must always be sealed well.

8.7.2 Sealing the Block Foundation Wall
Only very limited testing has been conducted to determine the
improvements in SMD performance that might be achieved
by sealing major openings in the block foundation wall of a
crawl space. Despite the lack of data, wall sealing might
intuitively be expected to be important in certain cases for two
reasons:
'
-

-

by analogy with basement houses. In basements, SSD
appears least able to prevent radon entry into the wall
cavities when sub-slab communication is marginal or
poor. When there is no gravel on the crawl-space floor,
individual-pipe SMD systems might be expected to
simulate poor-communication SSD systems. This analogy would suggest that SMD systems with no gravel
on the crawl-space floor may be failing to adequately
treat wall-related entry.
from experience in the two study houses having the
highest pre-mitigation radon levels in the living area

Open top voids, if present, would likely be the primary
openings warranting closure. The procedures described in
Section 7.7.1 and Figure 37 can be considered for closing the
top voids.
Figure 38B illustrates one approach for both sealing the entire
wall and increasing block-wall treatment by the SMD system.
As with the membrane sealing, sealing of the block foundation wall (and/or adding a BWD component) are most likely
to be needed when the pre-mitigation concentrations are high,
or when the desired post-mitigation concentration is lower
than 4 pCi/L.

8.8

Gauges!Alarms and Labelling

The considerations discussed in Section 4.8, concerning gauges/
alarms and labelling for SSD systems, also apply to SMD
systems.
As discussed in Section 4.8.1, the gauge/alarm must be located where it will be readily visible to the house occupant.
But much of the SMD piping will be in the crawl space, where
the house occupant may rarely go.
If the SMD exhaust piping rises up through the house via an
indoor stack, a gauge or alarm could be mounted on the stack
at some convenient location in the living area where it can be
seen or heard. If the stack is rising through a closet in the
living area, which will commonly be the case, and if a gauge
were mounted in the closet with the pipe, rendering the gauge
less visible, the gauge might be supplemented by an audible
alarm.

Where the exhaust piping rises through an adjoining garage,
the gauge/alarm can be located in the garage.
Where the exhaust piping rlses up outside the house, via an
exterior stack, a pressure gauge could be mounted at some
convenient location in the living area. In this case, the indoor
gauge would have to be connected to the piping in the crawl
space or outdoors, via a line that penetrates the shell of the
living envelope. The ammeter discussed in Section 4.8.1
would be connected to the outdoor fan via the fan wiring.
Some pressure-activated alarms will not be applicable for
SMD systems when the stack is outdoors, if they are designed
for direct mounting on the suction piping. Such direct mounting would require either that the alarm be mounted on the
piping in the crawl space, in which case it may be too remote
to be considered readily visible or audible to the occupants; or
that the alarm be mounted on the piping outdoors, which will
not be feasible if the alarm is not designed for outdoor use.
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See the related discussion of pressure-activated alanns outdoors in Section 6.8.

As discussed in Sections 4.8.1 and 6.8, some mitigators report
that, during cold weather, moisture can condense or freeze in
the narrow tubing that extends from indoor pressure gauges to
suction piping in unconditioned crawl spaces or outdoors.
When this happens, the gauge will give erroneously low
readings. Use of larger diameter tubing, insulation of the
outdoor tubing, and advice to the occupant are possible steps
to address this problem, as discussed in Section 6.8. Use of the
ammeter as the warning device would avoid this problem.

In accordance with the discussion in Section 4.8.1 (see Pressure gauges), pressure gauges (and pressure-activated alanns)
must tap into the suction piping at a point near the pipe
penetration through the membrane in the crawl space. If the
gauge or alann taps in too close to the fan, it may see
relatively high suctions at the fan inlet even if there is a major
leak in the piping near the membrane, and even if the
sub-membrane depressurizations have thus been dramatically
reduced. This potential problem is especially acute with
pressure-activated alanns, which are often pre-set by the
manufacturer such that they are not triggered until suctions
drop to extremely low levels (perhaps only 0.2 in. WG). Such
low levels can exist near the fan even if there is a total breach
in the piping near the membrane.
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Section 9
Consiiderations for Active
Soil Pressurization Systems
For any of the active soil depressurization systems discussed
in Sections 4 through 8, the suction fan could nominally be
reversed to blow outdoor air into the soil, rather than drawing
soil gas out. As discussed in Section 2.4,active soil pressurization in this manner has been found to be beneficial, relative
to soil depressurization, in cases where system flows were
high. Active soil pressurization has been folind to sometimes
be beneficial in the following two situations:

1. With sub-slab systems, as an alternative to SSD, in cases
where the underlying soil is highly permeable, including
well-drained gravels and highly fissured shales or limestones. Such highly permeable soils would permit greater
than normal amounts of outdoor air to flow down through
the soil into a SSD system. In these cases, sub-slab
pressurization could be an alternative to installing a
higher-flow fan or more suction pipes on the SSD system.
2. With block-wall systems, as an alternative to BWD, in
cas,es where depressurization of the leaky block walls
would draw enough air out of the basement to depressurize the basement. Such depressurization of the basement
could increase soil gas influx and cause back-drafting of
combustion appliances.

9.1 Selection of the Number of
Pressurization Pipes
9.1.1 Sub-Slab Systems
The available data are limited from sub-slab pressurization
systems in houses amenable to pressurization. But these data
provide no solid evidence that the nmnber of pipes required
for pressurization would necessarily be different from the one
or two pipes required for SSD systems in houses amenable to
SSD.
Information on sub-slab pressurization system configuration
are available from six houses amenable to this approach
(Tu87, Kn90). These installations included between one and
four pressurizationpipes. These houses were only moderate in
size; their footprints generally ranged from 800 to 1,400 ff,
with one being 1,800 ff. The number of pipes usually corresponded to one pipe per 400 to 700 ft2, although one house had
one pipe per 200 ff, and another house had one pipe per
1,000+ ff. In half of these installations, this number of pipes
was able to reduce indoor levels to below 2 pCiIL from
moderately elevated pre-mitigation levels (15-30 pCi/L). The
other half, having more elevated pre-mitigation levels (30-141
pCi/L), were reduced below 4 but not below 2 pCiIL.

One typical configuration for a sub-slab pressmization system
is shown in Figure 40.

The nmnber of square feet per pipe is relatively low for these
pressurization systems, compared to figures as high as 1,850
In most respects, the considerations in designing and install- to 2,700 ff per pipe with SSD systems in houses with good
ing a sub-slab pressurization system or a block-wall pressur- communication. The values of 400 to 700 ff per pipe with
ization system will be exactly the same as those described in these pressurization systems are more comparable to the
Sections 4 and 7 for the corresponding depressurization sys- values of 350 to 750 ft2 per pipe encountered in SSD houses
tems. The prin1ary difference between pressurization and de- having marginal rather than good communication. And the
pressurization designs will be that, with pressurization: a) the residual indoor radon levels achieved by sub-slab pressurizafan direction will be reversed; b) provisions will have to be tion in these houses are no lower than those commonly
made to prevent outdoor dust and debris from blocking free achieved by one or two SSD pipes in houses with good
air flow through the piping; and c) the need for an exhaust communication.
stack is eliminated, since the system is no longer discharging
a high-radon 'exhaust gas.
These comparisons would make it appear that sub-slab pressurization systems may, on the average, require more pipes
The discussion in this section focuses on the design and through the slab than will SSD systems. This would be
installation differences resulting when a sub-slab or block-wall intuitively reasonable. More pipes may be needed to ensure
pressurization' system is being installed rather than a depres- adequate sub-slab pressures and adequate air flow into the soil
surization system. This discussion draws from the detailed at all locations under high-flow conditions, than may be
review of data from pressurization systems presented in Sec- needed to achieve sufficient depressurizations everywhere
tion 2.4.
under the lower-flow, more static conditions often characteristic of SSD.
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Removable Cap,
for Pit Cleanout '

Notes:
1. Closure of major slab openings is
important.
2. Fan may also be mounted at grade
outdoors.
3. Air filter must be accessible for
changing or cleaning.
4. Houses built on well-drained
gravel soils (suitable for sub-slab
. pressurization) will not always
have sub-slab aggregate as shown.

Optional pIping configuration,
to facilitate removal of
debris from pit.
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Figure 40. SUb-slab pressurization using one typical approach,
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Another option with sub-slab pressurization, rather than adding pressurization pipes, might be to use a higher-capacity
fan. For five ofthe six installations just cited (Tu87), the fans
were capable of generating flows of 50 to 200 cfm in the total
system, and pressures of 1.25 to 2.0 in. WG in lthe pipes near
the slab, in the given houses. In the sixth installation (Kn90),
the fan was a 90-watt tubular in-line fan of the type listed in
Table 1.

might be advisable to locate that pipe at a relatively central
location, although there are no data confmningthat this is in
fact required.

9.3 Selection of Pressurization
Pipe Type and Diameter
The type and diameter of piping that would be used for
sub-slab and block-wall pressurization systems would be the
same as that for SSD and BWD systems, discussed in Sections
4.3 and 7.3.

It must be underscored that most of the sub-slab pressurization installations reported here are among the first such installations, and that no effort was made in the early work to
reduce the number of pressurization pipes in these installations, or to optimize the number of pipes and the fan capacity
for general application. Therefore, it cannot be definitively
concluded from these results that sub-slab pressurization systems will in fact routinely require more pipes; Nor can an
assessment be made of the extent to which the number of
pipes might be reduced by increasing fan capacity.

Even though the pressurization piping will now be handling
outdoor air rather than radon-containing soil gas, it is still
necessary to use rigid PVC, PE, or ABS piping. Flexible
ducting and flexible clothes drier hose are still not acceptable,
due to reduced durability, difficulty in achieving sufficiently
gas-tight joints, and a tendency to sag, providing sites for
accumulation of condensate. Leakage or flow restriction resulting from any of·these problems with the flexible ducting
would reduce pressurization system flows, thus likely reducing performance.

9.1.2 Block-Wall Systems
Only three block-wall pressurization systems have been reported (Sc88). One of these represented the individual-pipe
variation (Figure 5), and two represented the baseboard duct
variation (Figure 35). In all three cases, the systems were
operated with the same number of ventilation pipes (or the
same baseboard duct configuration) in both pressure and
suction, with comparable performance under both conditions.
Thus, a block-wall pressurization system would be expected
to require the same number of pipes as a BWD system.

The flows in a typical sub-slab pressurization system will tend
to be higher than those ina typical SSD system, since the
pressurization approach will be used only in cases where
highly permeable native soil contributes to high flows. In the
five sub-slab pressurization systems for which flow data were
reported, flows generally ranged from 35 to 200 cfm, averaging 100 cfm. This compares with the range of 20 to 100+ cfm
for SSD systems, averaging perhaps 50 cfm.
.

This conclusion is intuitively reasonable. Because of the
leakiness of the block wall, BWD systems are high-flow
systems just as are block-wall pressurization systems. Both
BWD and wall pressUrization thus probably have a significant
ventilation/dilution component in their mechanisms, and both .
would thus be expected to require a comparable number of
pipes to distribute these flows.

From the discussions in Sections 4.3.2 and 4.6.1, it is clear
that, in sub-slab pressurization systems, it will always be
desirable to use piping of at least 4 in. diameter. Sub-slab
pressurization flows will essentially always be too high to
permit the use of 2-in. piping, sometimes considered in
low-flow SSD systems, and will often be too high for use of
3-in. piping.

9.2 Selection of .Pressurization
Pipe Location

At the highest sub-slab pressurization flows (150 to 200 cfm),
it could seem desirable to use 6-in. diameter piping, since
pressure losses in 4-in. piping would be about 1.5 to 2 in WG
per 100 ft at those flows (see Figure 13). However, the limited
experience with sub-slab pressurization systems has shown
that in houses where sub-slab pressurization is preferred over
SSD, pressurization gives adequate performance with 4-in.
piping. Thus, 6-in. piping, though it would probably be helpful in particularly high-flow installations, does not really seem
to be necessary. Where a central trunk line down the length of
a basement connects to multiple pressurization pipes in the
basement, it might be desirable for the trunk line to be 6-in.
piping.

It is not apparent that the location of pressurization pipes (in
houses amenable to soil pressurization) should necessarily be
any different from that for depressurization systems. Pipe
location for SSD suction pipes was discussed in Section 4.2;
the location for individual BWD suction pipes and for baseboard ducts was discussed in Section 7.2.

With SSD systems in houses having good sub-slab communication, Section 4.2 indicates that the one or two SSD suction
pipes might be located just about anywhere convenient. The
flows in SSD systems are low enough such that, even if a pipe
is placed at one end of a house, the suction field can extend
beneath the entire slab. With sub-slab pressurization systems
in houses underlain be highly permeable soils, location of the
pressurization pipe near one end intuitively might result in
excessive flows of air out through the soil near that end of the
house. If that occurred, sufficient flows might not be established at the remote end of the house. Thus, in sub-slab
pressurization systems having only one pressurization pipe, it

Flows in a typical stand-alone block-wall pressurization system will likely be about the same as those in a typical
stand-alone BWD system; the leakiness of the walls should
create about the same flows in both cases. Thus, the pipe
diameters for block-wall systems should be the same, regardless of whether the system is operating in suction or in
pressure.
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9.4

Selection of Pressurization Fan

As just discussed, flows in sub-slab pressurization systems
can be relatively high. From the limited available data, flows
apparently can range from about 35 to 200 cfm, averaging
about 100 cfm. The actual flow will depend on the soil
characteristics and the fan performance curve.
At the low end of this range, either a 90-watt in-line tubular
fan (Section 4.4.1) or an in-line radial blower (Section 4.4.2),
or their equivalent, could be a reasonable choice. As flows
approach the avemge of about 100 cfm, the radial blowers
would no longer provide pressures any greater than those
from the tubular fans. Thus, at flows approaching 100 cfm,
any added cost for a radial blower might be an unnecessary
investment; a 90-watt tubular fan (or equivalent) could be the
more logical choice.
At the upper end of the flow range (150 to 200 cfm), a
l()().watt tubular fan with 6- or 8-in. couplings (Section 4.4.1),
or equivalent, might be considered. In fact,.the 90-watt tubular
fans may not always be able to maintain flows this high if
there is any significant length of 4-in. piping in the system. If
the 9O-watt fan were used, the system would possibly operate
at a lower flow, consistent with the fan's performance curve
and with tlle sub-slab flow characteristics of the house.
Sub-sL~b pressurization systems may require high flows to
achieve the necessary ventilation/dilution of the gas beneath
the slab, and to maintain the necessary sub-slab pressures.
Consequently, the smaller, 50- to 70-watt tubular fans discussed in Section 4.4.1, which can move only about 120 to
160 cfm at zero static pressure, will likely be insufficient for
soU pressurization applications. And the high-suction/low-flow
fans discussed in Section 4.4.3, for SSD systems in houses
with poor sub-slab communication, would never be applicable.

Because of the leakiness of block walls, block-wall pressurization systems should have the same flows typical of
sitand-alone BWD systems, namely, 100 to 200 cfm. Thus, the
90- to lOO-watt tubular in-line fans (or their equivalent) will
usually be the logical choice for block-wall pressurization
systems, as discussed in Section 7.4 for BWD systems.

9.5 Installation of Pressurization
Pipes Beneath the Slab or Into the
Block Walls
9.5.1 Sub-Slab Systems
The installation of sub-slab pressurization pipes beneath the
slab will be essentially identical to the installation of SSD
pipes, described in Section 4.5. Almost all of the sub-slab
pressuri.7.ation installations reported to date have involved
pipes installed vertically down through the slab from indoors,
as illustrated in Figure 40 (analogous to the configumtion
described in Section 4.5.1). But in concept, anyone of the six
alternative installation approaches for SSD pipes described in
Section 4.5 could also be used for pressurization pipes.

Investigators have often observed cases with sub-slab pressurization systems where dust and other outdoor debris have
been drawn into the system and deposited beneath the slab
where the pressurization pipe penetrates (Pr89, NYSE091,
An92). This deposition has increased the back-pressure in the
piping and reduced the effectiveness of the system, reducing
the flow beneath the slab. Such deposition can create a problem despite the presence of an air filter in the system to
remove outdoor dust from the intake air, as discussed in
Section 9.6.
Excavation of a pit beneath the suction pipe, as in Figure 40,
should help reduce the impact of such deposition by distributing the dust over a larger surface area. As discussed in Section
4.5.1 (see Excavating a pit beneath the slab), one primary
purpose of such a pit with SSD systems is to reduce suction
loss as the soil gas accelerates up to pipe velocity. With
sub-slab pressurization systems, the pit will also serve to
reduce pressure drop in an analogous manner. However, the
pit may also reduce the impact of deposited dust and debris'in
hindering flow.
Some mitigators have found that the use of a sub-slab pit,
combined with the use of an intake air ftlter, can be insufficient to prevent unacceptable flow blockage by dust deposition (NYSE091, An92). A sufficiently thick and
low-permeability layer of fme dust which has penetrated the
ftlter can still deposit on the surface of the pit over time,
restricting flow through the surrounding permeable soil.
One approach for addressing this problem is to install the
pressurization pipe in the manner shown in the inset in Figure
40, to facilitate subsequent removal of deposited material
from the pit (An92).
By this technique, a short stub of piping is mounted through
the slab, and a T fitting is cemented onto this stub just above
the top of the slab, as shown in the inset. One end of the top of
the T is cemented onto the stub, with the other end of the top
extending upward; the leg of the T extends horizontally,
parallel with the slab. The vertical pressurization pipe is
connected to this horizontal leg with a 90' elbow. The end of
the T that is extending upward is capped with an air-tight·
flexible PVC cap, held onto the T with a hose clamp. This cap
is of the same material as the flexible couplings used to
connect the fans to the piping.
The cap can then be removed whenever the system pressure
gauge indicates that there may "be an unacceptable accumulation of deposited material. Access to the pit through the piping
stub permits the material to be vacuumed or otherwise cleaned
out of the pit by the homeowner or by service personnel.
This approach will increase the piping pressure loss by virtue
of the additional 90' bend and the T that are incorporated into
the piping system. However, in cases where significant deposits of ambient dust are anticipated from experience, this
configuration will be far superior to the option of periodically
removing and re-installing the pressurization pipe in order to
remove the deposits.
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9.5.2 Block-Wall Systems
The installation of pressurization pipes into the block walls,
and of baseboard ducting for wall pressurization systems, will
be identical to the installation of BWD piping, described in
Sections 7.5.1 and 7.5.2.

9.6 Design/Installation of Piping
Network and Fan
Many of the considerations in designing and installing the
piping network and the fan for soil pressurization systems will
be similar to those for soil depressurizatioJl1 systems, discussed previously in Section 4.6. However, there will be some
important differences.
These differences are illustrated in Figure 40 for a sub-slab
pressurization system. Figure 40 is to be compared with the
SSD diagram in Figure 1. While other sub-slab pressurization
configurations are possible, as discussed later, the one shown
in Figure 40 is reasonably typical. Although figures for
block-wall pressurization systems are not shown here, schematics for block-wall pressurization installations would involve modifications to the BWD systems illustrated in Figures
5 and 35, similar to the modifications made in Figure 1.

would really have any serious impact. Nevertheless, the mitigator is still advised to cement the suction-side joints carefully.
Some mitigators recommend insulation of all indoor piping
(An92, Br92). Such insulation is shown in Figure 40. This
insulation will reduce "sweating" on the outside of the pipes,
especially in humidified basements during cold weather, and
hence will reduce or avoid water stains in finished areas. As a
secondary benefit, it will also reduce condensation inside the
pipe during hot weather.
Because of the high flows characteristic of pressurization
systems, insulation of the piping will also serve to reduce flow
noise. The average flow of 100 cfm observed in some sub-slab
pressurizations systems to date corresponds to a flow velocity
of 1150 ft/min in 4-in. piping, approaching the velocity range
at which flow noise can start to become objectionable.

Needfor afilter on the air intake. One key difference in
the design of the piping network for soil pressurization systems is that an air filter is necessary to remove dust, pollen,
and other debris from the incoming outdoor air. One possible
configuration for such an intake ftlter is shown in Figure 40.

This air filter is important for sub-slab pressurization systems,
where deposited debris in the sub-slab pit has been found on
some occasions to increase system back pressure and reduce
and installation in both sub-slab and block-wall pressurization . flows. The air filter may be less critical in block-wall pressursystems are very similar to those described for SSD systems ization systems (especially of the individual-pipe variation),
in Sections 4.6.2 and 4.6.3, and for BWD systems in Section since the void network into which the pressurization air is
discharging is so open that interference from dust deposition
7.6.
is intuitively less likely.
The horizontal piping runs must still be sloped downward
toward the vertical piping into the slab or walls to allow The recommended location for the filter is upstream of the
condensate drainage, and care must be taken to avoid low fan, just as ftlters in forced-air heating systems are upstream
points in the piping where condensed moisture can accumu- of the central furnace fan. This location will provide some
late. With depressurization systems, the concern was prima- protection for the fan, as well as reducing deposition in the
rily about condensation of soil gas moisture during cold sub-slab pit. Upstream location of the filter in the figure is
weather, and about rainwater that enters Ithe stack. With possible because the figure shows the fan inside the house. As
pressurization systems, the concern is primarily about con- discussed later, the fan can also be located outside the house;
densation of humidity in the outdoor air during air condition- in that case, the ftlter will be downstream ofthe fan if the filter
ing season.
is indoors.

Pipe routing and installation between the pressurization points and the fan. The requirements for pipe routing

As with SSD and BWD systems, the piping joints must be
carefully cemented. Even though the piping is handling outdoor air-and even though leaks on the pressure side of the
fan would thus simply result in fresh air being blown into the
house, which might seem innocuous-such pressure-side leaks
could reduce the flows and pressures being delivered to the
soil (or into the block walls). They could also be suggesting a
problem with the physical integrity of the piping network.
Leaks on the suction side of the fan, ifinside the house, would
result in house air being drawn into the system. In theory, this
might create depressurization within the house, and increase
the system heating/cooling penalty. More of the air being
blown beneath the slab (or into the walls) would be house air
rather than outdoor air. However, much of the air being blown
beneath the slab (or into the walls) is likely flowing back into
the house, through cracks and other openings in the slab arid
walls. Thus, it is not clear whether such suction-side leaks

The filters are usually housed in sheet metal boxes, similar in
some respects to the sheetmetal housings for ftlters in forced-air
heating systems. At least one vendor markets a sheet metal
ftlter housing that could be installed in-line in the PVC piping,
equipped with a gasketed door for access to the filter. This is
the type of filter holder illustrated in Figure 40. This sheet
metal box could be connected to the PVC piping using sheet
metal A-collars, as in the figure. With the A-collars properly
installed, and with the access door gasketed, the air leakage
through joints associated with the ftlter housing should be
reasonably limited.
.The ftlter shown in Figure 40 is a type which is bent into the
shape ofan inverted V. Pleated paper filters are recommended
(An92, BI92). Pleated units have increased surface area and
thus achieve better removals, have better dust-holding capacity (reducing frequency of replacement), and create less pres-
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sure drop. These fIlters are more efficient than the fIlters
typically used in central fOICed-air furnace systems.
I

Some mitigators recommend against using washable wire
mesh filte.rs, since these are less efficient (Br92). Others feel
that washable mters are satisfactory, since the ease of cleaning may encourage the occupants to clean the fIlters more
regularly than would be the case if they had to buy a new
replacement each time (An92).
Instead of the gasketed-door filter housings with V-filters, as
shown in the figure, one could also consider the slotted fIlter
housing design common to many forced-air heating systems,
where the mter slides into the slot. If such a housing were
used, a sheet metal cover for the slot should be included to
reduce air leakage (An92).
Periodic replacement or cleaning of the fIlter is critical. Otherwise, the pressure drop across the filter will increase and
flows will decrease. Also, dust may "break through" the fIlter,
depositing in the fan (thus reducing fan performance) or in the
sub-slab pit (also reducing flows). Even the pleated paper
mte.rs, which can go the longest between replacement, must
be replaced about twice a year (An92).
For this reason, the filter must be located where .it can be
easily accessed by the house occupant for filter changing or
cleaning. In the configumtion shown in Figure 40, the fIlter
housing is up between the overhead floor joists in the basement. The gasketed door in this case would likely be on the
bottom of the housing, for easy access to the filter.

General considerations regarding fan location and
exTzaust piping design. The primary difference between
pressurization and depressurization systems, in terms of the
piping network and the fan, is associated with the fan and
"exhaust" part of the system. Because the fan is blowing fresh
air beneath the slab or into the wall voids, there will be no
high-rodon fan exhaust in pressurization systems, and all of
the system piping will contain outdoor air. These facts impact
tIle system design in two major ways:
-

-

fIrSt, the fan can now be inside the living envelope, if
desired, because there is no longer any risk that
high-radon gases can leak out of the pressure side of
the fan; and
second, there is no longer any need for an exhaust stack
up through the interior or the exterior of the house. The
"exhaust"-actually, the fresh air intake--can be at
grade level.

shown in the fIgure. The 4-in. diameter intake piping would
likely penetrate the band joist (or some other convenient
location on the side of the house), and the intake grille would
be mounted at the end of this pipe. This intake grille must be
mounted at a suffIcient height on the side of the house such
that it will not become blocked by snow or by accumulated
leaves or other debris.
As discussed above (see, Need for afilter on the air intake),
the indoor fan should be mounted downstream of the intake
air filter, to provide some protection from the dust and debris
entrained with the outdoor air.
The indoor fan should be mounted vertically, as shown, so
that condensed moisture can drain down into the sub-slab
region (or into the block walls). As indicated previously, the
threat of condensation inside the pipe will be greatest during
hot, humid weather when the house is air conditioned.
As depicted in the figure, vertical mounting of the fan is most
conveniently done by installing it in the vertical pipe extending down into the slab. This is easy to do when there is only
one pressurization pipe. If there were multiple pipes manifolded together, the fan must be mounted in the trunk line
upstream of the point at which the piping leading to the
different pressurization pipes splits off from the trunk. Location of the fan downstream of this split would result in the fan
depressurizing the pipes upstream of the split.
If there were additional pressurization pipes beyond the one
shown in Figure 40, the horizontal trunk line leading to the
other pipes would have to split off at a point in the vertical
pipe below the fan. Even if the fan were placed as close as
possible to the basement ceiling, the horizontal trunk line
would be some distance below the floor joists. This will
usually not be an acceptable location for the horizontal run
across the basement. Thus, where there are multiple pressurization pipes, one may wish to consider other options: mounting the fan outdoors, discussed later; or mounting the fan
horizontally with provisions for water drainage out of the
housing, an approach which could void the warranty on at
least one vendor's fans.

The soil pressurization fan should be mounted onto the system
piping with air-tight couplings, just as with depressurization
systems. See Sections. 4.6.4 and 4.6.5. As discussed previolJ~ly in this section (see Pipe routing and installation between the pressurization points and the fan), the fact that the
fan will be handling outdoor air rather than soil gas does not
eliminate the need for the joints to be air-tight.

Fan location and mounting--outdoor fan. The second
Fan location and mounting-indoor fan. There are fan mounting option is to mount the fan outdoors.
bnsica1ly two options for mounting the fan: indoors or outdoors. In both cases, of course, the fan is mounted with its
direction reversed, relative to its direction for the depressurization systems, so that outdoor air is being blown beneath the
slab (or into the block walls).
The fIrSt fan mounting option, shown in Figure 40, is to locate
the fan inside the house. In this case, the appearance of the air
intake outside the house can be a screened air intake grille, as

In this option, the portion of the system that. is outdoors could
look very much like that shown in Figure 27 for the case of
SSD with an exterior ~tack, except that there would be no
stac~ above the fan. In place of the air intake grille shown in
Figure 40 on the side of the house, the piping would extend
out through the side of the house; an upward-directed 90'
elbow would be mounted on the outside end of this piping;
and the fan would be mounted vertically on a stub of pipe
250

extending up from this elbow, oriented to blow outdoor air
into the piping.
Where an in-line duct fan is mounted beside the house in this
manner, a screen must be installed on the intake, for two
reasons. One reason is to prevent children and pets from
reaching into the fan blad~s. The other reason is to prevent
debris from entering the fan. Intake grilles for this pUIpose are
sold by some of the fan manufacturers.
When the fan is mounted outdoors, the air filter (which will
usually be inside the house) will be on the pressure side of the
fan, rather than on the fan inlet as in Figure 40. Thus, outdoor
fans will not have the degree of protection from outdoor dust
and pollen that will be possible for indoor fans mounted
downstream of the filter. The screens on the inlets to outdoor
fans will not be effective at removing fine dust
One option that might be considered when the fan is mounted
outdoors is to mount the fan horizontally, directly on the
horizontal pipe where it penetrates the band joist. In this case,
the fan would be mounted at the location where the screened
air intake grille is shown in Figure 40. Because the fan is
outdoors, and is at the same temperature as the surrounding
outdoor air, the threat of moisture condensation in the fan
housing is largely eliminated. Thus, this restriction on horizontal mounting would be avoided. However, entrainment of
rainwater could still result in some accumulation of water
inside the housing with horizontally mounted fans, and some
provision for drainage of this water out of the housing would
be necessary (see Section 4.6.5, Mounting exterior or garage
fans). Horizontal mounting may void the warranty on some
fans.
.

9.7 Sealing in Conjunction with
Soil Pressurization Systems·
The slab and waIl sealing suggested in conjunction with SSD
systems (in Section 4.7) and with BWD systems (Section 7.7)
are also appropriate for the analogous soil pressurization
systems.
With soil depressurization systems, the sealing aids in the
distribution of the suction field beneath the slab. The sealing
also reduces the risk that soil gas will enter the house through
the sealed entry route, in the event that the depressurization is
not fully effective for that route.

With soil pressurization systems, the sealing provides an
analogous benefit. Soil pressurization systems function in part
by pressurizing the sub-slab (or waIl cavity) region, preventing soil radon from moving by convection into these regions.
Sealing will aid in distributing the pressure field, thus improving pressurization system effectiveness.
Soil pressurization systems can also be viewed as functioning
by creating relatively. high flows under the slab (or in the
walls). These high flows create the pressure field indicated in
the preceding paragraph, preventing convective soil gas flow
toward the foundation. Flows down into the soil can also
overcome the diffusion of radon toward the foundation. In
addition, the high flows can be viewed as ventilating the
sub-slab or wall cavities, diluting any radon that does reach
the foundation. Since any radon that does reach the sub-slab
will likely be forced up into the house through slab cracks, the
reductions in sub-slab radon levels must more than compensate for the increased flow of sub-slab gas into the house.
Accordingly, in addition to increasing sub-slab or wall cavity
pressure, the sealing of slab and wall entry routes can also be
viewed as aiding system performance by forcing more of the
flow to be directed into the· soil rather than back into the
house. Directing the flow away from the house can be viewed
as helping ensure that the diffusive movement of radon toward the foundation is overwhelmed, and as increasing the
extent to which the air ventilating the sub-slab is sweeping the
radon away from the house rather than into the house. Sealing
may also reduce the extent to which other sub-slab "pollutants" (such as moisture, termiticides, and fungi) may be
forced into the house by the system.

9.8

Gauges/Alarms and Labelling

The considerations discussed in Sections 4.8 and 7.8, concerning gauges/alarms and labelling for SSD and BWD systems, also apply to soil pressurization systems.
Of course, for soil pressurization systems, any pressure gauges
or detectors installed on the system will be set to monitor
elevated pressure rather than suction.
In sub-slab pressurization installations where back-pressures
can repeatedly build up over time due to deposition of dust in
the suction pit, a pressure gauge on the system piping (or a
pressure-actuated alarm) will alert the occupant when the pit
must be cleaned out for continued satisfactory system performance.
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Section 10
Considerations for Passive
Soil Delpressurization Systems
Passive soil depressurization systems eliminate the fan used in
ASD systems. Instead they rely upon natmal thennal and
wind effects to create the desired depressurization. They may
also depend ijl part on the "preSsme break" mechanism discussed in Section 2.5. Passive systems incorporate a fan-less
stack which usually rises up inside the house and through the
roof, with suction being created by the natural thennal stack
effect in the house and by the flow of winds over the rootline.
These naturally induced suctions are very low, compared to
the suctions that a fan could produce.
Because of these low suctions, and the potential variation in
passive perfonnance as ambient temperatures and winds vary,
the perfonnaJ;lce of passive systems has been unpredictable.
Much of the reported testing of passive soil depressurization
installations has been in newly constructed houses, where
steps were taken during construction in an effort to improve
passive perfQnnance. These steps included: good. sub-slab
aggregate, to provide the best possJble communication; a
sub-slab network of perforated piping, to facilitate distribution of the weak suction field; and a relatively tight slab, to
reduce the extent to which the weak suction field would be
further weakened by house air leakage into the system.
Passive soil depressurization systems should be considered
for retrofit into existing houses only in cases where:
a. The required radon reductions are only moderate (no
more tlu!n about 30 to 70%).
b. The house appears potentially amenable to passive treatment, preferably including: good sub-slab aggregate; a
tight slab, to reduce air leakage into the system; a poured
concrete foundatio~ wall, to miriimize air leakage from
the walls; and a tight soil, to reduce air leakage through
the soil. Existing sub-slab perforated drain tiles are potentially helpful but apparently not really necessary.
c. The mitigator or the. house occupant are prepared to
monitor system perfonnance for an extended period, to
detennine whether the system is routinely overwhelmed
under certain weather or appliance usage conditions, and
will add a fan if needed.
d. There is a strong preference on the part of the mitigator or
homeowner for a passive system.

A given passive system would always provide greater radon
reductions if it were activated with a fan.
Because passive systems generate such weak suctions and low
flows, they will be potentially applicable only to SSD systems, DID systems with the perforated piping inside the
footings (usually sump/DID systems), and SMD systems
with a completely sealed membrane. They will not likely ever
be applicable to DID systems having exterior drain tiles,
because the weak suction will likely not extend into the
sub-slab region. Nor will they likely ever be applicable to
BWD systems, because of the high flows required for such
systems to be effective.
The discussion in this section focuses on the design/inst3llation differences that would result when a passive depressurization system is being installed rather than an active system.
This discussion draws from the detailed review of the limited
data from passive systems, presented in Section 2.5.

10.1 Selection of the Number of
Suction Pipes
10.1.1

Passive SSD Systems

A passive SSD system will require more suction pipes than an
active SSD system to achieve a given radon reduction.
One to two passive SSD pipes were installed in seven basement houses in Maryland having reasonably good and uni.fonn sub-slab communication (Gi90), corresponding to one
pipe per 700 to 1,100 ff. The one to two pipes yielded radon
reductions ranging from zero to 90% in these houses. The
post-mitigation radon concentrations averaged between 5 and
8 pCi/L in all except one house, where they averaged about 2
pCi/L. By comparison, when each of these systems was
activatedby adding a fan, the radon reductions increased to 70
to 99%, with residual radon levels of about 1 pCi/L and less in
all houses.
This good perfonnance with the active SSD systems is consistent with that which would be expected when there is one pipe
per 700-1,100 ft2 in houses having good sub-slab communication (see Section 4.1.1). Clearly, if most of these passive SSD
systems were to reduce levels even to 4 pCi/L, the passive
systems would have to be designed with more pipes, so that
each pipe only had to treat a smaller area. And to achieve the
reductions obtained with the active systems (1 pCijL), the
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added number of passive pipes could be substantial. It is
doubtful that with any practical number of suction pipes a
passive SSD system could ever match the observed performance of the active systems in most of these houses.
In view of the limited amount of experience with passive
systems, it is not possible to specify more definitively how
many square feet should be treated by each passive SSD pipe
to reliably obtain indoor levels below 4 pCi/L with passive
SSD systems.

10.1.2

Passive DTD Systems

All experience with passive DTD systems has involved a
single vertical suction pipe connecting to the sub-slab perforated piping, usually at a sump. These passive systems provided radon reductions of 20 to 75% in two existing houses
(Gi90), and 9 to 90% (averaging 64 to 70%) in a number of
newly constructed houses (Sau9Ia, Sau91b). (By comparison,
activation of each of these installations by adding a fan
increased reductions to above 90%, reducing all of the houses
to I pCi/L and less.)
There are no data to suggest whether a second passive suction
pipe connected into the perforated piping in a given house
(e.g., on the opposite side of the basement from the first pipe)
would have improved the passive performance.
In counting the number of suction pipes in passive DID
systems, one also has to consider the extent of the perforated
piping beneath the slab. This perforated piping is a potentially
important contributor in distributing the passive suction.
In the retrofit installations in the existing houses in Maryland
(Gi90), the performance of the two passive sump/DID systems (20 to 70% reduction) was no better, on average, than
that in the seven passive SSD installations (zero to 90%
reduction). Some of the passive SSD systems gave better
performance than did the sump/DTD systems.
Among the passive DTD installations in newly constructed
houses (Sau91a, Sau91b), the performance range (9 to 90%
reduction) was the same as for the passive SSD retrofit
installations (Gi90), but the average of the DID systems (64
to 70%) was somewhat higher than the average of the SSD
systems (about 55%). This very limited data base may be
suggesting that the sub-slab perforated piping was aiding
system performance to some limited extent. On the other
hand, the somewhat better results with passive DTD in the
newly constructed houses-if real-may instead be resulting
from improved slab sealing implemented during construction,
rather than from the drain tiles.
In summary, the sub-slab perforated piping mayor may not be
a contributor in improving the perfonnance of passive DTD
systems relative to passive SSD systems. Any performance
improvements achieved with the perforated piping may be
influenced by the extent and configuration of this piping
beneath the slab, discussed in Section 10.2. Where a house is
being built and where it is desired to increase the likelihood
that a passive soil depressurization system will give adequate
performance, the builder may wish to install perforated piping

beneath the slab during construction. However. where a passive system is being considered for retrofit into an existing
house that does not have sub-slab piping to begin with, there
is no clear incentive to justify the extensive effort that would
be required (including removal and restoration of part of the
slab) to retrofit perforated piping.

10.1.3

Passive SMD Systems

Passive SMD systems have been reported in two houses, each
of which had a basement adjoining the crawl space (Gi90). In
one of these cases, the passive SMD system was supplemented by a passive SSD system in the basement. In both
cases, the sub-membrane piping/SMD approach was used,
with a length or loop of perforated piping placed beneath a
completely sealed memhrane. One vertical suction pipe connected to the sub-membrane piping.
In the house where the basement was not treated, which had
gravel on the small crawl-space noor, and where the furnace
nue served as the passive stack. this passive SMD system was
sufficient to reduce concentrations below 4 pCi/L (a reduction
of 20 to 70%). In the other house. reductions were only 0 to
30%, and levels remained significantly elevated. due to marginal and uneven communication beneath the basement slab
(perhaps in addition to any inadequacies in the crawl-space
treatment).
One mitigator also reports achieving reductions of about 60%
or greater in crawl spaces with poured foundation walls using
a length of perforated piping beneath a completely sealed
membrane (KI92). In these cases, the passive stack simply
penetrated the band joist and terminated near grade.
These limited results do not permit definitive conclusions
regarding the number of suction pipes or the need for
sub-membrane perforated piping in passive SMD systems.
Among the questions that cannot be addressed from these
limited data are: the importance of the sub-membrane piping
under various conditions (crawl-space size, block vs. poured
foundation walls. gravel vs. no gravel on the floor); the
number of suction pipes that might have been needed on that
sub-memhrane piping under these various conditions; and the
number of suction pipes thai might have been needed had the
individual-pipe/SMD approach been used. Intuitively. it would
seem that sub-membrane piping could he important for p,L'isive SMD systems, at least when there is no gravel on the
floor. Also, it is intuitively apparent that complete and careful
sealing of the memhrane will always be required to improve
passive SMD perfonnance and to reduce the number of suction pipes.

10.2 Selection of Suction Pipe
Location
10.2. 1

Passive SSD Systems

There are insufficient data to enahle definitive guidance regarding the optimum location for passive suction pipes. Intuitively, since the weak passive suction field may not be able to
extend very far. il may be desirable 10 locale the suction
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piping near the soil gas entry routes, such as the wall/floor
joint.
However, the pipes should not be located too near to these
routes unless the routes can be sufficiently well sealed to
avoid excessive air leakage into the passive system. Excessive
leakage of house air into a low-flow passive suction pipe from
a nearby unsealed entry route could prevent the suction field
produced by that pipe from extending to other, more remote
entry routes.
With the seven passive SSD systems retrofit into existing
houses having good sub-slab communication (Gi90), some of
the most effective systems had the one or two suction pipes
near the perimeter. However, some systems with centrally
located pipes also gave generally similar performance. The
data are far too limited to show any consistent difference
between perimeter vs. central pipe location.

10.2.2

Passive DTD Systems

With the passive DID systems, a variety of sub-slab perforated piping matrices have been tested. Some installations
have involved perforated piping loops that extended around
the entire perimeter (Ta85, Ka89, Gi90, Sau91a, Sau91b).
This configuration will commonly be present in existing
houses having sumps, and has been installed in some newly
constructed houses to enable passive DID. Intuitively, a
perimeter loop configuration should be the most effective at
distributing the suction near the major entry route (the wall/
floor joint).
In some of the newly constructed houses that have been
tested, the perforated piping may have been laid in as a single
length extending for some distance down the center of the slab
(Ka89, Sau91a, Sau91b).
The most extensive sub-slab piping network that has been
considered for passive DID systems was tested in early work
in Canada (Vi79), and was incorporated into guidelines by the
Central Mortgage and Housing Corp. of Canada for new
housing built near uranium mining and processing sites. As
discussed in Reference EPA88a, this extensive matrix involved numerous parallel lengths of 4-in. diameter perforated
piping extending down the length of the slab from end to end,
capped at each end. The pipes were laid so that no point
beneath the slab would be more than 1 to 2 ft away from a
pipe. The parallel lengths of piping were connected beneath
the slab by a 6-in. diameter manifold pipe which ran perpendicular to the parallel perforated pipes (i.e., from the front of
the house to the rear) near the center of the slab. This manifold
was connected to the passive stack which rose through the
house. As discussed in Section 2.5, even this extensive piping
network was unable to reliably maintain 18 study houses
below 4 pCi/L year around in passive operation (Vi79).
In summary, the limited experience with these various sub-slab
piping network configurations do not permit any conclusions
regarding whether anyone of the configurations will commonly give better performance than the others. With recent
experience, it is now apparent that extensive networks are
probably not warranted, if there is a good aggregate layer

under the slab. Intuitively, a perimeter loop of perforated
piping might be expected to enable better passive treatment of
the wall/floor joint than would a central length of piping,
although there are no data to verify this intuition.
The preceding discussion, concerning the selection of the
sub-slab piping configuration for a passive DTD system, is
applicable in practice only to new construction. In new construction, the piping can be laid in any desired configuration
before the slab is poured.
As discussed in Section 10.1.2, available data suggest that
perforated piping does not provide a sufficiently distinct
improvement in passive performance to warrant the extensive
effort that would be required to retrofit sub-slab piping into an
existing house where it was not present to begin with. In
houses having good sub-slab communication, passive SSD
appears to perform roughly as well as passive DTD. In houses
having marginal or poor sub-slab communication, passive soil
depressurization should be eliminated as an option at the
outset. In reduced-communication houses, an active system
would be the reasonable approach, rather than tearing out a
portion of the slab to lay perforated piping and gravel in the
hopes that a passive DID system might be adequate.
With passive DID systems, it appears that the vertical PVC
suction pipe (i.e., the passive stack) can be connected into the
perforated piping at any convenient location. However, the
connection should be remote from any suspected source of
substantial air leakage into the system, since leaks near to the
suction pipe will have the greatest impact on suction field
extension.
Where interior drain tiles empty into a sump, the suction pipe
might be installed in the sump. However, as discussed in
Section 5.2, it may be preferred to locate the stack remote
from the sump, both to avoid increased leakage that may
occur at the sump, and to simplify subsequent sump pump
maintenance.

10.2.3

Passive SMD Systems

There is no experience with passive individual-pipe/SMD
systems to enable guidance on where individual suction pipe(s)
should be placed. If there is gravel on the crawl-space floor,
and if the membrane has been sealed everywhere (including
against the perimeter foundation wall), the pipe(s) can probably be located at either perimeter or central locations, as is
apparently the case with passive SSD systems.
The limited experience with sub-membrane piping/SMD systems enables no guidance regarding whether a loop of perforated piping around the perimeter would be preferred over a
straight length down the interior, or over some other configuration. As discussed for active SMD systems in Section 8.2.2
(see Sub-membrane perforated piping), special piping configurations can be needed when the crawl space has an irregular cross section or when adjoining crawl spaces are isolated
from one another.
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10.3 Selection of Suction Pipe Type
and Diameter
As with active systems, the above-slab piping for passive
systems will be PVC, PE, or ABS. Perforated piping below
the slab can be rigid perforated PVC, PE, or ABS, or can be
the flexible black corrugated material commonly used for
drain tiles.
The diameter of the passive suction pipe must be selected to
minimize suction loss in the piping, since the naturally induced passive suctions are so low to begin with. Usually, 4-in.
diameter piping has been used.
The very low suctions generate very low flows in the passive
systems. Reported flows have essentially always been less
than 10 cfrn. and are commonly less than 1 cfm. At flows on
the order of 1 cfm. suction losses in 4-in. piping would be on
the order of 0.0001 in. WG per 100 ft of piping (extrapolating
Figure 13). The stack will often rise straight up through the
house with no horizontal runs and no elbows (or with very
few); as a result. the equivalent length of piping may be only
perhaps 15 to 30 ft. With this little piping and with the low
friction loss per 100 ft, the total friction loss in the passive
4-1n. piping network would be on the order of 1% of the
p.1Ssive suction induced in the stack by thermal effects alone
(ignoring the contribution from wind effects).
Thus, from the standpoint of friction loss, there is genem1ly no
incentive to use piping larger than 4 in.

10.4 Selection of a Supplemental
Suction Fan
Passive soil depressurization systems. by defmition, should
operate without a fan. However, in some passive installations
which are largely able to reduce indoor levels to 4 pCijL but
which are occasionally overwhelmed (e.g•• when the central
furnace fan comes on and depressurizes the basement). some
investigators have reported (or suggested) that a small 6- to
10-wattbooster fan in the passive piping might provide sufficient marginal increases in system flows and suctions to
compensate for the added challenge to the system (Ta85,
Sau91b).
It must be underscored that such small fans cannot provide
adequate suctions and flows to obtain the performance associated with active systems using the standard 50- to 9O-watt
in-line tubular fans. The 6- to 10-watt fans can not be relied
upon to make a soil depressurization system function well
unless tlle passive system is largely adequate by itself-i.e.,
unless only moderate reductions are needed, and unless the
passive system has demonstrated an ability to provide those
moderate reductions without the booster fan except under
certain challenges. A typical ASD installation with a 9O-walt
fan will always provide greater radon reductions more reliably
than will an installation with a 6- to to-watt fan.

challenges. If the passive system proves to be consistently
inadequate, the system should be activated by adding a standard 50- or 90-watt in-line suction fan. Since the passive stack
will have been installed up through the house and through the
roof, it should be relatively convenient to install an ASD fan
in the section of the stack that passes through the attic.
If it is found to be necessary to add a fan to an initially passive

system because the passive suction is occasionally overwhelmed, it is recommended that this fan then be operated
continuously. It should not be suggested that the occupant turn
the fan on only under certain conditions (e.g., certain weather
conditions, or when certain exhaust fans are operating). Such
instructions would require the occupant to be continually alert
to the occasions when the fan should be turned on, and could
result in the fan being left off. Another concern is that, once
installed in the stack, the fan will serve as.an obstruction to
flow if it is not operated, thus potentially further reducing the
performance of the passive system.

10.5 Installation of Suction Pipes
The suction pipes for passive SSD. DTD, and SMD systems
would be installed in exactly the same manner as has been
described previously in Sections 4.5, 5.5, and 8.5, for the
corresponding active systems.
The stack must be inside the house if it is to take advantage of
thermal effects. Thus, passive suction pipes will almost always be installed in heated areas. One major exception will be
pass~ve SMD systems, where the membrane penetrations will
be in a crawl space which may often be unheated. However,
even in this case, the stack will rise through heated living
space overhead, unless a decision is made to passively vent
through the band joist for convenience (K192), foregoing the
thermal contribution to the passive suction.

10.5.1

Passive SSp Systems

For SSD systems. the need for the stack to be indoors means
that passive SSD pipes would likely be installed only vertically down through the slab indoors (see Section 4.5.1 or
4.5.3), or horizontally through a foundation wall from inside
the basement (Section 4.5.5). Passive SSD pipes would never
be installed horizontally through the foundation wall from
outdoors (Section 4.5.4), and would preferably not be installed from inside an unheated garage (Section 4.5.6), unless
one were prepared to sacrifice the thermal contribution to the
passive suction.
Because passive flows are so low, only °a small sub-slab pit
beneath the SSD suction pipe should be adequate to reduce
suction loss resulting from soil gas acceleration to pipe velocity. See Section 4.5.1, Excavating a pit beneath the slab.

10.5.2

.Passive DTD Systems

In existing houses with interior drain tiles emptying into a

Whenever a passive system is installed. the mitigator or
homeowner must be prepared to monitor the radon reduction
perfonnance over a wide range ofconditions. to verify that the
system is not consistently being overwhelmed by certain

sump, passive DID suction pipes may be installed into the
sub-siab perforated piping at a point remote from the sump. In
such cases, the passive suction pipe(s) will be installed as
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discussed in Section 5.5.1 for the case of interior drain tile
loops.

10.6 Design/Installation of Piping
Network

Alternatively, the passive suction pipe could be installed in
the sump, as discussed in Section 5.5.2.

Some of the guidance in Section 4.6 regarding the design and
installation of the piping network and the fan for active soil
depressurization systems also applies to passive systems.
However, some of the guidance in Section 4.6 has to be
modified for passive systems, for several reasons: a) the
passive systems have no fan; b) the passive stack will usually
need to be installed to take advantage of the phenomena that
induce natural suction; and c) passive flows are usually very
low.

In newly constructed houses, where perforated piping has
been installed beneath the slab specifically for radon reduction purposes, a PVC T fitting may be installed into the
perforated piping to facilitate connection of the suction pipe
remote from the sump. The use of a T fitting in this manner is
analogous to the approach discussed in Section 5.5.1 for
connecting active suction pipes directly to interior drain tile
loops in existing houses [see Interior tile loops - connecting
the remote suction pipe (direct approach)].

Need for stack to rise through heated space. Most
importantly, the passive stack must rise up inside the house if
the system is to take advantage of the thermal stack effect.
Higher temperatures in the heated living space, relative to the
outdoors, create this natural driving force, which will depend
upon the height of the stack (Le., the number of stories in the
house) and the temperature difference between indoors and
outdoors.

In new houses, the T fitting would be installed into the
perforated piping at the point at which the passive stack is to
rise up through the house, before the slab is poured. Because
the perforated piping, would be completely exposed during
construction, this step would be much easier than described
for the retrofit case in Section 5.5.1, where the T had to be
installed through a hole in the slab. A vertical stub of PVC Thus, the passive exhaust piping will essentially always be
piping would be cemented into the upward-pointing leg of the designed in general accordance with the interior stack conT, long enough to extend above the top of the slab. The figuration illustrated in Figure 20, except that no fan would be
perforated piping and the T would be embedded in the gravel ' included. The exterior and garage stack configurations conbed which would normally be present; and, especially if the sidered for active systems in Figure 21, where the exhaust
system were intended from the outset to operate as a passive piping penetrates the band joist, and where the stack rises
system, polyethylene sheeting would be laid on top of the above the eave outside the house or in an unheated garage, are
gravel, to reduce air leakage into the low-flow system. The generally not options for passive systems.
slab would then be poured, with the vertical pipe stub protruding up through the new concrete. The suction pipe would then As a result, the details regarding the design and installation of
be cemented onto the end of the protruding pipe stub using a the passive piping network would generally be those in Secstraight coupling. The weight of the vertical suction pipe tions 4.6.2, 4.6.3, and 4.6.4 which are applicable to the
interior stack case. The details in Section 4.6.5 for active
would be borne by the T beneath the slab.
exterior and garage stacks would generally not apply.
10.5.3
Passive SMD System~;
There must be a stack if the system is to take advantage of
There are only limited data on passive SMD systems. How- thermal effects. Passive venting at grade level, with the pasever, the limited results (along with intuition) suggest that the sive exhaust pipe simply terminating outside the band joist,
sub-membrane piping/SMD approach is probably the appro- would lose most of the thermal stack effect and the roofline
priate approach for passive systems, due to the low suctions wind .effects creating depressurization; only grade-level wind
and flows developed by these systems, and due to the rela- effects would remain. Thus, the passive depressurization
tively poor communication that might be assumed beneath the mechanism for system operation, which is already relatively
membrane. The individual-pipe/SMD approach might best be weak, would be further weakened, and the pressure break
considered only perhaps when there is gravel on the crawl-space mechanism would be the major remaining operative mechafloor to ensure good sub-membrane communication.
nism. See Section 2.5 for further discussion of the mechanisms.
Perforated piping would be installed beneath the membrane,
and the vertieal suction pipe mounted in this piping, as dis- Some success has been reported achieving moderate radon
cussed in Section 8.5.2 for active systems (see Sub-memlJrane reductions with passive SMD systems venting at grade level,
piping/SMD qpproach). The membrane would be completely as discussed earlier (K192). However, in the discussion here, it
sealed over the crawl-space floor, as described in Section will be assumed that there will be a passive stack that extends
8.5.1.
up through the house.
If there is gravel on the crawl-space floor, and if the
individual-pipe/SMD·approach is being considered, the individual suction pipes would be installed as discussed in Section
8.5.2 (see Individual-pipe/SMD approach), and the membrane completely sealed.

Horizontal runs in the passive stack. Ideally, the passive
stack would rise straight up through the house with no elbows
or horizontal runs, to reduce the equivalent length of piping
and to thus reduce friction losses. Since passive suctions are
so low, it would seem desirable to minimize losses.
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However, passive flows will always be low. Flows are often
on the order of 1 cfm, and are rarely as great as 10 coo. As
discussed in Section 10.3, at 1 cfm, the friction losses will be
very low. on the order of 0.0001 in. WG per 100 ft of piping.
This will commonly be very low relative to the naturally
induced suctions, except during warm weather with no wind.
Because friction losses should be low, it is not mandatory that
the passive slack rise straight up through the house from the
point where it penetrates the slab. Within reason, elbows and
horizontal runs in heated space should be tolerable if necess.'U'Y. However, it would seem generally advisable to minimize
such elbows and horizontal runs, and eliminate them if possible.
It should be noted that the thermal stack effect creating the
passive driving force depends on the net height ofthe stack
and the temperature differential between indoors and outdoors. Adding horizontal runs inside heated space will not
decrease this driving force; it will only increase the friction
losses due to the added length of piping. In fact, to the extent
to which the horizontal run provides additional residence time
in the stack which helps the stack gases come up to house
temperature, the horizontal run could even be beneficial.

Where horizontal runs are required in the passive piping, they
should be made in heated space, such as a heated basement,
rather than unheated space. This will contribute to bringing
the soil gas inside the pipe up to house temperature, and thus
aid the system in achieving the theoretical maximum thermal
driving force for the given conditions of stack height and
indoor/outdoor temperature differential.
A horizontal run in, e.g., an ullheated basement would not be
de/rimellfal to the system. assuming that the basement is at a
temperature higher than that of the soil under the house. In an
unheated basement, the soil gas inside the piping would still
experience some temperature rise, just not as much as if the
basement were heated.
Horizontal runs in unheated attics would create some limited
reduction in the thermal stack effect. That run would help
bring the soil gas down to attic temperature, causing the
limited column height in the attic to be at a lower temperature
during cold weather. On the other hand, during the summer,
when the attic would likely be warmer than the living space
below, this horizontal run in the attic would boost the stack
effect.

several feet of stack in the attic will add to the total stack
height that is determining the driving force created by the
thermal stack effect. If, on the other hand, the soil gas inside
the attic segment of the stack drops essentially to outdoor
temperature, the stack segment in the attic will add nothing to
the driving force. But again, in the summer, the argument
would be reversed, because the hot attic would then tend to
boost the driving force if the stack were not insulated.
Passive stacks should always be insulated in the attic in cold
climates to reduce the risk that condensed moisture will freeze
inside the stack, blocking the stack. Although the soil gas
inside the pipe will be warmer with passive systems than in
active systems at the point where the stack penetrates into the
attic (since it may have risen to indoor temperature during its
residence time in the living-space piping), the gas in passive
systems will have a dramatically lower flow rate. Thus, there
is an increased chance that the gas will have dropped below
freezing at the stack exit, and there will be much less momentum in the gas stream to prevent ice deposition.

Needfor cap at discharge point. As indicated in Section
4.6.4 (see Caps all the exhaust stack), a cap is generally not
needed on the exhaust stacks from active systems. Any precipitation that enters the stack will be modest relative to the
condensed soil moisture that will be draining through the
piping anyway. And the velocity of the exhaust will reduce
the risk of leaves or other light debris from entering the stack.
Passive stacks should also be able to handle any precipitation
that enters. However, because their exhaust velocity will be
much lower than that from active stacks (on the order of 10 ft!
min rather than perhaps 1,000 ft/min), the exhaust will be less
able to deflect light debris. If sufficient debris entered the
stack, it could create a serious obstruction in a system that
may have only a marginal flow to begin with. Accordingly, a
cap may be more important for a passive system.
A cap such as the one shown in Figure 26B, or such as one of
the others discussed in Section 4.6.4, could be options. A
hardware cloth screen (l/4-in. mesh), as discussed in that
section, could be a logical choice (Kl92). Alternatively, for
passive systems, caps can be considered which may modestly
increase the passive suction, such as draft inducers (CI91).
Since flows are so low, it is unlikely that any reasonable cap
design would create an undue pressure drop unless it became
plugged with ice during cold weather.

Provision for possible later addition of fan. Passive
Needjor pipe insulation in unheated attics. Where the
passive stack passes through an attic, which in cold weather
will be colder than the living space below, the segment of the
stack in the attic might be insulated, to maintain the temperature of the gases inside the pipe. Maintaining stack gas temperature near house temperature during cold weather would
help increase the thennal stack effect, and will help avoid
moisture freezing in the pipe.
One rationale for insulating the attic portion of the stack is the
same as that discussed previously for avoiding horizontal runs
in the attic. If the temperature of the gases inside the attic
piping can be maintained near living-space temperature, the

stacks, by definition, are installed without the fans discussed
in Sections 4.4, 4.6.4, and 4.6.5. However, as discussed in
Section 10.4, it may be necessary to add a fan at a later time, if
the passive suction proves inadequate.
Thus, to the extent possible, the segment of passive stack
through the attic should be installed in a manner to simplify
subsequent addition of a fan. The stack should be located at a
point in the attic where there is sufficient headroom and
working space to permit subsequent fan installation and maintenance, and where the necessary electrical connections can
conveniently be made. For there to be sufficient space for the
fan itself, the stack would have to be at least 12 in. away from
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existing walls, wooden members, or utility lines in the attic,
and there would have to be at least 24 in. of vettical clearance
in the stack. Other considerations in stack and fan location are
indicated in Section 4.6.2 (see Routing considerations with
attic piping runs).

Other guidance regarding piping installation. Much of
the other guidance given in Sections 4.6.2 and 4.6.3 concerning the design and installation of the piping network for active
systems will also apply to passive soil depressurization sys,.
tems.
For example, 'any horizontal piping runs should be sloped
downward toward the suction pipe in passive systems, to
allow condensed moisture to drain, and low points in the
piping should be avoided or drained. The piping must be
adequately supported, by hangars along horizontal runs, and
where vertical piping penetrates a ceiling into the story above.
Padding might still be inserted between the piping and any
wooden members in passive systems, as is done to reduce
vibration noise in active systems; even though a fan is not
being installed at the outset, one might be installed later.
Insulation of interior piping to reduce sweating during hot,
hUmid weather will not be needed in passive systems, since
the low gas flows inside the passive pipe will probably
approach house temperature fairly quickly. Also, this insulation is not needed to help reduce system noise, since there is
no fan. But this insulation might be considered subsequently,
if a fan is added at a later time.

Use ofheatedflues as passive stack. The prior discussion
has all focused on the most common case, where the passive
stack consists of PVC piping that has been installed up
through the house. In a couple cases, investigators have
reported using an existing furnace flue as the passive stack
(Gi90).
Use'of a furnace flue offers two potential advantages. First, it
avoids the time and cost involved in installing a separate stack
up through the house; it uses a pre-existing stack. Second,
when the furnace is operating, the hot flue gases significantly
increase the draft up the stack and the passive suction. Where
the furnace flue has been used, four-fold and gJreater increases
in flow rate (to as high as 30 cfm) and five- to ten-fold
increases in suction (to as high as 0.1 in. WG) have been
reported in passive suction pipes when the furnace was operating, compared to when it was not operating (Gi90).
Because of the high temperature of the flue, the PVC piping in
the radon mitigation system was connected to the flue using a
custom designed length of sheet metal ducting, so that the
PVC piping would not exceed its safe operating temperature.
Furnace flues should not be utilized as passive stacks without
the involvement of a qualified specialist in heating and air
conditioning systems. The mitigator would have to ensure that
the passive installation would not endanger the occupants,
violate codes, or impact furnace performance or warranties.
Extreme care would be required to ensure that the passive
system did not result in improper drafting of the furnace.

10.7 Sealing in Conjunction with
Passive Soil Depressurization
Systems
Because passive systems can draw only very low flows, any
leakage of house or crawl-space air into the systems could
significantly decrease the performance of what would likely
be only a marginal system even without the leakage. With
flows usually on the order of 1 cfm in the passive piping, and
with suctions typically only a few hundredths of an in. WG or
less, air leakage through slab and membrane openings would
further reduce what is already a weak sub-slab or
sub-membrane suction and flow field.
Accordingly, the slab sealing steps described in Section 4.7
for active systems become all the more important with passive
SSD and DID systems. Likewise, the membrane sealing steps
described in Section 8.7 for active SMD systems become all
the more important with passive SMD systems.

10.8 Gauges/Alarms and Labelling
The very low suctions in passive systems (from below 0.01 in.
WG to a maximum of 0.1 in. WG) are at or below the low end
of the range that can be reliably measured with the manometers and pressure gauges discussed in Section 4.8.1. More
sensitive devices would be required, such as the digital micromanometer used for sub-slab suction field measurements.
These micromanometers Can cost $500 and more, a large
fraction of the total cost for the system.
Moreover, the suctions in these systems are likely to be highly
variable, varying as temperatures and winds change, and as
appliances are operated in the house. Therefore, even if a
sufficiently sensitive. gauge were mounted on the passive
stack, it might be expected to read below the desired range
(and set off any alarm) for some part of the time.
As a result, it does not appear that a pressure gauge is a viable
approach for passive systems. The only option would appear
to be sufficiently frequent radon measurements in the house
during the year following installation, to conftrm that the
system is not being overwhelmed by certain weather conditions or the operation of certain appliances (such as the
forced-air furnace or a whole-house fan). This approach does
not provide the assurance that is available with active systems,
where gauges can give a reliable continuing indication of
performance.
The passive systems should be labelled just as active systems
are (Section 4.8.2). Since there is no electrically powered fan
with passive systems, the electric fuse box or circuit breaker
panel would not necessarily be the most obvious location for
the centrally located label mentioned in Section 4.8.2. Also,
there would be no electric switch that would have to be
labelled, controlling power to the fan.
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Section 11
Post-Mitigation Diagnostic Test Procedures
for Soil Depressurization Systems
11.1 General

• Suction (and possibly flow) in system piping. A
suction measurement in the system piping is a simple yet
crucial measurement that should always be made to verify
that the system is operating in the anticipated range. This
measurement can provide an immediate indication of
whether certain problems have occurred during system
installation, whether there is a defect in the fan, or whether
certain complications (such as unacceptably high air leakage through slab openings) might exist This measurement can easily be made at the same time that a pressure' .
gauge is being mounted on the system piping, and can be
necessary to permit proper marking of the acceptable
system operating range on the gauge to permit interpretation by the occupant.

11.1.1
Purposes of Post-Mitigration
Diagnostics
The purposes of diagnostic testing following the installation
of a soil depressurization system are to:
a)

confrrm that the system is operating properly; and

b)

assess what corrective action is required, if the system is
not operating as desired.

Testing to confrrm that the system is operating properly will .
always be conducted. Testing to determine necessary corrective action will usually be necessary only occasionally in most
areas ofthe country.

If the suction measurement is being made using a micromanometer, this suction measurement can easily be supplemented with a system flow measurement, using a pitot
tube which comes as an attachment to the micromanometer. Flow data can be an important supplement to the
suction results, for assessing system performance.
.

11.1.2
Diagnostic Tests that Can Be
Considered
To confrrm that the soil depressurization system is operating
properly, mitigators will always: a) visually inspect the installation; b) measure suctions in the system piping; and c)
conduct (or arrange for) short-term indoor radon measurements, and recommend independent long-term measurements
to the homeowner. Some mitigators also conduct (or arrange
for) long-term measurements directly. EPA's interim mitigation standards also require testing for backdrafting of combustion appliances (BPA91b).

• Indoor radon measurements. An indoor radon measurement is the primary confirmation that the system is
accomplishing its objective. Radon measurements are
necessary to demonstrate that (he owner's/occupant's
radon exposure has been reduced as anticipated, and that
any warranty (that the system will reduce radon concentrations below a given level) is being met Thus, both the
occupant and the mitigator have a stake in ensuring that
the measurement is completed properly.

Other post-mitigation diagnostics would usually be conducted
only if the testing above indicated that the system were not
operating properly. The most common additional testing when
the system is· not operating as desired is measurement of
sub-slab suction field extension With the soil depressurization
system operating.

EPA's interim mitigation standards (BPA91b) specify
that the mitigator must complete a short-term radon measurement within 30 days after the installation is completed, or must ensure that such a measurement is completed independently by the homeowner or by an independent :frrm. The mitigator should also recommend that
the client conduct independent short- or long-term measurements at least once every two years.

A more complete summary of the diagnostics that can be
considered, and the cases under which they might be useful, is
given below.

In view of the iniproved measure of exposure provided by
a long-term measurement, the mitigator may wish to
. encourage a long-term measurement by providing the
occupant with alpha-track detectors for this purpose.

• Visual inspection. A visual inspection of the completed
system, to confirm that all details have been completed
properly, should be a routine quality assurance step that
would be completed for all installations.

• Combustion appliance backdrajting. EPA's interim
mitigation standards require that tests be conducted 1'01261

lowing installation of an ASD system, to detennine
whether the mitigation system may be contributing to
backdrafting of combustion appliances. Backdrafting of
clean-burning appliances such as furnaces and water heatCJ'S may not be apparent to the occupant, and could have
serious health consequences. If it is found that the system
is responsible for causing backdrafting, the mitigator is
responsible for seeing that the problem is corrected.

throughout a wall. However, radon grab sampling could
show that one or more of the walls still contained distinctly elevated radon levels, indicating that the mitigation system was not intercepting the radon before it
entered the walls.
In this case, more SSD or SIvID suction pipes near the
elevated walls, or the addition of a BWD component to
the system, could be required. Or, perhaps particular
openings in the block wall could be shown by the grab
samples to be the primary remaining entry routes into the
house, so that sealing of those wall-related entry routes
might adequately improve perfonnance.

ASD systems are most likely to contribute to backdrafting
in cases where the system has high flows, or where the
basement or house are particularly tight (i.e., have a low
leakage area and natural infIltration rate).
Ifpost-mitigation measurements suggest that backdrafting
is occurring, the measurements should be repeated with
the mitigation system off, to confirm that it is indeed the
mitigation system causing the problem. Where backdrafting is found, the problem will often have existed prior to
mitigation. Mitigators might consider backdrafting tests
prior to mitigation to reveal any pre-existing problems, to
avoid having to deal with this issue after mitigation.

• Smoke flow visualization tests to check for system
leaks. In addition to their potential utility in qualitative
measurement of suction field extension to various openings in the slab, membrane, or wall, discussed above,
smoke sticks could also be used to check for leaks in the
low-pressure and high-pressure portions of the system
piping.
Smoke flow into pipe seams on the suction side of the fan
could reveal, e.g., if certain fittings were not adequately
sealed, or if the suction pipes were not adequately sealed
where they penetrated the slab, possibly explaining the
cause of high flows and low suctions in the system. On
the pressure side of the fan, smoke flows away from
seams in exterior stacks fabricated of rain gutter
downspouting would reveal where exhaust gases are being released immediately beside the house, possibly contributing to exhaust re-entrainment.

• Suction field extension (with the mitigation system
operating). In cases where the ASD system is not performing as well as expected, the most commonly utilized
diagnostic test is a suction field extension measurement
beneath the slab, inside the block wall, or beneath the
crawl·space membrane, with the mitigation system oper·
ating. This test will identify any areas of the slab, the
wall, or the membrane which are not being adequately
depressurized by the system, and will thus guide the
installation of additional suction pipes.

• Tests to check for re-entrainment. In cases where
In some cases, use of a chemical smoke stick to visualize

radon levels have not been reduced as expected and
where other diagnostic tests fail to reveal the reason for
the inadequate perfonnance, the mitigator must consider
the possibility that radon is entering the house by some
mechanism other than soil gas flow through the foundation. OQt'{ other~eyhanism coJ.1ld by re-entrainment of
the ASD exhaust gas.

flow down into (or up out of) existing unsealed slab
cracks can be used to provide a rapid, qualitative indicator of suction field distribution. However, the most definitive test would involve quantitative sub-slab suction
measurements with a micromanometer at drilled test holes.

• Radon grab sampling and "sniffing" (with the system operating). In certain cases where the system is not
perfonning adequately, radon grab sampling or "sniffing" near or in potential entry routes might be conducted
as a supplement to suction field extension testing. Grab
sampling could identify those routes which stili exhibit
high levels, and hence which may still not be adequately
treated. Such results could aid in selecting the locations
of additional suction pipes.
This diagnostic may prove to be useful in certain cases
whete suction field testing alone might not be expected to
indicate where additional suction pipes (or perhaps additional sealing steps) may be needed. In particular, where a
SSD, DID, or Sl\.ID system has been installed in houses
having block foundation walls, suction field extension
measurements beneath the slab or membrane may not
reveal that a particular wall still requires treatment. Even
suction measurements inside the block walls might not
reveal this. since suction fields beneath slabs or membranes often will not create measurable suction fields

Where inspection suggests that re-entrainment might be a
possible explanation, a variety of diagnostic tests could
be considered. These could include chemical smoke visualization tests, to check for leaks in an exterior stack
beside the house, or temporary modification of the exhaust configuration in a manner that should significantly
reduce re-entrainment. Tracer gas tests could also be
considered, probably using a HCFC or HFC refrigerant as
the tracer (see the discussion in Section 3.5.6). It is likely
that most mitigators would rarely, if ever, find it necessary to perform tracer gas testing.

• Well water radon analysis. In addition to exhaust
re-entrainment, another mechanism by which radon might
be entering the house (other than via soil gas flow through
the foundation) would be as a component in the well
water.
If suction field extension meas!ITements and radon grab
sampling fail to suggest why ASD perfonnance is inad-
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equate, a well water radon analysis might be conducted
following installation of the ASD system. This analysis
would enable determination of whether radon released
into the air from the well water might be responsible for
some significant fraction of the residual airborne concentrations. This diagnostic would be considered in houses is
served by a well which was not tested for radon prior to
mitigation (see Section 3.5.2), in areas where elevated
well water radon levels have sometimes been observed in
the past.

-

• Flux or gamma measurements. If suction field exten-

-

Does the fan exhaust discharge in a manner which will
reduce re-entrainment?

-

In crawl-space SMD systems, has the membrane been
installed and sealed properly?

-

Have the slab, wall, and membrane openings which
were identified for sealing, in fact been sealed properly
at all locations?
.

-

Has an appropriate gauge and/or alarm been installed
oil the system piping? Has the gauge been properly
marked to· advise the occupant of the proper system
operating range?

- Is the installation neat, and does it reflect good workmanship? Has the work area been cleaned and restored
adequately?
- Has a fIre break been installed in cases where the
piping penetrates a fIre wall into an adjoining garage?

sion and grab radon measurements fail to suggest why
ASO performance is inadequate; if the house is in an area
where building materials have sometimes been found to
be a significant contributor to indoor airborne radon
levels; and if flux or gamma measurements were not
made prior to mitigation to assess the possible importance of building materials as a source (see Section
3.5.3): then measurements might be conducted following
installation of the ASO system, to determine if the residual radon might in part be resulting from building
materials.
The followitig subsections address specific procedures for
conducting these diagnostics, along with discussion of how
the results of the diagnostic testing can be used to improve
ASO performance where necessary.

11.2 Procedures for the Vi!;ual
Inspection
A visual inspection of the ASO during and immediately
following installation should be a routine quality assurance
step for any mitigator. Any oversights during the installation
process can be discovered at this time, and corrected prior to
their becoming apparent through elevated post-mitigation radon concentrations. Some of the problems that might be
uncovered through the visual inspection might not have noticeably impacted the post-mitigation radon measurement, but
could still have had a long-term impact in the form of reduced
system performance and reduced system durability.
The checklist of items to be reviewed during the inspection
will depend upon the particular ASD variation that has been
installed. Some of the key items to check include:
- Have the suction pipes been properly mounted into the
slab, the sump, the block walls, and/or the membrane in
accordance with the system design, and have the penetrations been properly sealed?
-

Has the system piping been propedy supported by
hangars and strapping? Are all pipe fittings tightly
cemented (including those associated with the exhaust
stack), and have the fan couplings been tightly clamped?

-

Is the piping properly sloped, and have low points been
avoided (or fitted with a drain), to prevent accumulation of condensed moisture which could block air
flow?

Has the fan been mounted and wired properly? Is it
running quietly? If it is not operating quietly, what
steps need to be taken to reduce noise?

For some of the steps in this inspection---e.g., for assessing
the tightness of the pipe fittings, or the effectiveness of slab
seals-a chemical smoke stick might be used, as discussed in
Section 11.7, to assess whether air is being drawn into the pipe
joint or down into the apparently sealed slab opening when
the ASO system is operating.

11.3 Procedures for Suction (and
Flow) Measurements in the System
Piping
A quantitative measurement of the suction in the system
piping is always necessary, in order to confirm that the system
is indeed operating in the anticipated, typical range. Usually,
this measurement will be made at the point where the gauge or
alarm is to be mounted in the piping, and will be performed at
the time that the gauge or alarm is being installed. The results
from this measurement will help the mitigator mark the system operating range on the gauge, and set the trigger value for
the alarm.

Operation at unexpectedly low suctions and highflows.
If the system is operating at unexpectedly low suctions and
unexpectedly high flows, this could be suggesting that there
are leaks in the system piping. Or, it could be indicating larger
than expected amounts of air short-circuiting into the system
through leaks through openings in the slab or membrane.
Thus, further smoke-stick or other diagnostics may be warranted to identify the source of these leaks, and further sealing
steps could be warranted.
What constitutes "unexpectedly low suction" will vary, depending upon the characteristics of the house and soil, the
ASD variation, the performance curve of the fan being used,
and the distance of the measurement point from the fan (i.e.,
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the amount of friction loss in the piping between the fan and
the measurement location). It is recommended that these
piping suction measurements be made (and that any pressure
gauge be located) reasonably near to the point at which the
suction pipe penetrates the slab, wall, or membrane, to provide the best measure of the suction actually being applied to
the soil. Making the measurement too close to the fan may
sometimes give misleadingly high suction readings.
In typical SSD and DID systems with the 50- to 90-watt
in-line tubular fans, suctions lower than roughly 0.25 to 0.5 in.
WO near the slab penetration would usually be "low" in
essentially any house. With 90-watt fans, and/or with tight
soils or reduced sub-slab communication, the suction might
generally be considered "low" if it fell below the upper end of
that range. With 50-watt fans, and/or with highly permeable
native soils where flows can be expected to be high, the
suction might not be considered "low" until it fell toward the
lower end of that range.
Of course, the actual value at which suctions start being
considered "unexpectedly low" in a given case will depend
upon the particular house and geographical area. For example,
pre-mitigation diagnostics or prior experience in an area might
suggest that low flows should be expected in a particular
house, and that a 90-watt fan would typically be expected to
genemte over 1 in. WG in that house. Under those conditions,
a suction below 1 in. WG might be considered "low" for that
fan in that house, and thus prompt further analysis.
With the in-line mdial blowers discussed in Section 4.4.2,
"low" suction near the slab penetration in SSD and DID
systems might be expected to be at the upper end of the 0.25 to
0.5 in. WG range cited above for the tubular fans. With the
high-suction/low-flow fans discussed in Section 4.4.3, "low"
suction could be more than 1 in. WG.

In houses with marginal or poor sub-slab communication,
high suctions and low flows will be common. Thus, for a
suction to be unexpectedly high, it will have to be near the
maximum suction capability ofthe fan under communication
conditions which would lead one to expect that the fan should
not be near maximum suction.
Since high suctions will always be suction near the fan's
maximum capability, it could be necessary to make a flow
measurement to supplement the suction measurement, to better distinguish whether the high suctions and low flows are
outside of what would be an expected range. Unless the house
has poor sub-slab communication, flows below roughly 5 to
10 cfin in a SSD pipe with a 90-watt fan could be suggesting
some blockage. However, even this is not a rigorous indicator
of blockage. Flows below 5 cfm have occasionally been seen
in SSD systems with fair communication, with no pipe blockage, due to a combination of tight slab and tight soil which
reduces air leakage into the system.

Operation at low suctions and low flows. In some cases,
low suctions and low flows might be found simultaneously in
a particular installation. This result could be indicating that
there is a defect ,in the fan, in the switch or speed controller in
the fan wiring, or in the wiring itself. It could also be suggesting that there is a leak in the system piping at some point
between the measurement location and the fan.
This type of result underscores the value of making flow
measurements as, well as suction lIle~wements, during these
diagnostics. It should not be automatically assumed that, just
because suctions are low, flows must be high.

Measurement procedures. Where a pressure gauge is be-

ing installed on the system, the piping suction measurement
will commonly be made using that manometer or gauge. See
'Section 4.8.1, Pressure gauges. The gauge is leveled and/or
There is less experience with SMD systems. However, since zero adjusted, and flexible tubing from the appropriate tennithe flows are generally comparable to those in SSD systems nal of the device is inserted through a small hole drilled in the
(see Section 8.3), the range would be expected to be about the side of the piping for this purpose. The gap between the tubing
same as that for SSD systems. That is, with the 90-watt fans, and the hole through the piping'is made air-tight with a rubber
suctions much below roughly 0.25 to 0.5 in. WG near the seal around the tubing. The suction in the piping is then read
membrane penetration might be considered "low." Again, the directly from the gauge.
actual value at which suction would start being considered
"low" would depend on a variety of house, geological, and Where a pressure-activated alann is being mounted on the
piping, this alarm does not provide a quantitative measuresystem characteristics, as mentioned earlier.
ment of suction. Hence, this measurement will have to be
With the high flows in BWD systems, suctions in BWD made with a'separate device. If a micromanometer has been
piping near the wall penetration can be below 0.1 in. WG with obtained for sub-slab suction measurements, this device (set
the gO-watt fans. As a result, quantification of "low" suctions op the 0 to 2 in. WG scale) can conveniently be used to make
this measurement. Again, tubing from the micromanometer
for BWD systems is not possible.
would be inserted through the small hole in the side of the
Operation at unexpectedly high suctions and low}lows. pipe, with the residual gap sealed by a rubber grommet.
The preceding paragraphs address the case where the system
is opcmting at unexpectedly low suctions and unexpectedly Where a micromanometer is available, the flows in the piping
high flow. If, on the other hand, the system is opernting at can also be conveniently measured, using a pitot tube attachunexpectedly high suction and unexpectedly low flow, this ment that can be obtained with the micromanometer. The flow
could be suggesting that the piping is blocked in some man- results can provide important additional perspective regarding
ner. Perhaps a SSD pipe was installed directly over a perim- how the system is operating, and are generally recommended.
eter footing, if the pipe is located near the perimeter. Or
perhaps the pipe has dropped down to the bottom of the
sub-slab pit and is embedded in the soil there.
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11.4 Procedures for Indoor Radon
Measurements

disregarded, since the measurement period is not supposed to
begin until 24 hours after system activation.

11.4.1
Initial Short-Term Radon
Measurement

Alternatively, the mitigator could arrange to have the measurement completed by an independent measurement firm.
While more expensive, this approach would ensure the homeowner that the measurement is independent of the mitigator.

Because the residual indoor radon concentration is the primary measure of the success of the system, EPA's interim
mitigation standards (EPA91b) require that a short-term radon
measurement be initiated no sooner than 24 hours after the
installation of the system, and be completed within 30 days
after installation. This measurement is intended to provide a
rapid indication of whether the mitigation system appears to
be operating properly.
According to the standards, the mitigator must either complete this short-term measurement directly, or must ensure
that the homeowner or a separate measurement finn completes the measurement independently. If the required measurement is made independently, the results must be provided
to the mitigator for the mitigator's records. Even if the mitigator conducts the measurement directly, he/she should recommend that the homeowner have a measurement made independently.
The short-term measurement can be conducted using any
appropriate measurement device specified in EPA's radon/
radon decay product measurement protocols, and must be
completed in accordance with these protocols (EPA92d,
EPA93). These protocols require, among other things; that: a)
house be closed during the measurement and fOf a period of at
least 12 hours prior, and b) that the measurement be made on
the lowest lived-in level of the house.

11.4.2
Subsequent Radon
Measurements
Following the initial short-term measurement, any subsequent
short- or long-term measurements of the indoor radon levels
are the responsibility of the homeowner or occupant. According to EPA's draft mitigation standards, the mitigator should
recommend that the homeowner make a radon measurement
at least once every 2 years.
Because a long-term measurement will provide a better measure of the occupant's radon exposure, the mitigator might
wish to encourage a long-term measurement by providing the
occupant with alpha-track detectors for this purpose. These
detectors could be deployed for 3 to 12 months. Locations for
the detectors would be selected with emphasis on the parts of
the house where the occupants spend most time.

11.5 Procedures for Checking
Combustion Appliance Backdrafting
EPA's interim radon mitigation standards require that a test be
made following installation of an ASD system, to determine
whether combustion appliances are backdrafting. Backdrafting would occur if the house were being depressurized to the
'extent that suction in the house overcame the thermal effects
that draw the products of combustion up the flues, causing the
combustion products (including some hazardous carbon monoxide) to flow into the house instead of up the flue..

To be conservative, a mitigator might choose to make the
measurement in the lowest livable level (e.g., an unoccupied
basement), if this level is below the lowest lived-in level.
Radon concentrations commonly tend to be highest on the
. Backdrafting will probably not commonly be caused by ASD
lowest level of the house.
system$ with typical exhaust flows. Most often when backDifferent mitigators employ different approachf'-s in complet- drafting is encountered, the backdrafting problem will have
ing this measurement. Many mitigators leave a charcoal de- existed prior to the installation of the mitigation system.
tector with the pccupant, which the occupant is to deploy at However, once the system is installed, the system can worsen
the appropriate time and then return to an independent labora- the pre-existing problem, and the mitigator will have to adtory for analysis after a 2- to 7-day exposure period. At least dress this issue in some manner. Thus, some mitigators may
one mitigator leaves an electret ion chamber with the occu- wish to include backdrafting measurements in the
pant, which the occupant is to deploy at the designated time pre-mitigation diagnostics, so that the problem can be identiand then ship back to the mitigator for reading after 2 to 7 fied and discussed with the homeowner beforehand.
days' exposure.
Combustion appliance backdrafting would be most likely to
More reliable deployment and retrieval of the measurement be created by the ASD system in the following cases where:
devices would result if the mitigator handled these steps
directly. However, this would necessitate two additional visits
- the depressurization system flows are particularly high,
to the house (one each for deployment and for retrieval),
suggesting that significant amounts of air are being
drawn out of the areas (such as the basement or furnace
which could be time-consuming if the house were located far
from the mitigator's offices.
room) where combustion appliances are located. BWD
systems, which can have flows as high as 200 cfm,
At least one mitigator reports completing the short-term meamuch of which has likely come from inside the house,
thus offer a greater risk than would, for example, a SSD
surement using a continuous monitor. The continuous monitor
is deployed immediately after installation, and is retrieved and
system exhausting 50 cfm.
read after measurement period of 48 hours or longer. In
interpreting the results, the first 24 hours of readings are
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-

the basement or furnace room is particularly tight, so
that even a limited amount of exhausted air can create
some depressurization in the areas where the appliances are located. In some cases, such tight structures
may have had only marginal draft to begin with, and a
slight additional basement depressurization contributed by the ASD system might be sufficient to create
backdrafting.

The risk of backdrafting in a given house can be increased by
a variety of other factors associated with the design, construction, and operation of the house and flue system (Ang92,
Fit92, Ne92). These other factors can reduce the draft in the
flue prior to mitigation, making the system more subject to
backdmfting due to the incremental effects of the ASD system. In addition to the tightness of the basement or furnace
room, these other factors include: improper connection of the
flue to the combustion appliance; other problems in flue
design or installation; partial blockage of the flue by debris;
and other exhaust appliances in the house (in addition to
ASD) that can contribute to house depressurization. The risk
of backdrafting will also be greater when the flue temperature
is lOW, a condition that will exist when an appliance cycles on
after having been off for an extended period.
Backdrafting would not be a concern in cases where traditional natural-draft combustion appliances are not present.
Such cases would include, e.g., houses having all-electric
space and water heating systems, or houses having advanced,
high-efficiency, closed-combustion furnaces, water heaters,
and flfCplaces. Also, the risk of backdrafting would be greatly
reduced with induced-draft appliances, which may have suctions of 0.06 in. WG or greater in the flue.

It is re-emphasized that if the following backdrafting tests are
initially conducted with the ASD system operating, and if the
tests suggest a risk of backdrafting, the mitigator should
repeat the tests with the ASD system off, to assess the degree
to which the ASD system is responsible for (or is contributing
to) the problem.
.

11.5.1
Backdrafting Test Procedures
for Mitigators
A variety of procedures have been identified to test for
combustion appliance backdrafting (CMHC88, NFGC88,
ASHRAE89, TEC92). Many of these procedures can be conducted using equipment that many mitigators will have available (chemical smoke and a micromanometer).

EstablisTzing ('worst-case" conditions. All of the procedures involve initial steps to place the house under the conditions which have the greatest likelihood of creating
backdrafting, to provide a worst-case scenario. These steps
generally include:
-

Closing all windows and doors to the outdoors, to
prevent draft air from being drawn in through open
windows and doors.

-

Closing interior doors. If the combustion appliance is
in a basement or furnace room, closing interior doors

will prevent the appliance from drawing draft air from
elsewhere in the house. This is important since a basement or furnace room will commonly be tighter than
other parts of the house.
- Turning on all exhaust fans, including, e.g., kitchen and
bathroom exhaust fans, the clothes drier, any attic fan,
and any whole-house exhaust fan. Sometimes the central furnace fan .in forced-air systems is operated as
well. Where the objective is to assess the effect of the
ASD system, the ASD fan would also be operating. It is
noted that operation of a whole-house exhaust fan with
the windows closed in contrary to the manner in which
such fans are normally operated; hence, the house
might be depressurized to an atypically great extent,
and the backdrafting test thus might have an increased
tendency to give a false positive result.
- In some cases, turning off the combustion appliances
for awhile, to allow the flue to cool, thus further
reducing the initial draft .when the appliance is turned
back on.

Worst-case conditions are established for these tests because
it is recognized that the conditions potentially causing backdrafting will be varying over time. Due to the potentially
lethal threat posed by carbon monoxide backdrafting into the
house, it is considered wise to take the most conservative
approach, which is to utilize the· most challenging set of
conditions.
Having established these worst-case conditions, the types of
measurements that are then performed depend upon the specific test procedure.

Simple smoke visualization test. One of the simplest tests
(NFGC88) involves smoke visualization testing at the draft
hood in the appliance flue with the combustion appliance
operating and the flue hot, and with all of the exhaust fans
operating. (Draft hoods are also referred to as down draft
diverters.) If the smoke flow is distinctly up into the hood and
up the flue, a positive draft under these worst-case conditions
is qualitatively demonstrated, and backdrafting would not
seem to be a problem.
Although this test is specifically designed for gas-fired appliances having draft hoods (draft diverters), a similar smoke
visualization test could be envisioned at the barometric damper
of oil-frred units, or near the combustion zones of frreplaces,
wood stoves, kerosene heaters, etc. Consistent with the guid~
ance given in Sections 3.2 and 3.3.1, this document recommends that heatless chemical smoke be used, to avoid the
thermal effects and fire hazard potentially associated with the
use of a match, cigarette, or punk stick as the smoke source.
Given the ease with which this test can be conducted, mitigators may often find it convenient to begin backdraft testing
using this approach. More extensive procedures, such as those
discussed below, might then be considered if the results from
this initial testing suggested that they are warranted.
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More comprehensive procedures-house depressurization test. Two of the other procedures (CMHC88, TEC92)
include more extensive testing, although still for the most part
utilizing equipment that many mitigators will have available.
One of these procedures (CMHC88) begins with a paper
screening analysis to help assess whether the testing described
below is necessary.
The initial testing with these comprehensive procedures involves measurement of the pressure differential across the
house shell, between the outdoors and the area where the
combustion equipment if located. Such pressure differential
measurements would be made as discussed in Section 3.5.4
(see Procedure for pressure differential measurements across
the house shell), with care to avoid interference from wind
effects. In one of these procedures (TEC92), these pressure
measurements are to be made under three sets of conditions,
to ensure that worst-case conditions are deftned: all exhaust
fans operating, central forced-air air handler off; all exhaust
fans plus the· air handler on; and exhaust fans off, only air
handler on. See the citations for further details.
According to these two procedures, the threat of backdrafting
is assessed based upon the house depressurizations observed
under the worst-case conditions. For example, 0.012 in. WG
depressurization of the house relative to outdoors is .identified
as the point at which one might become concerned about
backdrafting of fIreplaces having chimneys on the exterior of
the house; 0.016 in. WG for oil-frred furnaces or boilers; and
0.020 in. WG for gas-fIred furnaces. These values are lower
than the suctions that would be expected in a well-designed,
properly operating flue for each respective type appliance
during cold weather. By this approach, it is assumed that as
long as the measured depressurization in the house is less than
expected draft suction in the flue, backdrafting should not
occur.
However, the house depressurization alone is not a sufftcient
indicator of whether backdrafting might occur. The depressurization values just cited assume that the flue is drawing
normally during cold weather. If the flue is improperly installed or partially blocked, or if the weather is mild, the
natural draft can be lower than that assumed in identifying
those values, and backdrafting could occur even if the
worst-case house depressurization is less than 0.012 to 0.02
in.WG.

More comprehensive procedures-smoke' visualization
test. Accordingly, each of the procedures just cited (CMHC88,
TEC92) include additional tests to assess the actual draft in
the flue under the worst-case conditions.
Both procedures include smoke visualization tests. In these
cases, the combustion appliances are all turned off to allow
the flue to cool. With exhaust fans operating, each appliance is
then turned on one at a time, with the flue being allowed to
cool between appliance tests. Backdrafting is assessed for
several minutes for each appliance, by chemical smoke testing
at the draft hood, barometric damper, and/or combustion
zone. The flame is also observed for signs of roll-out.

If these tests indicate that backdrafting/spillage occurs for
more than 30 seconds (TEC92) to 1 or 2 minutes (CMHC88)
after the appliance is turned on-i.e., if the flue. does not heat
up sufftciently in that time to ensure proper draft-this result
suggests a potential backdrafting problem.

More comprehensive procedures-direct suction measurements in flue. The smoke testing provides only a
qualitative indication that flue gases are (or are not) in fact
moving up the stack. Both of the cited procedures supplement
this smoke testing with quantitative measurements of the draft
in the flue of traditional natural-draft appliances, with the
exhaust fans operating. This test would provide the most
deftnitive indication whether proper drafts are being maintained despite the worst-case conditions.
To make the measurements, a test hole would be drilled about
two feet downstream of the draft hood or barometric damper.
The suction in the flue at that point (relative to the house
where the appliance is located) can be' measured using a
suitable pressure gauge. Pressure measurement devices (draft
testers) are manufactured speciftcally for the purpose of measuring drafts in hot flues, consistent with heating industry
practice. With proper taps, considering flue temperatures, the
pressure gauges used for sub-slab pressure measurements can
also be adapted for this use.
The acceptable suction in the flue relative to the house will
vary depending upon the outdoor temperature (CMHC88,
TEC92). When the outdoor temperature is below 20 OF, the
suction in the flue (relative to the house) would be expected to
be about 0.020 in. WG or greater. But when the outdoor
temperature is above 80 OF, a flue suction as low as 0.004 in.
WG may be all that can be expected.

More comprehensive procedures-carbon monoxide
(CO) measurements. The more comprehensive procedures
in References CMHC88 and TEC92 also include measurements for CO, in the house and in the flue. High levels in the
house could be indicating that combustion products are entering the house, perhaps due to backdrafting. High levels in the
flue could be indicating that the draft is insufftcient to draw
adequate combustion air into the flame zone.
Carbon monoxide levels in the living area should generally be
below 2 ppm (TEC92). These procedures recommend that
maximum levels in the living area be limited to those specifted in EPA's Ambient Air Quality Standards (EPA87c): 9
ppm CO averaged over an 8-hour period, and 35 ppm averaged over a I-hour period. Levels should never exceed 200
ppm (TEC92). Carbon monoxide levels in the flue upstream
of the draft hood or barometric damper should be no greater
than 100 ppm after 5 minutes of operation (TEC92).
Most mitigators will not have the equipment to make CO
measurements.

More comprehensive procedures-general comments.
The more comprehensive procedures discussed in the preceding paragraphs (CMHC88, TEC92) have been designed primarily for professionals in the fteld of combustion system
evaluation. The procedures have been developed to enable an
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extensive diagnosis of the combustion appliance and flue
system. The diagnosis addresses a broad range of issues, e.g.,
whether the flue is blocked or improperly connected, or
whether CO is entering the circulating house air through a
crocked heat exchanger. Although very important, some of
these issues extend beyond the immediate goal of the radon
mitigator, which is to ensure that a mitigation system does not
create or exacerbate a backdrafting situation.
On tltis basis, the question might be asked whether a mitigator
drawing from these more comprehensive test procedures must
in fact conduct all of the steps in these more comprehensive
procedures, if these procedures are to be used. Or, on the other
hand, might it be sufficient to carry out only selected components of these extensive procedures? Definitive guidance on
this question is not possible at this time.

Simple measurement ojflue temperature. A simple test
based on flue temperatures has been identified for combustion
systems having draft hoods (ASHRAE89).
TIle objective of this procedure is to ensure that the draft in the

flue is sufficiently great such that the amount of house air
drawn in through the draft hood to dilute the combustion
products by at least 40%. This determination is made using a
simple calculation based upon temperature measurements upstream and downstream of the draft hood, and in the house.
For this testing, all exhaust fans are turned on, and outdoor
doors and windows are closed, as discussed previously (see
Establishing "worst-case" conditions). The positioning of
interior doors is not specified. The flue temperature measurements are usually done with the flue hot. The citation specifies
that the testing be conducted when natural infiltration is
expected to be low, i.e., when the indoor-outdoor temperature
differential is no greater than 30 °F:t. and when the wind
velocity is no more than 5 mph.
While the test is fairly simple, it requires temperature measurement equipment that many mitigators may not have.

11.5.2
Backup Backdrafting Test
Methods for House Occupants
Several inexpensive devices are available that can be left in
the house to alert the occupants when backdrafting occurs.
These devices detect either CO in the room, or the temperature near the draft hood.

Electronic carbon monoxide detectors.

These monitors
operate in a manner similar to smoke detectors, sounding an
audible alarm when CO levels exceed a given concentration
for a given period of time. The higher the CO concentration,
the more quickly the alarm sounds. The alarm would typically
sound after the detector had been exposed to 100 ppm for
perhaps an hour or longer.

These devices can plug into a wall outlet. Underwriters Laboratories has recently approved the ftrst of these devices.
Because they give all audible alarm and appear to require a
minimum of occupant maintenance, these devices may be the
most reliable (although most expensive) of the alternative
backup techniques for monitoring potential backdrafting, as
long as they are not disabled by the occupant.

Passive carbon monoxide detectors. Passive CO detectors
contain a CO-sensitive dot which changes color, from a light
color to gray or black (depending on concentration), when
exposed to CO. The rate of change depends upon the CO
concentration; a concentration of 100 ppm would cause some
color change in perhaps 15 to 45 minutes, while a concentration of 400 ppm may cause a response in 2 to 4 minutes.
The device would be mounted at a convenient location in the
house. The occupants would have to monitor the color of the
device. For this reason, the electronic devices, which attract
the occupant's attention with an audible signal, may be more
reliable.
The detector is reusable for a period of time, returning to its
original light color when the CO levels drop. However, the
dot will ultimately remain dark or bleach out, and the detector
will have to be replaced. The frequency of replacement may
be once every few months. Although these detectors are
relatively inexpensive (perhaps $3 to $4), it might be unrealistic to expect the average homeowner to regularly replace them
over periods of years.

Passive temperature detectol·s.

One passive temperature
detector on the market uses a temperature-sensitive dot, and is
mounted beside the flue just below the draft hood. When the
flue is drafting properly, relatively co'ol house air is being
drawn past the device and up into the draft hood. Under these
conditions, the device is at a low temperature, and it displays
a white dot. However, ifbackdrafting occurs, the flow through
the hood will consist of hot combustion products flowing out
of the flue into the house. Under these conditions, the' dot in
the device turns black.

These devices can be useful as a backup to the mitigator
testing options described in Section 11.5.1, alerting the occu- As with the passive CO detector, the occupants would have to
pants if potential problems arise at some point following monitor the device. This temperature-based device is not
installation. However, they should not be considered as a reusable, so that it would have to be replaced each time it was
substitute for testing by the mitigator, for two reasons. First, 'exposed to high temperature.
the CO detection devices are generally triggered by CO
concentmtions of 100 ppm and higher-a level higher than 11.5.3
Steps Required When
tlk'lt of concern in EPA regulations. Second, the devices Backdrafting Is Observed
depend upon monitoring and replacement by the occupant;
failure of the occupant to inspect and replace the devices If combustion appliance backdrafting is observed after the
mitigation system is installed, the frrst step will generally be
would render some of the devices useless.
to repeat the backdrafting measurement with the ASD system
off. A system-off test will identify the extent to which the
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ASD system rimy be responsible for, or is contributing to, the
problem.
In cases where the ASD system is in fact responsible for
creating a backdrafting problem that did not exist before, one
might consider modifications to the system. If much of the
house air being drawn into the system may be coming from
certain identifiable unsealed openings in the slab or wall,
sealing of those openings, if practical, might reduce house air
flow into the system sufficiently to take care of the problem.
Or, the ASD fan might be turned down to lower power,
drawing less air out of the house (but possibly also reducing
radon reduction performance).
However, even in the (probably infrequent) cases where the
ASD system is the sole source of the problem, modifications
to the ASD system might not be a reliable, permanent solution. The seals to reduce air flow out of the house may fail
over time. Or, the fan operating at reduced speed may be
turned back up to full power at a later time by an occupant
unaware of the backdrafting threat.
A further consideration is that, in the large m.ajority of cases
where backdrafting is observed, the problem will be that
backdrafting was occurring even before the ASD system was
installed, or else, that the draft was marginal prior to system
installation. In these cases, the mitigation system will only be
contributing to a pre-existing condition, and no adjustments to
the ASD system 'could ever be a complete solution to the
problem.
'
Thus, in most cases, the appropriate solution to backdrafting
will be some step (or combination of steps) to improve draft.
Such steps CQuld include providing an outdoor source of
combustion and draft air for the combustion appliance, sealing leaks in the cold-air return ducting, modifying or unblocking flues, etc. In many cases, such steps will be beyond the
expertise of a radon mitigator, and will require the services of
a professional building diagnostician or a heating, ventilating, and air conditioning contractor. Mitigators and homeowners who do not have expertise in these areas would be
well advised not to undertake these types of steps on their
own.
One step that is commonly taken to provide additional combustion and draft air consists of installing an opening through
the house shell near the appliance, covered with a grille.
Installing such an opening would be analogous to permanently opening a window. The opening should provide an
entry route for fresh air to be drawn in to provide the needs of
the appliance, reducing basement depressurization and increasing the natural inflltration rate. Installation of such an
opening would create some increase in heating and cooling
costs.
However, even this apparently simple step is not always
straightforward. If the opening were on the downwind side of
the house, it is theoretically possible that rather than helping
alleviate the problem, the opening could exacerbate the problem, with the wind effects increasing ,basement depressurization. Or, if ducting is going to be installed to direct the air
from the opening toward the location of the combustion

appliances, calculations could be necessary to ensure that the
shell opening and the ducting are the correct size to provide
the amount of makeup air needed. Other problems that could
result from this step include problems with moisture and
freezing. These possible complications are the reason why
steps to correct backdrafting problems should be left to professionals in that field.
According to EPA's interim standards, a radon mitigator is
only responsible for correcting a"... backdrafting condition
caused by the installed mitigation system . ..." (EPA91b).
The mitigator is not responsible for correcting a pre-existing
backdrafting problem not caused by the system. However,
once the mitigation system is installed, the mitigator may
become involved with the problem, even if the system is not
responsible. Thus, in very cold climates where houses are
commonly built with low infiltration rates, or in tight houses
in any climate, mitigators may wish to include backdrafting
tests prior to mitigation, so that the issue can be faced before
mitigation is undertaken.

11.6 Procedures for Suction Field
Extension Measurements
When an ASD system is not performing as well as expected,
one reason will often (although not always) be that the system
is not adequately depressurizing the region that it is supposed
to be depressurizing-i.e., the sub-slab, the block wall cavities, or the sub-membrane. Thus, the most valuable diagnostic
test to conduct when ASD performance is inadequate is the
measurement of the suction field extension being maintained
with the system operating.
Even when an ASD system appears to be perfonning satisfactorily during mild weather, quantitative suction field extension measurements (Section 11.6.2 below) may still be of
value, to suggest whether the system is maintaining sufficient
depressurization to prevent being overwhelmed during cold
weather.

11.6.1
Qualitative Check with
Chemical Smoke
One simple approach for obtaining a quick, qualitative assessment of suctiop. field extension is to utilize chemical smoke to
visualize flow down into (or up through) existing unsealed
openings in the slab, wall, or membrane with the ASD system
operating. Such openings could include, e.g., the wall/floor
joint around slabs, mortar joint cracks in block walls, or
unsealed seams (if any) in the crawl-space membrane.
Slight flows through these openings can best be observed
when only a small amount of smoke is released near the
opening, using a flashlight to back-light the smoke. Smoke
flows down into the opening would suggest that the ~ub-slab
(or wall cavity or sub-membrane) is being depressurized at
that location by the system. No flow down (or flow upward)
would suggest that the depressurization is weak or non-existent
at that location, or that the house is still depressurized relative
to the sub-slab.
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During this testing, it would be advisable to challenge the
system. to the extent possible. by turning on any exhaust
applinnces (such as the clothes drier and kitchen exhaust fan)
that might be routinely depressurizing the house under normal
living conditions. If a central furnace fan is present in the
basement. it should be turned on. also.
If there are accessible openings to enable smoke-stick testing
around the entire slab (or wall or membrane), this test would
generally indicate whether the sub-slab is being depressurized
everywhere, or where the sub-slab is being depressurized
weakly or not at all. This information could help guide the
plncement of additional suction pipes. Unfortunately, suitable
e.:dsting openings may not be present or accessible at all
locations. limiting the ability of the smoke-stick approach to
survey the entire slab. Smoke flows may be obscured by air
currents in the room. And the approach will not provide a
quantitative measure of the depressurization being achieved,
limiting the ability to assess whether the depressurization
present at the time of measurement might likely be overwhelmed when faced with a challenge from weather or appliance usage.

-

The rotary hammer drill for drilling 1/4- to 1/2-in. test
holes might not be needed, if suitable test holes already
exist as a result of earlier, pre-mitigation suction field
extension testing. However, even ifpre-mitigation testing was conducted, the drill might still be needed.
Addition.al hole~. might be required in different locations for the post-mitigation testing, and previous test
holes that were mortared shut will need to be reopened.

-

If a digital micromanometer is used to quantitatively
measure depressurizations, this testing will provide
quantitative suction field extension data as discussed in
Section 3.3.2. The Magnehelic® gauge and the vacuum
cleaner speed controller, identified in Section 3.3.2, are
not necessary. The Magnehelic® gauge and the speed
controller were needed to ensure that the vacuum cleaner
was operated to best simulate a mitigation fan; since an
actual mitigation fan is being used for the post-mitigation
testing, this is no longer an issue.

• Test procedure
-

11.6.2
Quantitative Measurement with
Mlcromanometer
Because of the limitations of the smoke-stick approach, it will
generally be necessary to make quantitative suction measurements with a micromanometer whenever there is doubt about
whether the suction field is extending adequately.

The location for the vacuum cleaner suction hole
would no longer have to be selected. Suction will
now be drawn at the mitigation suction pipe location.

Test holes would be drilled through the slab (or wall face or
membrane) to permit these suction measurements to be made
at specifically selected locations, to more reliably identify the
locations that are not being reached by the suction field. Such
non·depressurized locations would be sites where additional
suction pipes might be warranted.

The 1.25-in. hole through the slab for the vacuum
nozzle no longer has to be drilled, nor the vacuum
mounted in the slab.
-

111e procedure for this post-mitigation suction field diagnostic
will be very similar to that described in Section 3.3 for
pre.mitigation diagnostics. The major difference is that the
suction field is now being established by the mitigation fan
rather than by a vacuum cleaner.

• Equipment and materials required
-

The test procedure for the post-mitigation suction field
testing would be essentially the same as that described
in Section 3.3.1. However, the steps in Section 3.3.1
associated with the vacuum cleaner would QO longer be
applicable:

The location for the 1/4- to 1/2-in. suction measurement test holes would be selected in a manner similar
to that indicated in Section 3.3.1. Some additional
judgement may be used in selecting locations, in an
effort to address regions where it is suspected· the
suction field is not reaching.
For suction measurements under slabs, the
post-mitigation testing would likely use the same
test holes used for any pre-mitigation diagnostics, if
conducted. More test hole sites might be selected to
better defme the limits of the suction field extension. For houses having multiple slabs (e.g., a basement with an adjoining slab on grade), test holes
will likely have to be drilled in both slabs.

The equipment and materials needed for post-mitigation
diagnostics will be generally the same as those listed in
Section 3.3.1 for pre-mitigation qualitative suction field
diagnostics. However, since the suction field is now
being generated by the mitigation fan, the following
items wi1lllot be needed:
The industrial vacijum cleaner.

For suction measurements inside block wall cavities, one test hole should initi3ny be drilled into one' '
block cavity of each perimeter block wall and each
interior load-bearing block wall. These test holes
might logically be near the center of each wall,
toward the slab (since suction near the footings,
when~ m!!ch,oft1Ie soil gas enters the void network,
may be most important). .

Vacuum cleaner exhaust hose.
The 1.25-in. masonry drill bit, which was to drill the
slab hole needed to accommodate the vacuum cleaner
nozzle.
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immediately to install an additional suction pipe in
that region, without doing any further diagnostics

For suction measurements beneath SMD membranes,
test hole location would be selected in the same
manner as test holes for slabs.
-

As with the pre-mitigation testing, the house would be
placed in the condition that will be used throughout this
testing. It is recommended that any commonly used
appliances which might tend to depressurize the house
be left running throughout the testing, so that the test
results will show the suction field extension under
challenging conditions.

-

The sub~slab depressurization being maintained at the
test holes would be measured with the ASD system
operating.

fIrSt.

If the region not being adequately depressurized by
the initial system is relatively large, the mitigator
may wish to conduct further suction field diagnostics in that region. using a vacuum cleaner to draw
suction in the region -- i.e., using the "pre-mitigation"
diagnostics approach in Section 3.3.1 or 3.3.2, but
limiting the test holes to sites within the untreated
region. These vacuum cleaner diagnostics could
help determine how many additional suction pipes
should be installed, and where they should be located within that region.
Alternatively, the mitigator might often find it more
cost-effective to simply use best judgement in installing one or more additional suction pipes, without vacuum cleaner diagnostics. If those additional
pipes still did not reduce the indoor radon concentration to the desired level, the mitigator would then
have to repeat the suction field extension measurements with the modified system operating, to identify any remaining portions of the slab (or wall or
membrane) still not being depressurized.

With. slab holes, the sample tube· from the micromanometer would be installed in the test hole as
described in Section 3.3.1.
With holes in block walls, the tubing would be
inserted an inch or so into the caviity, and sealed
with rope caulk.
With membrane holes, a couple inches of the tubing
should be inserted through the membrane, and carefully sealed with duct tape. The open end of the tube
beneath the membrane must be horizontal (or be
embedded in sub-membrane gravel), so that it is not
potentially plugged by being embedded in impermeable soil.

-

Record the observed range of readings on the micromanometer, and/or the average reading.
-

-

If suction is not extending at all to some of the quadrants, the mitigator may wish to drill additional test
holes closer to the suction pipe(s) and to repeat the
measurement steps above at these new holes, to identify how far the suction field is in fact extending.
All holes that have been drilled through the slab or
block must be permanently closed with hydraulic cement or other nonshrinking cement after testing is
complete. Holes through crawl-space membranes should
be closed, preferably by sealing a piece ofpolyethylene
sheeting on top of the hole using urethane caulk (for
cross-laminated polyethylenes) or other sealant (for
regular polyethylenes).

• Interpretation of results
-

If no depressurization can be measured in one or more
locations beneath the slab (or inside the wall, or beneath the membrane), or if, in fact, the sub-slab is
pressurized relative to the house. the mitigator can
consider installing one or more additional suction pipes
as necessary to treat these locations.
If the region not being adequately depressurized by
the initial system is relatively limited in size, it will
likely be cost-effective for the mitigator to proceed

If the suction field extension measurements are made
during mild weather, it must be recognized that the
increased house depressurization that will exist during
cold weather will reduce the sub-slab depressurizations
observed during the mild-weather measurements. Thus,
if a house is not reduced below 4 pCi/L during mild
weather, and if suction field extension measurements
show some portion of the sub-slab not being depressurized during mild weather, the problem might be expected to become even worse during cold weather.

Even if the newly installed mitigation system seems to be
satisfactorily reducing indoor radon levels during mild weather,
the mitigator may wish to perform these quantitative
post-mitigation suction field extension measurements in houses
where the sub-slab communication seems marginal. Such
measurements would be especially logical in marginal houses
where pre-mitigation suction field measurements had been
made, and where the test holes through the slab are thus
already existing. In these cases, post-mitigation suction field
measurements would reveal whether sub-slab depressurizations during mild weather are marginal. Such marginal sub-slab
depressurizations could be overwhelmed by the increased
challenge created by thermally induced house depressurization during cold weather.
As discussed in Section 3.3.2 and elsewhere, where the
post-mitigation suction field testing is made during mild
weather and/or without exhaust appliances operating, the
measured sub-slab depressurizations should be great enough
to eompensate for the increased house depressurizations anticipated under the more challenging conditions. As stated in
Section 3.3.2, the conservative goal would be to maintain the
following depressurizations everywhere under the slab: at
least 0.015 in. WG, if the measurements are made in mild
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wemher with exhaust appliances operating; 0.025 to 0.035 in.
WG, during mild weather without exhaust appliances operating; and 0.01 to 0.02 in. WG, during cold weather without
exhaust appliances operating.
In prnctice, it appears that these figures are conservative, and
that ASD systems can often perform well even when sub-slab
depressurizations are less. Thus, lesser depressurizations might
sometimes be adequate. However, the mitigator must recognize that a system providing only marginal sub-slab depressurization during less challenging conditions may be overwhelmed during more challenging conditions.

11.7 Procedures for Radon Grab
Sampling and Sniffing
TIle procedures for post-mitigation radon grab sampling and
sniffing will be the same as those described in Section 3.4 for
pre-mitigation measurements. The primary difference is that
the post-mitigation measurements will be performed with a
different emphasis, for the purpose of determining why an
installed system is not providing the desired radon reductions.

radon beneath the plastic over a number of hours can be
measured, to assess whether radon is entering through the
crack. The plastic sheet will hinder any convective flow of
soil gas that might otherwise occur up through the crack, so
that this approach would be less reliable in revealing the
potential significance of the crack than would be suction field
measurements beneath the slab at. the crack. However, the
plastic-sheet approach may sometimes be qualitatively useful
in cases where it is not desired to drill test holes through the
slab at the crack location.
Where SSD or DTD has been insta1led in a basement house
having poured concrete foundation walls, grab sampling in
any unsealed wall openings (e.g., around utility penetrations)
could indicate whether radon is continuing to enter through
theseopenings. That is, it would indicate whether the SSP or
DTD system were adequately treating the exterior face of the
concrete wall.
Sampling beneath the slab. Radon grab sampling or sniffing beneath slabs through test holes will probably not commonly be useful as apost-mitigation diagnostic method. However, it might be of practical value in certain cases.

Sampling inside block waYs. Perhaps the best example of
how radon grab sampling or sniffmg might be effectively
utilized in post-mitigation diagnostics would be in basement
or crawl-space houses with block foundation walls, where a
stand-alone SSD, DTD, or SMD system is not providing
adequate radon reductions. If sub-slab (or sub-membrane)
suction field extension measurements suggest that the entire
sub-slab seems to be adequately depressurized, then the question would arise regarding whether the block walls might
continue to be radon sources despite the apparently effective
slab treatment.
Samples would be drawn from inside selected block cavities
in ench of the foundation walls with. the mitigation system
operating, to determine if one or more walls have distinctly
elevated rodon levels. If elevated walls are found, this result
would indicate that the system is not preventing soil gas entry
into that wall, and the wall is still a source. In such cases, a
BWD component to treat the elevated walls might be added to
the initial system. Or, alternatively, additional SSD or SMD
suction pipes might be insta1led near these walls.

Sampling at unsealed openings. In general, grab sampling!
sniffing at suspected soil gas entry routes can be used to
detennine whether gas in those unsealed openings is high in
radon, suggesting that that entry route is not being adequately
treated. That is, high-radon soil gas is in that opening, presumably entering the house, rather than low-radon house air
exiting through that opening. Any openings in the slab of
sufficient size to enable insertion of a grab sampling tube
should have been sealed in conjunction with the installation of
the ASD system. However, to the extent that such intermediate or large unsealed slab openings still exist, grab sampling in
those openings would suggest whether the suction field is
preventing radon entry there.

If the slab opening is, e.g., a crack which is too small for the
sampling tube to be inserted, a sheet of plastic can be sealed
over a length of the crack using duct tape, and the buildup of

A sub-slab radon grab sample could easily be drawn through
the test hole during the post-mitigation suction field extension
measurements discussed in Section 11.6. However, the results
from a grab sample will probably not be useful if the sub-slab
is being effectively depressurized at that test hole. The sub-slab
radon concentration will commonly be of only secondary
interest as long as the ASD system is preventing the soil gas
from entering the house at that location.
But where the sub-slab depressurization is only marginal or is
non-existent, the sub-slab radon grab sample might occasionally help determine the importance of adding a suction pipe to
treat that untreated region of the slab. Higher sub-slab radon
concentrations could suggest increased importance in adding
a suction pipe in that area, if there are entry routes nearby
through which this sub-slab radon could enter the house. Note
that the radon entry potential is a function not only of the
sub-slab radon level, but of the ability of that radon to enter
the house at that location (Tu90, Tu9la).
Where the house has a combined substructure-e.g., a basement having an adjoining slab-on-grade or crawl-space wingand where only the basement is being directly treated (by a
SSD or DID system), grab sampling could help determine the
extent to which the untreated adjoining wing may be contributing to any residual indoor radon level. With the basement
ASD system operating, high radon levels under the adjoining
slab on grade, or at slab openings in the slab on grade, would
suggest that radon is continuing to enter the house via the
adjoining slab. That is, the basement ASD system is not
adequately intercepting the soil gas moving toward the adjoining slab. Likewise, high radon levels in the untreated crawl
space would suggest that the crawl space is continuing to be a
radon source. In such cases, a SSD or SMD component
treating the adjoining wing may have to be added to the
basement ASD system.
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Sub-slab radon grab sampling after mitigation can also provide other information which may occasionally be of help in
diagnosing a house. Very high post-mitigation sub-slab radon
concentrations can suggest a potentially increased diffusive
flux of radon into the house. With a very high concentration
gradient between the sub-slab and the house, radon could
diffuse up through the open space in slab cracks and other
openings, or ,even through unbroken concrete. Convective
flow is normally the predominant mechanism by which radon
enters a house; diffusion is generally expected to be a minor
contributor. However, in cases where sub-slab radon concentrations are very high, the diffusive component could become
important, especially when the desired indoor levels are well
below 4 pCi/L.
A grab sample of radon in the suction piping would provide a
qualitative indication of the sub-slab radon concentration. The
levels in the piping will be diluted by indoor and outdoor air
that has been drawn into the system. If radon levels in the
piping are dramatically lower than sub-slab concentrations,
this would be an indication that a significant amount of
leakage is occurring.

11.8 Procedures for Chemilcal
Smoke Flow Visualization Tests

routes might be necessary. For example, smoke tests around a
floor drain may help confmn whether or not it is effectively
trapped. Smoke tests at a hole through the poured concrete
foundation wall of a basement with a SSD system could show
whether soil gas is entering the basement through that hole.

If smoke flow is not distinctly upward over a potential entry
route, this result does not necessarily prove that radon is not
entering by convective flow through that opening. At very low
pressure differentials across the slab, the upward flow of soil
gas may be too low to be detected by the smoke. However, the
smoke test is easy to perform, and is often worth conducting
when initial ASD performance is inadequate,even though the
smoke cannot reveal very subtle flows.

Detection ojpiping leaks. Smoke visualization can be used
to determine whether all of the seams in the ASD system
piping have been sealed. If, e.g., a SSD suction pipe is not
adequately sealed where it penetrates the slab, or if any fitting
joint in the PVC piping is not sealed on the suction side of the
fan, smoke will be drawn into that joint. Unlike the smoke
flows into or out of slab cracks, floor drains, etc., discussed in
the previous two paragraphs, where air movement may sometimes be subtle, the smoke flows into leaks in the ASD piping
will usually be unambiguous, due to the relatively high suctions in the piping.

General procedures. The simple procedlID".-8 for chemical
smoke testing are as described earlier in Sections 3.3.1 and
11.6.1. A small amount of smoke is released near the seam or
opening of interest. A flashlight back-lighting the smoke is
sometimes. helpful in detecting the smoke patterns. Smoke
movement into the seam or opening means that: a) the opening is depressurized relative to the house; and!. b) the opening
is not sealed, fIllowing house air to pass through it. Similarly,
smoke movement away from the opening means that the
opening is pressurized relative to the house, and that it is not
sealed, with gas flowing through it into the house.
Chemical smoke is an: inert smoke-like, fine powder. It can be
used with various types of dispensers, which release small
puffs or a brief, continuous stream. Chemical smoke devices
are considered safer than are, e.g., burning punk sticks or
cigarettes. In addition to the fire hazard, the smoke leaving
punk sticks and cigarettes tends to rise, since it is released at
high temperature. These thermal effects on the smoke can
mask the sometimes subtle effects of the system-created air
movement that the smoke is intended to visualize.

Similarly, smoke visualization can be used around joints in
the piping on the pressure side of the fan, to ensure that
exhaust gas is not leaking out at those joints. While the
pressure-side piping will almost always be outside the living
area (i.e., in the attic or out-doors), there will nevertheless be
occasions where the mitigator will be well advised to make
certain that there are no leaks there.
For example, pressure-side leaks in attic exhaust piping will
be particularly undesirable in attics where the central forced-air
furnace fan (and hence some cold-air return ducfing) is in the
attic, a situation occasionally encountered. Pressure-side leaks
in garage-mounted fans are generally undesirable, since there
is almost always a door and perhaps other openings between
the attached garage and the living area. With exterior stacks
having the fan at the bottom of the stack, radon leaking from
the stack beside the house could potentially become
re-entrained through windows. This potential problem can be
of particular concern when the exterior stack is fabricated
from sections of rain gutter downspouting, which is less
amenable to air-tight sealing at the joints.

Assessment ojopenings in joundation. Chemical smoke
can be useful in a number of ways. It can be used around
unsealed cracks, openings, and seams in slabs, block walls,
and crawl-space membranes with ASD systems operating, to
determine whether the sub-slab, wall cavity, or sub-membrane
depressurization is extending to those locations. Similarly,
they can be used near sealed cracks, openings, and seams with
the ASD systems operating, to confirm whether in fact they
are effectively sealed (in which case there should be no air
movement into or out of these openings).

Assessmentojbackdrajting. As discussed in Section 11.5.1,

Smoke visualization can be used around potential entry routes
which may not be being treated by the ASD system, to assess
whether some form of sealing or treatment of these potential

In some cases, an ASD system might not be providing adequate radon reductions, but the preceding post-mitigation
diagnostics might fail to reveal the cause of the problem.

smoke visualization tests at the draft hood or barometric
damper, or at the air inlet to the combustion zone, is a
convenient and effective method for assessing whether a
combustion appliance is drafting properly (and whether an
ASD system is impacting that draft).

11.9 Procedures to Test for Exhaust
Re-Entrainment
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Suction field extension testing might show the sub-slab, block
wall, or sub-membrane to be depressurized everywhere. Radon grab sampling might confmn that radon is not entering
through untreated block foundation walls. In such cases, the
residual radon present in the house may be entering through
some mechanism other than soil gas flow through the slab and
walls.
One such additional mechanism could be re-entrainment of
the ASD exhaust. Other mechanisms could include entry in
well water, and release for high-radium building materials,
discussed in Inter sections.
If the ASD exhaust is being released above the eave, and is at
least 10 ft from openings in the house shell, re-entrainment
should usually not be a significant problem. Under these
conditions, the appropriate frrst steps to take when the process
of elimination suggests that re-entrainment may be occurring
arc: a) a visual inspection, to confirm, e.g., that the discharge
.is not near a window; and b) smoke stick tests, to confmn that
there are no leaks in the piping on the pressure side of the fan.
If these steps failed to reveal a problem, and if re-entrainment
continued to be suspected, two other approaches might be
considered. One would be to temporarily modify the exhaust,
redirecting the exhaust so that it discharges at a location so
remote that re-entrainment should be eliminated or at least
dramatically reduced. This might easily be done by clamping
non-perforated flexible corrugated piping to the end of the
e.xisting stack, and routing that flexible piping to a remote
point. If this step reduced indoor radon levels, it would be

evidence that the original exhaust configuration was resulting
in re-entrainment.
Another possible approach would be to inject a tracer gas into
the exhaust piping, and then measuring for the tracer inside
the house. The general procedures associated with tracer gas
testing have already been discussed, in Section 3.5.6. As
indicated in that earlier section, if tracer gas testing were
considered at all by a mitigator, it would most likely be
conducted using a HFC refrigerant as the tracer, due to the
availability and ease of detection of these gases. As emphasized previously, due to concerns about stratospheric ozone,
any such testing should be conducted using HFC refrigerants,
rather than the CFCs or HCFCs.

11.10 Procedures fOIr Well Water
Radon Analysis
The procedure for conducting radon analysis in well water
was described in Section 3.5.2, in connection with
pre-mitigation testing.

11.11 Procedures to Determine the
Significance of Building Materials as
a Radon Source
The procedures for gamma measurements and surface flux
measurements, to help determine whether building materials
might be a radon source, were described in Section 3.5.3, in
connection with pre-mitigation testing.
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Section 12
Operation and Maintenance Requirements
for Active Soil Depressurization Systems
Following the installation and the initial check-out of the
system by the mitigator, the homeowner or occupant will be
responsible for subsequent routine operation and maintenance
of the system.
Ifoperating problems develop with the system, or ifnon-routine
maintenance is required, the owner/occupant must be in a
position to note the problem, and must ensure that any necessary repairs or maintenance are completed.

the owner/occupant in proper operation and maintenance of
the system. The extent to which this additional infonnation is
provided will be detennined by the mitigator's practices and
the owner's inclinations. Among the additional infonnation
that EPA might ultimately require, based on the current draft
of EPA's final Radon Mitigation Standards, are:

12.1 Instructions Following
Installation
As a minimum, the mitigator must provide sufficient infonnation about the system so that the owner/occupant can detect
subsequent operating problems, and can cont~ct a professional mitigator to make any necessary repairs. The mitigator
should also indicate any routine maintenance that the owner/
occupant will be required to perfonn. Depending upon the
mitigator's practices and the client's inclinations, the mitigator might also provide infonnation to enable the owner/
occupant to undertake some initial, simple diagnostics prior to
calling the mitigator, should operating problems develop.
EPA's interim radon mitigation standards (EPA91b) specify
that the mitigator shall provide the client with the following
infonnation, among other infonnation:
-

A description of the system, at the centrally located
label indicated in Section 4.8.2.

-

The name and telephone number of the mitigator, or
other person to contact should problems. develop with
the system.

-

A statement indicating any required maintenance by
the owner/occupant.

-

-

The method of interpreting the gauge or alarm which
monitors system perfonnance, in accordance with Section 4.8.1. This would include the expected response of
the monitor if a problem developed with the system.
A recommendation that the house be rete,sted for radon
at least once every 2 years.

In addition to these specifications in the interim standards,
mitigators may wish to provide additional infonnation to aid

-

Copies of contracts and mitigator warranties.

-

The basic operating principles of the system.

-

A description of the proper operating procedures of any
mechanical or electrical systems installed, including
manufacturer's operation and maintenance instructions
and warranties.

-

A list of appropriate actions for the owner/occupant to
take if the system failure warning device indicates
system degradation or failure.

12.2 Operating and Maintenance
Requirements
12.2.1

System Fan

The major mechanical component of an ASD system is the
system fan.

Routine maintenance. The primary routine maintenance
for the fan is periodic inspection of the warning device that
has been installed on the ASD system, to ensure that the fan is
continuing to operate properly. In this regard, homeowners/
occupants should be encouraged to routinely check the pressure gauge or pressure alarm on the system piping, or the
ammeter in the fan wiring (see Section 4.8.1).
The client should be given clear instructions on how to read
and interpret the system warning device following installation.
If the system is equipped with a pressure gauge, the owner/
occupant must confirm that system suction remains in the
proper operating range, as marked on the gauge. Mounting the
gauge in an area frequented by the occupant will help ensure
that such checking will be done. Supplementing the gauge
with a visual or auditory alarm would attract the occupant's
attention if the suction falls out of the acceptable range
between checks.
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If the indicator device mounted on the system is an alarm
only, with no gauge, the occupant should be encouraged to
routinely check the indicator light confinning that the alarm is
properly activated.

what response from the warning device indicates a problem.
The client must also be provided with the name and telephone
number of the mitigator, to facilitate contact when problems
arise.

TIle owner/occupant might also periodically listen to the fan,

As discussed in Section 2.3, the mitigation fans on many
commercial ASD installations have operated for a number of
years without failure. However, these systems have not yet
operated for a sufficiently long period to enable a more
quantitative estimate of the typical lifetime of these fans in
this application. A few fans have failed after only a year or
two. The most common cause of fan failure appears to be
failure of the electrolytic capacitor in the fan circuitry. Less
frequently, bearing failure can be a cause.

to ensure that it is operating. Some fans operate so quietly that
the occupant may have to listen closely to confmn that it is in
fact operating.

The fact that the fan is operating does not mean that it is
operating properly. When electrolytic capacitors in the fan
circuitry fail while the fan is operating, it is sometimes possible for the fan to continue operating for some time at greatly
reduced performance (Fi91). For these reasons, listening to
the fan cannot be a substitute for checking the suction gauge.
Howeve.r, it may sometimes be a convenient supplement. If
the fan begins making growling noise, it could be an indication that the bearings are about to fail, which should alert the
occupant.

Ensuring that the fan is not disabled. In what might be

considered a part of routine maintenance, the owner/occupant
must ensure that the fan is not turned off when it should be
operating, or inappropriately turned down below the power
setting established during installation.
Sometimes when the house will be left unoccupied for a

period of time, the owners/occupants might wish to turn the
fan off during their absence. If this were done, they must
ensure that the fan is turned back on upon their return.

Also, owners/occupants sometimes choose to turn the fan off
during mild weather when windows are often open. However,
this practice is discouraged. Experience has shown that the
system will not always be turned back on every time the
windows are closed. Moreover, the open windows will not
always compensate for the ASD system being off. Thus, there
can be a resulting increase in indoor radon.

Simple steps that the owner/occupant might fJlke prior
to contacting mitigator. When the warning device indicates
that system suction has dropped below the acceptable operating range, this will not always be the result of a problem with
the fan. In some cases, it may be due to problems with the
system piping or foundation seals, as discussed in Section
12.2.2. Also, the situation creating the problem can sometimes
be addressed by simple corrective action on the part of the
owner/occupant.
Thus, mitigators may sometimes wish to provide the client
with a listing of simple diagnostic tests that the owner/occupant can quickly perform to help identify the nature of the
problem, and, in simple cases, to correct it.
Steps that the owner/occupant might take when the suction
moves outside the acceptable range could include the following. A mitigator evaluating the problem might initially take
similar steps.

1. If the suction has dropped to zero, check the fan to
determine if it is not operating.
a. If it is not operating, has power been interrupted? Is
the switch in the fan circuit on? If the fan is simply
plugged into an outlet, is the plug still in the outlet?
Try flipping the circuit breaker for the circuit that the
fan is on.

lfthe fan circuit is equipped with a voltage (speed) controller,
the owner/occupant must ensure that this controller is not
inndvertently turned down to a lower speed than that at which
it was set by the mitigator. Any reduction in power to the fan
should be accompanied by careful radon measurements to
confum that the reduced fan. speed does not result in unacceptable increases in indoor radon. In addition to potentially
incr~1Sing indoor radon levels, operating the fan at too low a
speed could shorten fan life by increasing motor temperature,
since the lower air flows may be insufficient to provide the
necessary motor cooling.

Fan. failure and repair. Periodic inspection of the system
warning device, as discussed above, should alert the owner/
occupant if the fan has failed. The owner/occupant is responsible for ensuring that the fan is repaired or replaced if it fails.
Commonly, repair or replacement will be accomplished by
contacting the mitigator who installed the system, or some
other professional. This will be especially true when the
system is under warranty. As specified in EPA's standards,
the client must be advised following installation regarding
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to be operational for the duration of the repairs unless
a temporary replacement fan can be installed.
c. If the suction has dropped to zero and the fan seems to
be operating, there may be: condensation or ice blocking the tubing between the gauge and the suction
piping; failure of the gauge; an intenuption iIi the
piping between the gauge and the fan; a blockage of
the piping by ice or condensate; or failure of the fan.
The oWner/occupant should inspect to see if the tubing to the gauge appears blocked, to ensure that the
system ,piping is intact, and to identify any potential
blockage of the piping. If no breaks 01' blockage are
discovered that the owner/occupant can repair, the
owner/occupant should call the mitigator.
Smoke-stick testing might be perfonned in the hole
through the piping where the gauge is mounted to see
if there is any suction in the piping. If the smoke flow
indicates that the piping is under suction despite the
zero reading on the gauge, the gauge is malfunctioning or its tubing is blocked. If there is indeed no
suction, the fan might be removed and checked to
detennine if the rotor is in fact turning.
2. If the suction has dropped below the acceptable range,
but has not dropped to zero, the owner/occupant should
do the following.
a. If the fan circuit has been equipped with a voltage
(speed) controller, check the controller to make sure
that it has not inadvertently been changed to a lower
setting;
b. Check for leaks in the system piping or in slab/wall!
membrane seals, as discussed in Section 12.2.2.
c. Check for potential blockage of the piping downstream of the fan by ice or condensed moisture, or on
the suction side of the fan between the fan and the
measurement location, as discussed in Section 12.2.2.
d. If the above steps do not reveal an apparent reason for
the decrease in suction, call the mitigator. One possibility may be that the fan capacitor has failed, causing
the fan to operate at reduced suction.
3. If the suction has increased significantly above its nonnal
value, this, too, could be indicating a serious problem
with the system, although the problem probably is not
caused by the fan.

a. The owner/occupant should check the system piping
upstream of the fan (and upstream of the measurement
location) for signs of possible blockage, as discussed
in Section 12.2.2.

12.2.2 Piping Network, and System
and Foundation Seals
Several aspects of the piping network, and of the seals associ- '
ated with the system piping and the slab/wall/membrane, can
also contribute to reduced perfonnance of the ASD system.
Part of the owner/occupant's operation and maintenance responsibility includes inspecting these features, and conducting (or arranging for) appropriate repairs as necessary.

Piping network (other than seals). Depending upon the
climate and the design of the piping network, sections of the
piping can sometimes become partially or completely blocked.
This blockage can result in either: a decrease in system
suction, if the blockage is on the pressure side of the fan, or on
the suction side between the fan and the measurement location; or an increase in measured suction, if the blockage is on
the suction side upstream of the measurement location. In
either case, the blockage can dramatically reduce system
perfonnance.
Blockage on the pressure side of the fan, if it occurs, will most
commonly result from accumulation of ice in exterior stacks
during cold weather. Moisture in the soil gas will condense in
the stacks. Since exterior stacks cannot practically be insulated (except by framing them in), this condensed moisture
can sometimes freeze along the interior walls of the stack in
particularly cold climates, despite the momentum of the exhaust gas and the consistently moderate temperature at which
the soil gas will enter the stack. This ice can significantly
decrease the effective diameter of the pipe (increasing back
pressure on the pressure side of the fan, thus decreasing the
suction on the suction side of the fan). In extreme cases, the
stack might be frozen closed entirely.
In locales where ice will partially block the stack, this back
pressure should considered in the design of the system, and in
advising the occupant regarding the suctions that might be
expected on the gauge during cold weather. Often, it appears,
this partial blockage will reduce, but not be fatal to, the
perfonnance of the system. If the stack freezes up completely,
no good solution to this problem is apparent; occasional
application of heat (e.g., hot water) to the exterior of the stac~
may be the only option. Clearly, indoor stacks would be
preferred in such climates, if stacks are required.

Blockage on the suction side of the fan can result from low
points in the hor;i.zontal piping where condensate can accumulate. If the suction gauge indicates increasing suctions, the
owner/occupant should look for such potential low spots
upstream of the gauge. If low points exist and a drain tube has
been installed, the owner/occupant should check to ensure
that the tube is not plugged and that condensate is draining
freely thfough the tube. If serious undrained low points are
discovered in horizontal piping runs, the mitigator should be
contacted.
In some cases, increased suction (and reduced flow) may
result not from any blockage of the piping, but from reductions in sub-slab communication, due to sub-slab moisture
during wet seasons. In the worst case, accumulation of water
in the sub-slab pit beneath SSD suction pipes could be respon-
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sible for the increase in suction, especially if the open end of
the pipe is low enough in the pit to be below water level.
Flooding of drain tiles in DTD systems could produce the
same effect.

perimeter channel drain could increase air leakage into a
basement SSD system. Broken seals between the crawl-space
membrane and the perimeter foundation wall could increase
air leakage into crawl-space SMD systems.

Blockage of a SSD suction pipe could also result if the pipe
dropped into the sub-slab pit, so that the open end was now
resting on the bottom of the pit. The piping should be inspected for evidence whether this has occurred.

As with the system seals discussed previously, the owner/
occupant should inspect these foundation seals if a significant
decrease in system suction is observed. In fact, the occupant
would be well advised to periodically check these seals visually in any event, to ensure that they are remaining intact. A
chemical smoke test could supplement the visual inspection.

System seals.

If system seals on the suction side of the fan
break over the years, this would result in an increase in system
flows (and a decrease in the measured suction). Such seals
include:
-

filting joints in the piping network;

-

t1lC seal around the suction pipe, where it penetrates the
slab, wall, or membrane;

-

traps in sump covers of sump/DTD systems, such as
illustrated in Figures 33A and 33B;

-

the seal between the sump cover and the slab in sump/
DTD systems, and the seal between the cover and any
penetrations in addition to the trap; and

-

the check valve in DTD/remote discharge systems, as
illustrated in Figure 4.

If the owner/occupant observes a major reduction in system
suction, he/she should inspect these seals, insofar as they are
visible, to see if there any major failures are visible. Are any
of the piping joints obviously loose? Is the caulk seal around
the SSD pipe penetration through the slab still intact? Is the
trap in the sump cover either full of water, or, if it is a
waterless trap, is the weighted ring or ball seated properly?
Where there is a significant leak in the system piping, such a
leak can sometimes be detected by the hissing sound of air
being drawn through the opening.
If visual inspection is ambiguous regarding whether some of
these seals are in fact intact, and if the owner/occupant has a
chemical smoke device (or other smoke generator) available,
a smoke flow visualization test would quickly indicate how
well the seals are maintained.
The owner/occupant would be well advised to periodically
check these seals visually, to ensure that they are remaining
intact.
If ruptured seals are apparent from this inspection, or if the
trap in the sump cover is dry or not airtight, the owners/
occupants may be aple to restore some of these seals themselves. In other cases, the owner/occupant may need to call the
mitigator.

FOllndation seals. If suctions in

the ASD piping decrease
and flows increase, one other possible explanation could be
short-circuiting of house or outdoor air into the system through
ruptured seals in slab, wall, and membrane openings. For
example, broken caulk seals at the wall/floor joint or the

If an occupant has a smoke device available, he/she would be
well advised to also periodically check any other seals that
were installed as part of the mitigation system, even if they do
not necessarily directly impact the performance of the ASD
system. For example, if a floor drain has been trapped with a
waterless trap, the smoke stick could be used to confIrm that
the trap is continuing to be effective, by demonstrating that
gas is not flowing up into the house through the drain.
If a water trap has been installed in a floor drain or sump
cover, water should routinely be added to the trap.

Summary. If the measured system suction moves outside the
range specified on the gauge by the mitigator, and if the
oWner/occupant cannot identify and correct the cause of the
problem using the steps outlined above, the owner/occupant
should contact the mitigator.
In some cases, the lTIeasured systdm suction may remain···
within the indicated range, but may still change significantly
(in one direction or the other) from the levels that it has
historically been maintaining. In such cases, the owner/occupant would be well advised to follow the steps outlined above,
to see if the cause of the change can be explained and
corrected. If the changes cannot be reversed, but if the suctions are still within the indicated range, the owner/occupant
may wish to conduct a follow-up radon measurement before
contacting the mitigator, to see if the suction changes have in
fact degraded the system's radon reduction performance.

12.2.3
Follow-Up Indoor Radon
Measurements
EPA's interim Q1itigaiion standards (EPA91b) indicate that
the mitigator should recommend that the homeowner re-test
for radon at least once every 2 years.
Testing even more frequently might be warranted if the owner/
occupant observes any changes in the system the might imply
changes in its performance, as indicated above. Significant
changes in climate or house operation, or remodelling of the
house, could also warrant re-testing.
.
While EPA's standards do not specify the type of measurement technique to be used for such follow-up testing, the
owner/occupant will probably fmd it least expensive and most
convenient to use either a charcoal detector or an alpha-track
detector. These devices can be readily purchased locally,
deployed by the owner/occupant, and mailed directly to a
laboratory for analysis. Since the owner/occupant's concern
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will commonly be one of the family's long-term exposure to
radon, alpha-track detectors, deployed for 3 to 12 months,
may be a logical selection. If the owner/occupant is trying to
obtain a relatively quick measure of, for example, the impact
of some observed change in system suctions, a charcoal
detector, deployed for perhaps 2 days, may be a better choice
to address that objective.
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Section 13
Installation and Operating Costs
for Active SOlil Depressurization Systems
In estimating. the costs of ASD systems, it is necessary to In most cases, materials costs are only a small contributor to
consider: a) the cost of installing the system at the outset; and . the total installation cost. Commonly, labor costs constitute
b) the cost each year of operating the system after installation. about 70 to 80% of the total installed cost is SSD and DID
systems (He91c). Materials costs will be a somewhat greater
General considerations regarding installation costs. portion of the total in SMD systems, due to the cost of the
Installation costs can vary significantly, depending upon a membrane material.
variety of factors.
General considerations regarding operating costs. OpPerhaps the most important factors are associated with the erating costs for ASD systems include four elements: 1) the
characteristics of the house. Important house characteristics cost of electricity to operate the system fan; 2) the heating and
. include the substructure type, the nature of the sub-slab com- cooling penalty resulting from treated house air being withmunication (in houses with slabs), the house size, the floor drawn and exhausted from the house during cold and hot
plan, and the. degree of interior fmish, among others. House weather; 3) the cost of system repairs and maintenance; and 4)
characteristicS can impact the costs of the ASD system by the cost of any periodic remeasurement of indoor radon levels
that a homeowner may wish to conduct in order to ensure that
determining, among other things:
the system is continuing to perform satisfactorily.
- the ASD variation selected;
The operating cost for a particular house will depend upon a
variety of factors. These include:
- the number and location of suction pipes;
-

the nature of the system fan;

-

the routing of the piping network;

-

the degree of foundation sealing required;

-

the extent to which existing finish must be removed or
restored;

-

the extent of pre- and
quired.

post-mitig~tion diagnostics

-

The amount of electric power consumed by the fan.
This will be determined by: the specific fan selected;
and where that fan is operating on its performance
curve, since operation at less than maximum rated flow
will result in reduced power consumption.

-

The impact of the system on the house ventilation rate.
This will be determined by: the amount of house air
exhausted by the system; and the impact of that exhaust
on· the house ventilation rate. Exhausting a certain
amount of house air by the system will not necessarily
increase ventilation rate by that amount; it may, in part,
modify the ventilation pattern without changing the
overall rate.

-

The local climate. An increase in the house ventilation
rate induced by the ASD system will clearly have a
lesser heating and cooling penalty in a mild climate
than in a climate with very cold winters or very hot,
humid summers.

-

The efficiency of the heating and cooling system in the
house.

-

The local cost of electricity and fuel.

re-

Other factors influencing installation costs are associated with
the practices of the individual mitigators. Different mitigators
provide different levels of services; for example, different
levels of pre- and post-mitigation diagnostics, different warranties, and different qualities of finish on the system. Also,
different mitigators have different labor, fringe benefit, and
overhead rates.
Because installation costs can vary so much between one
installation and the next, installation costs are presented in this
document as a range, incorporating the ranges of house characteristics and mitigator practices. The incremental impacts of
certain key system design variables on installation costs, such
as adding suction pipes, are also shown.

.Because operating costs can be influenced by so many variables in practice, the costs are shown as a broad range in this
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document. The assumptions that were used in deriving these
costs, and the ranges of variables covered for each variation of
the ASD process, are shown in Table 5.
Situations could arise that would be outside the range of the
individual assumptions shown in the table. For example, a
high-suction/low flow fan might be used that would have a
power consumption higher than the range in the table. However, it is believed that the ranges of variables included in
Table 5 result in operating cost ranges which reasonably
reflect the broad range of costs that will be encountered in
practice.

Tabto5.

13.1 Sub-Slab Depressurization
Costs
13.1.1

SSD Installation Costs

Relatively simple systems. In one defmitive study of SSD
installation costs (He91b, He9Ic), five mitigators were asked
to provide cost estimates for installing SSD systems in each of
several "baseline" houses, reflecting a range of house design
variables (basement vs. slab-on-grade substructure, fmished
vs. unfinished basement, one vs. two stories). In each house,
the baseline SSD system was defmed by 12 system design

Assumptions Used in Estimating Annual Operating Costs for ASO Systems

Variable

Range

Comments

Fan p<Jwsr consumption
- SSO, OTD, SMO

50-90 watts Includes cases of: 50-watt tubular fan operating at full power (maximum rated flow); 90-watt tubular fan
operating at reduced or full power; radial blower operating at reduced power.

- BWO

75-180
watts

Fsn operation

24 hrlday,
365 daylyr

InctSflSf1 In hOUSf1

Includes cases of: one 9O-watt tubular fan operating at full or somewhat reduced power; two 90-watt
fans operating near full power.
Continuous operation assumed in all cases.

ventilation rate

• SSO

5-80 cfm

Based upon typical SSO exhaust flows of 20-100 cfm, assuming that, typically, 20-80% of the exhaust
is treated house air (Ha89, Tu89, 8091, CI91, Fi91). Assumes that the house ventilation rate is
increased by an amount equal to the amount of house air exhausted, which may not be literally true.

- SUmplOTO

10-120 cfm Based upon typical sumplDTO exhaust flows of 50-150 cfm, assuming that 20-80% of exhaust is house
air (same as SSO) when tiles are inside footings.

• OTD/remole disch.

5-80 cfm

• BWD

50-320 cfm Based upon typical flows of 100-200 cfm in stand-alone BWO systems with 90-watt tubular fan,
assuming that 50-80% of exhaust is house air (higher percentage than for SSO, since there are
numerous openings between walls and basement). Upper end of range assumes two fans.

• SMD (vented crawl)

0-50 cfm

Based upon typical SMO exhaust flows of 20-100 cfm (covering both individual-pipe and sub-membrane
piping variations), assuming that: 0-100% of the exhaust air is drawn from crawl space (Ma89b, 8091,
Rt92); and 25-50% of this crawl-space air is treated air drawn from the living area.

• SMO (unvanted)

0-100 cfm

Based upon SMO exhaust flows of 20-100 cfm, assuming that 0-100% of the exhaust air is drawn from
the crawl space, and that 100010 of this crawl-space air is treated air.

Based upon typical OTO/remote discharge exhaust flows of 50-150 cfm, assuming that 10-50% of
exhaust is house air (lower percentage than for SSO, since tiles are often outside footings).

,"

CNmste

Los Angeles- Mild climate (Los Angeles) is 1698 heating FO-days and 565 cooling infiltration FO-days (She86).
Minneapolis Extreme climate (Minneapolis) is 8034 heating FO-days and 1474 cooling FO-days.

Hast/ng system

Forced-air
furnace

Furnace bums natural gas and is 70% efficient.

Cocling system

Electric air
conditioner

Air conditioner coefficient of performance is 2.0.

Cost of electricity

$0.060-0.096 Covers range of costs around the U. S. in 1987,
per kWh
from Reference OOE87.

COst of natural gas

$4.54-6.75
per 1Q1 Btu

Covers range of costs around U. S. (DOE87).
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variables, including, e.g., the number and location of the
suction pipes, the exhaust configuration, the degree of slab
sealing, the amount of pre-mitigation diagnostics, etc. In
addition to the specification of these 12 system design variables, the effort to ensure consistency among the estimates
included specification of the assumed travel time to the job
site, the system warranty, and the fact that applicable local
building codes were to be met.
The baseline system for each house type was selected to
represent what might be considered a relatively simple case
for that house. For example, each baseline system involved
only one SSD suction pipe, a relatively simple piping run, and
no slab sealing.
The five mitigators represented different major mitigation
markets around the country, and a range of approaches to the
detailed practice of radon mitigation. They also represented a
range of labor and overhead rates.

The estimated installation costs for these baseline (i.e., relatively straightforward) SSD systems ranged between about
$800 and $1700 (in 1991 dollars). Again, this cost range
covers a range of house characteristics and a range of mitigator practices and market conditions. For this reason, this range
is felt to fairly well represent what a homeowner might expect
to pay for a relatively simple, one-pipe SSD system installed
by a commercial mitigator.

-

Sealing the slab~ The additional cost of caulking a
perimeter wal1/floor joint (when the joint is a narrow
crack) might be roughly $30 to $360, depending heavily
on slab size, and depending upon mitigator practices
(e.g., degree of surface preparation). When the perimeterjoint is a channel drain which is to be sealed as
illustrated in Figure 32a, the additional cost could be
roughly $150 to $700. These figures assume that the
perimeter joint is accessible, and do not include any
effort to remove and restore fmish.

-

Conducting pre-mitigation suction field extension diagnostics. In cases where a separate trip to the house is
made to conduct the diagnostics, this step could add
roughly $170 to $240 to the installation cost. The cost
could vary outside this range, depending upon the
distance of the house from the mitigator's offices, and
upon the exact nature of the diagnostics performed.

The baseline cost estimates suggested that a reasonable installation cost range for relatively straightf01ward systems would
be perhaps $800-$1,700, when the system is installed by a
mitigator. From the discussion immediately above, it can be
seen that, with more complicated systems, the upper end of
the installation cost range could increase to perhaps $2,500
or higher. Many mitigators will encounter some or all of these
complications on occasion.

The preceding discussion ofinstallation costs assumes that the
system is installed by a professional mitigator. The use of a
mitigator is recommended, because a proficient mitigator will
have extensive experience with. how systems must be designed and installed in order to be effective in houses in that
area. Homeowners should not undertake mitigation installations as a "do-it-yourself' project unless they have carefully
reviewed this manual and inspected installations in other
houses similar to their own, and feel comfortably conversant
More complicated systems. As emphasized previously, the with the principles behind ASD systems. If a homeowner
baseline cases in References He91b and He9lc represent, for installed aSSD system on hisJher own, the installation cost
the most part, relatively straightforward cases. Complications, would consist of the cost of materials: about $170-$480 for
such as additional SSD suction pipes, more elaborate piping . the relatively straightforward system, somewhat higher for
runs, and more extensive sub-slab diagnostic testing, would more complicated systems.
serve to increase these baseline costs.

In a separate survey of 340 mitigators, the average cost of an
SSD installation was reported to be $1,135 (H091). This
broader mitigator survey did not compile information on the
house characteristics and the SSD system design characteristics on which the reported cost was based. However, it is clear
that this 340-mitigator average is quite consistent with the
range of costs cited above.

Accordingly, each of the five mitigators participating in that
study were asked to estimate the incremental changes ,in the
baseline costs that would occur if various alterations were
made in the twelve baseline SSD design variables.
The impacts of the SSD design variables on the installation
costs are discussed at length in Reference He91c. For the
purposes here, it is sufficient to underscore that it number of
design variables can influence the baseline costs. Among the
SSD design variables having the greatest impact on costs
among these five mitigators were:
-

Adding SSD suction pipes. Each additional suction
pipe could add roughly $70 to $380 to the installation
cost, depending upon factors such as the degree of
house f"mish, the configuration of the piping run, and
the practices of the mitigator.

13.1.2

SSD Operating Costs

Fan electricity andhouse heating/coolingpenalty. Based
upon the assumptions indicated in Table 5, the fan electricity
and house heating/cooling costs for SSD systems will often
fall within the following ranges:
Fan electricity
Heating penalty (cold weather)
Cooling penalty (hot weather)

-

$ 30-75
5-175
2-45
$ 40-300 per year

This corresponds to about $3 to $25 per month in increased
utility bills, on average.
The lower extreme in this range assumes the least fan power
consumption and the lowest cost of electricity in Table 5,
combined with the lowest exhaust rate, the mildest climate, .
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and the lowest electricity and fuel costs. And conversely, the
upper extreme assumes the combination of the maximum fan
power consumption, maximum exhaust rate, most extreme
climate, and highest electricity and fuel costs. Such combinations of best-case conditions on the one hand, or worst-case
conditions on the other, will probably not frequently occur in
practice. Thus, in most c~~, the actual costs of fan power
and heating/cooling will likely fall within a narrower range
than that calculated above, probably within the range of $50 to

S200.

System maintenance costs. In addition

to the continuing
fan electricity and house heating/cooling costs, SSD operating
costs will also include some periodic maintenance expenses.
l1\ese will likely include occasional repair or replacement of
tJJe fan, and occasional repair of piping and foundation seals.
With the relatively limited duration over which most SSD
systems have been operating (generally 7 years or less), there
is not a long-term statistical data base defining the average
lifetime ofSSD fans, or the frequency ofrepairs required. The
current assumption is that the average fan will have to be
replaced every 10 years, at a total cost of roughly $150 or
more each time, including the cost of the fan and of the
mitigator labor.
If t1Je fan failed during the manufacturer's warranty period,
usually 1 to 3 years, there would be no charge for the repaired
or replaced fan. If the fan failed during the mitigator's warnUlty period. there would be no charge for the labor.
If the fan could be repaired on-site, e.g., by replacing the
electrolytic capacitor in the fan circuitry, the cost would
consist of the mitigator's labor. While this could vary from
site to site, it would probably be on the order of $50 (unless,
again, the failure occurred during the mitigator's warranty
period).
If important seals rupture over the years (e.g., ~ue 1? house
shining over wet and dry seasons, or to phYSICal Impacts
against the system piping), these seals can probably often be
repaired by the occup:wt an no ~ig~cant ex~ns.e. If a
mitigator (or other servIce person) IS hired to do this Job, the
cost would depend upon the extent of re-sealing required.

FollOW-lip radon measllrements.

EPA recommends that
llJe mitigator suggest that occupants conduct follow-up indoor
radon measurements at least once every 2 years following
installation. The occupant may wish to consider measurements on a more frequent interval. Assuming that the occupant uses a charcoal or alpha-track detector, the cost of each
measurement would probably be within the range of $10 to

$40.
These measurements should be made in a part of the house
where the occupants spend a lot of time. If certain members of
t1Je family spend much time in the basement, the occupant
may wish to make simultaneous measurements in the basement and upstairs, which would increase the measurement
cost. requiring two detectors each time instead of only one. To
make sure that periodic follow-up measurements are comparoble, so that any degradation in system performance can most

reliably be detected, each follow-up measurement should be
made at the same location in the house during the same time
of year, and under the same house conditions, as the preceding
follow-up measurements.

13.2 Sump/Drain-Tile
Depressurization Costs
13.2. 1

Sump/OTO Installation Costs

The study of ASD installation costs discussed in Section 13.1
(He9lb, He91c) considered the incremental cost of installing
a sump/DTD system rather than a SSD system.
The mitigators participating in that study estimated that installation of a sump/DTD system would cost about $16 to $50
more than a SSD system, due to the need to install a cover
over the sump. This estimate assumes a relatively simple
sump cover. It also assumes that a submersible pump is
already present in the sump, so that the sump pump does not
have to be replaced as part of the system.
Therefore, within the accuracy of these cost estimates, the
estimated installation cost for a baseline (relatively straightforward) sumplDTD system would be on the same order as
that for a baseline SSD system, i.e., $800-$1,700 when installed by a mitigator, as discussed in Section 13.1.1.
The installation cost for a sump/DTD system could be somewhat higher if a more elaborate cover is installed. If the sump
does not already have" a submersible sump pump, and if a
submersible pump must therefore be installed as part of the
sump/DTD system, this would further increase the cost of the
sump/DTD system by roughly $100-$200. In addition, any
complications on top of the baseline system-e.g., additional
slab sealing-would increase the baseline sump/DTD cost,
just as discussed for the S~D case.
Within the accuracy of these cost estimates, the cost increases
that could result from more elaborate sump covers or sump
pump replacement are felt to fall within the range of the cost
increases that could result from the other complications that
might arise. Accordingly, it is estimated that the upper end of
the installation cost range for sump/DTD systems would be
about $2,500 or higher, as is the case for more complicated
SSD systems.

13.2.2

Sump/OTO Operating Costs

Fan electricity and house heating/cooling penalty.

As
indicated in Table 5, sump/DTD systems are assumed to
increase the house ventilation rate to a somewhat greater
extent than do SSD systems, thus increasing the heating!
cooling penalty.
Using the same format as that in Section 13.1.2 for SSD
systems, the ranges of fan electricity and house heating!
cooling costs for sump/DTD systems are estimated to be:
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Fan electricity
Heating penalty (cold weather)
Cooling penalty (hot weather)

-

$ 30-75
10-250
5-70
$ 40-400 per year

This compares with the range $40 to $300 cited previously for
SSD systems. The lower end of the range remains basically
the same for sump/DTD as for SSD.because, at the very mild
climate assumed for the best-case condition, doubling the
minimum house air exhaust rate from 5 to 10 cfm (see Table
5) has very little impact on heating and cooling costs.
As discussed in Section 13.1.2, this full range is defined by
the best-case and worst-case combinations of conditions. In
practice, the actual costs will likely fall within a narrower
range, probably $50 to $250.

rate as do SSD systems. Although the total exhaust rates from
DTD/remote discharge systems are higher, the fraction of
house air in these exhausts is assumed to be lower, since the
tiles are commonly outside the footings.
On this basis, the full range of annual operating costs for fail
electricity and heating/cooling penalty is the same for DTD/
remote discharge as for SSD, i.e., $40 to $300 per year. And in
practice, the actual costs will likely fall within the narrower
range of perhaps $50 to $200 in most cases.

System maintenance costs, and follow-up radon measurements. The cost for system maintenance and for follow-on
monitoring should be roughly the same for DTD/remote discharge systems as for the other ASD systems discussed previously.

System maintenance costs, andfollow-up radon measurements. The costs for system maintenance and for

13.4 Block-Wall Depressurization
Costs
.

follow-up monitoring would be the same for sump/DTD
systems as for SSD systems, discussed in Section 13.1.2.

13.4.1

13.3 Drain-Tile Depressurization/
Remote Discharge Costs

Experience with stand-alone BWD systems is much more
limited than is experience with the other ASD variations, so
that estimates of likely installation costs are more uncertain.

BWD Installation Costs

13.3. 1 DTD/Remote Dischar~,e
Installation Costs

Individual-pipe variation. In basement houses that are

For the purposes of this analysis, it is assumed that the
installation cost of a stand-alone DTD/remote discharge system will generally not extend much above the baseline values.
Unless SSD suction pipes have to be added into the system, it
is thought to be less likely that the system will become
sufficiently complicated to increase the cost to $2,500 or
higher, as was estimated for complicated SSD and sump/DTD
systems. Complications might arise with DTD/remote discharge systems, such as the need to seal the slab or to excavate
to a greater depth to reach the drain tiles. However, it is
believed that in many cases the added costs resulting from
these complications will not be sufficient to increase the costs
dramatically above the baseline range.

If the basement were partially finished, complicating both the
installation of pipes and the sealing of the walls, or if the
major wall openings were otherwise less accessible for closure, then the installation costs could be even higher (e,g.,
$3,000 or more).

relatively amenable to stand-alone individual-pipe BWD systems-i.e., where the basement is unfinished and the walls
Based upon limited experience with DTD/remote discharge thus readily accessible, and where the major wall openings
systems, it is estimated that the typical instaJlation costs of (especially the top block voids) are reasonably accessible for
these systems will likely be in the same range as that for· closure-EPA's research experience (Sc88) suggests that a
relatively straightforward SSD systems, i.e., $81()0-$1,7oo when homeowner might e~pect topay roughly $1,500 to $2,500 to
installed by a mitigator. This assumes that the cost of install- have the system installed by a .mitigator. This cost range is
ing a SSD pipe beneath the slab will be generally comparable greater than that indicated earlier for relatively stmightforto that of excavating the drain tile and!Ol' the drain tile ward SSD systems, because of: a) the increased number of
discharge line outside the house for the D'ID/remote dis- suction pipes that will likely be needed (at least one per wall '
charge system. The effort required for this excavation will, of for the BWD system, compared to one total for. the SSD
course, depend upon the depth of the tiles at the point of system); and b) the increased wall sealing effort that may be
excavation.
required.'

13.3.2 DTD/Remote Discharge
Operating Costs
Fan electricitY and house heating/cooling. penalty. As
indicated in. Table 5, DTD/remote discharge systems are
being assumed to cause the same increase in house ventilation

Baseboard duct variation. Vendors of baseboard duct
BWD systems (who have had experience instaIlirig similar
systems over the years for basement water control) indicate
that such systems can sometimes be installed for $2,000 to
$2,500 (B188). These would presumably be the costs that
would be obtained when the baseboard consists of plastic
channel drain which is attached using epoxy adhesive, and
when the basement is not highJy finished and does not present
unusual complications. If the basement is heavily finished,
costs would be expected to be higher, due to the added costs
of, e.g.: trimming the wall and floor finish to expose the wall/
floor joint and accommodate the baseboard duct (and refinishing afterwards); penetrating finished stud walls which run
perpendicular to the block wall; and removing and replacing
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various obstructions that block access to the walls. COS(S 13.5 Sub-Membrane
might also increase if the baseboard system is also expected to'
fulfil a water drainage function, and if a sump and sump pump Depressurization Costs
need to be installed in conjunction with the system. Thus, in 13.5. 1
SMD Installation Costs
some cases, baseboard duct systems might be expected to cost
more than $2,500 (e.g., $3,000 or more).
Relatively simple systems. The study of ASD installation
costs discussed for SSD systems in Section 13.1.1 (He91b,
He91c) also considered the costs of SMD systems in
crawl-space houses.

13.4.2

BWD Operating Costs

Fan electricity and house heating/cooling penalty. A
stand-alone BWD system with a single 90-watt tubular fan
can commonly have flows in the range of 100 to 200 cfm,
higher than the range for either SSD or even DID systems.
Because the block walls are so leaky, it might be assumed that
a relath>ely high fraction of this exhaust (50 to 80%) is treated
house air drawn from inside the house, although there are not
definitive tracer gas measurements to confmn that this is in
fact the casco
On this basis, as indicated in Table 5, it is estimated that a
single 90-watt fan could increase the house ventilation rate by
50 to 160 cfm. If a second fan is needed, as discussed in
Sections 7.4 and 7.6, the increase in house ventilation rate
could be 100 to 320 cfm.
Because of the high flows from stand-alone BWD systems,
only the high-flow 90-watt tubular fans are considered for this
cost estimate. Also, it is assumed that the fan will be operating
closer to its maximum flow rate (and hence maximum power
consumption) that would be the case in SSD systems. Thus,
the assumed power consumption in Table 5 is 75 to 90 watts
for one fan, and 150 to 180 watts for two.
With a single fan, the range of annual costs for fan electricity
and for house heating/cooling, calculated using the assumptions in Table 5, would be:

Fan electricity
Heating penalty (cold weather)
Cooling penalty (hot weather)

-

$ 40-75
20-350
10-90
$ 70-500 per year

This represents about $6 to $40 per month, on average. In
practice, observed costs would likely fall within a narrower
range of perhaps $100 to $400.

If two fans were used, the costs for fan ele,ctricity and for the
hc.'\ting/cooling penalty would double.

System maintenance costs, and follow-up radon measurements. The costs for system maintenance and for
follow-up radon monitoring would be about the same for
BWD systems as for the other ASD variations, as discussed
previously. The one exception would be that, if the BWD
system had two fans, the costs for fan repair or replacement
would presumably double.

In this study, the "baseline" crawl-space houses addressed
two house design variables (small vs. large crawl spaces and
one vs. two stories). In each house, the baseline S:MD system
was defined by 13 system design variables. These system
design variables defined, e.g., the method of distributing
suction beneath the membrane (individual-pipe vs.
sub-membrane piping approach), the exhaust configuration,
and the degree of membrane sealing.
The baseline S:MD system for each house was selected to
represent the simplest case for that house. For example, the
baseline systems were individual-pipe systems, with the membrane not sealed anywhere.
Again, estimates were obtained from each of five mitigators
for these baseline S:MD systems, as discussed in Section
13.1.1. These mitigators represented a wide range of different
practices and markets around the U. S., and a range of labor
and overhead rates.
The estimated installation cost for the baseline (i.e., relatively
straightforward) S:MD systems of the individual-pipe configuration in a crawl-space house with the membrane unsealed
ranged between roughly $1,000 and $1,900 (in 1991 dollars).
These costs are some~hat higher than those cited earlier for
SSD, due to the labor and materials costs involved in installing a membrane over the crawl-space floor. The quality of the
membrane material (i.e., the use of the more expensive
cross-laminated polyethylene rather than regular polyethylene) will have an important impact on installation cost.
As indicated, this cost range covers a range of house characteristics and a range of mitigation practices and market conditions. For this reason, this range is felt to fairly well represent
what a homeowner might expect to pay for a simple,
individual-pipe S:MD system without sealing of the membrane.
As discussed in Section 8.5.1 (see Sealing the membrane general), it is generally recommended that the membrane be
completely sealed. From the analysis in Reference He91b, the
cost estimated by the mitigators for sealing the membrane
everywhere using beads of caulk or other sealant ranged from
$50 to $330, depending heavily on the size of the crawl space.
As discussed in Section 8.1.1 (see Cost of sub-membrane
piping), the addition of perforated piping beneath the membrane might be expected to add another $10 to $100 to the
installation.
With the additional cost of the recommended membrane
sealing, and including the option of installing sub-membrane
piping, the previous statement reg~d~g S:MD installation.
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This represents about $2 to $20. per month~ 0!1 average. In
practice, observed costs would likely fall wlthm a narrower
range of perhaps $30 to $150.

cost can be modified as follows: The estimated installation
cost for typical SMD systems of either the individual-pipe or
sub-membranepiping configuration, with the membrane fully
sealed, is generally in the range of$1,000 to $2S00.

More complicated systems.

Various complications might
arise which could increase the cost of installing a SMD
system. Some of these factors which could increase costs
could be: additional individual suction pipes through the
membrane; additional finish around the exhaust piping up
through the house; large or complex crawl spaces;. more
elaborate efforts to attach the membrane to the penmeter
walls, using a furring strip (usually not necessary); or '
higher-quality membrane materials. In extreme cases, some
mitigators have reported excavation of parts of a crawl. space,
when there is initially insufficient headroom to proVIde the
access needed to install and seal the membrane everywhere.
Some of these steps, such as additional individual suction
pipes, should· not cause the installation cost to exceed the
$2,500 upper value of the range cited above. Other of.these
steps might result in total costs.above $2,~00. Accordi~gl~,
while it is expected that installation costs WIll often be WIthin
the range of $1,000 to $2,500, installation costs could increase above $2S00for some more complicated systems.
The costs indicated above assume that the system is installed
by a professional mitigator. As discussed in Section 13.1.1,
the use of a mitigator is recommended. If a homeowner
installed a SMD on his/her own, the installation cost would
consist of the cost of materials, about $200-$650, depending
upon the size of the crawl space, the quality of the membrane
material used, and other variables.

13.5.2

SMD Operating Costs

If the crawl space is unvented, and if it is open to the living
area, then 100% of the air extracted from the crawl space. by
the SMD system will be conditioned house air, rather than Just
25 to 50%. With this assumption, the range of annual fan
electricity and heating/cooling costs for SMD systems in
unvented crawl spaces would be as follows:
Fan electricity
Heating penalty (cold weather)
Cooling penalty (hot weather)

This represents about $2 to $30 per month, on average. In
practice, observed costs would likely fall within a narrower
range of perhaps $50 to $250.
It should be noted that, when an unvented crawl space exists
which opens to the livable area as in this situation, it will often
be a crawl space opening to an adjoining basement. In sU~h
cases there will commonly also be a SSD or DID system m
the b~ement, supplementing the SMD system in the crawl
space. In evaluating the total operating cost of the combined
ASD system, the operating cost of the SSD or DID component would also have to be considered.

System maintenance costs. One element ofsystem maintenance costs will be periodic repair or replacement of the SMD
fan. The costs for fan repair/replacement in SMD systems
should be about the same as for SSD systems, discussed in
Section 13.1.2:

impact of the SMD system on the house heating ~d ?ooling
costs will depend upon: a) whether the crawl space IS Isolated
from the living area and vented; or b) whether it is open to the
living area and is not vented, in which case it would be
conditioned space. Table 5 lists both situations.

With this assumption, and with the other assumptions.in Table
5, the range of annual fan electricity and h~ating/coolingcosts
for SMD systems in vented crawl spaces IS ~,s follows:
. Fan electricity
Heating penalty (cold weather)
Cooling penalty (hot weather)

-

$ 30-75
0-120
0-30

$

30-2:25 per year

, $ 30-75
0-240
0-60
$ 30-375 per year

Fan electricity an house heating/cooling penalty. The

If the crawl space is vented, it is assumed for these calculations that 25 to 50% of the crawl-space air that is exhausted by
the SMD system is conditioned air that was drawn into the
crawl space from the living area. This is a relatively ~bitrary
assumption, since there are no tracer g~ da~ confir!1ung wh~t
this percentage will typically be. On thIS basIS, t~e lllcrease 111
the house ventilation rate is calculated assllmmg that 0 to
100% of the exhaust air is drawn from the crawl space (which
'has been shown by limited tracer gas data), and that 25 to 50%
of this is conditioned air. See,Table 5.

-

-

roughly $150 or more for each complete replacement
of the fan, potentially required once every 10 years, if
the replacement is not covered by warranty.

-

perhaps $50, if the fan can be repair.ed on sit~ b.y the
, mitigator (e.g,~ by replacing a capacItor), agam if not
covered by warranty.

With SMD systems, there may be another major maintenance
cost: periodic repair or replacement of th~ membrane. There
are insufficient historical data to determme how frequently'
this may have to be done, or the extent of the job that will be
required.
Where the problem consists of a limited number of ruptures
caused by, e.g., traffic in the crawl space by the occupant or
by service personnel, the ruptures may sometimes be repaired
by the homeowner. Perhaps duct tape or other sealant to,cover
the ruptures may be sufficient, or perhaps some section of the
membrane may have to be replaced. If a mitigator is called to
make these repairs, and if a couple hours of labor are required
(plus perhaps some membrane material), the cost of these
repairs to the homeowner might be expected to be on the order
of $50-$150.
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However, in some cases, it may be possible that essentially
the entire membrane may have to be replaced. Extensive
damage to membranes by rodents over relatively briefperiods
have been reported by one mitigator (Wi91). In addition, the
membrane may also ultimately deteriorate over the years due
to UV radiation, extended wear and tear, and other aging
phenomena. It cannot be estimated at this time how frequently
such complete replacements of the membrane may be necessary. Removal of the old membrane and installation of a new
membrane by a mitigator might be expected to cost a homeowner on the order of $250-$1,100, or perhaps even more,
depending upon the extent of membrane sealing required, the
size of the crawl space, and the quality of membrane material
used.

Follow-up radon measurements. The costs of follow-up
indoor radon measurements with SMD systems would be the
same as that discussed previously for other ASD variations,
namely, $10-$40 forench measurement (assuming charcoal or
alpha-track detectors), with at least one measurement made at
1e.:"\St once every 2 years.

13.6 Active Soil Pressurization
Costs
13.6.1
Costs

Soil Pressurization Installation

Active soil pressurization installations will differ from the
corresponding ASD approach (i.e., from SSD or BWD) in
several ways which can influence installation cost First, no
exhaust stack will be required for pressurization systems,
which should reduce the installation cost by roughly $50-$325
compared to the corresponding depressurization system. However, these cost savings may be partially offset by the need to
install an air filter in the inlet air piping (see Figure 40), and a
screened air intake.

no defmitive data to suggest that the increased soil flows will
cause a sub-slab pressurization system to increase the ventilation mte of the house any more or less than would a SSD
system. Likewise, a block-wall pressurization system would
be expected to impact house ventilation rate in about the same
manner as would a corresponding BWD system.
As a result, there is currently no basis for expecting that the
fan electricity or the house heating/cooling penalty for pressurization systems would be significantly different from those
indicated earlier for the corresponding depressurization systems. Thus, the electricity. plus heating/cooling penalty for
sub-slab pressurization sy<;tems would be expected to be in
the range of $40-$300 per year. Costs for block-wall pressurization systems would be in the range of $70-$500 per year for
single-fan systems (or double that for two-fan systems).

System maintenance costs. In addition to the fan and seal
maintenance requirements discussed previously for active
depressurization systems, active soil pressurization systems
will experience some costs associated with cleaning/replacement of the filter in the air inlet, and possibly with removing
deposited dust from the pit beneath the slab. See Section
9.5.1..
Within the accuracy of these maintenance cost estimates, it is
assumed that the homeowner personally takes care of this
maintenance unique to the pressurization system. It is assumed that the costs involved with replacement air ftlters is
small. Thus, the maintenance costs for active soil pressurization systems are assumed to be about the same as for the
corresponding depressurization systems.
.

Follow-up radon measurements. The costs of follow-up
indoor radon measurements with active soil pressurization
systems would be the same as discussed previously for depressurization systems. .
,

In summary, a pressurization system might cost somewhat
less to install than would the corresponding depressurization
system, at 1e.:'lSt in the prevailing case where an exhaust stack
is required for the depressurization system. However, due to
the limited experience with pressurization systems, it should
be assumed that the installation cost of a sub-slab pressurization system will be generally in the range indicated in Section
13.1 for a SSD system (i.e., $800-$1,700 for relatively straightforward systems installedby a mitigator, up to $2,500 or more
for more complicated systems).
Likewise, the installation cost for a block-wall pressurization
system should be assumed to be generally in the same range as
indicated in Section 13.4 for BWD systems (Le., $1,500-$2,500
for relatively straightforward systems, up to $3,000 or more
for more complic.'\ted systems).

13.6.2

Soil Pressurization Operating

Costs
Fan electricity and house heating/cooling penalty. Ac-

13.7 Passive Soil Depressurization
Costs
13.7.1
Passive Soil Depressurization
Installation Costs
The following discussion assumes that the passive system is
retrofit into an existing house in exactly the same manner as
an active system would be installed. That is, there would be no
additional effort to improve the distribution of the passive
suction field by retrofitting improved sub-slab aggregate or
sub-slab perforated drain tiles beyond what existed originally.
As discussed in Section 10, without such efforts (or perhaps
even with such efforts), passive systems will perfonn much
less effectively than will an active system. Efforts to retrofit
sub-slab aggregate or drain tiles into existing houses would, of
course, dramatically increase the system costs.
Passive soil depressurization installations will differ from the
corresponding ASD systems in several ways which can influence installation cost.

tive sub-slab pressurization systems will be installed where
flows beneath the slab are relatively high. However, there are

-
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No fan will be required for passive systems, so that the
material cost for the fan and the cost for installing and

wiring the fan will be eliminated. This could reduce the
installation cost by perhaps $200-$250.
- The system stack will have to rise up inside the house;
an exterior stack (or elimination of the stack) is not an
option. Where a mitigator would be installing an interior stack anyway, even if the system were to be active,
the requirement that the passive stack be indoors represents no additional installation cost. But where the
mitigator would otherwise prefer to install an exterior
stack, and where there are no provisions (such as an
existing utility chase) to simplify installation of an
interior stack, the requirement for an interior stack
could increase costs by over $100 (He91b).

tems are estimated to exhaust up to 120 cfm ofconditioned air
from the house, passive systems may exhaust only a few cfm
total. Thus, the total heating/cooling penalty might be on the
order of only perhaps $5-$10 per year.
But again, it is emphasized that this dramatic reduction in
electricity plus heating/cooling cost-from $40-$300 peryear
with an active system to $5-$10 with a passive system-is
achieved only through a dramatic reduction in system performance.

System maintenance costs. With passive systems, the need
for periodic repair or replacement of the fan would be eliminated.

- If additional passive SSD suction pipes must be installed through the slab to get adequate performance
from the passive system, installation costs would increase by $70-$380 per pipe added, as indicated in
Section n.1.1.

However, the need to maintain system· and foundation seals
may become even more important with passive systems. At
the low flows involved, short-circuiting of house air into the
system could have a significant effect on the extension of the
already-weak suction fields.

Based upon the above points, it is not possible to make a
general statement regarding whether a passive system will be
less or more expensive to install than an active system. In
some cases passive systems may be less expensive; in other
cases they may be of comparable cost or more expensive. But
in all cases, they will be significantly less effective in reducing indoor radon levels.

Follow-up radon measurements. The need for follow-up

13.7.2 Passive Soil Depressurization
Operating Costs
Fan electricity and house heating/cooling penalty. Passive soil depressurization systems will avoid the need for
electricity to operate a system fan (assuming that a supplemental fan does not turn out to be requiTed, as discussed in
Section 10). On this basis, the $30 to $75 per year included in
prior sections for the electricity to run the fan would be
eliminated altogether.
.
The house heating/cooling penalty would also be reduced
dramatically. Whereas the active SSD, DID, and SMD sys-

radon measurements would be increased with passive systems.

In addition to the normal follow-up measurements at least
once every 2 years, recommended by EPA for active systems,
persons installing passive systems must be prepared to make
frequent measurements over the f"rrst year of operation. These
measurements would be intended to identify the combinations
of weather conditions and appliance operating conditions
under which the passive system is likely to be overwhelmed,
so that a supplemental fan can be installed and activated as
needed.

13.8 Summary of ASO Installation
and Operating Costs
The ASD installation and operating costs described previously in this section are summarized in Table 6.
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Table 6.

Summary of Installation and Operating Costs for ASD and Related Systems

Installation Costs
(by Mitigator)
Simple
Complicated
System
System

Mitigation
System

Operating Costs
Fan Elect.+
Heat/Cool
(per year)

System
Maintenance

Follow-up
Monitoring

ssO

$800·$1,700

to $2,500+

$40-$300
(full range);
$50-$200
(more typical)

Repairfan (-$50)
or replace (-$150)
every '10 years.
Repair seals.

At least once
every 2 years
@$10-$40.

SUmptOTD

$800·$1,700

to $2,500+

$40-$400
(full range);
$50-$250
(more typical)

As above.

As above.

OTDI

$800-$1,700

to $1,700+

$40-$300
(full range);
$50-$200
(more typical)

As above.

As above.

ewe

$1,500·$2,500

to $3,000+

$70-$500
(full range,
if one fan);
$100-$400
(more typical).
Double if two
fans.

As above (if one
fan). Double fan
costs if two fans.

As above.

SMO

$1,000-$2,500

to $2,500+

$30-$225
(full range,
ventedCS1);
($30-$150
typical).

Repair/replace fan
every 10 years, as
above. Repair
membrane ($50$150) or replace
($250-$1,100) at
unknown intervals.

As above.

I'9mota
discharge

$30-$375
(full range,
unvented 1);
$50-250
(more typical).

Acllve
pl'9ssur·

Izatlon

Passive
depl'9SS

I

Comparable
to depress.
technology.

Comparable
to depress.
technology.

As above for
sse and BWD.

As above.

May be less or
mOl'9 expensive
than corresponding active
systems2•

May be less or
more expensive
than active
systems.

$0 for fan
electricity
(assuming no
supplemental
fan required).
$5-$10 for
heat/cooling
penalty2.

Fan repairlreplacement unnecessary.
Seal repair of increased importance.

Increased
monitoring
during first
year to
understand
when system ,
overwhelmed.

o

urlzalloo

1

Comparable to
oorl'9sponding
depl'9ssurization
technology.

Venled cmwf spaces contain foundation vents permitting ventilation of the crawl space by outdoor air; the crawl space is considered
non·conditloned space,isolated from the living area. Unventedcrawl spaces are not ventilated by outdoor air, and are considered conditioned
space; they may be open to livable space (such as adjoining basements).
Assumes that no major effort is undertaken with passive systems to retrofit perforated piping or aggregate beneath the slabs of existing
houses. Such retrofit steps would dramatically increase the installation cost of passive systems. Note that any reductions in installation and
operallng costs for passive systems are achieved at the expense of a major degradation in radon reductions.
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Section 15
Sources of Information
The first point of contact for infonnation concerning indoor
radon and radon reductionmeasures should be the appropriate
state agency. Table 7 lists the appropriate agency to contact
for each of the states.

If further infonnation is desired, additional assistance and
contacts can be provided by the EPA Regional Office for the
region that includes your state. Table 8 lists the address and
telephone number of the radiation staff for each of EPA's 10
regional offices. The table also includes the appropriate regional office to contact for each state.
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Table 7. Radon Contacts for Individual States

Alab.ma

Georgia

Radiological Health Branch
Alabama Department of Public Health
434 Monroe St, Room 510
Montgomery, AL 36130·1701
(205) 261-5315
1·800·582·1866 (In state)

AI.sklf
Alaska Department of Health and Social Services .
DMsion of Public Health
P. O. BoxH
Juneau, AK 99811·0610
(907) 465-3019

Arizona

Georgia Department of Human Resources
Environmental Protection Division
878 Peachtree Street, Room 100
Atlanta, GA 30309
(404) 894-6644
1-800-745-0037 (in state)

Guam
Guam Environmental Protection Agency
IT and E. Harmon Plaza 0-107
130 Rojas Street
Harmon, Guam 96911
(671) 646-8863

Hawaii

Arizona Radiation Regulatory Agency
4814 South 40th Street
Phoonlx, AZ 85040
(602) 255·4845

Environmental Protection and Health Services Division
Hawaii Department of Health
591 Ala Moana Boulevard
Honolulu, HI 96813-2498
(808) 586-4700

Arkansll$
Division of Radiation Control and Emergency Management
Arkansas Department of Health
4815 Markham Street
Utile Rock, AR 72205·3867
(501) 661·2301

Idaho
Bureau of Preventative Medicine
Idaho Department of Health and Welfare
450 West State Street
Boise, 10 83720
(208) 334-6584

C.flfomla
California Department of Health services
601 North 7th Street
sacramento, CA 94234-7320
(916) 324-2208

Illinois
Illinois Department of Nuclear Safety
1301 Knotts Street
Springfield, IL 62703
(217) 786-7126
1-800-325-12.45 (in state)

Colorado
Radiation Control Division
Colorado Department of Health
4210 East 11th Avenue
Denver. CO 80220
(303) 331·8480

Indiana
Radiological Health Section
Indiana State Board of Health
1330 West Michigan Street
P. O. Box 1964
.
Indianapolis, IN 46206-1964
(317) 633-0150
1-800-272-9723 (in state)

Connoct/cut

Radon Program

ConnectIcut Department of Health services
150 Washington Street
Hartford, CT 06106-4474
(203) 566-3122

Iowa
Bureau of Radiological Health
Iowa Department of Public Health
Lucas State Office Building
Des Moines, IA 50319-0075
(515) 281·7781
1-800-383-5992 (in state)

(HI.waro
Division of Public Health
Delaware Bureau of Environmental Health
P. O. Box 637
Dover. DE 19901
(302) 739-3787 or -3839
1·800·554·4636 (In state)

Kansas

Dlstrlct of Columbl.
DC Department of Consumer and Regulatory Affairs
614 H Street, NW, Room 1014
Washington, DC 20001
(202) 727·7218

Florid.
Offioe of Radiation Contro,1
Rorida Department of Health and Rehabilitative Services
1317 Winewood Boulevard
TaUahassee, FL 32399·0700
(904) 488-1525
1·800·543·8279 (consumer Inquiries only)

.

Radiation Control Program
Environmental Health Services
Kansas Department of Health and Environment
6th floor, Mills Building
109 SW 9th Street
Topeka, KS 66612
(913) 296-1560

Kentucky
Radiation Control Branch
Division of Community Safety
Department of Health Services
275 East Main Street
Frankfort, KY 40621
(502) 564-3700
(continued)
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Table 7. (Continued)

Louisiana

Nebraska

Radiation Protection Division
Louisiana Department of Environmental Quality
P. O. Box 14690
Baton Rouge, LA 70898-4690
(504) 925-4518

Division of Radiological Health
Nebraska Department of Health
301 Centennial Mall, South
P. O. Box 95007
Lincoln, NE 68509
(402) 471-2168
1-800-334-9491 (in state)

Maine
Division of Health Engineering
Maine Department of Human Services
State House, Station 10
Augusta, ME 04333
(207) 289-5692

Nevada
Radiological Health Section
Nevada Department of Human Resources
505 East King Street, Room 203
Carson City, NV 89710
(702) 687-5394

Maryland
Center for Radiological Health
Maryland Department of the Environment
2500 Broening Highway
Baltimore, MD 21224
(301) 631-3300
1-800-872-3666 (in state)

New Hampshire
Bureau of Radiological Health
New Hampshire Division of Public Health Services
Health and Welfare Building
Six Hazen Drive
.concord, NH 03301-6527·
(603) 271-4674

Massachusetts
Radiation Control Program
Massachusetts Department of Public Health
150 Tremont Street, 11 th floor
Boston, MA 02111
(617) 727-6214

New Jersey
Bureau of Environmental Radiation
New Jersey Department of Environmental Protection and Energy
CN-415
Trenton, NJ 08625-0145
(609) 987-6389
1-800-648-0394 (in state)

Michigan
Division of Radiological Health
Bureau of Environmental and Occupational Health
Michigan Department of Public Health
3423 Logan/Martin Luther King, Jr. Blvd.
P. O. Box 30195
Lansing, MI48909
(517) 335-8190

New Mexico
Radiation Licensing and Registration Section
New Mexico Environmental Improvement Division
1190 S1. Francis Drive
Santa Fe, NM 87503
(505) 827-2948

Minnesota
Indoor Air Quality Unit
Minnesota Department of Health
925 Delaware Street, SE
Minneapolis, MN 55459-0040
(612) 627-5012
1-800-798-9050 (in state)

New York
Bureau of Environmental Radiation Protection
New York State Health Department
Two University Place
Albany, NY 12202
(518) 458-6461
1-800-458-1158 (in state)

Mississippi
Division of Radiological Health
Mississippi Department of Health
P. O. Box 1700
Jackson, MS 39215-1700
(601) 354-6657
1-800-626-7739 (in state)

North Carolina
Radiation Protection Division
North Carolina Department of Environment, Health and Natural
Resources
P. O. Box 27687
Raleigh, NC 27611-7687
(919) 571-4141

Missouri
Bureau of Radiological Health
Missouri Department of Health
1730 E. Elm
P. O. Box 570
Jefferson City, MO 65102
(314) 751-6083
1-800-669-7236 (in state)

Montana

North Dakota
Division of Environmental Engineering
North Dakota Department of Health
1200 Missouri Avenue, Room 304
P. O. Box 5520
Bismarck, ND 58502-5520
(701) 224-2348

Ohio

Occupational· Health Bureau
Montana Department of Health and Environmental Sciences
Cogswell Bui!ding A113
Helena, MT 59620
(406) 444-3671

Radiological Health Program
Ohio Department of Health
246 North High Street
P. O. Box 118
Columbus, OH 43266-0118
(614) 644-2727
1-800-523-4439 (in state)
(continued)
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Oklahoma

Texas

Radation Protection Division
Oklahoma State Department of Health
P. O. Box 53551
Oklahoma City, OK 73152
(405) 271·5221

Oregon

Bureau of Radiation Control
Texas Department of Health
1100 West 49th Street
Austin, TX 78756-3189
(512) 835-7000

Utah
Bureau of Radiation Control
Utah State Department of Health
288 North, 1460 West
P. O. Box 16690
Salt Lake City, UT 84116-0690·
(801) 538-6734

Health Division
Oregon Department of Human Resources
1400 S.W. 5th Avenue
Portland, OR 97201
(503) 229·5797

Pennsylvania
Bureau of Radiation Protection
Pennsylvania Department of Environmental Resources
200 North Third Street
P. 0, Box 2063
Harrisburg, PA 17120
(717) 787·2163 or ·2480
1-800·237·2366 (In state)

Vermont
Occupational and Radiological Health Division
Vermont Department of Health
10 Baldwin Street
Montpelier, VT 05602
(802) 828-2886

Virginia
Puerto Rico

Bureau of Radiological Health
Department of Health
1500 E. Main Street, Room 104A
P. O. Box 2448, Main Street Station
Richmond, VA 23218
(804) 786-5932
1-800-468-0138 (in state)

Puerto Rico Radiological Health Division
G.P.O. Call Box 70184
Rio Plerdras, PR 00936
(809) 767-3563

Rhod.lsllllld
Division of OCCupational Health and Radiation
Rhode Island Department of Health
205 Cannon Building
Davis Street
Providence, RI 02908
(401) 277·2438

Washington
Office of Radiation Protection
Washington Department of Health
AirDustriai Building 5, LE-13
Olympia, WA 98504
(206) 586-3303
1-800-323-9727 (in state)

South Csrollna
Bureau of Radiological Health
South Carolina Department of Health and Environmental Control
2600 Bull Street
Columbia. SC 29201
(80s) 734·4700 or ·4631
1·800-768·0362 (In state)
South Dakota
Division of Environmental Regulation
South Dakota Department of Water and Natural Resources
Joe Foss BUilding, Room 217
523 E. Capitol
Pierre, SO 57501·3181
(605) 773-3153

West Virginia
Radiological Health Program
Industrial Hygiene Division
West Virginia Department of Health
15111th Avenue
South Charleston, WV 25303
(304) 348-3426 or -3427
1-800-922-1255 (in state)

Wisconsin
Division of Health
Radiation Protection Unit
Wisconsin Department of Health and Social Services
P. O. Box 309
Madison, WI 53701-0309
(608) 267-4795

r.nnutltltl
Division of Air Pollution Control
Bureau of Environmental Health
Tennessee Department of Environment and Conservation
Customs House, 4th ncor
701 Broadway
Nashville, TN 37243·1531
(615) 741-4634
1·800·232-1139 (In stale)

Wyoming
Environmental Health
Wyoming Department of Health and Social Services
Hathway BUilding, 4th Floor
Cheyenne, WY 82002-0710
(307) 777-6015
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Table 8. Badiation Contacts for EPA Regional Offices

States in EPA Region

Address and Telephone
Region 1
U. S. Environmental Protection Agency
John F. Kennedy Federal Buil,ding
Boston, MA 02203
(617) 565-4502

Connecticut, Maine,
Massachusetts, New Hampshire,
Rhode Island, Vermont

Region 2
2AWM:RAD
U. S. Environmental Protection Agency
Jacob K. Javits'Federal Building
,
26 Federal Plaza
New York, NY 10278
(212) 264-4110

New JerseY,New York, Puerto
Rico, Virgin Islands

Region 3
3AT12
U. S. Environmental Protection Agency
841 Chestnut Building
, Philadelphia, PA 19107
(215) 597-8320

Delaware, District of Columbia,
Maryland, Pennsylvania,
Virginia, West Virginia

Region 4
,
U. S. Environmental Protection Agency
345 CourtlandStreet, N.E.
Atlanta, GA 30365
(404) 347-3907

Alabama, Florida, Georgia,
Kentucky, Mississippi, North
Carolina, South Carolina,
Tennessee

Region 5
AT-18J
U. S. Environmental Protection Agency
77 West Jackson Blvd.
Chicago, IL 60604-3590
(312) 886-6175

Illinois, Indiana, Michigan,
Minnesota, Ohio, Wisconsin

Region 6
6T-ET
U. S. Environmental Protection Agency
1445 Ross Avenue, Suite 1200
Dallas, TX 75202-2733
(214) 655-7223

Arkansas, Louisiana, New
Mexico, Oklahoma, Texas

Region 7
U. S. Environmental Protection Agency
726 Minnesota Avenue
Kansas City, KS 66101
(913) 551-7020

Iowa, Kansas, Missouri,
Nebraska

Region 8
8AT-RP
U. S. Environmental Protecti9n Agency
999 18th Street, Suite 500
Denver, CO 80202-2405
(303) 293-1709

Colorado, Montana, North
Dakota, South Dakota, Utah,
Wyoming

Region 9'
A-1-1
U. S. Environmental Protection Agency
75 Hawthorne Street
San Francisco, CA 94105
(415) 744-1045

American Samoa, Arizona,
California, Guam, Hawaii,
Nevada

Region 10
AT-082
U. S. Environmental Protection Agency
1200 Sixth Avenue
Seattle, WA 98101
(206) 553-7299

Alaska, Idaho, Oregon,
Washington

Correspondence should be addressed to the EPA Radiation Program Manager at each address indicated.
(continued)
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Table 8. (Continued)

EPA Region

EPA Region

4

Missouri

7

Alaska

10

Montana

8

Arizona

9

Nebraska

7

Arkansas

6

Nevada

9

Califomia

9

New Hampshire

Colorado

8

New Jersey

2

New Mexico

6

2

Alabama

Connecticut
Delaware

3

New York

District of Columbia

3

North Carolina

4

Rorida

4

North Dakota

8

Georgia

4

Ohio

5

HawaH

9

Oklahoma

6

Idaho

10

Illinois

5

Pennsylvania

Indiana

5

Rhode Island

Iowa

7

South Carolina

4

Kansas

7

South Dakota

8

Kentucky

4

Tennessee

4

Louisiana

6

Texas

6

Utah

8

'I

10

Oregon

Maine
Maryland

,,:

3

Vermont

3

Massachusetts

Virginia

3

Michigan

5

Washington

Minnesota

5

West Virginia

3

Mississippi

4

Wisconsin

5

Wyoming

8
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