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ABSTRACT

In 1984 the EPA started the first of several projects to demonstrate that
soil-generated radon concentrations in most housing types could be redured by
moderate cost methods. A literature survey of previous work in Canada, Sweden,
and the United States 1dentified active soil ventilation as the most promisinz
method.

In early 1985 the Pennsylvania Department of Environmental Rescurces
(DER) started a large radon survey in communities on the Reading Prong (a
granite formation) in eastern Pennsylvania, following the discovery of a house
with extremely high radon concentralions greater than 1.2 MBq/m3. Candidate
houses for this program with elevated radon concentrations in excess of 750
Bq/m? were selected from this survey. A total of 40 demonstration homes with
representative substructure types (basements with concrete block or solid
concrete walls) were chosen from this group, and mligation methods selected
and installed from June 1985 to June 1987.

The initial soil ventilation installations achieved laryge reductions in the redon
concentrations at low cost, bul these reductions were not always sustained in
colder weather and a number of the 8)stems were modified over the course of
the project to improve their performance. Air-to-air heat exchangers were
installed in three of the houses. In one house the elevated radon concentration
was caused by high concentrations of dissolved radon in the well water, and a
radon adsorption unit was installed.

Major reduclions 1n radon concentration were realized in all the houses
worled on, with most houses with active soil ventilation systems achieving less
than 150 Bg/m? (4 pCi/)) on an annual average basis in the living areas.

The labour and material cost for this work was as low ag $500 in a few
houses, and geneirally ranged from $1 200 to $2 400, Cosls were high ns $6 000
to $10 000 1n a few houses with unique features, where extensive esperimeatal

work was done.

i1l
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SECTION 1.
INTRODUCTION

The U.S. Environmental Protection Agency (EPA) is conducting a program
to develop and demonstrate cost effective methods to reduce the concentraiion
of naturally occurring radon gas inside houses. Thias program 18 intended to
investigate a wide range of radon reduction methods in an effort Lo demonstrate
suitable mitigation approuches for the full range of U.S housing desigas,
substructure types, construction methods, geological conditions and initial radon
concentrations.

Thie repo-t cdescribes one project in the overall EPA racdon mitigaticn
program. Specifically, it describes the 1nstallation of developmental radon
reduction measures in 40 existing houses with elevated radon concentratione
located in the Reading Prong region of eastern Pennsylvana.

The 40 houses were selected to be representative of the gubstructure types
common in that region. All of the houses have basements with concrete flooy
slabs, sometimer with an adjoining slab-on-grade or crawl-space wing. In 30 of
the houres the basement foundation walls are constructed of hullcw concrete
blocks, and in Lthe remaining 10 houses of poured councrete. The houses had
initial indoor radon concentrations of at least 750 Becquerel per cubic meter
{(Bg/m3} equivalent to 20 picoCuries per htire (pCi/L) or 0.1 Working Level of
radon progeny, as determined by prior measurements conducted by the
Pennsylvania Department of Environmental Resources. Most concentrations were
considerably higher, with an initial level of 44,000 Bq/m? (1,200 pCi/L) in one
house. In all but one house, soll gas was the predominant radon soturce for the
housc. Well water wath up to 11.5 MBq/m? (310,000 pCi/L) was the prcdominant
source in the remainming housce and 18 an important secondary contrbutor 1 a
number of other houses. Extensive gamma measurements in and around the
nouses guve no indication that elevated radium concentrations mn the buillding
mulerinls were a significant rudon source 1n any of the houses.

The active so1l ventilantion technique for radon reduction was selected for
testing 1n most of the houses. Where soil gus s the predominant radon scurce,

active soll ventilstion offers a moderate cost method of achieving the very high

1



levels of reduction (morve thun 99% in some of these hcuses) needed to reach the
EPA guideline of 150 Bg/wm3. Air-to-air heat exchangers (heat recovery
ventilators) for increased house ventilation were tested in three of the houses,
where the initial radon level was less severely elevaled {(close to the 750 Bq/m?
level), and reductions of 75% would be satisfactory. Greater reductions with
venlilators were not considered practical in view of the natural infiltration rates
in these Youses. Carbon adsorption systems for radon removal from well water
were lested in two houses.

The work described in this report was conducted by AMERICAN ATCON
INC. of Wilmington, Delaware, with the assistance of ACRES INTERNATIONAL
CORP. of Buffalo, New York. The work was carried out for EPA under Contract
No 68-02~4203.



SECTION 2.
SUMMARY AND CONCLUSIONS

Table 1 summarizes the results from the 40 houses worked on in this

project,

shown.

For simplicity, only the result achieved by the final reduction system is

Most of the houses had more than one installation during the course of

the project, and some installations were modified several times us tesling

proceeded. These different installatiors and modifications are described generally

in the report, and in detail for each house in Appendix C.

The radon measurements reported i1n Table 1 below are the arithmetic

averages of at least 48 hours of hourly radon measurements both before and

after the mitigation systems was activated.

The following conclusions can be drawn from the work carried out in this

project:~

1.

Where perimeter drain tiles are present at the foot of a buried
concrete block foundation wall, suction on this drain should be one of
the first reduction approaches considered because: a) high reductions
are often achieved, as the drain applies suction near the footing where
1t is mosl effective; b) it is generally the least expensive of the active
soll ventilation npproaches, and the most practicable for do-it-yourself
inatallation, and c¢) where the tiles drain to a point outside the house,
the entire installation can be carried out from outside, offering
advantages in convenience and aesthetics. Unfc.tunately, perimeter
drain tiles are not always present.

Sub-slab suction, using individual exhaust pipes penetrating into the
sub-slab fill, can be very effective in houses with either holiow-block or
poured concrele foundation walls. Accordingly, it should be considered
as o candidate control approach whenever major reductions are needed.
If the sub-slab permeability is good, only one or two suction points can
be sufficient. Even if the sub-slab permeahlity 1s low, good
performance can be obtained if more suclion points are installed, located

neur the known soil gas entry routes. For example, best results were



achieved when one or more suction points are placed near each load-bearing
block wall {including interior as well as perimeter walls). The actual number and
location of suction points required in a given house will depend upon the nature
and uniformty of the sub-slab permeability, the location of the major soil gas
entry routes relative to the exhaust points, and system design parameters (such
as whether a hole is excavated under the slab where the pipe penetrates, in
order to reduce system pressure loss). It appears, that through proper system
design, sub-slab suction systems can give high reductions even in houses with
limited or poor sub-slab permeability., Testing th: sub-slab permeability before
installation could aid in assessing the extent of the sub-slab system that will be
required in a given house.

3. in houses with block foundation wallg, ventilation of the
interconnected network of block voids inside the walls alone can give
high radon reductions if there are no major slab-related soil gas entry
routes. However, current results suggest that a well-designed sub-slab
suction system by itself might be expected to treat both slub-and wall-
releted entry routes more effeclively and less expensively than a wall
venlilation systemn alone. Accordingly, even in block basement houses
with high radon concentrations, 1t might be wise to consider sub-slab
suction rather thaa wall ventilation. Wall ventilation might sometimes
be required in combination with sub-slab suction to reduce radon
concentrations in concrete block basemenl houses with high initial
concentrations to below 150 Bq/m?® (4 pCi/L).

1. With any active soil ventilation technique, 1t is important to close
major openings 1n the floor slab and wall so that the suction is
distributed effectively over the basement surfaces. In houses where the
french drain around the slab edge 1s required to handle water draming
from the wail, the c(losure must allow water drainage to continue.
Closure of openings in the block wall appears to Le less important, but
all major accessible openings 1in the floor and walls should be closed as
a matter of course. Floor drmins connecting to the soil should be
trapped or plugged to prevent scil gas entry. Sumps should be capped
even if suction on the sump is not planned.

5. The fans 1n the satisfactory drain tile and sub-slab \entilation

systems provided about 100 Pa ot the suction points it the soil gas flow

3



encountered (typically 20 to 70 L/s). Higher suction fans did not
produce a performance improveuent proportional to the increase in
suction.

Dilution appears to be the major mechanism in determining the
performance of heat recovery ventilators. However, other mechanisms,
such as changes in internal air circulation also play a role, so that
radon reduction on different floors of a given house cannot be
predicted from dilution consideratione alone. In houses without forced

air circulation, such as those with hot water or electric resistance heat,

" reductions in the average radon councentration of up to 80% in the living

area can be achieved 1if it is ventilated directly with a reasonably sized
HRV. Lesser reductions inay be found in other parts of the house. One
unresolved issue in selecting a HRV is whether 1t is cost-effective
relative to a simple fan providing a comparable increase in natural

ventilation without heat recovery.



TABLE 1 SUMMARY OF RESULTS FROM RADON MITIGATION INSTALLATIONS
IN 40 EASTERN PENNSYLVANIA HOUSES

ROUSE FINAL MEAN RADON LEVEL %
NO TYPE® MITIGATION SYSTEM {Bq/m3) REDUCTION
BEFCRE AFTER
1 1 Wall + sub-alab pressurization 5 957 185 97
{(baseboard duct)
2 1 wWall + sub-slab pressurization 8 806 111 g9

{baseboard duct) + carbon
adsorption on well water

3 1 Wall + sub-slab suction 44 585 185 99
4 i Sub-slab suction 740 111 a6
5 1 Wall pressurization 4 070 185 95
6 1 Sub-slab suction 2 220 185 92
7 1 Sub~slab suction + wall suction 35 376 148 99
e 1 Wall suction 3 256 222 93
9 1 ¥Wall + sub-slab pressurization 13 320 259 a8
(baseboand duct over French Jdrain}
10 1 Drain tile suction {exterior) 7 733 259 97
11 1 Wall + sub-slab suction (barebourd 2 220 777 65
duct over French drain)
12 1 Drain t:ile suction (exterior) 407 111 75
13 1 gtx&sl%gb(g‘\uggxi_ggrt drain tile 3 478 74 a8
14 1 Wall suction 2 257 37 98
15 1 Drain tile suction {exterior) 666 37 91
16 2 Wall suction 8 880 118 98
17 1 HRV 2 220 1 406 37
18 1 HRV 74 a7 50
19 1 Wall suction 1 295 407 68
20 2 Sub-slab + wall suction, + suction 10 434 148 99
on sub-slab in crawl spece
21 1 Sub-slab suction 4 107 111 a7
22 3 Sub-slab suction (basement + slab) 1 25 333 74
23 3 Sub-slab suction (basement ¢+ slab) 3 515 333 97
24 4 Sub-slab suction 1628 333 93
25 | Sub-3lab suction 5 476 296 93
26 1 Drain tile suction {(exterior) 3 293 37 99
27 1 Drain tile suction (exterior) 1 554 111 93
28 1 HRV 592 370 38
29 5 Drain tile suction (interior sump) 1 739 7 36
+ crawl space liner/vent
30 1 Carbon adsorption on well water 1 073 185 83
31 1 Sub-slab suction 17 945 148 99



TABL.' 1 (OONTINUED)

FIdAL MEAN RADON LEVEL %
TYPE MITIGATION SYSTEM (Bq/m?) REDUCTION
BEFORE AFTER

1 Sub-slab suction 222 36 &0
4 Sub—-s8lab suction 3 108 185 94
4 Sub-sglab suction 25 752 185 99
4 Sub-slab suction 6 068 37 99
3 Sub-slab suction (basement + slab) 5 254 74 99
3 Sub-slab suction (basement only) 703 37 97
1 Sub-slab suction 13 875 185 99
1 Sub~-slab suction 888 74 93
3 Sub-slab suction 4 181 111 97

Type 1 Block basement walls

Type 2 Block busement walls + paved crawl space

Type 3 Poured concrete basement walls + slab on grade

Type 4 Poured concrete basement walls

Type 5 Block basament walls + unpaved crawl space



SECTION 3.
OBJECTIVES AND APPRCACH

The installation of mitigation measures in the 40 houses was conducted in
three separate teet phases. The objectives for each phase were determined in
part by the information gained in the prior phases.

3.1. OBJECTIVES

3.1.1. Overall Objectives

This was the initial field project in EPA's current radon mitigation
program. The primary objective was to develop and demonstrate cost-effective
methods to reduce the radon concentrations in existing housing with radon
levels greater than 750 Bq/m? down to the EPA guideline of 150 Bq/m? (4 pCi/L)
annual average or lower. The metheds were to focus on soil gas as the
predominant source of the indcor radon, although testing also addressed well
water as a source. The radon reduction methods were tested i1n houses vith
substructure type, design and construction details representative of eastern
Pennsylvania (and man) other parts of the country).

Existing houses (rather than new houses in the construction stage} were
gelected ag the focus of this study because homeowners in existing houses
needed to know that the technology was available ‘o ad lress existing radon
problems. New construction will be addressed in oth-.r parts of the EPA
program. The Reading Prong region of eastern Pennsylvania was selected as the
test site for because of the large number of homes with high radon
concentrations that had been found there. In fact, it was only three months
after this contract had been awarded in September 1984 that dramatically
elevated radon concentrations of 122 kBq/m? (3,300 pCi/L) were discovered in
one house near Boyertown, PA. It was this house that first aleried the world to
the extremely high and hitherto unsuspected indoor levels that could result from
naturally occurring radium in the underlying soil and rock. Houses with rador
levels above 750 Bq/m? were emphasized in the program because a sigmficant

number of houses with concentrations above that level were identified zshortly

8



after this project got underway. The house substructures representative of the
region were basements with hollow concrete block or poured concrete foundation
walls, sometimes with an adjoinii.g slab-on-grade or crawl-space wing.

Most of the testing in this project focussed on active soil ventilation
techniques i.e. techniques which utilize a fan to draw or force radon-bearing
soil gas away from the house foundation to prevent entry. Based on an initial
literature review phase that examined possible low cost radon mitigation
methoda, it appeared that active soil ventilation techniques had the greatest
potentiel of providing high reductions in soil gas entry rate with practical
systems at reasonable cost, in accordance with the project objective. House
ventilation is another mitigative option; high house ventilation rates can be very
effective at reducing radon levels, but this approach ig not practical during cold
weather. QOne variant of house ventilation, heat recovery ventilators (HRV's},
was tested in three houses with less elevated initial radon concentrations.
Sealing of so1l gee entry rcutes into the house is another possible mitigative
approach, but it was not testied here. Prior experience indicated that s rarely
practical or low cost to achieve the high reductions needed here by sealing, due
to the extensive and concealed nature of the entry routes in hollow concrete
block foundations.

The testing attempted to determine how the necessary radon reductions
could be pchieved at minimum cost. The object was to ascertain whether "rules
of thumb" might be defined which would enable effective mitigation systems to
be designed and installed in houses of this type with & minimum of pre-
mitigation testing and instellation labour. Ideally, the svstem would be simple
enough that the houneowners could install it themsgelves using standard materials,
in which case the system conuld be truly low-cost - perhaps only a few hundred
dollars. Even if a contractor were required, to carry out the radon mitigation
work, minimizing the pre-installation testing and installation labour requirements
would still minimze costs.

In view of this objective, the initial installations in the first phase of thia
project were made with s deliberate effort 1o minmmize costa - only minimal
efforts were made to close slab and wall openings 1n conjunction with active soil
ventilation systems. In addition, instaliation methods were used that =a
homeowner could convemently employ, rather than methods which would require

the slills and equipment of & general contractor. Where Lhe imtiai sy stem
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installed using this least-cost approach did not achieve the needed radon
reductions, more detalled investigations were carried out to find reasons for the
failure. The system was then modified and retlested - gsometimes more than once
- in an effort to determine how the system would have to be designed to be
succesgsful under the conditions of the particular house. In some cases, the
lessons learned from thig modification/retesting indicated that the system could
not be installed as simply and inexpensively as had been hoped prior to the
initial installation. In other cases it appeared that, with new knowledge obtained
from the retesting, this type of system could now be designed to be effective in
future houses without an increase in complexity or cost. Modification and
retesting normally continued in a given house either until the house had been
reduced below 150 Bq/m? (4§ pCi/L}), or until 1t became apparent that no further
significant radon reducticn could be achieved al reasonable cost by further
modifications to the existing system.

It should be noted that there was no prior experience in radon mitigeation
at these radon levels, or in this type of terrain, when the first phase of the
project began. Many of the active soil ventilation design techniques which are
now accepted as "conventional wisdom” were not developed when this work
began, and, in fact, evolved in part through the experience gained in this
project among others.

The scope of this project was not the development of a fundamental
understanding of why radon enters a house, nor to discover exactly how a given
miligative system worked. The resources and Llime avsilable did not permit
detailed and extensive testing. Rather, this project utilized practical scientific
judgement, together with simple tests, in an effort lo quickly and efficiently

demonstrate and develop effective moderate cost mitigation technology.

3.1.2, Objectives of Phase 1 Testing

Phase 1 testing focussed on determining the effectiveness of minimum-cost
astive sail ventilstion systems Steps which would increase the cost of the
insgtallation - such as extensive closure of slab and wall openings, or use of
equipment which would require a general contractor, were reduced or avoided.

Radon mitigation nstallations were carried out in 18 houses, with the
installation in two of these houses being substantially modified during this

phase. Table 2 summariges the installations. All 18 houses had basements wilh

10



hollow-block foundation walls; one had an adjoining paved crawl-space. In 17
houses, the system tested ‘.78 an active so0il ventilation system; in the
eighteenth (House #18), the system was a variation of house ventilation. Of the
17 soil ventilation systems: 4 (Houses #1 to #4) involved suction on vertical pipes
penetrating the concrete siab (sub-slab suction): 4 (Houses #5 to #8) involved
suction on the void networks inside the hollow-block foundation wall; 2 (Houses
#9 and #11) involved suction on a baseboard duct covering a perimeter (french)
drain and holes drilled into the block wall cavities; 6 (Houses #10, and #12 to
#16) involved suction on exterior drain tiles around the house footings; and 1
(House #17) invalved suction on the sub-slab region via a sump in the basement.
The initial sub-slab suction systems in Houses #2 and #3 were modified to
include block wall ventilation as well as sub-slab suction. In all of the active

soil ventilation systems, the fans were operated in suction.

TABLE 2 SUMMARY CF MITIGATION SYSTEMS INSTALLED IN PHASE 1

HOUSE TYPE®: SYSTEM

1 1 Two point sub-slab suction.

2 1 Two point sub-alab suction.

2A 1 Two point sub-slab; one wall ventilated.

3 1 One point sub-alab suction.

3A 1 One point sub-slab + block wall suction.

4 1 Two point sub-slisb suction.

5 1 Block wall suction.

6 1 Block wall suction.

7 1 Block wall suction.

8 1 Block wall suction.

9 1 Sub-slab + wall suction (baseboard over french drain).
10 1 Drain tile suction (exterior).

11 1 Sub~slab + wall suction (baseboard over french drain).
12 1 Drain cile suction (extecior).

13 1 Drain tile suction (exterior}.

14 1 Drain tile suction (exterior).

15 1 Drain tile suction (exterior).

16 2 Drain tile suction (exterior).

17 1 Drain tile suction (inter:ior sump}.

18 1 Forced air house ventilation.

% Type 1 = Block basement. walls 2 = Type 1 + paved crawl spece
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The resulta of Phase 1 testing carried out in the summer indicated that:

a) drain tile suction was generally effective even if there was not a

complete loop of drain tile surrounding the house,

b) block wall ventilation could be very effective, but rnot in all houses,

c¢) sub-slab suction was not an effective mitigation method, presumably due

both to the common local practice of pouring the basement floor slab

directly on the subsoil without a layer of crushed stone, and low soil

permeability preventing the sub-slab suction from extending beneath the

footings to prevent soil gas entry through the block walls.

3.1.3.

Objectives of Phase 2 Testing

As a consequence of these early results, the Phase 2 primary objectives

were:

]

to determine what modifications would be required to the original least-
cost wall ventilation systems to improve performance by decreasing the
wall lealkage area. Particular attention was to be given to those houses
where the block voids at the top of bssement walls could not be closed
readily due to openings concealed by exterior brick veneer walls, or
fireplace structures.

to demonstrate successful wall ventilation systems 1n additional
"textbook™ houses where all major wall opcnings were accessible, and
could be closed effectively.

to demonstrate wall ventilation systems in houses where some major
wall openings were inaccessible.

to demonstrate drain tile suction (interior and exterior) in additional
houses with a drain adjacent to each buried wall.

to determine whether sub-slab suction could be effective in houses
having poured concrete basemen. walls, despite the poor performance in
houses with hollow concrete block basement walls. The poured concrete
wall could not be a radon entry route in these houses.

to determine whether HRV’s would provide sufficient reduction in radon
concentrations to be a useful mitigation strategy in houses with

moderately elevated radon levels.

Table 3 summarises the installations carried out 1in Phase 2.
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TABLE 3

SUMMARY OF MITIGATION SYSTEMS INSTALLED IN PHASE 2

HOUSE TYPE SYSTEM
1A 1 Wall + sub-slab suction (baseboard duct over conventional
wall/floor joint)~ replaces original sub-slab system.
1B 1 Additional sealing; fancs in pressure,
2B 1 wall + sub-slab suction (baseboard over conventional
wall/floor joint -replaces original sub-slab systenm.
2C 1 House 2B plus carbon adsorption on well water.
5A 1 Wall suction, pressurization {improved system in House 5).
6A 1 Sub-~slab + wall suction (sub-slab ventilation added to
House 6]).
7A 1 Wall suction, pressurization {improved system in House 7).
7B 1 Sub-slab system (separate system in Houze 7).
([o] 1 Sub-sglab + wall suction {cysiems TA and 7B combined).
9A 1 House 9 with improved sub-slab + wall baseboard system.
14A 1 Block wall suction (replaces original aystem in House 14).
16A 2 Block wall suction (replaces original system in House 16}.
17a 1 Heat recovery ventilator (HRV) {replaces original system in
House 17).
18A 1 HRV (replaces original system in House 18).
19 1 Block wall suction.
20 1 Two point sub-slab sucticn.
20A 1 Five point sub-slab suction (replaces original system
in House 20).
21 1 One point sub-slab suction.
22 3 Four point sub-slab suction in basement only.
23 3 Four point sub-slab suction in basement only.
24 4 Three point sub-sleb suction.
25 4 Four point sub-sleb suction.
26 1 Drain tile suction (exterior}.
27 1 Drain tile suction (exterior).
28 1 Drain tile suction (interior sump).
29 5 Drain tile suction (interior sump).
29A 5 House 29 with plastic liner over soil in crawl space venting
under liner.
30 1 Carbon adsorption on well water.
X Type 1 Block basement walls.
Type 2 Block basement walls + paved crawl spoce.
Type 3 Poured concrete bascment walla + slab on grade,
Type 1 Poured concrete basement walls.
Type 5 Block basement walls + unpaved crawl space.
As Phare 2 proceeded, it became upparent that some of the conclusions

reached at the end of Phase 1 were msleading. In particular, while wall

ventilation could prevent entry of soil gas and radon through the hollow block

wall, the connection from the walls to the sub-slab space was gencrally not good

enough to deal with major slab entry routes. Moreover, sub-slab suction now
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appeared to offer much greater potertial than seemed to be the case in Phase 1.
Sub-slab permeability in many houscs was reasonnbly good, improved installation
methods had been developed, and a suitable low cost, quiet, higher-sucticn fan
suitable for soil ventilation work had been identified.

In addition, as testing proceeded during Phase 2, it also became apparent
that the radon concentration in some houses had been reduced by the soil
ventilation systems to the point where radon in the well water could be

responsible for a significant portion of the residual airborne radon concentration.

Accordingly, additional objectives were added to Phase 2:

° to reassess sub-slab suction as a mitigation method for basement houses

with block foundation walls.

°© to demonstrate that combined sub-slab plus wall ventilation ("5 surface

treatment”) could provide sufficient reductions in complex concrete
block basement houses with high radon concentrations.

° to demonstrate the effectivenesa of carbon adsorption for radon removal

from well water in :

#) a house where soil gas had been the predominant radon source, but
where soil ventilation had now reduced levels to the point where water
could be the mgjor residual source;

b) a house where well water was the predominant radon source.

With these objectives, the Phase 2 program included major modificatious to
10 of the Phase 1 houses. In addition, new installations were made in 12
additional houses beyond the original 18, bringing the total number of houses
tested to 30.

Of the 10 Phase | houses which were modified, several were houses which
originally had wall ventilation systems. The modifications were 1ntended to
determine what improvements would be required in the original "least-cost”
installations 1n order to make wall ventilation function effectively in houses
having major 1naccessible wall openings. The mmprovements tested included
additicnal closure of wall openmings; additional ventilation pipes in the walls,
adjustment of the piping configuration to reduce pressure losses; additional
and/or higher suction fans; and testing of the fans In pressure as well as
suction. In other houses among the 10, the original Phase 1 sub-glab or drain

tile system was replaced with an upgraded wall ventilation system. In Houses 7l
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and #2A, the sub-slab system was replaced by a "baseboard duct" wall ventilation
system around the perimeter. 1n houses #14 and #16, where ventilation of the
' partial dramn tile loopa had been found to be 1neffective, the drain tile
ventilation sysltem was replaced by a wall ventilation system.

Other modifications to the Phase 1 installations included: addition of sub-
slab suction to an original wall ventilation systrm -in order to test 5-surface
treativent; replacement of the imtial system with an HRV in Houses #17 and
#18; and installation of a carbon adsorption unit for radon removal or the weil
water line in House #2.

In the 12 houses added to the program: a nominally "textbook" well suction
system was tested in 1 house; 1nterior or exterior drain tile suction was installed
in 4; sub-slab suction wus installed in 2 with block basements, end 1n 2 with
poured concrete basements having adjoining slabs; and radon remcyal by carbon

adsorption from the well water was tested in 1 house.

3.1.4. Objectives for Phase 3 Testing

The objectives for the Phase 3 testing were exiensions of those for
Phase 2:

° to demonstrate the conditions under which sub-uslab guction alone was a
sufficient treatment for block basement houses. Te determine the
conditions under which 5-surfece treatment was necessary and to try to
optimize 5-surface treatment.

° to demonstrate sub-slab ventilation for basement houses with poured
concrete foundation walls.

°© to demonstrate sub-slab ventilation for poured concrete basement houses
with adjoining slabs on grade. '

° to test the effectiveness of an HRV 1n a house with moderately
elevated radon concentrations.

To address these objectives, Phase 3 included modifications to (or
replacement oi) Lhe mitigntion syslems in 7 of the Phase 1/Phase 2 houses, plus
new 1nstallations in 10 additional! houses, bringing the total number of houses
treated to 40.

Table 4 summarises the installations carried out Phase 3.



TABLE 4 SUMMARY OF MITIGATION SYSTEMS JNSTALLED IN PHASE 3

HOUSE TYPE SYSTEM

4A

-

Six point sub-slab suction (replaces original in House 4).

6B 1 Three point sub-slab suction (modification of system in
House 6A).
m 1 Seven point sub-slab suction (improved system, sub-sladb
component of House 7C).
13A 1 Four point sub-slab suction (second system supplementinz the
drain tile system in House 13).
20B 2 Sub-glab 1n basement + wall suction + suction on installed
sub-slab pipe 1n crawl space (modification of system 1m
House 20Aa).
20C 2 Sub-slab suction 1n bagsemen® + crawl space alone
(increased sub-slab suction for systenm in House 20B).
227 3 Two point sub-slab suction under adjoining slab as well as
basement.
23A 3 Two point sub-slab suction wder edjoining slab as well as
basement.
287 1 HRV (replaces original system in House 28).
31 1 Six point sub-slab suction.
32 1 Six point sub-slab suction.
33 4 One point sub-slab suction.
34 4 Six point sub-slab suction.
35 4 S1x point sub-slab suction.
36 3 Four point sub-slab suction in basement and two point
beneath adyoining slab.
37 3 S1x point sub-slab suction on basement only.,
38 1 Two point sub-slab suction.
39 1 Three point sub-slab suction.
40 4 Twenty point sub-slab suction.
b Type 1 Block basement walls
Type 2 Block basement walls + paved crawl space,
Tyvpe 3 Poured concrete basenent walls + slab an prade.
Type 4 Poured concrete basement walls.
Type 5 Block basement walls + unpaved crawl space.

In 8 houses the prior installations were modified: 3 block basement houses
had improved sub-slab systems (Houses $1A, 36B, and §13A); £ block basement
houses involved optimization of sub-slab plus wall ventiintion tHouses #7C/7D and
#20C); 2 poured concrete basements involved an improved sub-slab system with
adjoining slab treatment (Houses 222\ and #23A); and 1 involved replacement of
an unsahisfactory interwor drain tile (sump) suction system with an HRV
(House £284).

The installations in the 10 new houses included: 4 block basement houses
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receiving a sub-slab suction system; and 6 poured concrete basements (including

2 with an adjoining slab) receiving a sub-slab suction esystem.

3.2. APPROACH

3.2.1. Overall Approach

To identify candidate houses for inclusion in this testing program, the
Pennsylvania Department of Environmental Resources (DER) contacted prospective
homeowners prior to each test phase. For the {irst two phases, DER contacted
all the homeowners regardless of house type, whose houses had been found to
have radon concentrations of 750 Bq/m? (20 pCi/L) or above based upon DER
measurements. By the time house selection was required for Phase 3, extensive
data on the house characteristics were available in DER’s computerized data
base, and so contacts were directed only to homeowners whose houges were
above 750 Bq/m}, and appeared to have both the desired substructure type and
an unfirished basement.

Visits were wmade to the houses of those homeowners who indicatled an
interest 1n becoming involved in the program. During the wvisit a visual
inspection of the house was carried out, and the program discussed with the
homeowners. In some cases, limited diagnostic testing was done, such as grab
samples to check radon levels 1n the house, near soil gas entry routes, and
gamma radiation measurements. The houses were then selected on the basis of
the information gained on these visits, utilizing the selection critera described
later.

An agreement between AMERICAN ATCON and the selected homeowners was
signed prior to the start of the work. In this agreement, the homeowners
agreed to make their house available for installation and testing of the
mitigation syatem. AMERICAN ATCON agreed to install the system at no cost to
the homeowncr, and to turn the s)stein over to the homeowner {(or, at the
homeowner's option, to remove the system) at the end of a year of testing.
The effectiveness of the system to be installed was not guaranteed.

All the homeowners were promised that thewr identity, and all data
collected in the- » houses, would be kept confidential. Accordingly, each house
has been assigned u code number, and the houses arc 1dentified by that number

in this report.
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As discussed in Section 3.1, the approach involved initially installing
mitigation systems in Phase 1 on a least-cost basis, and then modifying the
systems as necessary 1If the initial installation did not provide sufficient radon
reductions. The program included a variety of commercially practicable test or
diagnostic procedures, but could nnt include extensive fundamental diagnostic

testing.

3.2.2. House Selection Procedure

The contract was awarded in 1984, and at that time there was a limited
number of areas where radon measurements had been made on any scale. Radon
measurements had been made in Pennsylvania by groups from Princeton
University and Argonne National Laboratory, both of whomn had found levels as
high as 3.7 kBg/m? (100 pCi/L) in some houses. hiese concentrations were
among the highesl measured in the USA at that time, and therefore Pennsylvania
looked an attractive sile for Lthe stuany. These groups were contacted in late
1981. As they had agreed to keep their measurements confidential, they could
not supply the names of those people with the highest radon concentrations
directly to AMERICAN ATCON, but they did agree to send letters to inform
these peopie of the proposed EPA program to demonstrate low-cost radon
mitigation measures, and ask them if they would be interested in participating in
the program. Ncither group received replies to their letters.

In early 1983, the DER started a large radon survey in the Boyertown area
as the result of the naccidentsl discovery in December 1981 of a hcuse with
average radon levels in excess of 122 kBq/m? (3 300 pCi/L). By April 1985,
approvimately 150 houses with at least one survey measurement greater than
0.1 WIl. or 750 Bq/m3 (20 pCi/L) raden had been identified in the Boyertown
area. Subsequently the survey areas was extended to cover the whole of the
Reading Prong which extends from Reading to Easton in Pennsyhvania. By md
1986 over 25 000 houses had been surveyed by the DER, providing an
unparalleled data base of measurcements and house descriptions. A summary of
the results of all the DER meansurements in the houses selected for the pragram

is given 11 Table A-1 1n Appendix A,
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3.2.2.l.< Phase 1 House Selection
The DER was contacted in early 1985, and were willing to asesist in finding
persons interested in participating in the first phase of this program. As they
had promised the homeowners the measurements would remain confidential they
couid not release the names, but they did agree to send a letter to each of the
homeowners with concentrations in excess of 750 Bq/m? (20 pCi/L) to inform
them of the EPA program, and provided them with a form letter to return to
AMERICAN ATCON if they wished to be considered for participation in the
program. This letter also gave permission for DER to release the survey
information.
Replies were received from 71 homeowners by early April 1983, a number
far in excess of the 18 needed for the first stage of this program. As only a
fraction of the houses could be selected, it waa felt that the fairest selection
procedure would be to visit and inspect all the houses, and only then make
decisions on their suitability for the program. 1n the last two weeks of May, 69
of these houses were visited. Each house was photographed, received a brief
visual inspection, and notes were taken on the construction and any other details
that might affect the mitigation work,
The criteria used to select 18 houses from the 69 were:
°© The homeowners must be willing to participate in a development
program such as this.
¢ The house must be uaccessible during the work day.
°© The house should have a basement with a hollcw concrete bleck walls,
because this was most common substructure type among the houses
visited.
© The houses should have the Jleatures needed for the testing of the
intended mitigation systems (e.g., some must have drain Liles).
¢ The house should not be unnecessarily expensive to mitigate. In
particular, houses with moderate sized unfinished basements were
preferred.
o The house location should be reasonably coanvenient to a central
location, and tn an area where mare than one house with elevated
radon concentrations had been identified.

¢ The radon level should be above 750 Bq/m?.
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All of the houses chosen in Phase 1 were within an 10 km radius of
Boyertown. Six of the houses were in the country, eight were in rural
subdivisions noted for high radon levels in their houses, and four were in town
or sitburban subdivisions. The houses were typical of the Lype of houses built 1n
the area over the past 10 years.

Table A-2 shows the locations and initial radon concentration of the houses
selected for Phase 1, Table A-3 shows the work planned and carried out in these
houses, and Table A-4 shows the sum of contractor charges for labour and

materials to carry out the work.

3.2.2.2. Phase 2 House Selection

As discussed in Section 3.1.3 above, 10 of the Phase 1 houses were carried
over into Phase 2, either to modify the imtial systems or to install different
ones. In addition, 1l was desired to select some additional houses,

The criteria used te select the additional houses were basically the same
as those for the Phase 1 houses. The differences were that, for Phase 2:

°© Basement houses with poured concrete foundation walls were also

considered.

¢ Houses where the tops of the concrete block basement walls were

readily accessible so that they could be closed for wall ventilation, in
addition to the other criteria listed above,.

By the end of 1985, the DER survey had extended well beyond the original
Boyertown area, and had now identified more than 250 houses over
750 Bq/m? (20 pCi/L). To achieve a greater geographic coverage, and hopefully
to reach a number of different housing types, the DER was requested to send a
letter to the newly identified houses to inform them of the EPA program, and
provide them with s form to mdi‘g’:ale if they would be interested 1in
participating in the program.

Rephes were received from about 90 of the 250 homeowners, but there was
a considerable overlap with the initial group that had responded to the Phase
mailing. The DER had colleclted details of house construction and layout of all
these housey, so nn 1mtial selection of 27 new cundidate houses was made from
their records. Some preference was given to houses outside the immediate
Boyertown ureu with concrete basement walis. All houses with esposed eurth

the bLasement or field-stone basement walls were rejected.
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In January and February 1986, candidale sites were visited by the Field
Construction Supervisor who photographed the house and basement, and noted
the construction features that might affect mitigation work. The final selection
of 12 additional houses was made on the basis of the selection criteria described
above. Four of the 12 additional houses were in a rural susdivision 20 km from
Boyertown noted for the high radon levels in the houses, and the remainder were
in the country. Three of the houses were on the same hills as houses selected
in Phase 1. All of the housecs were within a 25 kin radius of Boyertcwn.

Table A-5 shows the Jocations and initial radon concentration in the houses
selected for Phase 2. Table A-6 shows the work planned and carried out in
houses Jduring Phase 2, and Table A-7 shows the sum of contractor charges for

labour and materiais to carry out the work.

3.2.2.3. Phase 3 House Selection

Some of the Phase 1/Phase 2 houses were cerried over into Phase 3 for
additional work. In addition, 1t was desired to select additional houses, using
the same solection criteria as for Phese 1 and 2,

By the fall of 1986, the DER survey results had been greatly expanded as
the result of a large alpha-track detector survey focussed on the Reading Prong
region. The measurement results, along with data on the characteristics of the
houses, were in the process of being entered into a computerized data base.
Using a version of the data base that did not allow nemes or addresses of the
homeowners to be identified, EPA selected 47 previously uncoatacted candidate
houses that met the screemng criteria of radon level above 750 Bq/m?,
unfinished concrete block or poured concrete basement walls, with or without an
adjoining slab on grade. As before, the DER sent letters to these 47
homeowners, most of whom lived on the northern end of the Reading Prong in
the Allentown - Bethlehem - Easton area.

Of the 4§47, 23 homeowners responded. These 23 houses were visited in
September 1986 with an EPA group including the Project Manager. Each house
and basement was photographed and sketched, and extensive noles made on
construction detals using a standard evaluation form detveloped by another EPA
project. Notes were also made of details that would affect the choice of
mitigation method. The final selection of 10 additional homes was made on the

basis of the selection criteria.
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Table A-8 shows the location and initial radon concentration in the houses
selected for Phase 3. Table A-9 shows the work planned and carried out in
houses during Phase 3, and Table A-10 shows the sum of contractor charges for

labour and materials to carry out the work.
Table A~11 shows the cost of small modifications and fan changes that did

not amount t~ a change of installation.
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SECTION 4.
PROGRAM SCHEDULE

4.1. PHASE 1

The first phase of this work was carried out in July and August 1985. The
summer months are convenient for outside work, but as the forces that urge
soil gas containing radon into the houses are at their lowest at this time, it is
difficult to tell if the measures installed will be effective in the winter. All but
one of the nstallations produced major reductions in summer radon
concentrations, so further work was suspended until the winter, when the
system performence could be measured under more challenging conditions.

Short termm measuremenis were made during November and December 1985 in
the Phase 1 houses to confirm that the reductions found i1n the summer were
still valid. Some of the temporary fan installations were modified to cure
problems with condensed soil gas moisture blocking the ducts 1n cold weather,
and to increase the suction. Where concentrations were low, "Track-Etch”
detectors were placed in the house to provide a long term estimate of the radon
concentration. In those places where concentrations had not been reduced, the
system was examined to find the cause of the reduced performance, and then
modified. Shaort term measurements were vsed to judge the value of system
changes. When radou concentrations had been reduced to low values,

"Track-Etch™ detectors wcre placed in the homes for confirmation.

4.2. PHASE 2

New Phase 2 houses were selected in January and February 1986, and
mitigation systems were installed and evaluated in all of thuese houses by the end
of May 1986.

During November and Dezember 1986, most of the exhaust fans on Phese 1
and 2 houses were changed from 50 or 100 L/s fans to 150 l/s plastic body
exhaust fans, and system and performance measurements made to see 1f the
higher suction or flow made any performance improvement. Where radon
concentrations were low, "Track-Etch"” detectors were placed in the house to

provide 8 lung term cestimate of the radon concentration,
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In those places where concentrations had not been reduced, the system was
examined to find the cause of the reduced performance, and then modified.
Short term measurements were used to judge the value of system changes. When
concentrations were reduced to low values, "Track-Etch" detectors were placed
in the homes for confirmation.

4.3. PHASE 3

New Phase 3 houses were selected in November 1986, and work on these
wan conducted belween December 1986 and June 1987. Only 150 L/s exhaust
fans were used in these installations. Some installations were completed after
the end of the heating season, so "Track-Etch"” detectors could not be used to

give long-lerm estimates of the cold weather performance.
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SECTION 5.
DESCRIPTION OF ACTIVE SOIL VENTILATION SYSTEMS

Most of the radon reduction installations tested during this project
involved some form of active scil ventilation. Active soil ventilation was
emphasized because it appeared to be the approach most likely to provide the
very high reductions usually needed in these houses st u reasonable cost.

The general principle ol soil ventilation is to char;ge the pressure in the
so1l adjacent to the building foundations to divert the radon-bearing soil gas
away from the house before it can enter. When fans are employed to produce
the pressure change, the approach is referred to as active soil ventilation. The
systems can be used to either a) draw suction on the goil around the foundation
to collect the soil gas from the soil and to vent it away from the house; or b}
to blow outdocr air into the =oil, creating a "pressure bubble” underneath the
house which forces the raden bearing soil gas away.

If an active soll venlilation system is operated with the fan in suction, as
was the case with most of the installations here, it will be effective only if 1t 18
able to maintain soil gas pressura lower than the air pressure ingide the house
near &ll of the major soil gas entry routes. Under this condition, if there 1s
any gas movement through those potential entry routes, it should be house gir
flowing out rather than soil gas flowing in. 1{f the fan is operated in pressure,
blowing ouldoor air into the soil, it will be effective only if it can maintain a
sufficiently high air pressure near the entry routes that soil gas will be forced
away from them. Soil ventilation systems in pressure also work in pait by
diluting the soil gas 1in the general area of the foundations with outdoor air
before i1t can enter the house,

In this project, actlive soil ventilation was accomphshed n several
different ways.

° Suclion on the perimeter drain tiles located beside the footings for
water drainage purposes. The drain tiles can be on the outside of the
foontings (in which case they are referred to as an exterior drain), or
inside the footing, under the slab (interior drain tiles). There were no

internal drain ules in these houses. If the tiles drain to a sump 1nside
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the house, drsin tile suction is most conveniently carried out by suction
on the sump.

° Suction on the region underneath the concrete floor elab, by inserting
suction pipes vertically downward through the slab from inside the
house.

© Suction on (or pressurization of) the network of voids inside hollow-
block foundation walls. This was accomplished by inserting individual
ventilation pipes into the void network,

¢  Suction on both the void space of hollow concrete block walls, and on
the sub-slab material, by installing a baseboard duct which covers holes
drilled into the wall block cavities and the joint between the floor slab
and the walls.

Figures 1 through 5 present generic 1llustrations of these types of active
soil ventilation systems. These figures are taken from the second edition of
EPA’s "Radon Reduction Techniques for Detached Houses: Technicai Guidance”.
Most of the installations made under this project differ in some details from
these generic figures. .. fact, the testing under this project helped lead to
some of the design refinements which are incorporated into these figures from

EPA’s guidance document.
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SECTION 6.
MEASUREMENT PROCEDURES

6.1. RADON MEASUREMENT PROCEDURES

The performance of the radon reduction systems was determined through
two types of radon measurements in the indoor air. The first was short-term
monitoring for 2 to 4 days with Pylon AB-5 radon monitors both before and
after the system was activated. These measurements provided an immediate
indication of the approximate reduction in radon concentration, and whether the
post-mitigation concentrations had been reduced below 150 Bq/m? (4 pCi/L). The
secand was a long term measurement over a period of up to three months with
alpha track detectors during the heating season to indicate whether the house
was being reduced below 150 Bq/m?® under werst-case conditions. By comparison
with any alpha-track measurements that the DPER might have made the previous
winter, these long-term measurements could also indicaic the ‘ong-term winter-
time reduction in radon concentrations,

"Control houses” were not used in this project. First, there was noc
expectation that the wvariation of radon concentrations 1n one house chosen
eggentially st random would be identical to the wvariations in another house.
Second, an effective mitigation system reduces radon concentrations to a low
level and keeps them low. This cen be shown readily with real-time radon
concentration measurements, so "controls” are unnecessary 1o determine 1If a

mitigation a3stem 15 effective.

6.2. MEASUREMENT GOALS
The goals of the post-mitigation measurcment program were to estimate:
a)  the long term average radon concentration with a total
measum ement uncertamty of less than 80 Bq/m? (2 pCi/L)
b} the short tersn average radon concentration with a total
measurement vncertamnty of less than 10%
c) cindividual radon concentrations with a total measurement

uncer cunty of less than 20%
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6.3. LONG TERM MEASUREMENTS

The long term average concentration in a house was measured with Track
Ftch detcctors, exposed for a minimum of 1 month, and normally for 3 months.
The forces that urge soil gas and radon into 8 house are at a maximum in cold
weather, so detectors were exposged in the winter months when the effect of the
mitigation work might be lowest. The original survey measurcments by Lhe DER
weore largely taken 1n the winter, o their measurements provided a realistic
estimate of pre-mitigation radon concentrations for comparison of the long term
concentrations before and after the mitigative work. A summary of all Lthe post

mitigation alpha track results is given in Table A-12.

6.2.1. Sampling Procedure

The procedure used at the start of the program was to expose detectors In
groups of three in both the basement and the hving area of the house. The
mnitial criterion for placement was that the basement detectors should be hung
centrally, and the upstinirs detectors should be placed in locations where they

would receive an exposure representative of the occupsants.
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In the second year of this program the EPA produced a Protocol for Tndoor
Measurements, and the sampling location criteria were formalised to agree with
the Protocol.

6.4. SHORT TERM MEASUREMENTS

The short term variatioas of radon concentration with time was measured by
a Pylon AB-5 operated as a quasi-continucus radon monitor. An inlernal pump
draws an air sample for 10 minutes each hour into a 285 cm? scintillation cell,
and six consecutive 10 minute counts are made. In this mode the machine can
make consecutive 99 hourly cycles, and the counts are stored internally. The
data 1s subsequentty transferred via the printer interfaze and a specially designed
parallel to serial converter to the RS-232 port of a portable computer. A BASIC
program sums the counts, and calculates the radon concentration in the sample,
and produces a report. The counts observed in each time period are corrected
for the counts resulting from activity deposited 1n the cell by previous samples,
so that the actual radon concentration in the sample is calculated.
N To prevent small children from tampering with the machine and altering
the settings, ecach AB-5 18 stored and used 1nside a lockable foam lined
alumnum travel case. Two holes are drilled 1n the case, one for a sample hose
to bring in the air, the other for the power cord, so that the wmachine can

operate with the case closed and locked.

6.1.1. Sampling Procedure

The standard procedure was to place the AB-5 in the basement, close the
windows and the stair door Lo standardise the ventilation rate to some extent,
and measure the radon concentration over the nest 48 hours. A state of
quasi-equilibrium between radon supp’y and removal was usually reached in less
than 23 hours. The soil ventilation fan was then turned on or off, depending
on Lhe test being mude, and measurements continued for anothe.s 48 hours. The
systems normally develop most of themr effect within 21 hours.

The mmitial critermon for munitor placement was simply that the unit should
not be placed close to known or suspected radon entry routes. The basement
walls are always colder than the basement air, and there are large convcection
flows minving the basement air, so the concentration s relativeiy uniform

throughout each room 1n the basement, escept near radon entry points. In the
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second year of this program (1986) the EPA produced a Protocol for Indoor
Measurements, and the sampling location criterion was formalised to agree with
the protocol. The sampling location was now selected to be at least 50 cm from
the floor or wall, 1.5 m from fireplaces, windows or HVAC vents, 2.5 m from
exterior doors, and away from radon entry routes.

The protocol required that measurements be made at least 50 cm from the
floor, and so the aluminum travel cases were modified. A bulkhead connector
wag placed on one end of the handle face of the case, and the AB-5 inlet hose
attached to this on the inside of the case through an in-line filter. A nrigid
plastic tube screwed into the connector. When the case stood with the handle
unpermost, the top of the tube was 50 c¢cm from the ground. If the case stood
at right angles to the wall, the sample tube was 50 cm from the wall.

The AB-5 measurements were not intended to be definitive, but to indicate
only whether the mitigative actions taken had significantly reduced the radon
supply rate. The effectiveness would not be determined on the basis of short
term measurements over a few days with an AB-5, but would be based on the
ar erage concentration over a month or more obtained with multiple "Track Etch”™

detectors.

6.5. DIAGNOSTIC TEST PROCEDURES

6.5.1. Pre-Mitigation Diagnostics

The primary types of pre-mitigation diagnastics conducted during this

project were the following.

¢  Vigual surivey. This includes 1inspection of the house to identify
potential scil gas entry routes other than hollow concrete block walls
and joints in the basement floor slab, and for features that would
increase the installation difficulty of particular mitigation systems.

° Gamma measurements, These are intended to confirm that bulding
materials are not a major contributor to indoor radon.

o  Well water measurements. These are intended to identify the degree to
which well water 18 a contributor., These measurements were usunily
conéuvtcd by DER as pmt of their survey program.

o  Sub-slab permeability measurements. In a few of Lthe later houses where

sub-slab suction was planned, the permeability of the maternial under the
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6.5.2.

slab was determired qualitatively. A high suction industrial vacuum
cleaner was used to draw suction on a 3/8 inch hole drilled through the
elab, while a pressure gauge or a smoke stick was used to determine
whether this suction extended beneath the slab to other test holes

through the slab some distance away.

Post Mitigation Diagnostics

The primary types of post-mitigation diagnostics conducted during this

project were the following.

Radon in Air Measurements. The prime indicator that a mitigation
system was operating effectively was the radon concentration in the
basement air. Measurements were made with Pylon semi-continuous
radon monitors for two at least days before and following activation of
any installation or change in s system.

Visual inspection. This included inspection of the installation to
ensure that scals were intact and the fan was properly mounted. As
part of this inspection, a smoke stick was used to check the secals in
active soil ventilation systems, and that air flows through potential
entry routes had in fact been reversed by the suction systems. The
smoke stick was also used to visualize the direction of house air flows
during the operation of HRV’s.

Pressure difference and airflow measurements. The pressure
differentials to atmosphere and the air flow rale in each pipe or duct
of the active soil ventilation systems were measured using a hot film
anemometer. A probe adaptlor enables the same istrument to read both
flow and pressure.

Spot radon concentrations. Grab samples were taken from each pipe 1n
the active soil ventilation system with a scintillation cell for radon
analysis. Similarly, where sotl ventilation systems did not provide
sufficient reductions, grab samples were made from enclosed potential
entry routes Lo assess which routes were not being adequately treated.
These grab samples were taken through holes drilled through the face

of block foundation walls, or from mnside temporary plastic enclosures.
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SECTION 7.
EXPERIENCE WITH SUB-SLAB VENTILATION

7.1. PHASE 1 - GENERAL

It had been speculated that the radon source in these houses might be the
highly fractured granite bedrock Lhatl lay just beneath the basement flcors. The
radon concentration would be very high in the thin film of air between rock
surfaces, so a small flow of this "rock gas" could produce high radon levels in
the house. If this was the case, then sub-slab ventilation could be very
effective in reducing the radon inflow by intercepting Lhe flows of "rock gns™
before it could enter the house through openings in the floor.

Sub-slab ventilation had becn used at other mitigative projects where the
radon source was local soil. The success rate of sub-slab ventilation there had
been high in houses with sohd concrete basement wallz, but it was lees effective
in houses with hollow concrete block basement wails. The voids in the blocks,
and the inevitable small openings in the walls at the footing level provided a
horizontal eatry path for sol gas containing radon. If the entry route was
almost comul!~tely through openings in the floor and the wall/floor joint, as was
the case 1n basements with solid walls, Lhen sub-slab ventilation could effectively
prevent soil gas entry. But if there was a significant horizontal flow of soil gas
through the block basement walls that could not be diverted and intercepted by
the sub-slab syste ., the reductions obtained would be much smallerr. Although
sub-slab yentilation was not an assured mitigalive procedure, the prospects for
success were good, and 1t would be by far the simplest procedure to install. The
decisi?n was made to start the program by installing sub-slab yentilation.

An allustration of a typiral sub-slab  ventilation s)stem is shown

Figure 1.

7.1, Installation Procedure (Phase 1)

To minimize .stallation costs, active sl ventilation sy stems with sub-slab
collection were chosen. These g)stems use the coanrse stone fill beneuth the
floor slab as the collector, and compensate for the flow resistance by using o

small electric fun o produce the uction.
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In passive systewns, where the suction produced by wind and weatner forces
is only a few pascal more than the pressure differential between the house and
the soil, a network of pipes would have to be plared unde: the floor to
effectively utilise this low suction. This was considered too disruptive and
expensive, and so passive systems were nol considered for this program.

Vertical exhaust pipes were placed through the floor mntc the fill layer,
and were located by the rule of thumb that the collection point should be
equidistant from, and not more than 5 m from the eaternal walls, Three of the
Phase 1 houses were rectangular, and required two collection points. To
further reduce costs, in houses #2 and #1, the exhaust pipes were Tee'd to an
indoor collection pipe which lead to a single fan outside the house. The
basement of house #! was extensively finished, so there was no place to run a
central collection pipe. In this case, each exhaust pipe had its own fan.

The basement at house #3 was almost square, and only one central exhaust
location was inslalled there. 1In all four houses the exhaust fans were placed
outside in the basement window wells. The windows were removed, the openings
blocked off with plywood, and a flexible exhaust pipe vassed through to the fan
on the outside. This was a temporary mountng, and was used to reduce the

amounl of work needed to remove the installation if it were unsuccessful.

7.1.2. Piping

The piping used was "4 inch” plastic dran pipe. [t was light weight,
readily availaole, end airtight joints could be produced by gluing. The
tradesmen who performed the work were plumbers and used to working with
pipe. Although the pipe 1tself was always i1n stock, the number of fittings {Tee’s
and elbows) needed caused temporary local shortages, snd supplies had to be
obtained from every builder’s supply store within a ten mile radius.

It was found that air flows in the systems were small enough that the low
resistance to air flow of large pipe was not needed, and much smaller piping
. ("2 inch" drain pipe) would have been sufficient. Smaller piping would be ecasier
to conceal., In these systems the eahaust pipe ran vertically from the centre of

the floor to the joist space, and then between the floor joists to the wall.



7.1.3. Floor Patching

Only house #4 had a 50 mm layer of clean crushed stone beneath the floor
slab. At the other houses, the thickness ranged from zero, with the slab
poured on top of bedrock at houses #1, #4, to 25 mm of loose bedrock at house
#3. The bedrock surface was exposed in the bottom of each hole cut through
the siab, and was broken up with the jack-hammer to a depth of 100 to 150 mm
to loosen the fill in the area around the pipe, and reduce the air flow resistance
in the area. The gap between the pipe and the concrete was filled with a
commercial prepackaged mix with pea gravel as aggregate. This could be brought
to a good finish to match the floor.

To keep the wet concrete out of the fill, a cover 1s placed over the fill
before the hole was patched. A variety of materials were tried, including foam
board, sheet steel, and an asphalt impregnated roofing felt, The felt was the
most convenient, as it could be cut tu shape easily, and sealed to both the floor
edge and the pipe with an asphaltic sealant. This ensured that the opening was

airtight, and the only function of the concrete was to fill the opening.

7.1.4. Fans

Four different fans were used tc power the soil ventilation systems. The
first was a small 80 mm diameter plastic and aluminum axial fan that gave
50 L/s flow in free air and 50 Pa suction at zcro flow. These fans were used
for wall ventilation &% one house, and were then used i1n drain tile ventilation
systems. Their corrosion-resistant design made them especially suitable for this,
but the suction was lower than that generated by other fans.

The second was a low spced centrifugal ventilation fan in a weather
protective aluminum housing, which gave 100 L/s free air flow and 110 Pa
suction at rzevo flow. These were 1mmediately available from a local supplier.
Their large flow capacily but relatively low suction made them most suitable for
wall ventilation systems.

This fan was too large to mount unobtrusively, and a higher suction was
felt deswrable, so smaller high speed centrifugal fans without a weather
protective housing also used. These were small enough to fit inside a window
well with a weather shield above them, or to mount directiy onto the end of an
exhaust pipe. Two models were investigated. Both used the same fan body, but

one ran at 3500 rpm with a motor outside the body, the other ran at 1700 rpm
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with the motor placed inside the body within the fan wheel. The latter was
quieter, but did not develop as high a suction or handle as much air.

The higher speed fan gave 50 L/s free uir flow and 200 Pa at zero flow,
and was adopted as the standard unit. Several fans were fitted with flanges to
accept flexible wire-reinforced plastic hose, and were mounted in weather
protective woodun boxes with "child~proof" discharge protectors for use as
temporary fans, and were used for all three types of system.

All of these fans were used at the start of the project in 1985. In 1986 a
supplier was located for a centrifugal fan in a plastic axial mounting, complete
with arn integral conduit connector. The "150 mm" model {inlet and oullet
connectors 150 mm n diameter) of this fan gave 150 L/s free mr flovw and
450 Pa at zero flow, and was suitable for use on all three mitigation systems. A
metal screen was awvailable to fit the inlet to prevent children from putting
fingers into the rapidly revolving fan wheel. This model was adopted in late
1986 as the standard fan for all aystems.

A version of this fan was also available 1 a half mounting, which could be
screwed to the outside of & wall for use as a\pressure fan. The casing wes of
galvanised sheet metal, and there was no conduit connector. This fan was used
only an the wall ventilation systems at houses #1, #2, #9 with an external
weather protection cover.

The capacities listed for these fans are not the manufacturer's
specificatior.3, but the mecasured performance of these fans as determined from

pressure/rlow tests using the actusal field mountings.

7.1.5. Problems

Ingtallation of the systems was surprisingly difficuit. The floor slabs were
all a full 90 mm (3.5 inches) thick, and the aggregate used in the concrete was
either a granite or a hard metamorphosed sedimentary rock. This made Lhe
floors very difficult to break, and compressea air equapmeni had o be used 1o
complete the Job in a reasonable time.

An experiment was carried out in house #1 to confirm that the electriz
demolition equipment that a homeowner could hire was not adequate to break the
floors. An eleclric demolition hammer {Hilt)) was used exclusively to diiil a 150
mm diameter ring of holes where the concrete was Lo be removed to nstall a

200 mm diameter ethoust pipe. Not onlv was progress very slow, cach hole

36



taking five minutes to drill, but the rotating bit frequently jammed on
aggregate, rotating the drill body. When this happened, only a 100 kg (220 1b)
workman was able to control the drill. The chisel bit was unable to break the
aggregate, so it was not possible to break between the holes to remove the
concrete as a disc. The conclusion was that professional air-powered equipment
was definitely required to break the local concrete, and homeowners could not be

expected to do this work.

7.1.6. Evaluaticn

Short term measurements were carried out during the summer. The
performance of the first three systems was disappointing. At house %1 no
reduction at all was produced in the radon concentration. Reductions were
produced 11n the other two houses (%2, #3), but the resulting radon
concentrations were still to high to be regarded as acceptable.

This generally poor performance, plus the installation difficulties, led to the
early conclusion that sub-slab ventilation was not likely to be a low-cost or
effective mitigation method in this area of the Reading Prong.

In light of this, and the major installation difficulties, it was decided that
only one more house {(house #4) would be fitted with a sub-slab system, and
alternate methods would be sought for the other project houses where sub-slab
ventilation had been planned. House #1 was thought to be more suitable than
the other houses to test a sub-slab system for it was on a sloping site with only
two basement walls in contact with the soil, the basement was undecorated,
there were no internal block walls, and the floor had been poured in two
gsections with a large open construction joint. The results from these houses are
summarised below in Table 5.

The performance was better 1in house #4, with radon concentrations reduced
to near the EPA critcrion of 150 Bq/m?, despite the floor slab resting directly
on the bedrock, and flow resisiance of the sub-slab fill being so high that the
exhaust fan ran stalled with almost no anflow. The centrifugal fan surged,
creating more noise than normal, so the installation was not regarded as a

complele success.

37



TABLE § SUMMARY OF PHASE 1 RESULTS WITH SUB-SLAB SUCTION

RADON LEVELS WITH SYSTEM OFF RADON LEVELS WITH SYSTEM ON  PERCENT

HOUSE {Bg/m?) (Bq/m?) REDUCTION
NO. RANGE ARITH.MEAN RANGE ARITH.MEAN IN ®
1 4 660~ 7 360 5 850 4 000- 6 960 5 000 16
2 3 260-18 610 8 810 1 110- 2 150 1 760 80
3 31 380-54 580 44 590 18 650-21 050 19 460 56
4 x ~1 180% 670- 1 040 820 ~45

% Insufficient data Lo determine range.
These resuits are based upon 1 to 2 days of hourly Pylon measurements

hoth before and after the system was activated.

The only feasible additional mitigntion measure for these houses was wall
ventilation, which had not been tried previously. %York at the thr.e houses
{house #1, &2, #4) in which sub-slab wventilation had failed to reduce
concentrations sufficiently was therefore suspended until experience had becn

gained with wall ventilation at cther sites.

7.1.7. Comments

A properly operating sub-slab system draws air down through every opening
in the floor and thus prevents the entry of radon-laden soil gas. An extensive
check with smoke tubes was made of the f{lcor at houses 52 and #1. In both
places the zir was found to flow down through each accessible mejor crack or
opening into the sub-slab space, showing thet the poor performance was not the
result of poor installation, for the sub-slaub system was depressurizing the sub-
slab space as intended. This led to the conclusion that there was a major radon
supply route into these houses via the walis that was not being intercepted by

the sub-slab depressurization.

7.2, PHASE 2 ~ GENERAL

Short term measurements were carried out during the winter in houses #1,
41 both of which had their sub-slub s) stems operating without modification since
the summer, Radon concentrauons in both houses were comparable to the
summer pre-mitigation measurements, and tuv those measured 1n the previous

winter by the DER, indicating thal the systems were not effective durmmg the
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heating season. House #2 had the sub-glab sysatem wmodified, but radon
cuncentrations there were even higher than those measured previously. This
was taken as further confirmation of the conclusion reached in the summer,
that sub-slab ventilation was not a viable mitigation method for concrete block
houses in the Reading Prong.

Despite this discouraging experience, it was decided to try sub-slab
ventilation again in a number of Phase 2 houses. Two houses {#24, #25) had
poured concrete basement walls, so there could be no question of radon entry
through the walls, and two (£21, #20) had concrete block walla. The owners of
the first three bouses (#21, #24, #25) had seen them built, and said that there
was a good layer of crushed stone beneath the basement floor, and a new
installatioin procedure using a diamond core drill hed been developed to avoid
the use of a pneumatic drill and compressor to cut open the floor.

A sub-slab system was installed in house #22, after a small local exhaust

system failed to change the radon concentrations in the house.

7.2.1. New Installation Procea.-z {Phase 2)

The stirong concrete floors met with in this area required the use of
specialist machinery to cut them open. Once this was accepted, therc were a
number of alternatives to the use a Jjack hammer. The contractor had a
concrete coring drill, which could cut discs of concrete outl of wall or floors up
to 200 mm in diameter, and as 1t was water cooled and non impact, would do it
with much less dust and noise than the jack hammer.

The largest core that could be removed was much smaller than the openings
that were made with the hammer, and so the volume of high permeability
material that could be placed round the end of the pipe was limited. The core
drill technique was best suited to those places where lae sub-glab permeability
was high.

The drill was able to cut a 200 mm diameter hole in abcut 30 minutes,
depending on setup time, and could work adjacent to walls. This was rapid
enough that 1t was feasitle Lo consider drilhng multiple holes. The original
sub-slah system design used only one or two central exhaust points to reduce the
labour nceded for installation, snd rehed on the permec.bility of the sub-slab
material to transmit the suction from those points to the major routes of radon

entry at the perimeter wall/floor joint. When the permeability was low, *he
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suction was transmitted poorly. If the suction were applied near the wails
instead, it would be highest in the region of the routes of entry, and even in
are;as of low permeability sub-slab fill, would be transmitted slong the footing by
the disturbed material in that arca. This might also lower the pressure in the
soil benealh and outside the footing, anu reduce the flow of soill gas into

concrete block walls at the footing level.

7.2.2.  Piping

The "4 inch" lightweight plastic piping was used for these systems. The
core drill made it easy to set pipes close to the walls, where they were lese
obtrusive than in the mddle of the floor, so there was less need to go to
smaller diameter pipe to aid concealment.

The sub-slab ventilation systems planncd for Phase 2 work were more
elaborate than the Phase 1 systems. In addition, instead of relying completely
on the system to produce sufficient soil depressurization to deal with all floor
openings, all accessible floor openings were closed to ensure that the sub-slab

suction was as high as readily achiesvable.

7.2.3. Problems

The core drill was water cooled, and used two or three gallons of water
while drilling a hole. This water could be collected by continually running a
wet vacuum cleaner, but it was found easier to build a small dam round the
machine with sand. The water wetted the sand and ’:}n pocled 1nside the dam.
When the core was removed, the waler ran away down the hole, verifying that
the openung was connected to the sub-slab space. The sand was shovelled up,
and the area was dry in 30 minutes.

The water cooling made this dri suitable for use only in uncarpeted
areas. Diamond bits are available for dry drilling, but the large smount of dust

produced requires a higher standard of dust control tha.. usual 1n the contraucting

world.
7.2.4. Evaluation

The resuits from the Phase 1 houses that had their systems modified and

the new Phase 2 houscs are summarised helow in Table 6.
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~%Ye first house where the new procedure was tried was house #21. This
house had a concrete block basement, and a carpeted floor and finished ceiling
in most of the basement restricted the location of the exhaust pipe to a single
pipe in the utility room at one end of the house, which was connected to a
100 L/s exhaust fan. There was at least 50 mm of crushed stone beneath the
floor slab. Openngs in the floor slab around the drains were closed with
silicone caulk, and an untrapped floor drain closed with a rubber plug. A major
reduction in the radon concentration was achieved in the winter, showing that
high radon supplies through the walls were not inevitable if the sub-slab fill had

good permeability.

TABLE 6 SUMMARY OF PHASE 2 RESULTS WITH SUB-SLAB SUCTION

RADON LEVELS WITH SYSTEM OFF RADON LEVELS WITH SYSTEM ON P’mlm

HOUSE (Ba/m3) (Ba/m?) I MEAN

RANGE ARITH.MEAN RANGE ARITH,MEAN

Basements with block foundation walls

7B 5 750-23 150 14 890 30~ 240 120 83

20 5 460-25 750 10 440 710-2 920 1 600 85

20A 5 360-25 750 10 440 140- 770 450 95

21 1 310- 7 340 4 100 40- 150 100 98
Basements with poured concrete foundation walls

24 888~ 2 4105 1 628 73- 185 111 93

25 134-11 470 5 476 185- 592 333 94

Basements with poured concrete foundetion walls and adjoining slab on grade

22 814~ 1 998 1 258 111- 555 259 77

23 3 219- 3 811 3 515 148- 444 296 92

These results are based upon 2 to 4 days of hourly Pylon measurements in

the basement both before and after the system was activated.

The second house where this new procedurc was tried was house $25. This
house had solid poured concrete basement walls, and a fleorslab that had shrunk
away from Lhe walls 2 to 3 mm in places. The owner said that insects entered
the basement via this crack, and that there was a layer of crushed stone
benenth the slab. Four holes were cored through the slab close to each exteror
wall, connected Lo a 50 L/s centrifugal fan. The top of the {fouling was evposed
i all the holes, und was generally covered with a lejer of small stones. The
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sub-slab stone exposed in the holes ranged from 30 to 100 mm in depth beneath
the slab. A major reduction in radon concentration was achieved when the fan
was turned on.

The airflows up the exhaust pipes were lowest where the stone layer was
thinnest, and smoke tests found that parts of the wall/floor joint were not
under negative piressure. This indicated that there could be large variations in
the sub-~slab permeability, and that more than one exhaust pipe per wall might be
needed to guarantee that almost all of the floor area was under suction. Closing
the open portion of the wall/floor joint with caulking did not improve the
system performance significantly.

A direct comparison of the effect of pipe location was carried out at
house #20. A central two point system was inslalled connected to a 100 )./s
fan, using the core drill to cut 200 mm diameter holes. Smoke testa showed
that the suction extended to the edge of the floor slab. Thig system produced
major reduction mm radon concentrations, but there was indication of a small
radon supply via the concrete block walls. The central system was then
removed, and a five noint system connected tuv the 100 L/s fan, with two points
on ecach of the frent and rear walls and a single point on the buried end wall.
The other end wall contained a garage door and was almost completely out of
the ground. The new arrangement gave a shightly better performance, but there
was still a small radon supply from the walls,

The block walls at this house were painted, and the sill plate covered the
blocks tops. To test if the suction in the footing area would reduce the radon
supply if the airtightness of the walls was increased, the sill plale was caulked
to the top of the blocks, and open blocks i1n the pilaster were closed with
expunding urethuane foam. This made no significant change in the radon
conrentrations, and did not change visibly the effects of wind on the airflow 1n
or aut of the wall, or the radon concentration in the wall. This indicated that
the although the multipoint sub-glab system could work effectively 1n concrete
block houses, but if there was stull a small radon supply via the wallg, just
increasing the wall antightness would not allow the random connections from the
sub-slab space to depressurize the walls. 1 the radon supply from the walls was
to be reduced, a separate system would be requured.

House £23 had sohd concrele basement walls, but a Iarge coacrete bladk

bascement chimne) structurce in the wall 81 one end. The owner mtended to
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finish the baeement, end the choice of location . .or the eshaust pipes was very
hmited. The owner had seen the house built, and said Lhat Lhere wee a good
layer of stone benealh ihe basement floor, so the final system only had three
exhaus! pomnts, two at the fireplate end of the bascment, and one wt the
opposite end. Good performance was achieved here wilh a 50 L/s fan, with
suction extending beneath all parils of the flcor.

House #22 was a saplit level with sohid concrete basement walls, and half
the house was over a grade level concrete slab. Operntion of a four pownt sub-
slab svstem with u low suction 50 L/s axial fan reduced radon concent.ations to

a low level.

7.2.5. Comment

The new installation procedure using a core drill effectively overcame all
the 1nstallation difficullies caused by use of ag air powered pack-hammer n
occupled houses identified in Phase 1. The good system performance in these
houses, without excavating the sub-siab fili around the pipe cenlry, plus
knowledge gained in ingtalling mitigetive systems n other houses, suggested
that the houses selecled in Phase | had features which decreased suh-slub
ventilation performance. 11 was hkely that if they had bLeen fitted with multi-
pont systems with high suction fans, good results would have been oblained

there.

7.3. PHASE 3 - GLENERAL

The experience 1n Phase 2 houses with sub-slab yentilation, and with wall
ventilation combinerl wilh sub-slab ventiintion, suggested 1hat sub-slab ventlilation
could be effective in a wide range of housing types. As a result, ull the
Phase 3 houses were to reccenve sub-slab ventilation as the primary mtigatioa
measure. Sixn of them (#36, £33, »10, #31, #37, £#35) had schd concrele basement
walls so there was no concern for radon eniry vie the walls, and three (232,
439, £31) had concrete block walls.

In addilion, as n specific test of the improved design, house 24, where an
unsuccessful two point sub-glab system had been installed, was Lo receive » new
design sin point sy stem. Two Phage | houses (£312, #6] with concrete block

basement walis where ather systems bad been unsuccessful were to be converted
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to sub-slab ventilation. One Phase 1 house (#38) which had not had any system
installed was to receive a sub-slab system.

Two Phase 2 houses (#22, #23) which had a sub-slab system exhaust system
in the basement section alone, were to have the system extended to the grade

level slab.

7.3.1. Installation Procedure (Phase 3)

The installation procedures were generally the same as used in Phase 2.
The "standard system™ had six eshaust points, two on cach long wall of the
house, and one on each end wall. If the basement was rectangular, only one
pipe was used at the centre of each wall, More poinls were added n large
houses. All accessible floor openings, such as construction joints and cpenings
beneath well pressure tanks were closed. The 150 L/s fan was used in all new
installations.

A four point eshaust system was installed in house #13, where a weeping
tile exhaust system installed in Phase 1 produced only moderate reductions.

As a test of the ability of the multiple pomnt system Lo deal with
conditions of poor sub-slab permeabibity, a si1x point systemm was nstalled at
house £4, where a two pomnt system was neffective in Phase L.

House (438) had concrete block walls and a french dinin.  Half of the
basement was finished as a laundry room, bathroom and family room. The
accessible part of Lhe french drain was in the garage, and wuas closed by
placing 10 ta 50 mm of snand in the bottom of the drain, and then Jilhing the
remainder with mortar. If water entered the wall, it would leak out at the
bottom of the wall, and diain to the sub-slab space via the sand. The parts of
the drain that were concealed behind panehng were closed by injecting
expanding fonm through small holes drilled through at the foot of the wall.
These were concealed by an added baseboard molding.

The system at house 36 was converted from a wall plus floor ventilaton
system by removing the exhnust pipes and the garage fan frow the walls, and
using the three holes in the floor of the unfinished , urt of the basement 2s the
exhaust points Jor the ..ub-slab svstem.

House 232 had concrete block walls, and a large sump pit that contamed
the well pump and pressure tanhs.  This pit was normally covered with o

PMruwooad sheet. In nddition to installing siv periphernl sub-slab ventilition pipes,
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a fitted plywood door was placed over the pit, and it was ventilated with a
separate line.

Houses #36, #22, #23 had half of the house on a grade level slab. A sub-
slab system was initially installed in the basement alone at #22, and #23, and
then the slab was treated by placing an exhaust pipe into the sub-slab fill. Ay
extended system was installed at #36 from the beginning.

House #37 had a family room on a grade level slab. A system was
installed in the sasement only.

House #£31 had concrete walls and a french diain., The drain was filled
with mortar over a layer of sand, and a standard sin point s)stem installed.

Most of the basemenl at house #35 was taken up with a garage, leaving
only A small work room. A four point system was installed in this room.

A non-standard sy»stem was installed at house #33, where there was a dry
sump with no connection to a drainage tile. A cover was placed over the sump

and it was ventilated with a high suction fan.

7.3.2. Eans

A supplier of a series of in-line centrifugnl exhaust fans was 1dentified
late in Phase 2. A suitable unmit was available with a weather protective plastic
housing that would give 150 L/s free air flow, and more immportantly, produce
450 Pa suction at zero flow, and more than 200 Pa suction at any flow less than
80 L/s. The inlet and outlel connectors would Jjust fit inside 'sin inch”
lightweight plastic pipe which was convement for mounting. This fan was
adopted as the standard unit for new inslallations, and was 1etrofitted to most

of the previous ones.

7.3.3. Comment

A test procedure had been developed by another contractor to measure the
atrflow resistance of the sub-slab Nill, to provide guidance as to the size of
system required.  The basic idea was lo drill a small hole through the siab at
the proposed site of the exhaust pipe and intervals over the slab, suck o one
hole with a l\ngh suction yvacuum cleaner, and measure the decrease of pressure
with distance from the hole. The flow out of the test hole was also measured,

so that a fan with sufficient flow capacity could be specified,
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A modified version of this procedure was tried at houses #39 and #10. A
professional 1/2 inch rotary/hammer drill was barely adequate to drill through
the floors. It took several minutes to drill through the pieces of hard
aggregate that were encountered 1n almost every hole. At house #40 the sub-
slab permeability was so low that there was no mcasurable pressure difference
{§ Pa), or even airflow down holes only 450 mm from tLhe test hole with I5
000 Pa suction applied. Al house #39, only one pair of holes had a measurable
connection, and a surtion of 25 Pa was measured al a distance of 1.3 m from the
test hole.

This was a valuable test 1n that it suggested the system flows would be low
enough that one exhaust fan would be sufficient at #40, which was a very large
house. The overall conclusion was that the sub-slab permeability m: these houses

was too low for the modified test procedure to be very useful as a design guide.

7.3.4. Evaluation

The results from the Phase ! nand Phase 2 houses that had their systems
modified and the new Phase 3 houses are summarised below in Table 7.

As a test of the ability of the muluiple pomnt system to deal with
conditions of poor sub-slab permeability, n sin point system with a high suction
fan was 1installed at house #1, where a two point system was 1neffective in
Phase 1. This was successful, and gave reassurance that mcreased and vadely
distributed suction could overcome low permcability.

House #7 originally had n wall ventilation system installed 1in Phase 1, and
considerable cffort was spent m Phase 2 to improve the performance. The
system converted to a sub-slab s)stem, and good rcesults were obtained. The
sy stems at houses £6, #38, #39, 231 were ulsc successful, confirming that sub-
slnb ventilation alone could reduce the entry rate of soil éas and radon, cven ian
houses with concrete block basement walls.

The system al house £32 reducced the radon concentiations, but the
premiligation concenlrations were low. 1t was subsequently discovered that the
DER  alpha-trach detector which ndicated high long term average radon
concentrations was eaposed 1n the sump pit, and did not represent a valid
estimate of the average radon concentration i the bascment. The house would

not huave quahfied for the program if a 1ecahstic measurement had been made.
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The sump ventilation system at house #33 initially produced only a small
reduction in radon concentration, and the sub-slab suction was limited to the
region round the sump. Holes were drilled in the side of the concrete pipe
sump liner, and in the bottom of the sump. It was found that the pipe was set
in concrece, covered by a layer of stones and dirt, rather than being open to
the sub-slab fill as it appeared. Satisfactory performance was achieved after the

commuanication was improved.

TABLE 7 SUMMARY OF PHASE 3 RESULTS WITH SUB-SLAB SUCTION

RADON LEVELS WITH SYSTEM OFF RADON LEVELS WITH SYSTIM ON  PERCENT
HOUSE {Bq/m?) (Bq/m?) REDUCTION

NO. RANGE ARITH. MEAN RANGE ARITH.MEAN [V MEAX

Basements with block foundation walls

45 550- 900 740 40- 160 100 86
6B 1 300- 3 610 2 210 100- 22v 180 92
7D 5 7T40-23 150 14 890 40- 330 130 |9
13A 2 780 4 330 3 500 20~ 150 0 a8
20C 5 460-25 750 10 440 110- 260 160 98
31 15 510-19 490 17 945 80- 240 130 - 99
32 110- 410 210 20~ 100 13 79
39 40- 2 330 890 20~ 110 60 93
Basements with poured concrete foundation walls
33 2 553- 3 589 3 108 111- 259 185 94
31 20 313-29 970 25 752 111- 259 183 Q9
35 3 219-11 026 6 068 18- 74 37 a9
Basements with poured concrete foundation walls and an adjoining slab on grade
223 811- 1 998 1 258 185- 592 333 74
23A 3 200- 6 000 4 700 40- 950 4150 90
36 2 142- 6 327 5 254 37- 148 L a9
37 370- 1 221 703 18- 74 37 97

These results are based upon 2 to 1 days of hourly P)lon measurements in

the basement before and after the system was activated.

In houses #40, #34, #37, and £35, where the basement walls were all of
solid concrete, the systems were successful and achieved low  radon
concentrations. House #37 had a family room on a slab adjacent to the
basement, but reduction 1n basement radon concentrations still led to low radon

concentrations upstairs.
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At house #13, operation of the sub-slab system at the same time as the
weeping tile system produced low radon concentrations, but the system by itself
was not much more effective than the weeping tile system. An explanation for
this is that the systems produce asymmetrical but different pressure fields. This
house 1s unusual in that the bed of crushed stone beneath the floor slab is much
thicker than normal at the rear of the house, as 1t was used to level a sloping
excavation. T};e flows 1n the sub-slab exhaust pipe from this location were high
and the radon concentrations very low, indicating that this section was drawing
mainly atmospheric air, not soil gas. The weeping tile in this section is nearest
the fan, and has the highest suction.

At house £22, radon concentrations upstairs were higher than in the
basement, so the fill beneath the grade level slab was ventilated with two
exhaust points inserted through the stub wall This reduced radon
concentrations upstairs to low levels, but basement radon concentrations
remained slightly clevated.

At house #23, with just a sub-slab system in the basement, radon
concentrations upstairs were higher than in the basement. Therefore the fill
beneath the grade level slab was ventilated with a single e¢xhaust point through
the slab, placed 1n a closet beneath the stairs. This reduced radon

concentrations to low levels both upstairs and in the basement.

7.4. OVERALIL EVALUATION OF SUB-SLAB VENTILATION

The initial Phase 1 sub-slab installations performed poorly, and led lo a
premature dismissal of sub-slab ventilation as an effective mitigation method for
the Reading Prong area. In retrospect, the reasons for the poor performance
were largely that the design was based on esperience in areas where the sub-
slab permeability was much higher than in this area. When the design was
modified to compensate for the lower permeability, by use of multiple evhaust
points, closure of all accessible floor openings, and high suction evhaust fans,
then large reductions 1n radon concentration were obtammed., The step of most
value seemed to be use of multiple evhaust points, for improvements in sy stem
performance were minor whea higher suction fans were installed.

These steps also reduced the entry of soil gas through concrete bloch
walls, The good performance of the later sub-slab systems suggested that in the

majority of houses the depressurization was not limited only to the sub-sinb
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region, but extended beneath the footing to the outside of the basement walls.
In these cases there was no need for a separate system tu depressurize the soil
outside of the walls, or collect the soil gas from inside the walls,

Split level houses and bazement houses wilh extensions could be dealt with
successfully by ventilating beneath both floor slabs.

However, desp'te the evcellent performance of the modified system in most
houses, there were some places where the performance was poorer. These
include both houses with concrete block walls (where the walls could be an
untreated source) such as house #13, and #20; butl also places with colid walls,
such as house #25 where the reasons for poor performznce wmust be related only
to low and varable sub-slab perreuabdizy. Tests of the effective sub-slab
permeability may cuabre s to identify these places in advance, but it 1w not
clear how much the lests will mssist 1n designing the systems to overcome this,

other than by pointing out that there 1s a problem.
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SECTION 8.
EXPERIENCE WITH PERIMETER DRAIN VENTILATION

8.1. PHASE 1 - GENERAL

In previous projects, active soil ventilation using the perimeter drain tile
{weeping tile) as the soil gas coliector had been a generally effective mitigative
measure for concrete block structures. However, only about 30% of houses in
the Boyertown area have perimeter drain tiles. Hcuses that had them were
commo'nly built into the side of a hill, and the tile drain was intended to
intercept water moving downhill through the soil after rain and during the
spring melt. These drains are often omitted on the downhill and garage walls
of the basement, so the fraction of houses where there was a complete loop of
tile round the basement was smaller still. The collected water was normally
discharged by gravity down the hill, rather than bcought to a sump inside the
house.

Some basements without perimeter drainage tiles have a "French Draia”.
This 1s an openming about 50 mm (2 inches) wide between tne edge of the floor
slab and the basement wall, exposing the upper surface of the footing and the
sub-slab fill. Water that enters the concrete block wall weeps down the wall
surface, and is collected and drained to the sub-slab fill withcut flowing onto
the floor surface. These houses present a major challenge, .or not only are
there the usual routes of soil gas entry through the floor and walls, but also a
direct route from the soil via the french drain.

The soil 1n the area 1s believed to be free draimag, and this is probably
the reason why perimeter drain tiles are not installed routirely. However, on top
of the hills the soil 1s a mixture of rock, clay and sand. Most of the houses
inspected had some signs of water entry through the block wallsg, so the drainage
capacity is not always good enough to deal with high water loadings, such as are
found during the spring thaw.

The drain tile installations tested during this study were of two types.
Where the tiles dramed to an above-ground discharge, the system resembled
that shown in Figure 2. Where they drained to an internal sump, the sysiem

resembled that shown in Figure 3.
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8.1.1.  Installation Procedure {(Phase 1)

The drain line from the perimeter drain tile is open to the air at the
discharge end, so the tile cannu* be used as a soil gas collector until that
opening 18 closed. Otherwise the fan will just draw air from the atmosphere,
instead of depressurizing the soil around the basement., A pil wus dug to the
junction of the perimeter drain tile and thc drain hine, a water trap placed in
the drain hne to close it against the passage of air, and a vertical riser for the
fan attached to the perimeter drain tile.

The "U" waler trap was fabricated from "3 inch” plastic drain pipe elbows.
To prevent the water from freezing during the winter and perhaps hblocking the
trap during a sudden thaw, each trap was covered with at least 600 inm (2 feet)
of earth. In these nitial installations, a vertical riser topped by a cap was
attached to the atmosphere side of the trap so it could be filled with water
after it was buried, and the water level checked from Lhe surface. Although
there was a drought in Pennsylvania, the water levels in the traps did not fall
visibly over a month, showing that evaporation should not be a problem.

A perimeter drain tile vcntilation system with a sub-slab cowponent was
installed at house #17. This house was unusua! for the area in that it had an
internal sump and pump to dispose of the water collected by the perimeter
drain tile, and there was also a tile network beneath Lhe basement floor. This
had been installed in a bed of crushed stone over the top of the original
bascment floor, and a new flor slab poured over all. The house was abt the
foot of a small hill, and the owners stated thal large amcunts of water were
handled by the system when rainfall was normel. Most of the basement wus
finished. The sump and pump were concealed in a corner by panclhing.

An amirtight wooden cover was constructed to fit in the available space,
and a "1 mch” plastic senwer pipe was insialled behwnd Lhe panelling to ventilate
the sump. Il rar through the wall into the garage where a free standing fan
was placed, discharging to the outside. There was a considerable gap visible
between the floor slab and the wall in the sump area. This was filled with
espanding foam to decrease the leaknge area into the system. The gap estended
behind the panclhing, and no attempt was made to remove the pancliing to close
the gap for thal would not have becn low cost.

More detatls on Lhe installations are given 1n Appendiv C.



8.1.2. Fans

Two different fan installations were used. At the first three houses $12,
#13, 214) a amall axial fan of 50 L/s (100 cfm) capacity and 50 Pa suclion at
zero flow was installed on the end of a 300 mm (3 feet) vertical riser. When the
corners of the 130 mm (4.25 inch) metul frame around the fan were cut off, it
fitted inside the large end of a 6x4 plastic drain pipe reducer. The gap between
the edge of the frame was filled with an single component eapanding urethane
fosm. A protectlive wire girill was bolted in front of the fan 1o prevent children
putting their fingers into Lhe rapidly revolving plastic fun blades. Two of these
fans had to be replaced, for unreacted foam seeped between the rear of the fan
frame and the adaplor, expanded into the fan blades, and jammed them. The
solution was to use a “reverse mounted” fan with the mounting spider on the
suction side of the fun. This enabled the fan to be screwed down agasinst a soft
rubber gasket without fouling the blades, and all further axal fans used were of
that type.

The 6x4 reducer was attached to the verticol tiser from the perimeter dran
tile water-trap by an nverted "U” made of two elbows, so that the fan
discharged downward, and was protected fram the weather. The riser was able
te support the fan without additional bracing. Although the performance of
these fans was satisfactory, a higher suction wus felt to be desiteable for the
larger houses with higher radon levels.

A different fan and mounting procedure was used for the neat three houses
(#£10, 515, #16). A small centrifugal fan of 50 L/s capacity and 200 Pa suction
at zero flow was mounted in 8 free standing wooden box, and connected to the
riser with 100 mm diameter wire reinforced plastic hose (drycr hose). The fun
was hung inside the box from its discharge port flange, a plastic toilet flange
was screwed to the metal fan body as an intake adaptlor, and a 3060 mm length of
"4 mnch” plastic pipe with an elbow was placed over the discharge epening to
pre~ent children from putting their fingers 1nto the rapidly revolving metal fun
wheel. This was a temporary artangement, for the air leaving the soil 1s
saturated with water vapour, and in cool weather this will condense in the

discharge piping, blocking the flexible hose if 1t has a low spot.
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8.1.3. Problems

There were no unexpected installation difficulties. The ground was stony,
and so the effort involved in digging to the tile was high. In some areas it was
impossible to insert a spade point into the ground, for it would always strike a
small stone. It was necessary to break up the sol with a pickaxe or a crowbar
before 1t could be moved wilth a spade. An clectric hammer with a chisel blade
was found to be a considerable asgsistance. We were fortunate in that many of
the homeowners had seen their house built, and were able to tell us where the
tile ran, and where the drain connection was. This greatly reduced the amount
of digging needed to find the junction of the drain hine and the tile.

The perimeter dram tile was buried only 300 to 900 mm (1 to 3 feet) deep
at the rear of must houses an sloping sites. This minimised the labour required.
At one house (house #16) there was a full depth basement, and the excavation
was over 2.1 m {7 feel) deep. This pil was dug on two days of record breaking
temperatures, and one of the labour crew resigned during the task. When the
fan was turned on in house #16, the untrapped floor drain was found to be
counected to the perimeter drain tile. A commercial watertrap adaptor to close

this drain i1s not available, so an expanding rubber plug was placed in the drain.

8.1.4. Evaluation

Short term measurements in the summer gave good results from all these
systems. Soil ventilt tion with the perimeter deain tile as the collector seemed to
be an effectine way Lo deal with soil gas entry routes. As the greatest suction
18 near the footimys, the good success of this method, together wilh the relative
farllure of sub-slab collection, indicated that the major entiy route in these
Reading TProng houses was via the walls,  This 1n turn suggested that wall
ventilation might be an effectine mitigation strategy for those basements withowt
perimeter drain tile,

Inspection of the systems in the late fall of 1985 found that the flewibie
hose to the freestanding fans was filling with water during the conl nights, and
bloching the aivflon to the fan. To heep the systems operating Lhrough the
winter, the fans were mounted directly on top of the exhaust risers,  This
creased Lthe suction in the systems.  The low suction 50 L/s avial fans were

also replaced wath direct mounted 50 1 /s centrifugel fans with higher suction,



To direct mount the centrifugal fans, thuy were removed from the boxes,
and were placed directly on top of the exhaust riser pipes with a 4x3 reducer
attached to a plastic flange screwed to the metal fan body. These fana were
not weather protected, so 2 length of flexible plastic hose was slipped over the
top of the fan to keep the motor and terminals dry.

Short term measurements after fan remounting found the system was
effective at houses #12, #10, #15, where the perimeter drain tile completely
surrounded the basement, but was 1neffective at house #16, where the tile ran
only partly round the basement. At house #13, where the tile ran only part
way round the basement the low suction anial fan was replaced with a 50 L/s
centrifugal before any measurements were made, but measurements showed that
even with the higher suction fan the system was not very effective. The
system at house $#17 was found to be ineffective even with the fan operating
properly, end was removed.

The system was effactive nt house %12, cxcept when the internal pressure
was lowered by running un open fire. Replacement of the axial fan by a
directly mounted 50 L/s centrifugal fan increased s3stem suction from 50 to
108 Pa, and improved the performance.

The system was neffective at house #11, where the tile ran only along
thiee sides of the basement, and there was a low suction asial fan. The system
was removed from this house, as the poor performauce of sy stems at bouses
where the perimeter dramn tile did not make a complete loop suggested that

other mitigation methods were nccded.

8.2. PHASE 2 - GENFRAL

Four new Phase 2 houses had block basement walls, and were said by the
owners Lo have perimcter drain tiles which ran completely round the basement,
ond were therefme selected for permmeter drain tile ventilation,  Two houses
were selected ln test the effect of internal openings on sy stem perfor mance.

Houge #26 had s garage 'n the basement, and tile was adjacent to the 3
buried walls., There was a cold room with a soil floor underncath the front
potch, with a dour mto the basement, and the floor was poured 1n scseral
sections. House £27 had 4 large concirete block sthiructure in the centre of the

basement that supported a upstens fireplace and flue.
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The 50 L/s axial fans were used at each of these houses, with good
results. A councrete slab was poured over the exposed soil of the cold room
floor at house #26, with only a small reduction 1n radon ccncentration. This,
and the generally good performance in both houses indicated that the perimeter
drain tile system was able to divert soil gas away from the floor openings as
well as from the walls.

Detailed inspection of the site at house %28 led lo the conclusion that the
owner might have been mistaken about the presence of a perimetzr drain lle
drain. There wus not enough slope on the site for an external discharge from
the tile, and although there was an internal sump with a sump pump, only one
small diamecter pipe led into 1it.  The mun use of the sump was as a discharge
point for the basement washing machine. The basement walls 1n the sump area
were heavily water stained, end the owner complained of surface wualer enter.ng
the basement despite regrading the site. Taking all these things into
consideration, 1t was felt that 1t would be undesirable to do any external
excavation oa this site. The sump would be veantilated, and 1f that was
unsuccessful, a HRV would be mstalled.

A fifth Phase 2 house, 221, had becn concidered for drain tile ventilation.
Howevetr, detmled inspection of the site, and discussions with the owner found
that the attached garage had been added to the house u few years after it was
built, and the perimeter drain tile along the garage wall mght huve been
rerouted or damaged during the u_ddltxon. The original permeler dramn tile
draimmage discha~ge pipe was probably underneath the garage floor slub, and no
other discharge pipe could be found. Rather than undertake the extensne
excavation that would be necded to evpose the tile, 1t was decided to nstail
sub-slab vertilation in this house, as discussed 1 Section 7.

A suppher of large plastic body in-hime 150 L/s centrifugal evhaust fans
was located at the start of Phase 2. These fons were weather protected, had
built-in conduit bozes, and weire suitable for a pernanent electrical counection.
These funs would develop 150 Pa suction at zervo flow.  All the perimeter dram
tile evhaust fans were repluced with these fans duitiag Phase 2, escept for
houscs 216, =17, which had been converted to other mitigation s)stems. None of

the rew houses selected for Phase 3 Lad perimeter drain Ule.
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B.2.1. Xew Fan Installation Procedure (Phase 2)

The inlet and outlet connectors of the new fan would just fit inside a
"6 inch™ light we:ght plastic drain pipe. The fan was secured to the pipe with
three sheet metal screws, and Lhe pipe attached to the "4 inch” verlical riser by

a 1x6 couphng.

B.2.2. Evaluation
Results from bLoth the Phase 1 and Phase 2 installations {except for houses
#15 and #£17 where the s)stems were replaced) with the new high suction fans

in operation are shown below 1n Table 8.

TABLE 8  SUMMARY OF PHASE 1 AND 2 RESULTS WITH DRAIN TILE SUCTION

RADCN LEVELS WITH SYSTEM OFF RADON LEVFLS WITH SYSTEM ON  PERCENT

HOUSE {Ba/m*) {Bg/m3) REDUCTTON
0. RANGE ARTTH.MEAN RANGE ARTTHEAn | MEAN

Tiles drain to low point on site

10 3 100-11 $00 7 400 70- 550 250 97
12 220- 740« 410% 70- 110 100 7
13 2 220~ 3 260« 2 660% 150- 630 120 81
11 1 860~ 2 180s 2 220% 300- 850 580 71
15 180- 1 810% 670¢ 15- 110 40 94
16 S5 030-12 Q0% 8 8380+ 3 030-8 140 5 580 7
26 1 180~ 7 070 3 310 15- 70 10 93
27 670- 2 370 1 550 10- 330 110 93
Tiles drarn Lo interior sump
17 920~ t B530¢ 1 180x 480- 850 670 13
28 LR ~800 380-2 500 800 ~0
29 150- 3 330 1 710 40- 130 70 36

t  All measurements marked with an astenisk were made mm warm weather-
July to August, KRadon levels are expected to be highes! during cold weather
duc to mcreased thermal stack effect, and to the house windows being closed.

% Insufficient data to determme range.

These results are basad upon 2 to 1 days of hourly Pjlen measurements in

the bhasement before and after the system was acltivated.

Iustallation of the new fans ncreased system suclion lo areund 200 Pa,

generally wirih anly a shght mmprovement n performance.  Goaod reqults were
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obtnined at all the houses. with the exception of house £13, which was the only
one where Lthe tile did not completely surround the basement. Concentrations
remained high despite the increase in suction, 1ndicating that the distribution of
suction in the soil around the basement was as important as the size of Lhe

suction developed in the system.

8.3. OVERALL EVALUATION OF PERIMETER DRAIN TILE VENTILATION

The performance of perimeter drain tile ventilation in those houses wlere
the tile formed a complete loop around the basement was unmiformly good. The
affect was not confined just to houses with entry routes in the walls, for good
reductions were obtained 1n houses where there were internal block walls and
otaer openings in the floor slab. On the <sloping sites common n this area, the
wvork required to install the s)stems was minor, for the dramn tile was often only

500 to 800 mm bhelow the surface on the down slope side of the house.
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SECTION 9.
EXPERIENCE WITH WALL VENTILATION

9.1. PHASE 1 - GENERAL

There a12 many small openings on the outer face of concrete block
basement walls 1n the footing area where so1l gas can enter. 1f sub-slab suction
docs not reduce the soil pressure in this area, and there 1s no weeping tile,
there 1s no simple way to lower the pressure i the soil 1a the footing area.
Ventilation of the block cavities to intercept the soil gas and radon that lezked
mto the wall before 1t entered the house had beren suggested as u possible
mitigative measure, but had not been tried previousls.

In all but one of the Phase 1 houses, the voids in the top course of
blocks were open to the house atmosphere, or at best, closed only by the
sillplate on which the floor joists rested., There wus a course of solid cap-
blocks on top of the wall 1 only one house. Wall ventilation could only be
expecied to be a practical mitigation mcasure it these voids couid be closed well
enough that a small fan would be able to produce u pressure drop large encugh
to ensure that air flowed from house to wall, exen when the exterior pressure
was raised by wmnd blowing against the walll The percenved major problem was
that of closing the top blech voids. Iustallntion of the fans was anticipated to
be a miror problem in comparison.

vty preal wall ventilation sy stem is shown 1n Figure 1.

Wall ventilation was tested in four housce during Phase L. The first house
selected for a wall ventilation mstallation was #1535, for this was the one sith
sohid cap blochs at Lthe top of the walll Discussions with the owner resesbed
that the Louse had been bult by an industimal buillder to keep his labour force
busy Letuween two large jobs.  The walls had been constiucted 9 industr.aal
standatds, and werce not only capped at the top, but were mternally remforced
by Nlhing a vertical set of bloch vouds at cach corner and at 2.1 m (8 feet)
inter vals along cach wall with concrete. As this cut ecach wall up wnto several
aittight compartments, n multiple point collection networkh vwould be necded to

draw an frem every wall compar tment,
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As the house also had weepmg tile, it was decided to see what effect weeping
tile ventilation had on radon concentrations, before proceeding with such a large
piece of work. In any case, although success at this site would have been proof
of principle, it would still have left unanswered the question as to how well the

system would work when the wall top had to be closed as part of the work.

9.1.1, Installetion Procedure {Phase 1)

Wall ventilation was first tried at house #5. This house was unusual in

that the floor jcists rested directly on top of the basement walls, without a
siliplate beneath them. The block voids were completely open, but were only
accessible 1n 35 e¢m (14 1nch) scgments between the joists. This was also the
only house where more than the top block course of the basement wall was
exposed above grade level.

The tops of the walls were closced with sheets of roofing felt cut to fit
between the irregularly spaced joists, and were stapled to the joist and header,
while the junction between the felt and the top of the block was closed with an
asphsaltic sealant. The area around the electrical panel where the wires
prevented placement of a strip of felt was closed by injecting a single
component urethane foam. A small 50 l./s avial exhaust fan was mstalled n
cach wall.

At the other houses there was msufficient clearance to grade to install a
fan 1n ecach wall. At those houses, a collection system of "1 inch" hghtuweight
drain pipe with aa entry point into the top course of each basement wall was
uscd, connected to aither a 50 L/s or 100 /s centrifugal fan outside the housec.
The larger fan was used 1n the larger houses.

At house #6, half the basement was finushed, and only thircee walls were
easily accessible. The sill-plate closed the block voids along the front and back
basement walls, and partially closed the top of the garage-end wall, which was
fimshed, and virtually 1naccessible. The voids 1 the top of Lthe other end wall
were closed with a slrip of reofing felt stapled and caulked to the huader boaed
in the same manner as at house $3. \ p: ¢ network was mstalled to ventilate
the thice accessible walls with 2 single pipe into the centre of each wall with a
100 L/s centrifugal fan installed outside. A separate 50 L/s awal fan was

mstalled 1n the garage to venlilate the fourth (fimished) basement wall.



Visual inspection and smohe flow tosts at #5 and #6 found that the felt
did not close the openings as effactively as hoped. Although it was
impregnated with asphalt, it still tock up moisture from the humid air in the
wall cavities, and warped and pulled away from the wood. Alilernatives to the
use of felt were considered, and the most practical included the use of a
wooden strip ("2x4") coated with asphaltic sealant to close the gap between the
sillplate and block edge {this was dubbed the "sticky strip” by the labour creuw),
or filling the top block cavities durcctly, either with cement or an expanding
foan.. Both thesez methods were tried in the next two houses (house %7, #8).

The wall tops at house #8 were closed with asphalt coated wood strips,
with mortar used on the side walls, and foam used to fill a few maccessibie
' areas. To ensure thal radon gas did not leak out of the wall into the house,
the fans were set to blow into the wall. As the air flow would be from wall to
soil, the radon concentration m the wall would be very low, Tfwo 50 L/s
centrifugal fans in parellel weire used, to ensure sufficient airflow capacity even
if there were large unclosed aresas.

The last 1nstallation was made at house %7, which was about three Limes
the size of house #8. End walls were closed with mortar and evpanding foam in
maccessible places, and the sil plate was cazulled to the top of the block wall
along the front asnd rear walls. Twn 50 L/s centrifugal fans were used to

compensate for the larger wall areas, and good results were also achieved here.

9.1.2. Fang (Phage 1)

Three different fan installations were used. At the first house (#3)
small axial fans of 50 L/s (100 fm) capazity and 50 Pa suction at zero flow
ware nstalled. A protective wire gnrill was bolted m front of the fan to
prevent children putting thenr fingers into the rapidly rvevolving plastic fan
vlades.

Two other fans were used at the other houses. The first was a small
centrifugal fan of 50 L/s capacity and 200 I'a suction at zero flow mounted 1n a
free standing wooden hoy, and connected to the central collection duct with 100
mm diameter wine remnforced plastic hose (dryer hosel generally puassed through o
sheet of plywood replacing o bacement window pane. The fan was hung 1aside
the bax from its discharge port flange, a plastic tanlet flange was screwed to the

metal fan body as an antahe adaptor, and a 300 mm length of "3 mch™ plashie
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pipe with an elbow was placed over the discharge opening to prevent children
from putting themr fingers into the rapidly revolving metal fan wheel. The
second was a larger centrifugal fan with a weather-protective aluminum housing,
mounted on a wooden st.:. *, and connected to the system by 100 mm diameter

plastic hose.

9.1.3. Problems

Closing the blocks with mortar was slow, and physically demanding.
Stuffing the blocks with paper took a long time. A 22 kg bag of cement will
only fill the tops of eight blocks, so considerable time and effort was spent in
just mixing mortar. The mortar was heavy to handle. 7The tasl was judged
only just within the capability of the average homeowner.

The use of an expanding foam was i1nvestigated as an casier and more rapid
way to fill the bYleck voids. Two hinds of single component foam and a two
component foam, available from local stores, were tried as block fillers. The
major use foreseen for foam was in areas of limited access, particularly where
it was not even possible to reach into the cavity to insert paper. None of
these foams was entirely satisfactory, and a more systematic search and test

program was carrted out in the fall.

g.1.1. Evaluation

The results from the Phase | installations are shown in Table 9 below.
Both wall closure methods were effective in areas where there was good access
to the top of the block wells. Each method had its own advantages. The
"sticky strip" was quick to apply on unobstiructed lengths of wall, where long
lengths could be used. On the walls at right angles to the flocor joists, wedges
could be inserted between the strip and the joists to hold the strip in place. On
the walls parallel to the joists this could not be done, and the strips had to be
natled 1nto position. This did not locate them as well ©s wedges, and was
slower, but the closure was still effective.

Where the block cavities were readily accessible, they were filled with
mortar by first stuffing newspaper into the cavity to provide a support layer
about 5 cm (2 inches) below tne top of the block, and then placing a moist
morter on top of the paper. The mortar had to be vibrated sligntly to fili to

the edges of the cavily. The small cavities between blocks are irrtegular 1n
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shape, and it was hard to fill them with mortar even with wvibration. In

general, if there was encugh space to insert the paper, the cavities could be
filled readily.

TABLE 9 SUMMARY OF PHASE i RESULTS WITH BLOCK WALL SUCTION

RADON LEVELS WITH SYSTEM OFF RADON LEVELS WITH SYSTEM ON  PERCENT

HOUSE (Bq/m?) (Bq/m?) REDUCT [ON
NO. RANGE ARITH.MEAN RANGE ARITH.MEAN 1V MEAN

5 0- 7ix 10% 999-1 850 1 580 —

6 1 221-2 516% 1 850% 777-1 2212 999+ a6

7 3 115-5 180 4 141% 111-  444% 259% 93

8 1 961-5 880% 3 700% 74- 148 111 97

5 Al measurements marked with an asterisk were obtained in warm
weather - June to August.

Levels in House 7 rose to 4 033 Bq/m?® - 18 537 Bq/m? during cold weather.

These results are based upon 1 Lo 2 days of hourly Pylon measurements in

the basement before and after the system was activated.

In less accessible areas, the cavities were stuffed with naper and au
eapanding foam was injected over the top. This worked well, and the small
cavities between the blocks could be closed ewther by injecting foam directly into
them, or by placing a bead of foam on top.

The performance in the first hcuse {(#5) was disappomting, for the radon
concentrations in the house rose when the fans were turned on. This was
attributed at the time to the fans drawing radori-laden soil gas into the wall,
which then leaked into the house through the many openings at the top of the
house walls. (Later work found that sufficient air was drawn into the walls by
the fans to depressurize the basemen! sufficiently thaut airflow was i1eversed n
an untrapped floor dram, which brought n radon and soil gas). Work was
suspended at this house while bLetter methods of wall closure were tested.

The results al house #8 were very satisfactory. When the fans were
turned on the radon concentration fell almost to bachground. A smoke tube
survey of the bascment walls showed that the uaclosed areas were quite small.
The remaiming openings were closed by caulking, and the fans reversed to such

on the walls. The petformance remained good, and did nol deteriorate when
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only one fan was used. This confirmed that a satisfactory level of wall closure
could be obtammed by the methods available. The success at this house gave

confidence that wall ventilation systems cold be an effective mitigative measure.

The imtial summertime success of three of thesc installations was
encouraging, suggesting that wall ventilation might have wide applicability in
the area. HNowever, when short-term measurements were made in cold weather,

only house #8 continued to show low radon concentrations.

9.1.5. Comment

The reason for running the fans to suck on the wall 1s one of
convenlence. If the fans blow into the wall, 1n cold weather the cold air will
blow onto the nner leaf of the block wall and ma) cause condensation there of
the warmer house air. 1f the fans suck, warm house air willi be drawn 1nto the
wall, but condensation will take place on the cold outer leaf of the wall. This
will nat be noticed, and 1s therefore preferred. For similar fans, the =an
leakages 1n or out of the wall will be similar, so there 18 no difference in the

impact of the systems on ventilation rate or energy consumption.

9.1.6. Expanding Foams Tested

The first esvpanding foam tried was sold 1n an 150 g {1 Ib) household
aerusol can. It had a moderate expansion on leaving the nozzle, and a small
expansion over the next hour. Unforlunsztely, the foam had to be dispensed
with the can upside down (nozzle at bottom), and there was rarely enough space
between the top of the wall and the underside of the floor above to do this.
The foam was effective for caulking jomts and openmngs in vertical wall
surfuces and floors but could not be used for the purpose required.

The second single component foam came in a 4.5 kg (10 1b) commercial
pack, together with o dispensing hose and an on/off control nozzle. ‘The foam
was tntended for caulking, and was deliveied from the nozzle in a sticky bead.
The imithial expanston was smull, but the foam continusd to expand to wmore than
doable ats 1mtial volume over the next few hours, I this foam was dispeunsed
mto a cavaty that had been stuffed with paper to provide a support, the
mdndual foam beads joined 1o form a solid mass as Lhey expanded. This mass

continued to expand and effectively filled the block void. 1t could be used us a
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caulk in all places where the bead was supported, but could not be used to form
a layer over a large opening like the two other foams. None of the foams used
were fully satisfectory for block filling, but this foam was found useful in
several houses.

The two component feam came in two small aerosol cans, with a dispensing
hose and mixing nozzle assembly. The foem expanded moderately on leaving the
nozzle, with a small expansion over the next hour or so. The hose allowed
access to all places that could be reached by hand, but the nozzle allowed only
on/off control. If the flow was off for more than 20 seconds, the reaction
chamber in the nozzle clogged, and had to be replaced before the unit could be
used again. This was very inconvenient and time consuming, and made the use
of this foam impractical 1in this work.

The variety of foam properties and packages met with 1n local stores was
large enough to hope that a systematic search might find a fully suitable foam.
This was carried out in the fall, and a single component urethane foam in a
large commercial package was identified as the most satisfactory to use for

closing openings and voids in concrete block walls.

9.2. PHASE 2 - GENERAL

The systems were modified ut houses #5, #6, 7 where the systems were
ineffective 1 cold weather. Two houses (#£14, 216} in which weeping tile
ventilation had been unsuccessful, and one new Phase 2 house ($19) in the same
area and of similar design to house #14, had new wall ventilation systems
mstalled. The wvoids at Lhe top of the block basement walls of these two
houses were readily accessible, and they scemed to be “textbook” cases for wall

ventilation systems.

9.2.1. Additional Work On Phase 1 Houses During Phase 2

Extensive work was cariwed out at the houses where the Phase 1 wall
ventilation sy stems were no longer effective, to ensure that leakage from the
walls was not the reason for Lhe failuie.

Al house =3, where the tops of the walls had been closed with felt sheets,
the felt was removed and the top vowds of the wall weire filled with moitar or
expanding fonm. The five asinl fans were removed, the opemings closed, nnd a

siv pomt wall exhaust sy stem nstalled. This had two eshaust pomnts 1n each
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long wall and one exhaust point in each short wall, connected to a single
100 L/s exhaust fan.

At house 6 the felt sheets closing the end wall were removed and the
block voids were filled with mortar. The 100 L/s centrifugal exhaust fan on the
pipe network was removed and replaced by a 50 L/s centrifugal blowing into the
walls, and the 50 L/s awial in the garage was reversed to blow into thet
basement wall.

At house £7, the walls were put under pressuie by reversing the 50 L/s
centrifugal fans, and a smoke stick survey carried out to check the caullking.
Any openings detected were caulked. System perdformance was tested with the
fans both in suction and 1n pressure.

The wall exhaust pipes at house 77 snd 20 entered the walls near the top,
so soil gas would be drawn up the entire 1iner surface of the wall on i1ts way to
the pipes. The exhaust pon.ts al these houses were moved tc the bottom course
of the walls to wmprove the wall ventilation efficiency. No improvement n

performance was noted.

9.2.2. Installation Procedure on Additional Phase 2 Houses

A sixn-point wall veq'iiation system was installed at house #1414, with one
exhaust point in each end wall and two points in the front and rear walls. FEach
pipe dealt with a similar wall area, and was connected to a cential collection
duct. At house %216 a four point system was installed 1n the bascment, connected
to a three point system n the crawl space walls. This was later enlarged 1o a
six point system in the basement, with a larger central collection duct to
increase air flow from the crawlspace walls, Doth these systems had 100 L/s
centrifugal eahaust fans mounted on the esterior basement wall, and the wall
eshauct points placed ncar the floor for better ventilation efficiency. A fow
point system with the esvhaust points in the top of the wall was installed ot
house £219. The s)stemm was a duphcate of that instatled at house =28, which was
a house of 1dentical basement design. The tops of all walla were closed with
mortar where access permitted, or else by caulking the sill plate to the top of

the wall,
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9.2.3. Problems

Several of these houses had brick veneer walls. In this case the basement
wall 15 of 300 mm (12 inch) block, and the brick rests on the outer 75 mm (3")
of the wall. The wooden interior framing stands on the sole plate which covers
t_he inner 200 mm (8") of the wall, with a nnminal 25 mm (1”) gap between the
sheathing and the brick. If this gap were unobstructed, this would be a very
large unclosed opening into the wall. At house #6, the gap was even larger, for
the frame walls stood on top of a course ot 300 mm (8 inch) blocks, which ran
inside the brick seneer to increase the basement headroom. In practice the gap
1s partially filled with mortar droppings, but three methods were examined to
close this gap with expanding foam.

The first method was only applicable 1n those houses where the sillplate
did not cover the block voids completely. Fiberglass batting was stuffed into
the block voids to act as a temporary suppori, and then expanding foam was
mjected into the void with a long nozzle so that the void would be filled even
at the hack. The foam filled the entire block cavity as 1t expanded, and so
closed both the brick/sheathing gap, and the gap between the block and the
sole plate. This method was used at house #5, where the absence of a sole plote
made 1t the method of choce.

The second was to drill 6 min holes 1n the header board at 150 mm
inieryvals, and mngecl foun until 1t appeared at the adjacent hole. The third was
1o use z hole saw to remove B 100 mm diameter plug from the header board,
insert a flewible tube through the hole up to 100 mm between the back of the
brick wall and the sheathing, and then slowly withdiaw the tube while 1njecting
foam 1to the space. These methods were lested, and Llhe large hole method
found to be the most convenient. These methods were not used 1n these

houses.

9.2.1. Evaluation

The tesults from the PPhase 2 installations in the houses are summarised
Table 10 below.

Wall rentilition sy stems weie expected lo be an effective and complele
mitigntion measure because the suction v the walls would not only prevent sod
gas from entering the house directly from tre walls, but also because the

numerous small openings o the wall at the footing would allonw the wall sucton
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to aepressurize the both the wall/floor joint area, and the sub-slab fill as well.
The systems would therefore act as combined sub-slab and wall +entilation
systems, provided that the walls could be closcd well enocugh for a small fan to
produce suctions ar.d sirflows significantly larger than those that would be
induced by wind and tem,; :rature forces.

The generally low sub-slab permeability found in the region prevented the
walls from depressurizing the sub-slab space in most of the houses. Only at
house #£11 was theie direct evidence from smoke tests of the wall suction
extending into the sub-slab space, and the system performance was good there.
At house #16, a flow of so1l gas wus measured out of the sub-slab space 1n the
crawl space despite the walls being under suction at the time, and gocd
performance was not achieved until that opening was closed.

The open block voids at the top of the wal.; could be closed at reasonable
expense if the sill plate covered the top of the wall so that the gap between the
wood and the bloch was small and could be closed by caulking, ~r by a caulked
wood strip. The gap at the outer edge of the sole plate was nmaccessible, and so
this closure was not as a:rlight as filling the top block voids. The labour
involved 1n mixing and placement made mortar filhng ewvpensive. Eapanding foam
was also effective and requured less labour, but the high material cost made 1t
more costly than mortar.

The methods used to close the tops of the walls greatly reduced the open
area. However, maccessible joints (a the sill plate and header board, and the
multipl joints and pores 1n the concrete blocks themselves provided ielatively
large lezkage areas into the walls, As a result, it was difficult to depressurize
the walls without Jdrawing a significant amount of a,r from the basement. This
severely hmited the pressure drop that could be produced 1n the walls, and so
the sub-sglab suction produced by this method was low. In addition to increased
heating or cooling c¢osts caused by this 1ncrease in ventilation 1ate,
depressurization produced by operating the fans 1n exhaust could bachdraft
combusticn apphances, and draw combustion products mto the house.

At house 219, while the walls were completely under negative pressure, an
airflow was detected ont of o large floer erackh mto the house. At Louse 37 the
fans were reversed to fill the walls with fresh air, which made no difference to
the radon concentration even though the concentration i the walls was

fraction <7 that in the house. The fans were returued 1o suction, openings '
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the floor were closed, and radon concentintions 1in the hcuse were reduced. This
indicated conclusively that the walls were not the only radon source for these
nouses, and that the floors would have to be treated as well if radon
concent: ations were to be reduced.

Houses #7 and %6 were converted to wall plus floor ventilation s stemns
with a major reduction in radon concentrations. A conversion of house #19 to
wall plus floor was proposed, but refused by the owners who were concerned

that openings in the buasement floor might let n water.

TABLE 1C SUMMAIRY OF PHASE 2 RESULTS WITH Bl OCL WALL VEANTILATION

RADCN LEVELS WITH SYSTIM OFF  RADON LEVELS WITH SYSTEM ON PERCTINT
HOUSE (Bq/int) (Bq/m?) REDULCTION

‘ b |
NO- RANGE ARTTI. MEAN RANGE ARTTH Maw 1Y AN

Individual suction points in walls

54 2 479- 7 100 4 2565 111- 296 185 9o
TA 5 772-23 162 11 8741 518-2 479 1 184 92
14A 1 9681- 2 179% 2 257% 18.5- 7t 37 98
16A 5 032-12 098 8 830t 7i- 239 148 93
19 T77- 1 887 1 295% 111- 710 4107 68

¥ All measurements marked with an asterisk were obtamed in warm
weather ~ July to August,
These tesults are based upon 2 to 4 days of howrly Pylon measurements :n

the basement before and after the system was unctivated,

The untrapped floor drain at house =23 was found to be v majer radun entry
1oute, despile discharging to da)light i front of the house. When the soil
temperatizre  was  higher than the air temperature, there swas a  steagd)
convectonal rlow of an up the driain hine into the house, piclking up radon on
the way. In the summer, when the soil was cooler Lhan the s, the desim was
nut a 1adon entry roaule, for the sirflow swas out of the house tate the dram.
The smasll drivieg force could be overcome 1If the basemeant was depressupiized by
t:\.hm:é\ fans, nns ocow red .n Phase 1. Closing this entry roate, folly closing
the open Llocks at the top of tho wnlls, and installing o sy pomnt evhaust
system produced s magomr reduction o oradon concentrations. The system woas
finally operated wth the fan blewing A mto the walls, to avad depressuriang
the bhasement and backdrafting a cond stove.
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8.3. PHASE 3 - GENERAL

No houses were selected for wall ventilation in Phase 3.

9.1. OVERALL EVAILUATION OF WALL VENTILATION

Despite initially encouragwng resulls, wall ventilation was nol as complele a
mitigative method as had heen hoped. The generally low sub-slab permeability
prevented the lowered pressure in the walls f om effectively ventilating the
sub-slub space, and the relatively large residual leshage areas left mn the walls
after closure himited the wall suction to a few Pascal even with lerge s, This
was suflicient to ecnsure that the airflow was from house intg the wall under
most weather condittons, ehiminating the wnils as a route of tadon entry, but not
enough to consistently reverse the flaws through floor openmngs. Experience
with sub-slab ventilation suggests that much higher suction 1n the sub-siab f1l
was needed for satisfactory performance.

Some hounses were operated with the wolls pressurised, which effeclively
prevented raden from enterirg the walls, but also ercouraged soil gas to enler
the house theough openimgs i the floor, In general, shghtly lower radon
concentralivns  were obtamned with pressurmzation, but concentrations could
merease for a fow days aflter turning the system on until the airflows from the
walls nlo the seil diluted and displaced the 1aden-rich sol gas adjacent to the
Lasement floor.

Although wall venllation could be an effective treatment, as shown by the
results 1n houses 25, $8, 213, und 216, 1t did not seem to be a good imtial
mitighton «trateg) 1o pursue There was a real possibility that even afler
mstalling o 1) stem thatl wus mote evpensive than a sub-slab ventilnbion sy stem,
cien more maned wonlil be requrred Lo install a sub-slab system to treat the
fioone, Tihs = llustrated particutarly by house =19, where the walls were
effoctin el dlosed and ventilated, but radon entry through opewings in the
Baseme nt floor -« kept 1adon concentralions elevated, By the cad of the
prrodecly, avperieiwte with sab-slab ventilation systemms was that a hetter order of
v ents woald e o treat the floor first, swhich would generally be effective in

st honsos mad only af that faled, Lo proceed o wall ventilation,
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SECTION 10.
EXPERIENCE WITH WALL PLUS SUB-SLAB VENTILATION

10.1. INTRODUCTION

Two methods of combined wall plus sub-slab ventilation were tested in this
projert.  The first involved drilling holes into the lowest course of the block
wall, and placement of a "baseboard duct” to cover the holes and the wall/floor
Junction. This duct Lthen ventilated both the wall and the sub/slab space. A
ty pical baseboard ducl installation 1s shown 1n Fiygure 5. The second methord
involhed placement of individual suction pipes mmto both the wall aad the sub-
slub space - a simple combmetion of the wall and sub-slab entilnlion methods

destribed 1 Sections 7 rnd 9,

10.2, PHASE 1| - GENERAL

Some houses without weeping tles have a  french adramnm’ L dez! with
water entry. This 1s an opening aboul 50 mm (2 inches) wide between the edge
of the floor slab and the basement wall, evpousing the upper surface of rhe
footug and the sub-slab fill. Water thalt enters the concrete biock wall weeps
down the wall surface, and 1s callected and dramed to the sub-slab fill without
flowing unta the floor surfuce, These houses present a magor challenge, for not
only ate there the wsual routes of soil gas antey thnough the floor und wulls, but
also n direct route from the soil via the french drane.

A suggested mitigation method for houses which had french disms aaed
concrele blech walls was to place an amirught cover over the dram, and dill
holes thhough the lowest blochs at intervals, so thut suction on Lthe cover would
also ventilate the wall via the holes,  kadon laden sotll gas would be collect_
from the wall, and from the sol connectious to the Nench dimia, The funchion
of the dirain would nut be ampaned, for water that entered the wall would sull
be able to flow out to the dian thiough the holos,

The rojor problems sk ths conrepl were what was the best way o place
a cover over the fiench dratn, and how L achiexe small enough open wreas in

the wall and the cover tor it ta he a practical salubion.
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10.2.1. Baseboard Duct Installation Procedure

Two differeut types of baseboard duct were used at two different sites.
The first site (house #11) svas a small end row-house basement with a french
drain around the three external walls. The drain was connected to a sub-slab
drainage pipe, and the top of each block wall was covered with a caulked
soleplate. A brick veneer external wall stood on top of the basement wall, so
the walls were not well closed at the top. In this case, the drain and cover
was used to carrv the suction from the fan, and the walls were ventilated via
the holes drilled 1n the blocks.

The cover was a commercial "2" channel made out of plastic and available
in 1.2 m (4 feetl) lengths. This 1s sold as an mternal drain channel to place at
the foot of concrete block walls to trap water leaking out of the blocks at
floor level, and to lead 1t off to a drain. Inside and outside corners, joine:s,
and plumbing connectors were available, but they would only glue the sections
together if the preces were perfectly square. The workmen found 1t easier to
form overlapping corners and caulk the gaps than te glue the sections.

Holer were drlled with an dlectlric rotary impact dwmill and 12 mm (1/27)
bit at 40 mm from the floor 1 the mortar jomt between each block. The
channel was placed over the fiench drain at an angle of 60° to the floor,
forming u baseboard duct of triangular cross section. and secured to the floo:
and wall by screw anchors placed in previously drilled holes. A bead of
asphaltic sealant was pluced on each surface beneath the cover cdge to tuke up
surface rregulamties. A "four anich™ plastic dram pipe was conaected to the

channe! at one end, and 120 out through a window to a 30 L/s centrifugal fan.

The second site {(house 29} was a much larger house and needed lung
lengths of material to cover the draun  Jounnz the shart lengths of plastic
channel was time-consumiag, and the jomed lengths were very flevible ond
difficult to worh vith, so for this house flat sheet metnl covers were fabiricsted
locally 1 3.3 1 (190 feet) lengths,  Lach cover was 250 mm (10") w.de, and the
cdges were folded, punched ot mtervals of 600 min, and set at angles of 30° and
60° to the plane of the cover.

Holes were dnilled nwe cach cavity of the lowest course of blocks at 60
mm from the floor ith an electric rotary impuct hammer and 12 mmm {(1/2 .nch)

diill bit, The covers were plaed over the dram at an angle of 60 degiees to
I g
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the floor, so their edges were parallel to the wall and floor, and were attached
to the wall and floor with screw anchors inserted into previously drilled holes.
A bead of asphalt sealant was placed on each surface beneath the cover edge to
take up the suiface irregularities.

About 2.5 m (9 feet) of the french drain was concealed behind an
ornamental brick fireplace. The dramm 1 this area was filled with concrete. A
wet concrete mix was flowed down a plastic tube shpped between the fireplace
brick facing and the basement wall. A fuirther 11 m (36 feet) of drain was
maccessible because a frame wall covered with wallboard had been built over it
to fimish one end of the basement as a laundry room and a bathroom. A showe:
stall unit also covered 1 m of the drain in the bathroom. As the wall sole plate
covered the drain reasonably tightly, 1t was decided not to cut off bottom of the
wall and install a cover, but to simply connect this part of the drain to tnhe
ventilation duct, and increase the fan capacity to compensate for the additional
leakage expected in this area. If it proied necessary, this sect:on would be
dealt with in Phase 2 of this program.

The block wvoids at the top of the front and back basement walls were
partially closed by a large sillplate, which did not give enough room to mnsert
paper 1nte the cavities so that they could be filled with cement or foam. The
sillplate wnas therefore sealed to the top of the wall with wood strips cecated
with caulking. The wood strips had to be cut specially, for a stand=aird "2\1" wes
slightly thicker than the sillplate and could not be 1nserted between the top of
the wall and the underside of the joists. In areas where a wood strip could not
be nserted because of construction detatls, witing or piping, a layer of
evpanding foam was pluced nn top of the wall to close the voide.

The cover could not run round the bascment 1n one continuous 1ing, fo:
there were internal walls, a fireplace and an eateror door. It was inctalled as
four physically separate sections, each exhausted by a "1 inch” hghtuweight
plastic dram pipe.  These were connected to a header pipe with a 30 /s
centrifugal fan on each end. When the fans were turned on, 1radon

concentrations were greatly reduced i the housec.

10.2.2. Modifications to Fasting Sistems {(Individunt Dipes)

House 33 was ndjacent to heouse #8, and was of smnlyr design and

constiuction, except that 4 sceondary concrete block wall hd been constructed
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on the floor to reinforce the uphill and rear walls which had cracked. Two
vertical steel beams tied to the floor joists provided additional support. A sub-
slab ventilation had been installed in house #3, but it had not made a large
enough reduction 1n radon concentrations to be considered effective,

A wsll ventilation system was added tc this house, similar to that used in
the adjacent house #8. An exhaust pipe was inserted i1n each basement wall,
with an additional pipe into the reinforcing wall at the rear of the house. The
original single-pipe sub-slab system was left 10 place, and tee'd into the wall
exhaust systemm. A single 10C L/s centrifugal fan exhausted the entire networh,
The reinforced wall was two blocks thichi on two sides of the basement, and
access 1o the top of this thich wall was severely limited by the floor joists.
Enclosure of the top of this wall was all that could be managed, and this
required much more carpentry than usual. Joints were closed with caulking and
expandmg foam, and the final result had very httle leakage area. Good resulls
were achieved.

House =22 had a sub-slab system -nstalled, which had made a considerable
reduction 1 radon concentrations, but the results were not fully satisfactory.
This house had been inspected by a contractor for the DER who had made radon
"flu\” measurements on the walls. The highest reading was obtained on the
basemenrt wall adjacent to the gurage, and 1t had been suggested that this was
an indicution that the wall was a major route of radon entry. As a test of this,
the garage wall was ventilated by connecting the existing sub-slab fan mto the
wall (22\). No signtficant change 1 radon concentration wuas produced, even
though i smoke test showed that air flowed from the house into the garage wall
through every opening, elimmnating the wall as a source.

Further smoke tesling in this hceuse found air flowing 1into all the external
walls and 1nto all accessible floor crachs. The only remaining route of radon
entry was an interaal concrete block wall and fireplace stiucture, which did not
have a positive airflow into 1t Closing and yventilating this structure would be a

»

major task, and so 1t was left for hase 2.

10.2.35.  Uvaluation

The success of wall plus sub-slab ventilation (five surface treatment)
Phase 1 was ambiguous.  The results are summarised i Table 11 below. The
summer-time results midicated good performance at houses =9, #3, 211, but only

~—
[



a marginal effect at house #2. This could have been because conly one wvall was
ventilated. Short-lerm measurements in the winter found that the cold weather

performance of all systems except house #3 had deteriorated markedly.

TABLE 11 SUMMARY OF PHASE 1 RESULTS ON SUB-SLAB + WALL SUCTION

RADON LEVELS WITH SYSTEM OFF RADON LEVELS WITH SYSTEM ON  PERCELT

HOUSE (Bg/m?) (Bg/m?) REDUCTION
NO. IN MEAN

RANGE ARITH . MEAN RANGE ARITH.MEAN

BRaseboaard duct over French Jrain

g 8 954 -17 575¢ 13 3204 4 - 259+ 185 99

11 t% T2 220% 555 - 1 036 T 63

Iimdividual pipes in slab and walls

2A 3 256 -18 611¢ 8 806+ 444 - 1 702% 1 036 88
{Only one wall ventilated)

3A 31 376 -51 375 44 585% 37 - 74 37 99

¥ All meassurements murked with an asterish were obtained during warm
weather months - Jjuly to Aangust
3z Insufficient data to determine range.
Note: Post-mitigation levels rose during cold weather:
douse 23 rose to 13 503 - 54 375 Bg/m?
House 9 jo0se to 296 -1 480 Bg/m3
These results are based upon 1 to 2 davs of hourly Pylon measurements in

the basement before and after the system was activated.

10.3. PHASF 2 - GENERAL

RBased the Phase ! evpericnce with separate wall ventilation and sub-slab
ventilation systems, 11 was felt thal combimed wall/floor systems would be
needed to effecltively deul wviathh Lthe higher level houses (D1 KBy/wmd).  Further
testing of combined s3 stams was planued {or Phase 2 to determine the wmportant
parameters, and to optimise the design. Improvements were planned for the
systems at house 29 and #ll, and a nevr syvstem was planned for house 32.
Houses =7 and =6, which hud unsuccessful wall ventilahion systems, and #1
which had an unsuccessful sub-slab ventilation s stem would all be converted to

wall plus sub-slab systems,



The owner at house #11 did not wish ‘urther worl to be done, and this
house was therefore dropped from the program.

No new Phase 2 houses were selected for wall plus sub-slab ventilation as a
priunary mitigation measure. As it was clearly the highest cost option, it would

be installed 1n houses only if less costly mitigation systems were 1neffective.

10.3.1. Installation Procedure

The new systems installed at house #2 and #1 were basebhoard duct systems,
similar to those installed at hcuses £9, #11. Hewever, there was no french
drain 1in houses #1, #2, only a shrinkage crack at the wall/floor joint. The
baseboard duct therefore primarily provided wall teutilation with a smalles sub-
slab ventilation component. The floor at house %1 had been poured mm sevetal
sections, and the peripheral crack was smailer than at house #2. The overall
system design was similar at each place, the walls would be closed at the top
and multiple openings would be drilled at the bottom, ana a cover would be
placed over the wall/floor joint and the openings in the walls. The cover would
be exhausted, ventilating the walls snd the sub-slab space via the wall/floor
Joimt and the weall/footing openings.

A few test holes were drilled through the floor slab at each house n
areas lhat would be beneath the cover to see if the communication to the sub-
slab fill could be mmproved. In each case the drill strurk the footing without
passing through a signit.cant layer of fill, so this 1dea was given up.

The baseboard cover design used at house #2 was the same as that used at
hcuse #9. The houses were simlar 1n si1ze, but at house =22 the basement walls
were painted, and the si1li piate was caulked to the tap oui the basement wall.
The aiiflovs out of the walls were especled to be lower than at house $9, so
the sume size of ducl was evpected to be satisfactors. The cover could not be
mswalled 1 one conlinuous loop, for the basement walls wele 'mteriupted by
two doors to oulside and an nternal wali which anciuded a fHireplace. The
cover wns therefore mstalled in two separate sections cach with gls own
100 L/s centmifugal fan. Once section was estended to ventilate the ternal
wall,

The cover design at house #1 was a large rectangular duct 300 mm high
and 80 mm wide fabricated lo-ally from sheet mwetnl.  The walls at this house

were of porous cinder bloch and had many openings, so 4 was especied that
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large airfiows would be drawn from the walls. The duct had about four times
the cross-section of the ducts used at houses #2 and $9 to decrease the flow
velocity ind the pressure losses in the duct. The basemenl walls were painted
with waterproofing paint to increasc thewr mrtightness. The duct was originally
instalied as a "C" ring with only one interruplion at Lthe exterior basement door
and with one 100 L/s fan ot one end of the house. This did not produce any
airflow into the wall at the far end of the duct, and so the duct was made 1nto
a continuous loop by running a duct around the door frame, and a second
100 L/s fan was added ut the opposite end of the house.

The sistem at house £8 was enlended to cover all of the Irench dran,
except for a short 2.3 m section behind a basemeut balhroom wall and shower
stall. The 50 L/s fans were replaced by 100 L/s units.

[aitial testing was done at these three houses with fans eshausting the
ducting. This led to significant depressurization of the house, as shown bv
smoking fireplaces und stoves. The exhaust fans at these houses were all
replaced with wall mounted 150 i/s pressure fans.

At honses =7 and 26, wall veatilabion system was extended to act as a
combined wall and floor system.  The procedure used n these louses was lo
core drill a hole 1n the floor keneath the wall exhaust pipe and extend the pipe
inlo the hole. The same fan then evhausted both the walls and the sub-slab

space.

10.3.2. Exvalustion

The rewilts froa these Phase 2 and Phase 3 aastallations me summarised in
Table 12 below.

Onc end of the basement ot house 72 was used as a stote rcom and there
was a warhshop with a4 fintshed walls aand fleor. [n prepacration for the duct
installation, the stored materals were removed and the walls cul away o expose
Lhe wall/floor jomnt. The sub-slab evhausl  ystem was runnng at the lime, and
a sinuhe test showed although the mirflon was down mito the sub-slal space w
the casil; accessible pmits of the basement, the anflow from the wall/floor joint
along the formerls convealed end wall of Lhe house was mnlo the house.  Ths
mmdicated that there must be a low permeabihity zone 1 the sub-slab jarer of
criushed stone that was preventing suction from reaching Lo this end of the

house, A mulliple pont floor esvhaust sy<tem would have overcome this.
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TARLF 12 SUMMARY OF PHASE 2 AND 3 RESULTS FOR SUB-SLAB + WALL SUCTION

RAPON LEVELS WITH SYSTIX OFF RADON LEVELS WITH SYSTEM ON  PERCENT
HOUSE (Bq/m?) (Bq/m3) REDUCTION

NO- RANGE ARTTII . MEAN RANGE ARTTIL.NEAN 1N MEAX

Baseboard duct

1A 4 662 - 7 363% 5 957« 1 665 - 5 883 2 812 53
1B 4 662 - 7 363% 5 957¢ 111 - 239 185 97
2B 3 256 - 18 611% 8 806¢ 74 - 222 118 98
9A 8 951 - 19 575% 13 320% 111 - 350 259 98
Individual pipes in slab and walls

64 851 - 3 626%¢ 2 29ix 555 - 1 923 1 221 17
7C 5 772 -23 162 11 874 592 - 1 739 962 93
208 5 476 -25 752 % 10 1342 74 - 222 148 99

t  All measurements marked with an asterisk were obtained auring warm
weather - July to August.
These results are based upon 2 19 1 days of Lourly Pylon measurements in

the basement before and after the system was activated.

The trmangular ducl was mstalled without problems. One 3 m section of
wall was 1solated between two doorways, and the duct there was connected to
the fan by a square duct that ran rouna one of the doors. There wus n
dispreportionate air leakage into this duct at the trassition fithags, and the gain
in performance (if any) from the short duct wus probzbly not worth the cost.

The top course of blacks were removed frea the internal wall and
fireplace to gma access to the voaids, which were then filled with mortar to
mcrease the airtightness of the mterior wall, The blocks were then replaced.
The fueplace flue structure nternor could not be =ccessed, so there was an
untreated an leakage path there,

Operation of the systen placed all the walls 2ad the sub-slab fill unde:
suction relative to the house as shown by smoke stick testing, and gove low
tadon conece ntrations. \ir leakage 1nto the system wazs large enoagh to cause
the baseront fireplace to bnechdraft.,  The 100 /s eshaust fans were replaced
with 130 1 /9 pressure fans, which cuwred this preblem, and equally  cood

performance was achieved.
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At house #9, the trizmrgular duct was extended beneszrh the stairs, and
walls were cut away at the base to instal a duct in tke faundry room. In
preparation for permanent wszil mounted exhaust fans, the =27 collection system
was modified. Much of the glastic pipe collection header wazs replaced with two
wall mounted square sheet metal ducts connected to the triesgulur duct in two
places. The wall closures cerried out in Thase 1 were checked, and improved by
aedditional caulking or expamdiing foam.

Operation of the sysiem placed all the walls and 222 sub-slab space
generally under suction rel:ive to the house, as shown Bz smohe stick loests,
and reduced radon conceriretions. However, air leakage intn the system was
large enough to cause thz busement wood stove to backdref and smoke. The
fans were replaced with 132 /s pressure fans, which cured this pioblem, and
satisfactory performance was <btained.

At house #1, the 2 witwel 100 L/s fans were too sl to produce a
significant depressurization L the walls, for leakage arezs were much larger
than anticipated. A major smwcessible opening was arcund e basem=nt stove
flue, which passed cut thru.gh a hole 1 the block wall ¥ an evteraal bLlack
chimney. The hole 1n the weter leaf of the wall was much Barger than the flue

pipe, and could not be resshed to close 11 without diszasnling the chimney.

¥

Much of the capacity of tée fan at this end of the heuse was talkken up an

¥ his house was of

drawing amrr thiough this cpening. Part of the front wall o
brich wveneer, and Lhere was -2 gap betwecen the brick 2a:8 the header bomd.
This was filled with evpandisg foam 1injecled through 100 ma iameter holes cut
In the header bozia, which geeduced the airflow from this settion of the wall,
At flows 11 the system were high even after considerabls ~ffort was spent
tryving to find internal leshagos, and the 1adon concentratiens on the ducts were

large < *erior subsurface openings.

clevated, sugyrsting

Routes of radon eatr: w-re discovered by radon measurssants i temporary
enclosuies placed over the wadl/floor jommt adjacent to walls Gutor suction, so 1t
was clear that the sub-slal 20 was not being ventilated.,  The app drawn from
the basemant caused the stawe to backdraft, so before the fz:s wepre roversed to
pressurise the basemen”, 22&tionnl plastic "2 ducting was placed over all the
wall/floor joints Lo prevent sci -as from heing forced out of these openn s, A
test using two 50 L/s 1n pressure 1increased radon concentrz®iins, and sctl gns

was forced out of floue jou is zad amall floor opemngs. Thewe were closed, and
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the small fans replaced with 150 L/s wall mounted pressure fans, which gave
higher system pressures and flows, and low radon concentrations (house #2D).

Shertly after this work was completed the owner sold the site, and
reraicved thc house superstructure to a new basement coanstructed on a new site
several km distant. The old basement was demolished 1n the moving process, so
no long-term winter-time measurements could be made.

The performance of the wall ventilation sysilem at house 27 had been
imptoved by work to mmcrease the air tightness of the floor, which indicated
that the size of the random connections between the walls and the soil were
too smail (and the wall suction too low) to effectively depressurize the sub-slab
space. Extending the wall exhaust pipes into the sub-slab All produced a major
reduction 1a radon concentrations.

The 3 wall esxhaust pipes 1n the unfimished half of the basement at house
26 were extended into the sub-slab fill. The second 1solated eshaust fan
treating the finished basement wall adjacent to the garage was turned off. A
major reduction in radon concentrations was obtained, even though there had
been no work to close the construction jommt between the two hnlies of the
basciaent slab, and the wall ventilation had been raduced.

The success with ielatively little extra effort of these two multipoint wall
plus sub-slab ventilation systems, compared to the major efforts 1cquired to
achicve comparanble success with the bascboard duct s3 stems, suggested that the
multipoint system was the more practical of the two.  Performance was betled
for the suction was applied directly to the sub-slab fill rather than mduectly via
random openiugs in the wall footing, resulting 1in better control of floor entry

routes, which was more wnecessury than had it had seemed 1n PPhase 1.

10.1. PHASTE 3 - CLNPRAL

No new houses were selected for wall plus sub-slab ventilavon as the nntial
mitigation method in Phase 3. If any of the Phase 3 conarete bloch bascement
houses where sub-slab sy stems were to be installed did not give geod 1esults,
then they would be converted to wall plus sub-slab sy stems. Modifications were
made to the system al house #27 to see what ratio of will to sub-slab ventilution
gune the best results. House 720, where a sub-slab sy stem had been mstalled i
Phase 2, was comverted to a wall plus sub-slab sy stem, for there was o known

tadon supply via the walls, House =6 was cont erted to a sub=slab only sy stem.
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10.4.1. Evaluation

Dampers were installed in the i:all exhaust pipes at house #7, and the
ratio of air drawn from the walls to air drawn from .he sub-slab fill varied.
Closing the dampers increased the suction in the floor pipes, and low radon
concentrations were obtained with the wall dampers fully closed. The system
was now operating esscntially as pure sub-slab system, with a very small wall
ventilation flow.

The wall evzhaust pipes were removed at house #6, and the system re-
installed as a sub-slab sy sitem with closure of floor openings. Asi enxhaust pipe
was not installed in the fimished half of the bascement, so only three eshaust
pipes were used. Low radon concentrations were obtamed.

The owners of housce #20 added an extension to the house over the summer,
with a sub-slab ventilatinn sy sten: consisting of a loop of perforated drain tile
beneath the paved crawlspace slab. The s3stem Llested in this house consisted
not only of a wall ventilation plus sub-slab system 1 the original basement, but
also the estension sub-slab system (#20B). l‘he%se were ultimately connected to
the :ame 130 L/s exhaust fan. It was found that il was necessary to operate
both systems to achieve low 1adon concentrations 1a the basement, bat that the
performance did not vary as the crawl space system evhaust flow was varied.
Discounccting the suction pipes frem the walls and runmang as a2 pure sub-slib
system  (s20C) appeared to give 2 small mcerease 1 basement  1adoan
concentlations. Al measurtements 1n this house were comphicated by the
presence of high dissolved radon concentrations 1in the well water, which caused

large 1increases in the an borne radon concentrationg whe never wator was used,

10.5. OVFRALL LVALUATION OF WALL PIUS SUR-SLAB VINTH.ATION

Although the wall plus sabi-slab venlilation sy steas effectively reduced the
radon concentiations, the general conclusion was that the claborate wall/floo,
basebosrd duct systems used in the st houses were probably vnaecessary. 1le
usce of o perimeter muluiple point sub-slab evhaust syotem with high  octon fan
was able to reduce radon entry through the walls witheut o separate will
ventilation  systemn, P'resumably, although the scil permeabihts beneath  the

foundatiors was low, 1L was still high enough for sucticn to pass underneath the
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foolings and depressurize the soil 1n the vicinily of the eaterior wall/footing
Joint,

The preferred solution for a french drain was not to place a cover over it,
‘but to fill 1 with mortar over a layer of gravel. This wonld decrease the ar
leakage area, ana still allow water to dram from the walls, A sub-slab

ventilation system could then be installed.



SECTION 11.
EXPERIENCE WITH HOUSE VENTILATION

11.1. PHASE 1 - GENERAL

House #18 had block walls open at the top, and an open "french drain”
round the basement. Despite these large soil connections, premitigation
measurcenents found only moderately elevated and highly varable radon
concentrations averaging 600 Bq/m3? (15 pCi/L). Tnms suggested that the radon
supply rate was relatively low, and that increasing the basement ventilation rate

might be an effectine mitigation measure in this case.

11.1.1. Instsallation Procedure

The house was heated by an oil-fired hot water system, and a recuperator
was installed on the bniler chimney. When the oill-burner operated, a small fan
blew basement air through the recuperator to extract heat from the hot
chimney gasses. As with any combustion apphiance, the flow of combustion
gasses and draft air up the furnace flue would tend to lower the pressure n
the basement, and draw in soil gas,

To reduce the depressurization a fresh-air supply duct was attached to the
inlet side of the recuperator. When the o1l fulnace operated, the recuperator
fun would draw n extervior amr from outside, heat 1t, and then supply 1t to the
basement to replace some of the combustion and draft air that was leaving.
Even when the fan was not operating, the duct wold still provide some
ventilation to the basement. This would reduce the pressure differential
between the basement and the ground, decrease the radon supply rate, and the

fresh air would also dilute the radon that did enter.
11.1.2. E:raluation

As the systemn would be most effective 1n winter months when the buraer

would 1un frequently, measurements were delayed until then.
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11.2. PHASE 2 - GENERAL

Short term wintertime measurements in house #18 found that the radon
concentrations in the basement were similar to those measured by the DER the
previous winter. Thus the increased airflow of 15 L/s into the basement when
the furnace burner was running had not significantly reduced the radon
concentration. The additional airflow was clearly insufficient. It was decided to
install a Heat Recovery Ventilator (HRV) in this house, to provide a higher and
continuous ventilation rate. In addition, HRV vendors had recently reported
substantial reductions in houses similar to house #18, large enough to reduce
concentrations to the 150 Bq/m? level. These reductions were larger than might
be expected from dilution alone, and it was therefore desired to tesl HRV’s as a
potential solution for houses with radon concentrations 1n the <800 Bg/m? range.

The sump yentilation system installed at house %17 had not made any
significant reduction in radon concentration, and had been removed. This house
was extensively finished 1n the basement, had a number of unique construction
features, and relatively low radon concentrations. 1t was decided to install a

HRV there, as it would be the lowest cost mitigalion measure.

11.2.1. lnstallalion Procedure for HR\'s

A local contractor who had installed a number of HR\'s for radon contiol
was asked to design and install a HRV mitigation syslem al each house. His
recommendation was a sphit syslem, with tempered fresh sir discharged upstairs
through floor ducts, and the eahaust air taken directly from the basement.

This system was nstalled at house #18 and house #17.

11.2.2. Heat Recovery Ventilators

The same modz]l of HRV was used al each house. This unil uses a rotating
wheel made of a colled flab plastic strip as the heat exchange imedium, and has
a nomnaal s debivery rate of 100 L/s, and uan actual delivery belween 13 to
70 L/s depending on the fan speed settuing and the ducting. There 1s a
fiberglass filter 1n the mlel arstream, and a foam fHlter ovn the evhaust
airstream to prolect the natrow air passages thiough the wheel from an horne

dust.



11.2.3. Evaluation

The results of both the Phase 2 and the Phase 3 measurements are shown
in Table 13 below.

The performance of the two systems was similar. The radon concentration
in the upstairs portion of the house was reduced to a satisfactory level, but the
concentrations in the basement were virtually unaffected by system operation
with this duct configuration. This suggested that the mode of action in these
hot-water heated houses was thal the upstairs air supply slightly decreased the
pressure differential relative to the basement, which decreased the amount of
bascment air that found i1ls way upstairs, and so decreuased the upstairs radon
concentration. The large differences 1n radon concentration that were seen in
these houses can be attributed directly to the hot-water heating. Forced air
heating ducts provide good connections from floor to floor. Un the other hand,
either the exhaust from the basement was insufficient to change the radon
concentration, or else it induced a compensatory increase 1n radon supply, so the
basement concentrations were unaffected.

The HRV installer and the manufacturer suggested that basewent
concentrations might be 1educed by changing to a balanced basement ventilation
system, where outside awr was discharged 1nto one end of the basement and the
exhaust removed from the other end. This was tested at house #17, and 1t was
found that although the basemenl coucentrations were lower with this system,
the concentrations upstairs were not as low as when Lthe split system was in
use.

The system at house #17 was modified to allow easy adjustment of the air
delinvery and exhaust. Dampered ducts were added to allow a varmable awr
discharge 1nto the basement, and the amount of airr exhausted from the

basement.

11.3. PHASE 3 - GENERAL

The modificalivns to the system at house §17 were not tested in ’hase 2
as they were completed after the wealher was warm and windows werc open.
The system at house #18 was zlso modified to a balanced basement ventilation
system, and bolh houses were tested in cold weather in Phase 3. A thitd HRV
was nstalled at house 228, for the sump ventilation s)stem installed there in

Phase 2 was nol effective. This house was a good candidate for a HRA
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installation, for the radon concentrations were only moderately elevated, and

the basement was extensively fimshed.

11.3.1. Installation Procedure

The same locel contractor who had installed the previous HRV's was asked
to design and install a HRV mitigation system at house #28. Most of the
basement at this house was finmished as a family room, and his recommendation
was to install the same Lype of rotary whzel HRV as previously used, but in a
balanced basement ventilation configuration. The HRV was placed 1in and
eshausted from the unfinished laundry room, and delivered tempered fresh air
into the recreation room through a grille placed in the dividing wall. The
recreation room was a major hiving area, so the focus of the installation was to

reduce radon concentraticns there.

11.3.2. Evaluation

The results of the Phase 2 and the Phase 3 tests on the HRV's are shown
in Table 13 below.

The HRV at house #18 was mod:fied Lo operate as a balanced basement
ventilation system for a test, and the radon concentrations in the basement
remamed essentially the same as when 1t was operated in the split mode with
all fresh aie discharged upstairs, and basement exhaust. Upstairs concentrations
were always lower than i the baseinent, but the lowest concentralions were
achieved with upstairs fresh air discharge. The ventilation rate and inter-floor
transfer rates were measured by passive PFT detectors during this test. The
accutacy of the measurements was low, due to the short eiposure duration, but
they did indicate that both the basement and main floor ventilation rates were
high, and greater than the HRV flows. The net transfer rate of basement anr to
the main floor was only a fraction of the upstairs ventilation rate, and the
transfer rate decreased when fiesh air was discharged on the mam floor, rather
than 1n the basement. This confirmed the general picture deduced fiom the

radon measuiements.
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TABLE 13 SUMMARY OF PHASE 2 AND 3 RESULTS WITH HR\’s

BASEMENT RESULTS UPSTAIRS RESULTS
HRV MEAN Rn (Bq/m3?) % MEAN Rn (Bq/m?) %
CONFIGURATION HRV ON OIFF REDUCTION HRV ON OFF REDUCTION

HOUSE 17A
70 L/s from basement 1 776 2 146 -19 4449 71 81
90 L/s fresh air to
upstairs
75 L/s from basement; 1 776 1 406 21 444 T 82
75 L/s fresh air to
upstairs
70 i./s from basement; 2 701 1 702 37 703 135 75
70 L/s fresh air to
basement
55 L/s from basement; 2 701 1 702 37 703 239 62
33 L./s fresh air to
basement
60 L/s from basement; 1 480 4144 70 - - -
20 L/s fresh air to
upstarrs; 60 L/s fresh
air i1nto basement

HOUSE 18\
95 L/s from basement; 518 481 6 296 71 71
62 L/s fresh z:.r
upstairs
75 I./< from basement 518 333 31 296 56 81
65 1./s fresh air Lo
upstairs
75 L/s from basement; 851 518 38 333 92 T2
65 L./s fresh air to
upstairs
95 L/s from basement; 851 481 45 333 148 60
85 L/s fresh air to
basement

H{OUSE 28A
20 L/s from basement; 592 333 11 333 259 15
80 L/s fresh air to
basement

The HRV at house #17 was tested as a simple ventilation supply fan by
closing the stale air exhaust damper and diverting the airflow back 1mmto the
basement., Fqual amounts of fresh air were delhivered to the upstairs and o the

basement.  The dampers were then returned to the normual position te operale

90



with exhaust {rom the basement. The fresh air supply was slightly higher under
these conditions. Concentrations upstairs were always lower than in the
basement, and both upstairs and basement radon concentrations were shghtly
lower when the system was run as a HRV. The ventilation rate and inter-floor
transfer rates were measured by passive PFT detectors during this test. The
accuracy of the measurements was low, due to the short exposure duration, but
they did indicate that the ventilation rate upstairs was much higher than the
forced air supply, but the basement ventilation rate was comparable. The inter-
floor transfer rate was low, and decreased when the HRV exhausted from the
basement. This confirmed the general picture deduced from the radon
measurements.

The dampers were adjusted to decrease the fraction of air sent to upstams
to 25%, and this lead t¢. lower radon concentrations in the basement and higher
radon concentrations upstairs.

At house #28, short term measurements found that operation of the HRV
reduced radon concentrations in the basement from about 600 to 370 Bq/m3. The
concentration upstairs remained at about 300 Bq/m3, regardless of whether the
HRV was running or not. This suggested that there was a separate radon supply
to the upstairs, for if all the radon that reached the upstairs came from the
basement, the concentration upstairs should have decreased as well. Large
transfers between upstairs and dovnstairs were expected in this house, for it
had a forced air heating system, and operation of the fan would transfer air

from the basement to upstaiwrs.

11.% OVERALL EVALUATION OF INCREASED VENTILATION

The results obtained with HRV's suggest thal two separate factors were at
work in determining the reducltion in radon concentration obtained in a house
zone., The first was that fresh air forced into the upstairs zone could decrease
the flow of radon bearing air from the basement, and b) reducing the radon
supply could reduce the radon concentrations by much more than the inciecuse In
the zone ventilation rate. The sccond factor was the increase 1n yentilation rate
caused by the fresh air forced into the zone. This was dependent on the natural
ventilation rate in the zone, which could be higher than the HRV flow.

Although these umts were installed by an esperienced contractor, only the

inlet smir duct was msulated to prevent the cold outside urr from piching up heat
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on its way to the HRV. The stale air ecthaust duct was not insulated, and so
this cooled air was able to recover a large portion of the heat it had given up
to warm the imcoming fresh air. The heat recovery efficiency of the installation
was therefore much lower than the HRV efficiency. Economic justifications
based on significant heat recovery efficiencies are likely to be in erior unless
conlractors pay attention to the thermal performance as well as the ventilation
performance of the system.

Measurements of ventilation and inter-floor transfer flows are needed to
predict the performance of HRV’s. Although increasing the ventilation rate 1s
simple in prirciple, the air circulations in a house are more complex than 1t
appears at first. If better performance is to be achieved than just that given by
simple dilution, the changes produced 1n the flow dynamics throughout the house,

and the possible effect on the entry rate of soil gas must be understood.
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SECTION 12.
EXPERIENCE WITH RADON REMOVAL FROM WELL WATER

12.1. PHASE 2 - GENERAL

By the end of Phase 2, average radon concentratlions in house #2 had been
reduced to a level where it was apparent that the radon supply via the well
water (thought to have a concentration of about 2.5 MBg/m?® - 67 000 pCi/L)
was comparable to the supply via soil gas entry. The DER had ualso identified a
house, house #30, where the radon concentration in water (11.5 MBq/m3-
310 000 pCi/L) was the highest that they had measured, and was probably
responsible for the elevated radon concentrations 1n that house. It was decided
to place radon removal units on the water supplies of these houses to evaluate

their efficiency and determine what problems they might cause in practice.

12.1.1. Installation Procedure

Activated carbton was selected as the removal method for it had been used
successfully in other high i1adon in water areas such as Maine. The unuit
consists of a pressure tank containing activated carbon installed between the
well pump and the pressure control tank. All the water that enters the house
passes through the tank, and the 1adon in the water 1s adsorbed to the carbon
surface.

Two different suppliecrs were used. The first came from a specialist firm
in Maine, and contained 60 L of coconut charcoal selected for radon removal.
This was 1nstalled at house £30, where the radon concentrations were the
highest.

The secend umit came from a8 local water purification supplier, and
contained 60 L of charcoal of unknown origin, which had probably been selected

for organic removal. This was 1nstalled at House #2.

12.1.2. Exaluation
Both umits inuwddally had very high radon removal efficiencies (ca. 99%),
reduced the radon concentrations in the water, and elimnated the peaks in the

house radon concentrations associated with water use. However, large amounts
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of radon and its progeny were stored on the carbon, and the gamma radiation

field in the house was 1ncreased considerably in the region of the unit.
12.2. PHASE 3 ~ GENERAL

The increased radiation fields concerned the householders, and so shielding

was installed around the tanks in Phase 3.

12.2.1. Installation Procedure

Theoretical calculations showed that at least 10 mm of lead would be
needed around the most active tank (house #30), and a test by wrapping the
tank In two lavers of 1.5 mm thick lead sheeting confirmed this. A lead shield
would have to be specially fabricated, and would be expensive, so a conciete
block shielding structure was built around the tank in each of houses =2, =30.

The walls of the structuie were of four inch block, and a coacrete patio
stone was used to cover the top. These structures produced a satisfactlory
reduction in radiation field at both locations.

After the shielding had been installed, there was a new baby at house 330,
and the water consumption increased. The radiation field increased
correspondingly, and additional shielding was required. The spacc between the
inside wall of the block structute and the tank was filled with sand,
approaimately doubling the mass of shiclding material. This reduced the

radiation field to a level lower than that given by the original shielding.

12.2.2. Evaluation

The radon removal efficiency of the carbon was nitially hign, in the
region of 99% for the specialist charcoal, and 95% for the standard chaicoal.
Over a period of eight months, 'L decreased, and stabilised at around 93% for
the high efficiency charcoal (house #30), and 753% for the other charccal at
house (22). These reductions were sufficient to reduce the airborne radon
concentration resulting from water use to a low level.

The concrete block shield was not sufficient to deal with the combination
of high radon concentration and high waler use, and sand had to be placed 1n
the enclosure to mcrease the shiclding mass. Given this, an alternative and

cheaper shielding method would have been to usc & latge 60 cm diameter

94



hghtweight impregnated paper tube (Sonnotube} around the tenk, and fill this

with sand.

12.3. OVERALL EVALUATION OF RADON REMOVAL FROM WATER

There was a significant difference in the raden removal efficiency of
different carbons, but both umts performed well, reducing the contribution from
waterborne radon to a low level.

The major problem with these radon removal units is the radiation field
from the radon collected on the carbon. The greater the need for a radon-in-
water removal umt, 12 high radon concentrations in water and use of large
volumes of water, the higher this radiation field will be. A lightweight paper
tube filled with sand would provide relatively cheap shielding. In addition, after
the carbon has been 1n use for several years, it may have accumulated encugh
long-lived radon progeny (21°Pb) for the carbon to qualify as a legeally
radwoactive. Current regulations would require this to be disposed of in a
licenced tadioactive waste storage facility, at high cost,

In view of these difficulties, a better long terin solution might be to use a
stripping unit for radon removal. This would remove the radon from the water
as 1t was used, and discharge it outside the house. There would be no large
rediation source 1n the bascment requiring shielding, and no radoactive waste
disposal probiem. However, thers are still problems with the stripper, for
domeslic sized radon stripping units are not as commercially developed as carbeon
adsorption units, and comparable performance at a comparusble price may not be

available.



SECTION 13.
TERRESTRIAL RADIATION MEASUREMENTS

13.1. EQUIPMENT

Gamma radiation measurements “sere made at mitigation houses and in the
area generally with a S-channe! NprI scintillatton meter which had been
calibratea at the Depsaitment of Encrgy, Mines and Resources radicactive test
pads in Ottawa. The exposure rete from cosmic rays indicated on this
instrument 1s approxmately 2 uR/h. When the threshold i1s set so that the
mstrument responds only to gamma-rays above 400 keV, the count rate in a
terrestrial radiation field 1s approvimately pronortional to the Lotal exposure

rate.

13.2. GENERAL

Radiation fields were significantly higher 1 the vicinity of these houses
than 1n Lthe general area. The radiation field in the house and on the site is
nolted in the description of each house. Table A-13 summarises Lhe meessured
gamma radiation levels at each house.

In the Boreitown area, the terrestrial enposure rates altong the main roads
- which run 1n elleys - ranged from 3 to 6 uR/h. In contrast, all the
mitigation houses are Iocaled on high ground, where the exposure rales ranged
from 7 Lo 12 ult/h, with sigmificant changes 1n exposure rate in short distances.
For example,ncar Boyertown,the esposure rale along Indian Road, which runs
along the tof. of a ridge, varied from 5 to 6§ uR/h at Applewood Road, rose lo 7
to 8 uR/h al the junction with Funhk Road, and reached a high of 10 ul/h on
Knoll Circle. ©On Willecrest Head, which 15 on a second ridge Jusl two hunared

metres away from hnoll Cirvele, the cyvposure rate was only about 6 ull/h.

13.3. VARIATION WITH DI'PTH

The soil gamma activily ncicased with depth. DPart of the vaniability of
the radiation ficld at a house site was evidently due to Iagher nctivaty
evcavdaled malermal having been dumped on the lower portion of the site. st

one house ($9) a swimming pool was under construction, which cnabhled
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measurcments tc be mede of the distribution of activaity with depth. Fiul from
the house excavalion coverced the site to a depth >f 30 ¢m, and gave 24 uR/b on
contact. The original surface soil beneath this layer gave about 11 to 16 uR/sh,
but a layer of rocks near the bhottom of the excavation had fields of 30 uf/h,
with one rock reaching 10 uR/h on centact.

Granite bediock was eiposed on a rocad cut near house 393. The gereral
activity was about 6 uR/h on contact, but a localized 2 m wide band of more
highly fractured granite with 24 uR/h on conlact was wvisible. The activity of
the hot spot was estimated at 2.7 pCi/g 232Th, 6 pCi/g 33U, and 10 pCi/g =X
from the ratio of the counts in the channels of the meter. The granite benenth
house #9 must have an cven higher activity zone to produce the more active

rocks found in the swimming pool excavation.

13.4. RADON PRODUCTION RATE

Rock fragments were collected from both the host granite and the higher
activity zone, and the radon production rate w.as measured at 0.13 pCi‘z and
0.48 pCi/g of emanating radium (emBRa) for host rork and active zane
respectively. The radon production rates were also measured for a sorll szample
from the swimmng pool escavetion at house £9, and for a sampie collected from
a hilllop building site of lov er gamma activity. The ralues wer=s 1.1 pCi/g emRa
for the house #9 sample, and 0.21 pCi/g emiia for the bullding si'= The
emanating radium content of Lhe house #9 soil 1s high, and 1s compareble to
that found 1n reclaimed Florida phasphate lands, which uare themselves among

th: highest activity soils 1n the USA.

13.5. COMMENT

The areas was not glaciated 1n the rtecent geological past, so the locval scil
158 derived entirely by weathering of the underlying rocks. The soil in the
valleys 1s derived mainly from Lthe lower eotivaty sandstones tnat form thewr
floor, whereas the soil on the hilllops s derived mammly from gramtes.  Gisven
the lurge varmations observed 1n the gamma aclivity of the parent sandstones qad
granites, the variations n soil sclivity from site to site are not s prisiag. The
surface materals may be lower 1 activity than the base rocks from which they
are derned as Lthe result of acons of weathering., If this s generally tne case,

Lt} er, sy face radinlion measurements will be a poor ndicator of the 1adon
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potential of a given site, although they may be useful as a general indicator of

locally increased radon potential.
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SECTION 14.
QUALITY CONTROL AND QUALITY ASSURANCE

14.1. QUALITY ASSURANCE PLAN

The Quality Assurance Project Plan (QAPP) was issued on 25 October
1983, an. modified in January 19F3, and Deccmber 1986 to reflect chances in
emphasis in the program. The QAPD covered Quality Assurance Objecti es,
instrument calibration, samphrg, and control checks., A bLrief review of these

topics is included 1n this section.

14.2. TRACK ETCH DETECTORS

Calibration and quahty control of Track Etch detectors is pe:rformed by
the manufacturer, Terradex. As an independent check on calibration, ten detec-
tors from each of the two batches used were exposed in the EML radon
chamber at the same time as detectors were deployed in the field, and a simlar
number of detectors were retained to act as uwuvezposed controls. They were

returned 'blind’' to the processing laboratory.

11.2.1. Calibration Checks

Detectors were exposed in the EML radon chamber in December 1985 and
in December 1986. The first batch was evpoused to 1590 pCild/L, and the average
exposure reported was 1428 pCid/L {(10%¥ low). The analytical uncertainty on
each measurement was reported at 160 pCund/l.. ‘The standard deviation of all
the measurements about the mean was 228 pCud/L (16%).

The second batch was exposed to 123 pCi.d/L, and the average e\posure
reported vwas 364 pCrd/L (11.3% low). Onre outher with n reported value of 1190
pCi.d/l + 200 pCi.d/L was rejected from our analysis. The analy tical unce: tuaty
on each measarcemen! was reported at 58 pCr.d/i., ar- the standard deviation of
all the measurements abhoat the mean was 53 pCud/i. (12%).

As the difference between the reported and wctual exposures was less than
twice the standard deviation of the measurements, the reported evposutes 1n the

houses were not corrected.
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14.2.2. Zero Checks

The average exposure reported for the unexposed detectors for the first
batch was 15 pCi.d/L, with an analytical uncertainty of 16 pCi.d/L. The average
exposure rcported for the second batch was 2 pCund/L, with an analytical uncer-
tainty of 4 pCird/L.

These expusures were not large enocugh for the reported exposures in the

houses Lo require correction.

14.2.3. Field Quahly Control

The EPA Protocol for I[ndoor >Measurements suggested that 10% of the
measurements should be made 1in duplicate. This was not felt adequate for this
program, and 100% of the measurcments were made in triphcate.

Detectors were exposed taped together in groups of Llhree Lo delect
outliers. The avcrage radon concentration at a location was calculated as the
average of Lhe dectector read:ngs. At the low radon concentrations found in
these houses after mitigation, the standard deviation of the group was usually
about 30%, or L.5 pCi/L. Outhers were rejected 1f this would reduce the
standard deviation of the group to less Lhau 2 pCi/L or to less than 10%.
Threc ocuthers were detected in 22% detectors esposed 1 the feld, and in 1 of

the 20 calibration detectors exposed at the EMI..

14.2.1.  Completeness

Results were recerved for all of the 264 detectors sent to Terradex for
processing. Sy delectors could not be found at onc house. 1L 1s behieved that
they were collected 1n error by anoclher group making measurements with
Terradey detectors in the area. Siv detectors were issued Lo one homeowner

who had diopped out of the program, but he did not return them.

11.2.5. Quahty Assurance Obgeclives and Per formance

The Accuracy objectine for Track Etch measurements muy not have been
achieved, for the manafacturer's calibrotion s apparently 10% to 153% lower than
that derned fiom the EML eaposures. The difference s not sigmficant for the
low post-mmiligetion exposures of a few hundied pCund/l, for the major source of

uncertamty in those measurements 1s the analy tical vanability between detectors.

100



PRECISION ACCURACY COMPLETENESS
QAPP Goals 2 pCiy/L (30%) 10% 100%
Actual Performance 2 pCi/L (30%) <15% 100%

14.3. AB-5 RADON MONITORS

The AB-5 momtors used in this program were calibrated at 12 month
intervals at the DOE Environmental Measurements Laboratory in New York. A
specially modified cell containing a small emanating radium scurce (Check Cell)
with a nomunnl count rate of 200) cpm, was used to set the optuimam high
voltage and discriminator setting for radon measurements. To minimise the
background count rate, the high voltage was set just above the lknce,
apptoumately 60 volts onto the plateau.

Simultaneous measurements over 16 to 24 hours were made with the AB-5
and the laboratory standard continuous radon monitor from the large radon
chamter. The radon concentration in the chamber was not changed, and varied
cnly slightly. The cell counling efficiency was determined by seiting the
aversge radon concentration as measured by Lhe AB-3 equal to the average radon
concentration m the chamber as measured by the standard momtor.

Ty pical count rales at =quibibrium were 1.90 counts per hour per Ba/m? (70
counts/h per pCi/L), with backgrounds of 60 counts per hour. The precision of
a single measurement at a radon concentiration of 150 Bq/m? (1 pCi/L) 1s 20
Bg/m? (12%). An average of 6 or mure readings will have a precision of al least
5%.

The relative contribution to the counts recorded in each period from the
raden in the sample, and from the activily deposited e Lhe cell by the tadon in
previous samnples, was derived dirvect]ly by switching the monitor mput from the
radun chamber to low radon an, and folloming the change i count rate with
time. A two term poly nomial cotrection was sufficient Lo correct for activily

duposited 1n the cell by previous samples. lhe equation used wasi-
Ra = (Ca - 0.3Ca-1}/(0.7K)

whete Ra 1s the radoa concenlration in the n'th sample, Ca 1s the act count

ovel the 50 mimmutes following the sample, Coa-1 1s the net count for the 50
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minutes following the preceding n-1'th sample, and K is the number of counts
in 50 minutes for a radon concentration of 1 Bg/m3 (1 pCi/L).
The calibration factors (0.7K) to give radon concentrations in pCi/L as

determined at each calibration for each monitor were:-

MONITOR JUNE 1985 JULY 1986 JULY 1987
203 40.5 43.5 43.2
206 42.9 40.5 -
213 44.3 12.6 -
228 43.0% 11.8 42.0
238 4G6.0% 42.0 12.5
255 -— 43.1 4G.1
256 —— 42.3 40.8
257 —_— 45.7 43.0

tcell calibreted alone, noil complete machine
The sum of the systematic and counting uncertainties in the calibralion factot

amounted to about 1%, or 0.5.

Monitor 206 was not calibrated in July 1987 as it had been returned to the
manufacturer for repair of the charging circuit, and monitor 213 was not w:th
the progect at that time. The calibration factor and background for each
monitor 1s included i1n the BASIC program used to convert raw data to radon

concentrations and 1y called automatically by the program.

14.3.1. Field Qualhty Control

Field quality control was mamtained by two 285 cm' santillation cells.
Oue was an ordinary cell which was hept closed and therefore contamed very
hitle radon (Blunk Cell). The other was a specially wmodified cell contutning »
small emanating radium source (Chech Cell). These cells were counted wn the
untls on a mounthly basis to check that the machines wete operating propeily.
A higher check frequency was used i the early pmt of the program, but found

UNrccessnLy.
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14.3.2. Completeness
The AB-5 has an internal gel-cell battery which will operate the machine

in the quasi-continuous mode for 24 to 48 hours, depending on the nitial state
of charge, and will maintain the memory for 1 to 4 days. The machines are
normally run on AC power, and are unaffected by Lemporary power
interruptions. However, T p1.ns were not completed, for the electrical supply
was interrupted for more than 21 hours. The causes 1ncluded defe’ tive
receplacles with poor contacts, and switched receplacles wheie the power was
inadvertently turned off. The later models have an indicetor to show that the
power 1s connected, so problems with: these machines were due only to power
being turned off after the machine was connected. All the data was lost from
one completed run when the on/off suwitch was accidentally pushed twice. The
first time stops the machine, the second Lime starts the machine on a new run,
and erases the data stored in the memory. Only time was lost with these
failures, for the 1un was repeated to obtain the information.

The AB-5 memory is dumped to a portabie computer, which calculates the
radon <concentration, produces a huard copy report, and outputs the basic
information for the report on magnetic media. Cassette tape was used as the
inilial storage media, and results were later transferred to 5'/s inch disks. Of
the 241 compleled measurement runs, the data from |} 1uns were lost entirely
due o a recorder malfunction, and some data was lost from a further 1 runs
due to tape faults. In 1886 a 31/; inch disc recorder replaced the cassette

recorder, and no data has since been lost in the transfer to storage.

11.3.3. Quality Asswmance Objectives and Performance

The Quality Assurance Objectives for the AR-5 monitors were met. The
avcrage tadon concentiration was calculated on the basis of more than sia
measurements, and so the precision was greater than 3%, and the change 1n
cahbration factor from one calibration to the next was less than 5%. Fewer

data sets wete losl thun ewvpected,

PRECLISION ACCURACY COMPLETENISS
QADR Goals 5% 5% 95%
Actual Performance 5% 3% 97%



14.3.4. Problems

The source cell had been modified from a standard cell, and still had the
self-sealing connectors. On two occasions during testing, the cell was
connected to the inlet tubing by mistake, with a short term loss cf radon. The
connectors were blocked to prevent this happening again. There was a slight
leak in the cell, probably at the connectors, and the count rate of the cell was
affected by changes in atmospheric pressure. Count rates varied from 2 200 to
2 600 cpm. To allow precise comparisons of the machines, a scintillation cell
simulator was constructed with an #Am source and a scintillation disk mounted
al the end of a tube. The pulse height spectrum from this was similar to that
from a cell, and the count rate was unaffected by atmospheric pressure changes.
The count rate of this simulator varied by less than 2% [rom machine to
machine.

Three machines had defective high yoltage feedback resistors, which gave
increased tube noise as they slowly failled. These machines were identified, and
the resistor replaced with modification kits sent by the manufacturer.

The memory conlents of Lhe AB-5 are transferred to Lhe portable computer
via a parallel lo serial comverter that plugs mnto the AB-5 printer port. Three
coniverters were damaged i1n the winter by static electricily sparks while they
were being connected to the AB-5. One spark damaged the converter and also
reset the portable computer memory, and the programs had to be relouded. An
anti-static spray on the nylon office carpet 1educed the sparhing, but did not
elimmnate it. Care had to be talen to ground both the equipment and the

operator when reading out the uunts.

14.3. SCINTILLATION CEILL MEASUREMENTS

Scintiflation cells are used to make grab sample measurements of the radon
concentration n ducts and 1n soil gas. The cells used are plastic bodied cells
with nominal volumes ef 0.1, 6.5, and 1.5 litres, with nommal sensitivities of 0.5,
2.2, 1.5 ¢cpm per pCi/L. They are counled on a 120 mm diameter photomullipher
tube, with a bachground count rale of less than 1 cpm st the operuting voltarge.
The cells have a bachground of less than 2 cpm.

Selected cells were calibrated by sampling from the EML radon chambe:,

uand those calls were subsequently compnred wilh the other cells by sampling
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from a sample of soil gas collected in a 100 Litre plastic bag. The sensitivilies

of all the cells did not vary by more than 10% from the nomnal alue.

14.4.1. Scintillation Cell Field Quality Control

Scintillation cells wcre mspected at each usc (or damage, such as brohen
or loosc valves, cracks, or loss of scintillation covering. The photomuluiplier and
scaler combination used to count the cells was checked monthly with the 235 m!

radon source cell,
11.4.2. Completeness
The equipment was reliable. Results were obtammed for all of the radou:

samples taken 1n the houses.

11.4.3. Quality Assurance Objectives And Petformmance

The Quality Assurance Objectives for the scimtillation cells were evceeded.
The concentrations measured were all high enough that the precision of
individual measurements was greater than 30%, the calibration faclors were not

more than 10% 1n error, and all samples taken wele measured.

PRECISION ACCURACY COMPLETENESS
QAPP Gouils 50% 20% 5%
Actual Performance <50% 10% 100%.

14.5. AUDITS

14.5.1. EPA Audits

Field Audits weve conducted by the EPA Quality Assurance Group in July
1985, Aptil and November 1986, They made suggestions regarding measurement
protocols, which were addressed by modifying the project protocols to be m
nccordance with the then newly issued LEI'A Protocol for Indcecor Measuremnents;
externul Quality Assurance on the radon momtor measurements, which were
addiessed by participation an the EbPA Proficiency Program; and on 1ccord
heeping for the photographs tahen of cach house.  This was addressed by

steandar dising photograph size (by using only one processor) so that all photos
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would fit into a standard photopage, and using a camera that automatically

dated the photographs as they were taken.

14.5.2. Internal Audits

An internal audit was carried out in September 1986 to ensure that all
data collected had been transferred to the house files from the field notebooks
and other data sources. Missing data included official copies of DER
measurements in 16 houses, and incomplete house plans fur eight houses. The
missing data was obtained over the next two months.

The Project Manager visited all the sites to conduct a final systems audit,
where the mitigation s)stem was inspected to ensure that it had been installed
and was worlung as intended. A final inter nal records audits was carried oul 1n

July 1987 to check that the house files contained u complete set of reccrds.

11.6. RADON MEASUREMENXT PROI'ICIENCY PROGRAM

In 1986 the EPA ntreduced a Radon/Radon Progeny Measurement
Proficiency Fvaluation Prograu. to evaluate the performance of Lhe many firms
that were entering the field of radon measurements. Measuring devices were
e posed 'bhind’, and the reported concentrations were compared with the kaown
concentrations by the organizers, and the perfcrmance evaluated by them.

Four of the AB-~5 monitors used i1n this program were submitted for the
November 1986 comparison round. They gave results within 5% of Lthe measured

average concentration.
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TABLE A-1 PENNSYLVANIA DER MEASUREMENT SUMMARY
EUSKETZ BPISU TBRRADEX VATRR
7287 TEST TEST T8ST

HOUSE SAMPLIKG R3SULY STABT FINISH B2SULT STARY FIN1SH RESULT GSAHPLING RESULT

10 DATE 8 13 DATE DATE (¥L} DATB DATE {pC1/L) DATE {pC1/L}
i 85-02-05 2.207 85-02-1% 85-02-20 0.4} §5-02-0% 85-0)-14 146 t 26 700
4 85-01-08 0.342 -- -- -- 85-01-0% 85-02-08 113 §5-08-28 66 i0¢

85-01-15 0.360

3 85-01-11 3.eal -- -- -- §5-01-31 §5-03-05 350 s Loy

{ §5-03-10 0.252 85-04-20 B5-04-25 0,033 85-03-30 83-06-07 I t § 0t
5 §5-03-15 €.354  55-02-2%5 55-03-28 9.287  83-0)-25 85-u5.29 28 J {360
6 B5-01-18 0.461 B5-01-29 85-02-00 0.312 85-01-18 B%.-02-22 6D 1 14 500
7 85-02-27 1.7t2  85-93-05 85-03-08 9,338  85-02-27 B5-03-28 2% B-92-27 3 e
] §5-062-22 1.704 B5-92-2% BE-p2-28 O£.i28 8%-02-22 83-03-26 IR} 1 Loy

9 85-01-15 ¢.340 85-21-23 85-02-01 0.4%3  B5-01-15 BS-02-1% 833 85-01-30 29 00
10 85-01-25 1.280 85-01-29 85-01-31 1.78%  g5-01-2%f @B%-0C-258 G626 gs-02-05 3% 200
3| g5-02-13 0.749 -- -- -- 35-02-20 65-66-29 49 t Lo

12 BS-02-27 0.220  85-04-Ci BE-DE-0F 0.733  85-03-27 B5-06-10 § B5-04-04 § 350
n 85-01-2¢ 0.060 -- -- -- 85-01-24 t 64 s 12 §0%
14 85-02-65 ©¢.4:8 83-02-12 B5-02-1% ¢.124  85-02-¢% 8% 91-13 23 85-02-12 i 5
18 85-03-29 A 71 g5-04-293 £5-05-01 0.018 85-03-09 3 t B3-83-19 {20
16 85-01-25 9.630  B5-01-2% BE-02-01 0.Ii%  83-01-25 83-02-2% 398 85-02-25 271 109
1 85-04-11 0.135  25-04-27 85-vd-25 C 45 BE-0&-1) Rb-i0-07 § 85-04-12 LD
1t 85-01-13 0.394  £5-02-07 BS-0Z-17 C B1Y  ES-01-1B BS-02-2! 12 85-02-23 1 293¢
14 £5-07-63 9 321 85-07-C3 85-07-10 (.CMY 85-07-43 £6-01.u0) 22 85-07-03 £
0 B5-08-(5 1.024  85-08-12 85-03-15 ¢.482  B8E-08-0F 853-10-30 059 8I-08-05 6 dc¢
2i £5-92-C2 0,553 §5-02-25 £5-02-28 C.48%  85-0Z-22 %8 03-21 85-02-22 bt



EOUSE

TABLE A-1 (CONTINUED)

RUSKETZ BPISU TERRADEX VATBE

TE8T TEST TEST YEST

SAXFLIRG EESULT START FIRISH RESHLT START FINISE BESULYT SAMPLING EBESHLT
dATE (VL] gsTe UATE (WL} DATE 0LTg fg€e/L! DATE (pCe/L)
88-07-30 0.100  83-08-05 85-08-98 0.029 45-07-30 €£-31-97 24 t ¢ 690
B5-11-14 0.836  83-11-14 3E-11-18 & 102  BS-11-14 §6-02-08 &8 B5-11-18 17 900
§8-¢7-23 9.¥7¢  85-07-10 23-68-€2 0.90%%  8%-07-29 §6-e1-10 54 ' 18
85-05-10 2 98§ B3-05-3% £I-TE-1T 0.243  85-05-:0 8E-T1-27 g2l ! 3130
38-245-23 (0134 3F-05-1) :E-0%-18 0 0.0) 0 85-05-BE BI-D1-1T 0 ] 85-08-08 A
B1-C7-10 & 412 BI-07-1% EP-G7-18 0.008  BI-07-10 B£-01-% 21 §5-07-10 14 20
£5-07-09 0.18%  35-90-39 45-0d-¢2 0,148 €5-07-29 §6-0i-14 4 f f
$5-07-26 0.584¢  BE-0CB-G5 BI-DB-08 0.032  85-07-26 85-0i-18 61 ' 23 Coe
§5-08-02 0.451 - - -- §5-68-02 45-91-99 7 g5-03-62 235 100
83-10-22 0187 Ba-03-1C 285 400
£5-12-24 9,038

§5-02-27 1.33% £3-02-11 8I-03-:b 0,503 8i-02-1T7 23-03-ik E5 J ’
ES-1r-01 1,926

$6-03-28 0.080 -- -- -- ge-43-24 ! £gl §E-04-81 2 460
£R-04-03 0.013 -- -- -- gE-04-02 ! 82 Bf-04-03 660
§5-04-07 Z.49% .- -- -- ES.04.07 t 170 $5-04-37 {6 302
BE-04-01 2 933 -- - -- BG-04-C? ' e 1 5%
§E-52-21 L3035 -- - -- B5-83-31 1 2N gh-Ge-11 L0
B5-04-17 0.2%5 -- .- -- §E-04-19 ! 81 Fo-04-11 A
83-03-2% 0.3.5 o3-0deA1 A5-04-00 O30 35-02-2% L5-dy-id 303 85-04-04 14 Fif
E-04-22 0 343 -- - -- g6-0¢-2¢ ¢ 1t s Lob
E6--9Y L sy -- -- -- 18-04-09 3 143 : Lid

* = Not Reported
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TABLE A-2 HOUSES SELECTED FOR PHASE 1 WORK

HOUSE LOCATION APPROXIMATE
NUWMBER PREMITIGATION RADON
OONCENTRATION (pCi/L)

1 Country 116
2 Subdivision 1 413
3 - Subdivision 2 350
4 Town 25
5 Country 29
6 Subdivasion 1 60
7 Country 25
8 Town 183
9 Subdavigion 1 533
i0 Subdivision 1 626
11 Town 49
12 Country 6 (0.22 WL}
13 Subdivision 1 64
14 Subdivision 2 36
15 Country - (0.17 wL)
16 Subdivision 1 389
17 Counitry 9 (0.13 wL)
18 Subdivision 1 12 (0.38 wL)

38 Town 309
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TABLE A-3 PROPOSED AND ACTUAL PHASE 1! TREATMENTS

HOUSE PROPOSED TREATMENT ACTUAL TREATMENT
1 Sub-slab Sub-slab

2 Sub-slab Sub-slab + wall
3 Sub-slab Sub-slab + wall
4 Sub-slab Sub-slab

5 Wall wall

6 wall wWall

7 Sub-slab Wall

8 Wall wWall

9 Wall and drain Wall and drain
10 Sub-slab Weeping tile

11 Weeping tile Wall and drain
12 Weeping tile Weeping tile

13 Weeping tile Weeping tile

14 Weeping tile Werping tile

15 Wall Veeping tile

16 Weeping tile Weeping tile

17 Weeping Lile Weeprng tile

18 wall nnd drain Ventilation

38 Weeping tile None
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TABLE A-4  COSTS OF PHASE I MITIGATIVE WORK

TREATMENT

Weeping Tile Ventilation

HOUSE NUMBER QOST $
10 547
12 673
13 755
11 427
15 675
16 701
17 651
Sub-slab Ventiiation
1 1 158
2 1 531
3 1 242
4 899
wall Ventilation
2 408¢
3 1 548%
5 1 7060
6 1 361
7 1 652
8 1 700

¥Cost to add to sub-slab vent:i:lation system

Baseboard Ventilation

9 3 254
11 1 804

House Ventilation
18 150
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TABLE A-5

NEW HOUSES SELECTED FOR PHASE 2 WORK

HOUSE LCCATION APPROXIMATE

NUMBER PREMITIGATION RADON
CONCENTRATION (pCa/L)

19 Subdivision 32

20 Country 210

21 Country 170

22 Subdivision 24

23 Country 98

24 Subdivasion 66

25 Country 121

26 Country 11 (0.13 wL)

27 Country 21

28 Subdivision 21

29 Subdivision 61

30 Country 17 (vater source)
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TABLE A~6 PROPOSED AND ACTUAL PHASE 2 TREATMENTS

PHASE 1 HOUSES

PREVIOUS TREATMENT

NEW TREATMENT

PHASE 2 HOUSES

19

Sub-slab

Wall plus floor
Wall

Wall

Wall

Wall plus floor
Wall plus drain
Weeping tile
Weeping tile
Weeping tile
Ventilaticn

PROMOSED TREATMENT

water treatment
wWall

Sub-slab
Weeping tile
Slab joint
Slab joint
Sub-slab
Sub-slab
Weeping tile
Wweeping tile
Weeping tile
Sump, crawl space
Waler treatment

i

Wall plus floor (x2)

wall plus floor
Improved wall

Wall plus floor
wWall plus floor

Improved wall plus floor
None (refused by owner)

Wall
Wwall
HRV
HRV

ACTUAL TREATMENT

Water treatment
Wall

Sub-slab (\2)
Sub-slab

Slab joint

Slab joant
Sub-slab
Sub-glab
Weeping tile
Weeping tile
Weeping tile HRV
Sump. crawl space
Water treatment



TABLE A-7
TREATMENT

CUSTS OF PHASE 2 MITIGATIVE WORK

Weeping Tile Ventilation
HOUSE NIMBER

Sub-slab Ventilation

2
20

21

22

Wall Verncailation
5

~

i
14
16

19

hall plus Floor Vertilution

O =10NN =

Improved Ventilation
17
18

Radon Removal from hater

2
30

COST $

851
594
271
1 598

1 246
970
587
852
860
552

1 360

1 205
679

637
897
851
865
242
804

s e e BN

—

—

(sump)
(sump +)

{system 1)
{syvstem 2)

{Jjoint}

{conversion)
{Jjoint)

(system 1)
(system 2}

( 1mprovement)
{comersion)

{conversion)
{ 1apro\ cment)

tmodification)



TABLE A-8

HOUSES SELECTED FOR PHASE 3 WORK

HOUSE LOCATION APPROXIMATE

NUMBER PREMITIGATION RADON
CONCENTRAT'ION (pCi/L)

31 Country 85

32 Country 201

33 Bethlehem 82

34 Country 470

35 Country 144

36 Allentown 297

37 Macungie 87

39 Allentown - {0.345 wL)

40 Easton - (1.15 wWL)
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TABLE A-9

PHASE 1 HOUSES

PREVIOUS TREATMENT

PROPOSED AND ACTUAL PHASE 3 TREATMENTS

NEW TREATMENT

2
q
6
13
38

PHASE 2

19
20

22
23
30

FHASE 3
31

32
33
34
35
36

-y
[}

39
10

ROUSES

HoLSES

None

Sub~-slab

wall plus floor
Weeping tile
None

PREVIOUS TRFATMENT

wall
Sub-slab

Slab joint
Slab joint
None

PLANNED TREA PDMENT

Sub-slab

Sub-glab

Sump

Sulrslab

Sub-slab

Sub-slab plus slab
Sub-slab

Sub-slab

Subh-slab

17

Shielding
Sub-slab
Sub-c¢lab

Sub-slab/Weeping tile

Sub-slab

NEW TREATMEXNT

None (refused by owner)
Wall /floor plus crawl

space
Sub-slab, «lab
Sub-slab, slab
Shielding

ACTUAL TREATMINT

Sub-slab
Sump/Sub-slab
Sump/Sub-slab
Sub-slab

Sub-slab

Sub-slab plus slab
Sub-slab

Sub-slab

Sub-slab



TABLE A-10 COSTS OF PHASE 3 MITIGATIVE WORK

TREATMENT

Sub-slab Ventilation

HOUSE NUMBER QOST s
4 2 026
6 758 (conversion)
13 1 129
22 1 358 (extension)
23 1 825
881 (extension}
31 1 700
32 1 686
13 897 (sump]
34 2 878
35 1 183
36 2 178
37 1 536
38 1 760
39 1 100
40 4 255
Wwall Ventilation
20 514 (extension)

237 (addition)
House Ventilation

28 1 240

Radon Removal from Waler
2 487 (shieclding)
30 981 (shaelding)
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TABLE A-11 COST OF SMALL SYSTEM MODIFICATIONS AND FAXN CHANGES

HOUSE NUMBIR COST $

PHASE 2

1 551 (fan change)
3 275(fan change)
6 295 (modifications)
8 269 (fan change)
9 491 (fan change)
10 351 (fan change)
13 222 (fan change}
15 313 (fan change)
PHASE 3

3 438 (fan change)
5 267 (fuan change)
7 379 (fan change)
8 331 {(fan change}
12 192 (fan change)
21 589 (fan change)
24 613 (fan change)
25 579 (fan change)
26 412 (fu) change)
27 362 (fan change)
29 432 (fan change)
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TABLE A-12 SUMMARY OF POST MITIGATION ALPHA TRACK RESULTS

HOUSE DATE CF DATE OF BASEMENT LIVING SPACE
ID ¢ INSTALLATION REMOVAL AVERAGE(pCL/L} AVERAGE(pCi/L)
1 House Moved —— —_ -
2 86-12-17 87-03-16 2.6 5.2
34 85-12-05 86-03-20 4.4 1.7
3A 86-12-14 87-03-19 3.5 2.1
4 87-01-16 87-03-19 0.7 0.8
5 87-01-16 87-03-19 4.3 4.3
6 87-01-16 87-03-19 3.3 1.9
T 87-01-16 87-03. 17 4.1 2.8
8 85-12-06 86-03-20 3.1 1.3
8 86-12~18 87-03-25 3.9 1.8
9 86~12-17 87-03-16 11.6 11.5
10 85-12-05 £6-03-11 3.3 3.0
10 86-12-17 87-03-16 9.0 6.5
12 86-12-15 87-03-~19 3.7 2.5
13 85-12-13 86-03-31 17.0 11.4
13A 87-02-21 87-04-11 2.3 2.0
14 86-02-18 BF-04-26 0.7 0.6
14 86-12-18 87-03-17 0.5 0.7
15 85-12-08 86-03-12 3.8 2.5
15 86-12-17 87-03-18 1.1 1.0
16 86-01-04 86-01-21 78 22
16A 8G -03-14 86-05-20 2.9 2.4
16A 85-12-16 87-03-16 5.4 1.7
17 87-02-21 87-04-11 7.6 3.1
18 87-02-21 87-01-11 8.8 2.1
19 86-12-18 87-03-18 32.0 0.6
20 87-03-10 87-03-29 5.8 9.9
21 26-12-14 87-03-16 3.1 2.6
22 87-02-21 87-04-15 7.6 2.7
23 87-01-26 87-03-19 7.6 11.6
24 87-03-06 87-04-15 4.7 4.6
25 87-03-10 87-04-15 5.1 3.0
26 86-12-15 87-03-16 2.1 1.5
27 86-12-16 87-03-16 3.8 2.2
28 87-02-21 87-04-21 2.4 5.3
29 87-02-21 87-0%-15 1.9 1.4
30 86-12-17 87-03-19 3.0 1.3
31 87-01-~19 87-03-19 1.8 5.7
32 87-01-21 B7-03-19 1.0 3.2
33 87-03-07 B7-04-11 2.2 1.1
34 87-02-19 87-01-15 5.5 3.7
L 87-02-21 87-01-14 0.7 .8
36 87-03-06 87-04-15 1.6 1.7
37 87-02-19 87-01-17 0.6 0.6
3s 87-03-10 87-04-11 14.4 11.2
a9 87-06-20 Not yet remon
10 87-06~19 ' "

120



TABLE A-13 SUMMARY OF GAMMA SURVEY RESULTS

INTERNAL FIELD

EXTERNAL FIELD

(uR/h} {uR/h)
HOUSE RANGE  AVERAGE RANGE  AVERAGE ADDITIONAL OOMMENTS
1 8-11 10 i1-12 11 exposed subsurface cut 17-20 uR/h
2 11-15 13 8-12 10 sur'face cover from basement
excavation 20 to 35 uR/h
3 5-11 5 5-12 9
4 7-12 10 12-15 13 B uR/h at asphalt driveway 18 uR/h
at eaposed road bank
5 4-7 5 £-10 8
6 6-12 10 6-12 10
7 7-10 8 8-13 11 6 ulR/h on asphalt driveway
8 6-12 9 6-10 9
9 7-10 9 10-11 12 peol excavation dirt 14 uR/h; in
excavation range 14-42 uR/h
10 9-14 10 10-35 20
11 6-9 8 7-10 9 exposed sorl at road cut
13-16 uR/h
12 3-8 5 5-9 7
13 5-12 g 8-25 16 driveway 1-10 uR/h
14 6-10 8 5-12 10
15 1-10 6 B-12 10
16 4-10 7 5-19 13
17 7-9 8 9-12 i1 interior high spots of 10-12 uR/h
by sump and i1n cedar closet
18 -6 5 -7 5
19 5-9 7 5-8 G
20 5-15 9 11-27 16 hot watcer tank 39 uR/h on contact
21 47 5 7-12 9
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TABLE A-13 (CONTINUED)
INTERNAL FIELD EXTERNAL FIELD

{uR/h) {(uR/h)

1IOUSE RANGE AVERAGE RANGE AVERAGE ADDITIONAL COMMENTS

22 3-6 5 5-10 8

23 4-16 7 6-16 12 13 uR/h on contact with well
pressure tank; 6 uR/h at driveway

24 2-6 4 6-10 9

25 10-16 13 8-14 i1

26 4-8 6 5-10 7

27 4-9 6 12-25 16 2 radium dial compasses 1n closet
gave up to 150 uR/h

28 4-8 6 4-10 7

29 5-7 6 8-14 12 8-9 uR/h 1in crawl space

12-14 uR/h near sump, 10-13 uR/h
near well pressure tank

30 6-12 8 7-13 10 12 uR/h in vicinmity of well
pressure tank

31 5-13 8 5-14 11

32 2-18 5 2-12 5 hot spots of 12 and 18 uR/h

33 6-8 7 7-9 7

31 5-1 T 5-10 7

35 4-5 5 3-4 1

36 6-9 7 3-10 7

37 4-9 6 5-8 7

38 3-12 10 8-12 10

39 7-11 9 9-18 13

40 6-10 8 9-11 10 3 m diameter hot spot of 16 uk/h

1n basement
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1.

Publications arising from the work carried out in this project.

Henschel, D. B. and Scott, A. G., "The EPA Program to Demonstrate
Mitigation Measures for Indoor Radon: Initial Results", Indoor Radon:
Proceedings of an APCA lnternational Specialty Conference, pp. 110 - 121,
Philadelphia, PA, February 1986.

Henschel, D. B. and Scott, A. G., "Testing of Indoor Radon Reduction

Techniques in Eastern Pennsylvama: An Update”, in Indoor Radon [II:

Froceedings of the Second APCA International Specialty Conference on
Indoor Radon, pp. 146 - 159, Cherry Hill, NJ, April 1987.

wt

Henschel, D. B. and Scott, A. G., "Some Results from the Demonstration
of Indoor Radon Reduction Measures in Block Basement Houses”, in Indoor

Air '87: Proceedings of the 4th International Conference on Indoor Air

Quality and Chimate, Vol 2, pp. 340 - 346, Berhn, West Germany, August
1987.
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APPENDIX C

INDIVIDUAL HOUSE DESCRIPTIONS



HOUSE 1

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 2.207 WL
Heating season average (RPISU) 0.411 WL
Heating season radon average (Terradex) 146 pCi/L
Radon in water 27 000 pCi/L

1. DESCRIPTIOXN

This single story house was built by the owner 1n the late 1950's on a
fairly level site near the top of a ridge several miles west of Boyertown. One
half of the froat house wall 1s brick veneer, the other walls are siding. Heating
is by o1l fired hot weter baseboard convectors upstars, supplemented by a wood
stove 1n the basement.

The basement wulls, and two central support walls are of hollow cinder
block. Two mternal buttress walls are of concrete bleck. The internal walls
penetrate the floor. There is an external entrance into the basement.

The concrete floor slab was poured in sections and there are several
construction joints. The well pressure tank 1s supported on concrete btlocks
whose ‘oias penetrate the floor. There 1s a trapped basement floor drain. The
basement 1s approiimately one third fimished, with wood panelled walls, a var,

and a suspended ceiling.

2. ACTION

2.1, FHASE 1

As the basemen!' was partially fimished, the mitigation mcasure selected fou
demonstiration at this house was subslab ventilation. Two evhaust pomts were
necessary due to the length of the house, and the subdivision of the subfloor
space by the footing beneath the buttress walls,

A Mt electric percussion duill was used to dmill 12 holes around the
perimeter of a 66 cm circle, and an air hammer was used to break oul the
concrete. When the holes were cleaned out 1t was found that lab uat the

workshop end was poured ditectly on sohid bedrock. The air hammer was used



to break up the rock to a depth of 10 tc 15 cm. At the laundry end of the
basement, there was about 8 ¢m of broken bedrock over solid bedrock.

The holes were cleaned out, and 10 to 15 cm of "1/2 inch” clear crushed
stone was placed in the holes and a "4 inch™ lightweight plastic drain pipe ras
rlacea verucally nto the stone. As an experiment, galvanized wetal sheet was
used to cover the stone in the workshop hole, and styrofoam wus used :1a the
laundry hole. The edges of the cover material were caulked to the slab and the
pipe with asphaltic cement, and the hole filled to floor level with 3 cm of
concrete mnde from o bayg uua.

The basement layout and degree of i1c.«evnal fintsa made 1t impracticable to
Jjoin the risers together with concealed piping, and the lack of subslab material
suggested that one fan might not be sufficient. The pipes were extended
vertically to the joists, and then run to the closest basement window. In the
laundry a small centrifugal fan was mounted directly on the outside face of u
plywood sheet placed in the window opening. The fan was small enough to fit
into the window well with a weather cover over it. The other fan was a large
veatrifugal exhaust umt fitted on a wooden box, with a flexmble connection
through a plywood sheet replacing a window in the work room.

In June 1985 the radon concentration in the basement prior to any work
varied from 140 to 220 pCi/L, averaging 186 pCi/L. In July 1983, with the fans
turned on the concentration renged from 141 pCi/L to 188 pCi/L, averaging 166
pCi/L.

A smoke tracer survey of the floor was carried out, and the smoke was
observed to be drawn down through the few visible cracks and openings in the
floor near the exhaust pipes. The fans drew very httle sir. The laundry room
fan drew only 5 L/s at 105 Pa suction, and the workrcom end fan drew only 3
L/s at S0 Pa.

2.2. PHASE 2

As the subfloor s)stem was so neffective, the options for additional
mitigative work were limted. The subfloor performance could only be .nproved
by recmoving the entire basement floor, placing a lajer of crushed stone over
the bedrock, and pourmg a new floor. This would be disruptive, expensive,
reduce the hasement headroom to 2.0 m, and still could not prevent soil gas and

radon entering through the walls. As excellent performance had been obtuined



at other sites by ventilating the walls, wali ventilation seemed the most
cost-effective solution at this site.

This hatise was considerably larger than the other houses where wall
ventilation had been used, and the mstallution would wlso have to include the
interior watlls, Ralher than just i1nseiting a ventilution pipe at one or two
places per wall, 1t was decided to treat both the walls and the floor by using a
perimcter duct that would cover the wall floor joint.

The basement walls were made of cinder block, und were very porous. The
owner said that he had not parged the exteriwor walls below grade. The
ductwork was therefore designed to have double the cross sectional area of the
previous installations. The mtial design was for only one fan, (a large wall
mounted centrifugal) but there was provision for a sumlar fan to be installed at
the cpposr* end of the basement iIf needed.

In NXovember 1985, the owner removed the basement panclling, and
disconnected the electrical wiring, The subfloor system was removed and the
holes filled with mortar. The well pressure tank was removed, and the openings
through the floor were filled with moitiac and sealed with asphaltic sealant.

The block voids were ewposed on the internal stub walls, beneath the
windowys, and on cnd walls, These were filled with mortur. The block voids on
the front and rear walls, where the access was 100 poor to use moriar, were
closed by naithng wood strips to the sill plate, and caulking the gap betwcen
the wood and wall top. Holes were drilled nto each vord of the lowest block
course of the walls, and an 8\30 cm vectangular basebosrd duct was installed.
This ran round the basemecnt an a 'C’ loop, with a gap of about 3 m total at
the exterior door.

As worh progressed, many small openings 1in the walls and mortar were
noticed, and it became clear the walls would not be made amrtight by local
patching alone. QOne option considered was to cover the walls with polyethylene
sheets, hut the finul choice was to paint the walls with a cement based
waterproofing pawnt. This formed a continuous mrught film over the surface of
the blocks, and buridged crachs and openings af apphlied thickly. The paint vehicle
was 30% il toluene, 70% ahiphatic hydrocar bons, and had o strong unpleasant
odour. The reswdeants were sent to a motel for two dars to allow the solvent to

evaporate fraom the walls,
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The system was essentially complete in December 1985. Over the period 13
December t¢ 6 January the radon concentration in the basement with the fan
running varied from 12 to 159 pCi/L, averaging 80 pCi/L.

Investigation in January 1986, found that one fap was not sufficient, for
only the front wall of the house was lower in pressure than the basement. Air
flowed out of the rear and end walls into the house. Radon concentrations in
the ducting were 60 pCi/L at the rear wall, 160 and 270 pCi/L at Lwo points on
the front wall, and 210 pCi/L at the end wall. The basement radon
concentration was 45 pCi/L at that time

Additional ducting wa-~ added over the rear basement door to make a
continuous loop of ducting round the basement, and the second fan was added.
All the ~alls were then under suction.

A relatively high airflow came from the small section of the front basement
wall that was topped with brick veneer. To ircrease the airtightness, 10 cm
diameter holes were drilled through the header board, exposing the junction
between the brick facing and the block wall., The gap was generally filled with
mortar droppings, bul expanding urethene foam was i1njected into the space Lo
mcrease the airtightness. The airflon out of this portion of the wall decrecsed
ouly shightly, suggesting thut there were subsurface routes of entry as well,

In late January 1986, the radon concentration in the basement with both
fans on varied from 4 to 25 pCi/L, averaging 10 pCi/L.

The owner complained that s basement wood stove was now difficult to
light, and would smoke on a low fire. Despite the extensive efforts to close
the leakage areas from the house into the walls, the two fans werc stlil
drawing lurge amounts of air from the house, and hence backdrafting the stove.
1t was decided to reverse the fans so that they would pressurize the walls, and
prevent backdrafting,

Before the fans wetre revet sed, an estensive insestigation was carred out 1n
February 1986, to see 1f the entry route of the remaimming radon could Dbe
identified. Temporary enclosures were placed over joints i the bhasement
structure at 20 localions, and Lhe radon concentration 1n the enclosure
measured 18 hours later. Ihgh 1adon concentrations imdicating soil gus eatry
were found only at 2 locations, 900 pCi/lL over a sewer cleanout set nto the
floor, and 530 pCi/l. at the wall/floor joint on a buttress wall despite the woell

being under negiative pressure. An additional 9 wall/floor joint locations were
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tested in the same way. Fine of the enclosures had concentrations in excess of
200 pCi/L, indicating that suction 1n the walls was not transmtted effectively to
the subfloor space.

In March 1986, the fans were replaced by temporary small centrifugal
blowers. The radon concentration in the basement initially rose from 6 to 70
pCi/L in four hours, then fell slowly over the next 24 hours, finally ranging
from 13 to 18 pCi/L, and averaging 15 pCi/L.

Even though the connection was poor between the walls and the subslab
spuce, pressurizing the walls would still tend to force soil gas up from heneath
the floor. Accordingly, the ductirg was extended to cohver the wall/floor joint
both sides of each internal support and buttress wall to prevent soil gas entr)y n
these areas. The radon concentration in the basemcnt following this varied from
16 to 37 pCi/l., averaging 23 pCi/L. This decrease in performance suggested that
the increased pressure at the permeter of the floor slab was now forcing soil
gas out of hitherto less ir portant openings in the centre of the floor.

Investigation in Marcl. found that the radon concentration in the v allg was
5 to 9 pCi/l. when the basement concentration was 9 pCi/L. A smoke stick
survey found small airflows from the subfloor space i1nto the licuse via hollow
oil tank legs, floor joints, and where the stair stringers passed through the
concrete floor. The radon concentration in the tank leg with the highest flo.
was 1 100 pCi/L.

After these openings were closed, the radon concentration in the baseineant
ranged from 13 to 17 pCi/l., averaging 15 pCi/L. Wheu the fans were turned
off, the rvradon concentration started to rise after a delay of 12 hours, and
reached & maximum of 98 pCi/l. efter 36 hours.

This was interpreted as showing that pressurization was effective n
displacing rvadon nrich soil gas awa) from the house, and that larger
pressurization fans might give better performance.

In Max 1986, Lthe tempora:y blowers were replaced by large wall mounted
centrifugal blowers which produced u pressure of 11 Pa in the ducts.  Wwith
these fans in operation, the radon level 1m the basement ranged from 1 to 3
pCi/l., except for a peak to 14 pC/l when the washing machine was used. when
the fans  ere tu=aed off, 1t again took nearly 12 hours before concentrations
started to mcrease, and the mavimuin concentration of 17 pCiy/L wus not reached

uniil the follow:ng day.
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2.3. PHASE 3

In November 1986 the radon concentration in the basement with the fans in
operation ranged from 3 to 16 pCi/L, averaging 5 pCi/L. The high
concentrations were associated with use of the washing machine, and were
attributed to release of water-borne radon.

Further measurements were not made in this house as the owner sold the
site. The house was moved in December 1986 to a new foundation several miles

awsy.

3. OTHER MEASUREMENTS

Radiation fields on the site ranged from 11 to 12 uR/h near the house but
where subsurface soil was exposed on a cut on the uphill side of the site, the
field was 17 to 20 uR/h. The fieid 1n the basement ranged from 8 to 11 uR/h,
averaging 10 uk/h.



MEASUREMENTS SUMMARY FOR HOUSE 1

PYLON AB-5 HOURLY MON1TORING

PHASE MITIGATION TEST STATUS DURING RADON (pCi/l) COMMENTS
SYSTEM DATE TEST RANGE MEAN
1 Central sub-slab 06/87 Premitigation 140-220 180 over 53 hrs
ventilation
50 L/s and
100 L/s
centrifugal fans
07/85 Fans off 126-143 135 over 15 hrs
Fans on 141-188 166 over 21 hrs
2 As above 08/85 Fan on 17-116 79 over 24 hrs
2 Baseboard 12/85 Fan on 12-159 80 over 22 days
ventilation of
wall 100 l./s
centrifugal
AsS above Gi/86 Fan on 50-118 84 over 53 hrs
Two 100 L/s 0i,/86 Fans on 4- 25 10 over 4 days
centrifugal fans
03/86 Fans on 6-70 42 Initial 4 hr
rise
Fans on 15-70 33 33 hr fall to
equilibrium
Fans on 13-18 15 36 hrs at
equilibrium
Baseboard 03/86 [Fans on 15~ 37 22 over 4 days
ventilation of
walls two 50 L/s
centrifugal fans
on blow extended
to all interior
walls
Basebnand 04/86 Fans on 13 -17 15 over 38 hrs
ventilation of Fans off 14- 98 34 over {4 hrs
walls two 50 L/s still
centrifugal on climbing

plow openings at
01l tank leg and
stalr stringers

«losed
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MEASUREMENTS SUMMARY FOR HOUSE 1

PYLON AB~-5 HOURLY MONITORING

PHASE  MITIGATION

SYSTEM

TEST
DATE

2 Baselboard
ventiiation of
walls two
150 L/s
centrifugal fans
on blow

05/86

3 Baseboard
ventilation of
walls two 150
L/s centrifugal
fans on blow

11/86

STATUS DURING
TEST

Fans on
Fans off

“ans on

RADON (pC1/L)

RANGL

11-14
2-47

SYSTEM MEASUREMENTS FOR HOUSE

PHASE MITIGATION SYSTEM

1 Central sub-slab
ventilation 50 l./s
centrifugal fans

2 Baseboard ventilation
100 L/s centrifugal
fan

2

DATE
PRESSURE
Pa
11/85 105
90
01/86
02/86
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FLOW
(L/s)

w Ut

MEAN

3
26

SYSTEM MEASUREMENTS

RADON

{(pC1/L)

COMMENTS

over 4$ hrs
over 51 hr
slow rise to
equilibrium
of 32 pCi/L

over 90 hrs

COMMENTS

laundry m fan

Workroom fan

Froat w duct
Front w duct
IEnd v riser
Rear w riser
1oom air

Floor drain

Indoor arr
Outdoor air
Indoot arir
Bsmnt. door
Rec. Bn Fan
discharge



PHASE

o

SYSTIRM MEASURIMENTS OR HOLSE 1

MITEGATION SYSTIM  DATE
PRESSURE
P

Baseboard ventilation 03/86
two 30 L/s

centr1fugal fans on

blow

basebonrds extended

to all interior bLloch

walls
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CLOw
(L/s)

SYSTIDM MEASURIMENTS

RADON
(pCist)

30

30

20

1 100
5

9

9

COMMENTS

o1l tark leg
o0il tank leg
o1l tank leg
ol tank leg
front rall

rear wall

Lasement air



BASEBOARD DIICT MEASUREMENTS

DUCT POSITION

1 2 3 4 5 6 7 8 9 10 11 12 13 14
FLOW IN DUCT AT POSITION (L/s)
System - Baseboard ventilation 100 L/s fan 01/86

4 4 8 8 9 10 11 17 18 28 59 7 7 -
System - Baseboard ventilation with two 100 L/s fans 01/86

2 31 - 9 15 22 - 2 11 21 78 11 8 76
System - Baseboard ventilation with two 150 L/s fans 05/86

- 28 - 11 15 8 1 2 11 11 43 8 2 55
PRESSURE IN DUCT AT POSITION (Pa)
System - Baseboard ventilation with twvo 100 L/s fans (Suction) 01/86

3 18 - 20 13 13 - 15 15 15 25 15 4 -
Systenn - Baseboard ventilation with two 150 L/s fans {Fressure) 05/86
- 11 - 11 11 11 11 11 11 11 13 11 5 11
RADON MEASUREMENTS AT POSITION (pCi/1)
System - Baseboard ventilation with two 150 L/s fans 05/86
- 0 - 0 0.4 0.4 0.6 0.5 O 1.7 1.4 O 0 0.8
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ROUTE OF RADON ENTRY SURVEY

RADON OCONCENTRATION {(pCi/L) IN FLOOR ENCLOSURES

B C D E

G H I

K L M N

System - Baseboard ventilation of wall with two 100 L/s fans

02/86

870 T 10 3 540 20 9 33 2 11 3 3 5
RADON QONCENTRATION (pCi/L) IN WALL/SLAB JUNCFION FNCLOSURES
#1 #2 %3 #4 25 #6 87 £8
19 520 290 65 13 220 190 750
LIST OF MEASURIMENT 1OCATIOANS
PCSITION [FLLOOR ENCLOSURES WALL/SLAB ENCLOSURES
1- rear wall duct near A: cleanout #1 stair wall
laundry B: cold joint #2 wving wall
2 rear wall duct C: cold joint #3 wing wall
central D: cold jownt #9 stair wall
3 driveway wall at F: wall/slab &5 stalr r1ser
reat F: cold joint #6 stair wall
4 driveway wall before G: crack &7 wing wall
pilaster H: concreted area #8  central wall
5 driveway wall after I: cold joint
pilaster J: drain
6 drivewny wall at L: block 1n slab
front L: cold joint
7 front wall before M: pipe
wing wall penetration
8 front wall after N: furnace slab
wing wall
9 front wall at jog
10 fiont wall at end
11 end wall at fan
12 end wall at centre
13 end wall al Jaundry
ar <\
11 riser to fan 2
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HOUSE 2

PENNSYLVANIA DER MEASUREMENTS

Working Level samples in basement (Kusnetz) 0.350WL,
Heating season basement radon average {(Terradex) 413pCyv/L
Radon concentration in water 67 000 pCi/L

1. DESCRIPTION

This single story dwelling with adjacent two car garage was built in the
mid 1970's on a sloping site at the top of a ridge 1n a rural subdivision to the
west of Boyerlown. The front house wall is .brick veneer, the other walls are
siding. Heating 1s by hot water circulating through radiators from an oil-fired
boiller. The partmally finished walk-out basement has concrete block walls,

The pourcd concrete slab has a small wall/floor joint. There is an open
construction jomnt across the centre of the slab, a large diagonal crack at the
garvage end, and the well pressure tank 18 supported on concrete blocks laid with
the voids penetrating the slab,

There mre no serious cracks vis'ble 1n the concrete block walls, which are
all painted. The top course of the exterior walls 1s compietely covered by a
sillplate caulked into place. There 1s a central concrete block structure that
encloses a brick faced basement fire place and the boiler Tlue. These blocks are

open at the top.

2. ACTIONS

2.1, PHASE 1

The mit;igative action selected for nitial demonstiation at this house was
sub-slab ventilation. 1If this were unsuccessful, then wall ventilation was the
nest choice, for it could be cartvied oul vasily since the tops of the walls were
closed with the caulked siilplute.

Since~ the basement was much longer than wide, two evhaust points were
needed on the centre line, cach one quarter of the way from either end. The
final locations were adjucted shightly to place the pipes as much ovut of the way
as possible.

In June 1983, two 50 cm diameter holes were opened 1 the concrete siab

by means of an air hammer and compredsor following gurde holes made by w fhity
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drill. The sub-slab material was crusher run stone which was removed and
replaced by 1/2 inch clear crushed stone. This was covered with a sneet of
roofing: felt cut to fit the hole aud caulked to the concreite with an asphajt
caulk. A vertical exhaust pipe of 1 inch schedule 40 PVC sewer pipe was
placed 1n the crushed stone through a hole 1n the felt cover, and caulked. The
holes were then concreted over.

The two vertical pipes were connected into a horicontal run of 4 inch
schedule 40 pipe which led to a front basement window, which was temporarily
replaced by a sheet of plywood. A flexible hose ran from the pipe, through the
plywood sheet to a large centrifugal exhaust fan installed on a plywood sheet
placed on top of the window well.

In July 1985, with the fan turned off, radon concentrations in the basement
varied between 80 to 503 pCi/L, averaging 243 pCi/L. Wwhen the fan was turned
on, concentrations varied between 30 to 33 pCi/L, avereging 11 pCi/L. This
was an encouraging reduction, but the high residual concentrations indicated
that the system was not trealing all the routes of radon entry.

Previous measurements by another contractor had indicated that the garage
end wall of the basement was a major radon source, so s further reduction in
radon concentration wans sought by estending the ventilation 1mto thal wall, !n
August 1985, a T-connector was added to the top of the sub-slab venlilatiosn
pipe nearest to the goarage wall, end a 4 inch schedule 30 plastic pipe was tun
from there 1:to the gavage end wall,

At the same Lime, to reduce Lhe ares of floor leakage paths, the major
construction joint and the floor cracks were cleaned and filled with ~yanyl
concrete filler to reduce the floor leahage area. Openings around water lhines
through the floor were caulked with asphaltic sealer,

No attempt was made to treat the other walls ot the large concrete btlock
central suructure. These were left for Phase Il of the program.

In August 1985, with the fan running continually radon cuncentrations in
the basement ranged from 12 to 56 pCiy/L, averaging ?‘8 pCr/i.

Examination found that ar flowed from the house mto the cuitite garnge
wall, and also into all the other eaternal walls. A flowed down through ol
cracks and opemings m the garvage end of the basement floor, 1o luding the
openings bencuth the well pressure tanh.  The floor was inaccessible gt the

other end of the basement where there was s storage room ar.d # worh room
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with a built up wood floor. The fan produced a suction of 60 Pa in each pipe at
floor level.

The minor reduction in radon concenlration produced by ventilating one
wall indicated thal there were still other routes of entry. The internal block
wall structure was regarded as the probable route, for it penetruted the sleb,
was not keyed into the exterior walls, and was open st the top. Further work
was delayed until the fall, Lo enable evaluation of the sy stem under cold weuather
conditions.

2.2, PHASE 2

In October 1985 a spot WL measurement fouud levels equivalent to
3 000 pCi/L in the basement. The owrners were concerned over these high
levels, and started to install an sawr-to-air heat exchanger (heal recoverys
venhlilator or HRV), This entalled disconnecting part of the sub-slab system
piping to allow 1nstallation of the air distribuation duct work, so a test of the
full system was notl possible until jate December, when it was reconnected.

Investigalion in December 1985 fuound thsl air was stlll drawn down als
floor openings. The radon concentration was 3 100 pCi/L in the exheust air,
despite withdrawing 4 L/s of amir from the suli-alab spaze for 3 months.

From December 13, 1985 to December 19, with the HRV 1n operation and
the sub-slab system operating with just one extraclion point, radon
concentrations 1n the basement! ranged from %0 nwCi/l. to 5322 pCi/l., averaging
250 pCi/l.. The sub-slab sysiem was reassembled on December 16, nnd both it
and the HRV continued i operation until December 28, Radon concentrations mn
the basement ranged from 26 pCi/L toe 692 pCLWlL, averaging 400 pCi/L.

The HR\ was turned off from December 28 to January 5§, 1986. Radon
concentrations in the basement with just the subfloor system operaling ranged
from 13 pCi/L to I 476 pCi/1, averaging 1 800 pCiZl. The HRV was turned on
again on Janaary 3, 1986, and measurements were made till January 7. Radon
concentrations ranged frem 203 pCi/L tao GB2 pCiFl, averaging 339 pCi/L.

The rudon concentrations with just the sub-siab sy slem on were comparable
to those meusured Lhe previous winter, ard =0 it was clear that the evsting
sy stent was not reducing the radon supply significantlys. The factor of two
1eduction produced by HRV opefration was encowragiog, bul far from the

reduction factors of 20+ needed to approach tolerable radon lewvels.
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The only improvement to the sub-slab system that could be made rapidly
was to ventilate the central block fireplace structure, which was suspected of
being a soil gas entry route as it penetrated the slab. Thig could be done and
the result tested while an improved mitigatine s)stem was being designed.

The top course of blocks was removed from the structure without disturbing
the brick facing on the fireplace side. This gave a working space 25 c¢m high.
The voids of the second course of blocks were stuffed with fiberglass as a
temporary support and filled with mortar. This greatly reduced leakage area,
but did not close the structure entirely, for the spuace between the chimney flue
and the surrounding blacks could not be filled without major structural work.

A 2 inch plastic dra:n pipe was inserted mto the void of a second course
block, and Teed into the exhaust hne of the sub-slab system. the first course
of blocks was repluced and repainted to match.

The effect of this change was minor. la January, with the systemm fan
runinng continually and the HRV in operatwa, radon concentrations n the
basement ranged from 287 pCi/L to 498 pCi/L, averaging 397 pCi/L. With the
HRV turned off, the concentrations ranged from 87 pCi/L o 950 pci/i.
averaging 300 pCi/L. No measurements were made with the fan turned off, for
the occupants were concerned that even highuer radon coucentrations might
result.

Radon concentrations in the individual exhaust pipes were 10 700 pCi/L in
the lauadry room pipe, 2 350 pCi/L in the other floor exhaust pipe, 1 300 pC/L
it the garage wall, and 165 pCi/l. from the central block wall - approvimatels
the room air concentration.

The conclusion was that there were much more wumportant routes of radown
entry than the central block structure.

2.3. PHASE 24A

By this time, results from other expernimental houses had indicated that wuall
ventilation alone was not always an effective solution. Accardingly, 1t was
decided to mstall a combmed wall and wall/flour jount ventilution sxstem o Lreat
all five suirfaces of the bascement.

The systemm consisted of an 8 inch wide flat sheet metal cover, localls
fabricited in 10 fool lengths, placea over the wail/floor jomnt at a 60 degree
angle. The system dimensions were chosen so that a "2 by 4" could be nstalled

as 8 spioect above the cover it the walls were framed and finished. Noles were
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drilled into every cavity of the lowest course of blocks so that air could be
drawn out of the wall into the duct formed by the cover. The duct would also
collect any soil gas that entered through the wall/floor joint.

The basement was divided into two halves by the wternal concrete block
wall at the front of the house, and the rear wali was divided into three
seclions by a single door and a double door. To deal with this two separate
sets of ducting were provided, each with its own wall mounted large centrifugal
fan. One set treated one half of the front wall, the garage wall, and the rear
wall as far as the single door. The other set trented the other half of the front
wall, the central block structure, the end wall, and the remaining parl of the
rear wall. A closed duct ran gound the double door to carry the suctwn to the
portion of the rear wall between the two doors.

A workrvoom at the front of the basement had o bwilt-up wood floor and
frame walls covered with wallbourd. The upper plate of the wall was spiked Lo
the jmsts, so 1t was possible to cut off the bottom 20 cm (8") of the stuus and
take out the sole plate without removing the floor. 1This exposed the well/floor
joint.  Wien this was done, and piled lumber and other stored material was
remove from the adjscent storage end of the basement, a significant wall/lfloor
Joint was exposed all along the end wall. Smoke tests showed that there was a
visible mir inflow there, even with the sub-slaeb system 1n operation. The sucton
did net eatend to thal end of the basement, even though 1t wes clese to an
exhaust pipe.

Tise duct nstallation was completed on 23 January 1936. FEach fan drew
aboul 58 L/s (100 cfm), and air flonwed i1nto all walls, Radon cor-u:entx'almns in
the awr drawn from the walls renged from 300 pCi/h at the rear wall, which
wus compietely out of the ground, to 4 000 pCi/l. from the front garuge wall
corner.

The radon concentiation in the basement with the HRV running and the
sub-slab sy stem turned off, fell from 200 pCu/Ll to 15 pCi/L wathin a duy. With
Lthe sub-stab system tut ned on as well, concentrations ranced from 7 to 25 ¢Ci/t,
averagmg 13 pCi/L.  This indicated that the sub-slab system did aot provide
ruch additional effect.

The system was nspected to find if there was an obvious cause fur the

concentrativns to sull be n the region of 15 pCi/l. Smohe tests showed theat
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air flowed nto all walls and the central block structure, and into the floor,
suggesting tlat the route of entry was concealed.

Tie smoke !csts also found a number of joints in the ductwork that had
not been effectively caulked. Closing these increased the wall suction, and
decreased the amount of air drawn from the house. Thig was important, because
with the HRV extracting anr from the basement, and all the radon control fans
running, air was drawn down the basement chimncy.

Following this, enpcentrations in early February with the HRV and the sub-
slab system own, ranged from 2 pCi/L to 10 pCy/L, averaging 5 pCi/L.

The concentration peaks seemed to be associated with water usage, so a set
of measurements were made 1in early March 1986 in a bathroom and in the
basement close to the washing machine, Bathroom concentrations rose from
2 pCi/L o 228 »nCi/l. when the shower was run, and short term peak
concentrations as high as 40 pCi/l. were measured 1in the basement. Clearly
some of the radon measured in the basement was due to water use, and not to
soil gas entry.

Following this work, the large centrifugal esxhaust fans on the wall
ventilation system were temporarily replaced by smaller centrifugal blowers, and
the sub-slab system fan was turned off. The HRV was left turned on. This
was to chech if the same standard of performance could be achieved with the
system under pressure te avowu e chimeer bach-drafting problem. A check 1n
March 1986 found thai radon concsntiations i the basement during times of no
water use were :n the region of 3 pti/L, even though the radon concentration
i the air forced up through fiour oints and in the sub-slab system pipes was
500 pCi/L. In April 198G, the HR\ was turned off, and the concentiation n
the basement during times of no water uase was mm the region of 2 pCiy/L. The
concentration 1 the sub-slab system pipes had dropped to 35 pCi/L, showing
that the sub-slab fill had been effectively flushed froe of radon by the an
forced beneath the slab.

In “May 1986, the sub-slab system pipes and fan were removed, snd the
sinall centnmfugai blowers were repliced by permanent w.ad! mounted :n-lhne
centrifugal blovers of double the capacity. Followimg this, radon concentrations
during times of no water use and with the HRV turned off, were i the region

of 2 rCi/l.. Water use gme sheort hived concentration spikes up to 13 pCi/L.
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The concentration rose rapidly to range belween 30 to 120 pCi/L when the fans
were turned off.

2.4. PHASE 2B

As the radon contribution from water use was greater than the soil gas
contribution, it was decided to study the effect of a radon-in-water absorption
unit 1 this house. Cl.arcoal adsorption beds were availlable locally for removal
of organics from water. One of these units was installed 1in August 1986, using
the standard charcoal.

Measurements by the Pennsylvanmia DFR 1n August 1986 found that thz
radon concentration 1n the water was reduced from 67 000 to 3 200 pCi/L ba
passage through the unit. Water usage at this house was a few thousand litres
per day, so an mentory of several hundred microCuries of radon was expected
in the charcoal. This would give a radiwation field of a few hundred microrem/h
at 1 metre from the tank.

The radiation freld around the tank was estimated by a suntillation meter.
Most of the radiation came from the top 60 cm of the tank, showing that the
1.2 m high charcoal bed had considerable spare capacity. Indicated exposurs
rates were 3800 uR/h on contact, 380 ull/h at 60 cm from the tank surface, and
22 uR/h at 3.5 m. In the bedroom above the tank the fieid was 20 uR/h
directly aboie the tank, but 26 uk/h 1n the centire of the voom.

The Pennsyivama DER placed TLD detectors in the house to meastae the
exposure irates more accurately. The a\verage eivposure rates over a 33 day
period were 8200 uR/lLi on conlact, 180 uR/h at 125 cm, and 25.5 uR/h in the
bediroom above the tank.

2.5. PHASL 3

A shiclding structure of concrete blocks was built round the tank. So that
the structure could be removed for access te the carbon unil, the bBlochs were
not mor tared, but locked together instead with vertical vremnforcing bars placed 1n
the bloch eavities and tied to the wall by metal straps. The black walls were 7
cm thick in totall A 3 ¢m thich paving slab was used for ertical shielding.
Indicated exwposure rales were teduced to 330 uli/ii on contact with  the
structure, backgiound {9 ulR/h) at 3.5 m, and to 7 ull/h 1n the bedroom above
the tank. The Pennsylvama DER placed TLDL detectors and found esposure rates
of 300 ul/h 1p contacl with the tank, 30 ulR/h at 125 cm, and 11 uR/h 1n the

bedroom above the tank.



The radiation fleld and the radon removal efficiency was measured at
intervals over the winter. The field on contact Adecreased shghtly to about
300 uR/h, and then remained almost constent. The radon concentration n the
well water was lower in Lhe winter averaging about 37 000 pCi/L, and the
concentration 1n water discharged from the umt averaged 8 000 pCi/L, for a

removal efficiency of 80%.

3. UTHER MEASUREMENTS

Radiation fields in the house and over t 2 site were estimated with a
scintillometer. The field 1in the basement was 11 uR/h 1n the workrnom ead,
and 15 uR/h by the garage end wall. The field over undisturbed land at the
front of the site ranged from 8 to 12 uR/h. Al the rear and the gaiage side of
the house, where the material removed from the basement cucavation had been
spread, fields ranged between 20 to 35 uR/h.

The average radon concentration measured by alpha-track detectors over
the perivd December 1986 to March 1987 was 2.6 pCi/L wn the basement, and
5.2 pCi/L: 1n the hiving area.
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PYLON

PHASE

[ %

24

MEASURFMENTS SUMMARY FOR HOUSE 2

AB-5 HOURLY MON1TORING

MITIGATION TEST
SYSTEM DATE

Central sub-slab 07/85
ventilation;

100 L/s

centrifugal fan

Central sub-slab 08/85
+garage wall
ventilation

100 l./s

centrifugal fan

As above + RV 12/85
added by owner

Central sub-slab 01/86
+garage +

central wall
ventilation

100 L/s

centrifugal

As above + 01/86
ventilation of

wall, floor joint

two 100 L/s
centrifugal fans

02/R6
02/86
02/86

Ventilation of 03/86
wall/floor joint

only two 50 l/s
centrifugal fans

on blow 01/86

STATUS DURING

Fan
fan

Fan
Fan
Fan
Fen
Tun
Fan

TEST

of f
on

on

on/HRY on
on/HRV on
on/HRV off
on/HRV on

on/HRV on
on/HRV off

Sub-slab fan
of f new fans

on/H

RV on

Sub-slab fan

of f
on/H

kans
Fans

Fans

Fans

Fans

new fan
’\' on

on/Hrv
an/HRV
on/HR\A

on/HRV

on/lRV

116

on

an

on

off

RADON  (pCi/L)
RANGE  MEAN

80-503
30- 53
12- 56
90- 522
26- 692
13-1 176
203- 682
287- 198
87- 930
11- 90
7- 25
2- 10
0.4- 8
1- 34
1- 17
2- 8

243
41

28

250
400

439

13

COMMENTS

over 56 hrs
over 12 hrs

over 46 hrs

over b days*
over 5 days*s
over 8 daystt
over 35 hrstt

over 22 hrs
over 73 hrs

24 hr fall to
15 pC1/L

over 68 hrs

over 4G hrs
over 4 days U
over 4 days U

over 4 days
neglecting
water peaks,
mean 3 pCi/L
over 4 days



MEASUREMENTS SUMMARY FOR HOUSE 2

PYLON AB-5 HOURLY MONITORING

PHASE MITIGATION ‘TEST STATUS DURING RADON {pCa/L) COMMENTS
SYSTEM DATE TEST RANGE MEAN
Wall/floor joint 05/86 Fans on/HRV off 0-4 2 over 12 his -
2A ventilation; two water peahs
150 L/s Lo 15 pCi/lL
centrifugal fans Fans of {/HRV 19-121 59 aver 42 hrs
on blow off
3 Wall floor Joint 11/86 Fans on - 1-4 2
ventilation two adsorber 1n
150 L/s Fans on - 2-8 3
centrifugal fans adsorber out
on blow + radon Fans on - 1-5 3
adsorption adsorber out

U = Upstairs measurement

147



PHASE

SYSTEM MEASUREMENTS FOR HOUSE 2

MIT1GATION SYSTEM

Central sub-slab +
garage wall
ventilation 100 L/s
centrifugal fans

As above + central
wall ventilation

As above +
ventilation of
wall/floor joint ;
two 100 L/s
centrifugals -
baseboard fans onl:
operating

Three fans operating

Three fans operating

DATE

12/85

01/46

01/86

01/36

03/86

SYSTEM MEASUREMENTS

PRESSURE FLOW  RADON

Pa (L/s) (pCi/L)
TS 4 4 100
10 1 10 700
5 2 2 350
15 8 1 300
10 165
13 15 280
68 32
25 18 1 550
68 49
10 24 950
25 17
15 16
3 8000
25 17
13
12
9
2
8 6
3 900
5 000
8
14
14 000
4 700
65
150

148

COMMENTS

Pipe 1

Pipe 1
Fipe 2
Pipe 3
Pipe 4

rammocOc >

rear basehoard
at end wall
rear baseboard
right of door
rear baseboard
left of door
rear baseboard
crulked sect.
central front
baseboard
central front
sub-slab fan
of

Pipe 1

Pipe 2
basement air
central vall

front wall
near garage
Iipe 1

Fan 1

Fan 2



SYSTEM MEASUREMENTS FCR HOUSE 2

PHASE MIT1GATION SYSTEM  DATE SYSTEM MEASUREMENTS COMMENTS
PRESSURE FLOW  RADON
bu {L/s) (pC1/L)
2A Ventilation of 01/86 1 38 Pipe 1
wall/floor joint only 33 Pipe 1 3.5 hr
later
4 general air
30 Pipe 1, 2 days
later
1-2 35 Pipe 2 capped
2A wall/floor joint 05/86 88 18 A
centrifugal two 78 26 B
150 L/s centrifugals 30 27 C
on blow kt:] 29 E
23 19 G
15 12 H
25 21 I
Al Rear baseboard near fan 1.
B: By prss around pipe.
C: Garage asehoard near fan 1.
D: Mun 2 rmiser duct.,
E: End wull duct.
F: End wall corner.

G: Front wall near end wall.
H: Front wall near garage.
T. Centre of garage duct.
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GAMMA MEASUREMENTS FOR HOUSE 2

PHASE MITIGATION SYSTEM DATE
2B wall floor joint 08/86
ventilation two
150 L/s centrifugal
fans on blow plus
wvater adsorption
55 L/s charcoal unmt
09/86
As above with 12/86
concrete block
shaelding
Ot/87
02/87
03/R7

MEASUREMENT CAMMA FIELD
LOCATION (ul/h)
Top of well
pressure tank 380
Top of charcoal
tank 1 GO0
Distance 0 cm 1 000
from 20 cm 3 300
top of 40 cm 3 80O
tank B0 cm 2 700
80 cm 1 700
100 cm 930
120 cm 300
At hot water boiler i1
Rear of house 9
Centie line nr boiler 22
Worlkshop door 40
Bdrm front 20
Bdrm left front 14
Bdrm right front 14
Bdrm centre 26
General upstalrs 11
125 cm distant 80
Contact 8 200
Bedroom 26
At hot water boiler 13
Workshop door 19
Far end of basement 8
ANear laundry 8
Centre line nr boiler 11
At DER TLD
on shielding 198
125 cm dastant 30
Contact 310
Bedroom 11
180 cm distant 19
130 om Jdistant 11
Wall 30
torhshap door 1
warkshop door 25
Contre line 15

Bedroon

2 AL a distiuiee of 1 munless othereise statexd

150

COMMINTS

@ 60 cm

On
On
On
On
On
On
On

contact
contact
contact
conlact
contact
contact
contact

@ 3.5 om

over tlank

DER 33 da:x TLD
As ubove
As above

On contact

62 day TLD by
DER

As above

As above

As abmve

As above



DATE

hater adsorption 55 l./s charcoal unit with concrete block shieldang

12/86
01/87
0z/97

03/87

TOP

25

24

19

19

GAMMA MEASUREMENTS

IN OCONTACT WITH SHIELDING
FOR HOUSE 2

BLOCK 1

73
60
GO

62

BLOCK 2

210

BLOCK 3

BLOCK- ¥ *=DBLOCK 5

360

278

265
194
210

215

BLOCK 6
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HOUSE 3

PUNNSYLVANIA DER MEASUREMENTS

Working lLevel grab samples (Kusnetz) 3.00 w1,
Heating season aserage radon {(Terradey) 350 pCi/L
Radon concentration in water low (municipal water)

1. DESCRIPTION

This small two-story house was built 1n the mud 1970's on a levelled site o
stv:-cp hallside i @ rural subdivision near Bojertown. The walls are sidug.
Heating 1s by ecleciric bascboards upstairs oaly.

The basement walls ne of hollow _acrete block., While the house .as
under construction, the uphill basement wall had deflected inwaird, una nad bee
remforced by two vertical steel Seams tied Lo the floor and jyusts. -~ secund
wall was constructed inside the basement 1o conceal this, and 1uns along the
uphill wall and half way along the rear wall. A hollow concrete bloch columa
suppot ting the centrnl beam penetrates the slab,

The end walls und the interior false wall are upen at the top. The sili
plate cavers almost all of the bluch openings on the front and bach walls.
Services enter ot an opening 1o the wall which huas been cemented clesed.

The: concrele floor slab was placed in ene pour and has some cracking. A
suinp hole 1n the uphill rear corner of the basement had been concreted over by
the owner and hsd a ventilation pipe mstalled.  The owner had also astalled an
active basement ventillation sjstem, consisting of an exvhaust vent of two
screened 5 cm chameter holes throueh the header board and siding at one end of
the basement, and n 15 cin duct with a 15 L/s booster fan to supply fresh ann ot

the other end of the basemeaot.

2. ACTION

2.1. PHASE !}

As tre walls 1 this house had peculinr construction features, the mitizativ e
achon chosen for mtal demonsty ation was sub-slab evhaust.,  The basementl woas
small and rectangular, so only one central exhazust pomt wias planned.

An electpie il dnill was used to diall o 30 em diameter ving of hioles and

an u hammer and compressor vas used to breah ocul the concrdte, The haole
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was cleaned out, and the slab was found to be poured on bearock, with 5 cm of
broken rock beuneath the slab. "Half-inch” crushed stone was placed in the hole
and a "1 1inch” lightweight plastic drain pipe was installed vertically 1n the stone.
A beadboard cover was cat to fil the hole and round the pipe. All joints were
caulked airtight with asphalt cement, and the hole was closed with concrete bag
TN,

Piping was run from the rser to a window where a sheet of plywood
replaced the window. A fleaible duct passed through the plywood Lo & large
centrifugal fan mounted outside on a boa.

In July 1983, the radon concentration in the basement reached 1 478 pCi/L
with the window closed. When Lhe sub-slab exhaust fan was switched on, the
cencentration fell to an average value of 520 pCi/L. A lower value might have
been reached, but the dog chewed the flexible hose off the fan. Howenver, the
reduction needed was so much larger than achieved that the final value was
irrelevant.

This house was next door to house 8, where large reductions 1n radeon
concentration hud been achieved by venlilating the walls alone. It was
therefore decided to extend the system to ventilate the block walls as well as
beneath the basement floo: slab.

The tops of the end basement walls were closed by stuffing paper intc the
opet block voids on bolh end walls as temporary supports. The voids were then
filled wvath morvtar.

on the front wall, and the part of the rear wall that was only or ¢ block
thick, 7 stip of wood vas nailed to the sill plate o extend it over the lop of
the bloch voids.  This was then caulked to the top of wall with asphaltic
cement.

The space over the top of the double walls was very lhimiled, so the top of
the wall was clased by nading a borud to the jasts over the top of the walll
The board was caulked along the cdge that touched the sill plate. The gap
between the board and the top of the nner wall was Nlled with exponding
urcthane foam. Spaves around the vertical renforoing steel beams on the end
wall, the boum poechets and any other openings were abse Tilled with foam.

A0 om hole was cul mto Lthe vord of a top course bloch near the centie
of earh wall section. On the double walls, beth skins of the mner block wall

were peneteanted ta access the space between the walls, No fuither openinugs
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were made 1nto the outer wall on the ugphill side for large crachs were wvisible
and air flow from the outer wall was assured. The outler rcar wall was not as
badly cracked, so a 10 cm (4") opening was also made into the outer block wall

A 7.5 cm diameter hole was cut 1n the single thickn ss section of the rear
wall.

An exhaust pipe of "4 inch™ hightweight plastic drain piping was run from
each hole to a "4 inch” heander that ran along the central beam and connected
to the existing sub-slab exhaust systcm pipe.

All wall cracks were filled with a vinyl/cement crack filler. The exhaust
fan was replaced with a small high speed centrifugal eshaust fan capable of
higher suction.

In August 1983, the radon concentration in the basement with the fan off
ranged from 203 to 213 pCi/L, and fell to between 1 to 2 pli/L when the fan
was turned on. The airflow from the front wall wus 7 L/s, (rom the uphill wall
was 9 L/s, from the double portion of the rear wall 8 L/s, fiom the single
section wus 9 L/s, and from the garage wall 18 L/s. The flour pipe had a flow
of 2 L/s. The high flows from the garage wall were caused by leakage through
mortar joints and crachs in the unparged section of the wall above grade in the
garage.

2.2, PHASE 2

In November 1985, when the s)stem had Leen runming continually for th:ee
months, the radon concentration in the basement ranged from 0.3 to 2.1 pCi/L,
averagimg 1.5 pCi/L. The system flons and radon concentrations were; uphill
wall 9 L/s at 150 pCi/L, rear wall 8 L/s; garage wall 18 L/s at 30 pCi/L; front
wall 7 L/s, and 1n the floor eszhaust 2 L/s at 9 500 pCi/L and a suction of
10 Pa. Suctions 1n the walls ranged from 3 to 13 P'a, and a smoke test showed
that the anflow was from the house i1nto the wall,

Alpha Track detectors were placed 1n the house n Pecember 1883, and lelt
until March 1986.

As the system was operating in flonw mode, the external fan and flevible
duct was replaced by a large wall mounted centnifugal exhaust far of higher flow
capncity an May 1986, A "1 inch” duct was estended throuzh the cancrete blodh
wall, the plywood sheet rtemoved and the bascment window repluced.  \s the
wenlher had turned warm, further mceasurements weire delared until the fall,

2.3. PHASE 3



In December 1986 the radon concentration in the basement with the fan
rvenning was ranged from 3 to 10 pCi/L, averaging 6 pCi/L. This was slightly
higher than measured previously, and so 1t was decided to replace the wall
mounted evhaust fan with a plastic bod) 1n-line centrifugal fun of approsimately
double the capacity, and duct the discharge to above the roof line of tne house.

The fan was exchanged :in December 1986, The wall mounted fan was
removed, and the imm-line fan attached to the "4 inch”™ piping by an elbow and a
"4 to 6 inch” adaptor. The fan was mounted with the axis vertical, and an "2
imch by 3 mnch” aluminum ramwater downspout was attached to the fan outlet by
a "1 to 6 mnch” adaptor and a "4 inch to downspout” adaptor. The downspout
ran to above the garage roof hne. Both the fan and the downspout were
secured to the siding.

In December with the new fan running the radon concentration in tne
basement ranged frone 3 to 7 pCi/L, averaging 5 pCi/L.

Flows and ir1sdon concentrations from the garage wall were 16 L/s at
SQ pCi/L; from the frort wall were 6 L/s at 190 pCi/l; from the uphill wall were
6 L/s at 180 pCi/L; fiom the doubled part of the rear wall 6 L/s at 170 plisL;
and from the single section of tne rear wall 16 I /s. 'lThe floor pipe had a
suction of 10 Pa, and a flow of 1.2 L/s at 12 000 pCi/L. Suctions we.e
respectnnely 15, 5, 3, 3, and 9 Pa.

These flows and concentrations were very similar to those measured a year
previwously wilth the smail centiifugal fan., This suggested that the backpressure
generated by the large area change at the fan outlet hmited its perfor mance.

Alpha tiack dosimeters were issued 1n December 1986 for final long term

measurements,

RN OTHER MEASUREMENTS

The radmtion field v the house ranged from 5 to 11 uR/h, averaging
8 ulki/h. The ficld on the site round the house ranged from a low of 3 uR/h cn
the asphalt diniveway to 12 uR/h, averaging 9 ult/h.

The average radon concentration measured by alpha track detectors over
the penod December 1985 to March 1986 was 4.3 pCi/L an the Lasement, and

17 pCi/L upstairs i the hhvaing room.

the average radon concentration measured by alpha-trach detectors over



the period December 1986 to March 1987 was 3.5 pCi/L in the basement, and

2.1 pCi/L 1n the hving area.



PYLON

PHASE

MEASUREMENTS SUMMARY FOR HOUSE 3

AB-~5 HOURLY MONITORING

MITIGATION TEST
SYSTEM DATE

Central sub-slab 07/87
ventilation

100 L/s

centrifugal fan

Central sub-slab 08/85
+ wall

ventilation

100 L/s

centrifugal fan

As above 11/85

12/86

Central sub-slab 12/86
+ wall

rentilation

150 1./s

centrifugal fan

STATUS DURING RADON (pCi/L)

TEST RANGEE  MEAN

Fan off 318-1478 1097
Fan on 234 1352 667
Fan off 11- 232 111
Fan on 1- 175 22
Fan on for 0.3-2.4 1.3
three months

Fan on 3- 10 6
Fan on 3- 7 5

COMMENTS

over 66 hrs
over 23 hrs -
fall to
equilibrium
of 520 pCi/L

over 26 hrs
rise to
equilibrium
of 216 pCir/L
over 23 hrs
fall to
equilibrium
of 2 pCi/L

over 18 hrs

over 81 hrs

o\ 2r 45 hrs



PHASE

L 4

SYSTEM MEASUREMINTS I'OR HOUSE 3

MITIGATION SYSTEM

Central sub-slab
ventilation 100 L/s
centrifugal fan

Central sub-slab +
wall ventilation
100 L/s centrifugal
fan

As above

Central sub-slah +
wall ventitlation
150 L/s ecentrifugal
fan

Double

¥+ sSangle

DATE

07/85

11/85

12/85

12/86

Pa

94

ek

[yt

I

DWW

oL wwWwm

59

MOoW

(Lss)

17

~SINDWOO

e

SYSTEM MEASUREMENTS
FRESSURE RADON

{pCi/L}

150
9 100
30

180
190
170

3¢
12 000

COMMENTS

At fan

Front wall
Uphill wall
Rear walls
Rear waullss
Garage wall
I'loor pipe
Near fan duct

Uph1ll wall
Floor pipe
Garage wall
Ambient

Front wall
Uph11l wall
Rear walle
Rear walltx
Garage wall
Floor pipe
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HOUSE 4

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.252 wl,
Short term average WL (RPISU) 0.033 WL
Heating scason average radon (Terradex) 25 pCi/L
Radon concentration in water & 000 pCi/L

1. DESCRIPTION

This one-story brick-faced home with attached garage was built in the late
1950’s on a sloping site on the side of a hill in Bechtelsville. The walkout
basement walls are of hollow concrete blocks. The walls are open at the top,
but the voids are partially covered by the sill plate.

The concrete floor slab was poured 1in two halves and has a lurge
construction joint running from fiont to back of the house. Peuetrations of
the slab include the sewer and oil hines, the stair stringers, the house jacks, and
the well pressure tank <upport {zcncrete blocks on their side). There 1s also a
basement shower and toilet. There are no cracks in the floor. The wull/slab

joint opening 1s small.

2. ACTION

2.1, PHASE 1

As Lhere were multiple operings i1n the floor, the mitigativ e action selected
for demonstration at this site was subslab ventilation with two centrally located
exhaust points.

A Hilty electric drill was used to drill guide holes oa the circumference of
a 60 cm cicele, and the concrete was brohen out with an amrr hammer.

It was found that the slab had been poured directly on the bottom of the
excavation, and there was no added aggregate beneath the slab, The an hammes
was used to break up the rock, and the holes cleaned oul to bedrioch. The
bottom of each hole was filled with c¢lean crushed stone, and a "3 mch”
hghtweight plastic riser pipe inserted vertically. The stone was covered with
roofing felt cut to fit the holes, and caulked to the pipes and the cdge of the
conctete slab with asphaltic caulk to mahe the cove anrtight., The holes were

then filled with a bag mixn concrete.
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The rsers were connected to a "1 inch” pipe run along the main beam. A
flexible duct ran from the pipe through a plywood sheet replacing a basement
window. A centrifugal fan was attached to the duct, and screwed to underside
of a plywood cover cut to fit the window well.

When the fan was turned on, very lhttle air was drawn from the system.
The fan ran stalled with considerable vibration and nose.

In August 1985, the radon concentration in the basement averaged 33 pCi/L,
and fell to less than 6 pCi/l. when the fan was turned on.

2.2. PHAS: ?

In January 1986, the concentratior in the basement with the fan on ranged
from 18 to 33 pCi/L, averaging 23 pCi/L. Due to the poor system performance,
1t was removed in kebruary 1986, and the site restored.

2.3. PHASE 3

Considerable success had been achieved during Phase 2 at other sites with
poor sub-slab permeability by sub-slab s)stems using multiple point per:meter
suction together with increasing the airtightness of the floor, and a high
suction fan. One of these systems was installed 1n December 1986,

The well pressure tanh was removed from the concrete block base, and the
volds 1n the blocks were filled with mortar. The construction joint between the
two halves of the concrete floor slab was cleaned and filled with sihicone caulk,
and the hollon house jacks were drilled near the bottom and filled with
eapanding urethanc foam. Six 12.53 cm diameter holes were cored through the
floor slab about 5 cm away from the walls. Two holes were placed on the front
and back walls about 1/3 of the way from each end, and one hole was placed
near the centre of each end wall. The holes intersected the footing, but
enterced the subslab loose rock fill. A "4 1nch” hghtweight plastic pipe was
mserted vertically in each hole, and the gap between the pipe ard the concrete
floot was filled with silicone caulk. The pipes were jommed to a central duct of
"6 1nch” hghtweight plastic pipe, which passed through the end wall of the
house. A plastic body in-hne centrifugal fan was attached to the duct.

As success of this sy stem was not certamn, preparations were made for casy
mstallation of wall ventuation if needed. The tops of the walls were closed by
stuffing fiberglass msulation 1nto cach void for a temporary support, and then
ingecting expanding urethane foam. A T was proviaded at 30 em from the flaor

m ecach leg so that a ventilation pipe could be easily connected mto the walls.
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The fan gave a suction of 225 Pa 1n all floor pipes, but for 250 Pa at the
pipe closest to the fan. Flows and radon concentrations in the rear wall pipes
near the end wall were 7 L/s, 160 pCi/L; and near the garage wali were 20 L/s,
40 pCi/L; in the garage end wall pipe were 1.5 L/s, 1 000 pCi/L; in the front
wall pipes near the garage wall were 8 L/s, 2 000 pCi/L; and near the end wall
were 2 L/s, 620 pCi/L; and in the end wall pipe 2 L/s, 600 pCi/L. Most of
the rear wall of the house 1s above grade, and the low radon concentrations and
high flows in the rear wall pipes may be due to air drawn from outside beneath
the footing.

In December 1986, radon concentrations in the basement with the fan on
ranged from 1 to 7 pCi/L, averaging 3 pCi/L. When the fan was tutaned off, the
concentration rose rapidly to rtange from (9 to 24 pCi/L, averaging 20 pCi/L.

Alpha track detectors were 1ssued 1n January 1987 for final long term

measurements.

OTHER MEASUREMENTS

The radwation field in the house itanged from 7 to 12 uR/h, averaging
10 u2/h. The ficld on the site ranged from 6 uR/h over the asphalt driveway,
to 12 to i35 uR/h, averaging 14 uR/h over the rest of the site. Soil esposed at
a road bank at the top of the hill gave 18 uR/h.

The average radon concentration measured by alpha-track detectors over
the period January 1987 to March 1987 was 0.7 pCi/l. 1n the basemceat,
and 0.8 pCi/L 1n the hving aresn,
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MEASUREMENTS SUMMARY FOR HOUSE 4

PYLON AB-5 HOURLY MONITORING

PHASE

PHASF

MITIGATION TEST
SYSTEM DATE

Central sub-slab 08/85
ventilation

50 L/s

centraifugal fan

As above 01/86

Perimeter sub- 12/86
slab ventilation

150 L/s

centrifugal fan

STATUS DURING RADON (pCi/L)
TEST

Fan

Fan

Fan

off
on

on

on
of f

RANGE

7-36
6-30

18-33

1- 7
10-24

MEAN

33
10

23

SYSTEM MEASURIMENTS FOR HOUSE 4

MITIGATION SYSTEM

Per 1pheral sub-slab
ventilation 150 L/s
centrifugal fan

DATL:

PRESSURLC

12/86

SYSTIM MEASUREMENTS

Pa

225

FLOW
{L/s)

2

8

to

20

-

RADON

{pCr/L)

620
2 000
1 000
40
160

600

COMMENTS

over 36 his
over 36 hrs

still

dropping

over 4€ hrs

over 10 hrs
over 20 his

COMMENTS

Riser A front

wall

Riser B

wall
Riscr
winll
Riser
wall
Riser
wall
Riser
wull

c

b

E

F

front
garage
rear
rear

end
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HOUSE 5

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples {Kusnetz) 0.354 WL
Heating seasnn short lerm average WL (RPISU) 0.257 WL
Heating season average radon (Terradew) 29 pCi/L
Radon concentration in water 4 209 pCiy/L

1. DESCRIPTION

This rural single story dvelling was built 1n the early 198('s on a leveled
site on the side of a hill several miles southwest of Boyertown. The unfinished
basement has hollow concrete block foundatien walls,  The froat wall of the
house 1s brick seneer, the other walls are siding. There is an exter nal stairvway
to the basement.

The basemwent walls are 1n generally good condition but with horizontal
craching in the kitchen end wall, and a diagonal crack visible from the outside
i the froat wall at the opposite end of the house. There 1s no sill plate on top
of the walls, the floor joists rest directls on the blodhks.

The poured concrele floor slab 15 1n good condition with minor ciacking,
and s penetrated only by the sewer hines and the house jacks, which are filled
with conecrete. Heating 1s by cleclrie rtesistance baseboard hesters upstaun s, tuwo
forced anr electric heaters 1 the basement, and 1s supplemented by u coal slove
in the basement,

The owner sawd there was no pelimeter dramage Ule {(weeping tile) around
the foundations, just ctushed stone. The untrapped floor drain discharges lo

dajy light lower on the site.

2. ACTION

2.1. PHAST 1

The good concrete floor slab suggeasted that the walls swere tie major route
of entryv an this house. The mitigative act ' chosen for demonstration at this
was to evhbaust Lthe conciete bluck alls. It was nlso the only one of the
tmmbial gromp vath o sigificant amount of ench basement wall ewposed above
ginund, and so it was decdded te test the concept of mounting a small fan an

each wall, rather than using a collection syvstem with a central fan.,
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In July 1985, five holes were cut in the exterior fuce of Lthe upper course
of the wall, on2 1n the centre of each wall section. (The rear wall was divided
in two sections by the door and steps to the exterior). A 1/1 inch dnll was
used tc drill twelve holes on a 110 inm diameter circle, and the centre hipped
out with a hammer ana -~hisel. The holes were sized to take 6 to 4-mch hight
welght plastic drain pipe adapters which housed 50 L/s axial fans. The adapters
were screwed to wooden backboards which were sealed with caulh against the
blocks and around the 4-inch pipe section. Electrical connections to che fr 15
were run through holes bored 1n the interior of the bloch walls.

The floor joists in this house rest directly on top of the walls, so thete s
no sill plate to close the open voids at the top of the block walls, The Cptions
for closing ‘t'ne voiuds were to fill them with cement, or else pliuce a co er
between each joist and caulh 1t to the top of th- wall. The latter scemed casa:
for a homeowner to do, and was chosen.

The top of the block walls was closed by nstalhing roofing felt "trass”
fitted between the joists. The teur and s'des of the trays were stapled o toe
wood and the front portinns were caullied to the blocks with asphaltic 1aofing
cement. A single component! foam f:om a small acrosol can was lired as a
sealait belnnd  the electiicat panel with only  partial swecess, due to the
difficul**es 1n dispensing the foam. T'he can had to be used upside down, and
Lthe clenrance to the joists and the underside of the floor was often msufficient
for this. Tn July 19385, prior to wutning on the fan. the raagon concentration
averaged about 1 pCi/l. Iins was much lower than ewpected from the DLR
measur ements made duirmg the heating season. When the fans were activated the
average concentration rose to about 25 pCi/L, and fell v hen the fans woere
turned off.  These 1esults were so confusing. that work was suspended vnaty?
Phase 2 of the program. Winter measurcments were reeded te confirm the

validity of tne previous high readings, and esaloate the offect of the coa' stove,

2.2. PHASE 2

o Movember 1925, aeasurements with the coal stove 1 operation feand
radon concentiations 1n the basement that ranged betwean 100 to 200 pti/i.
Measurements in Deceinber 1985 found that concentiations with the stove oft
averaged about 75 pCi/ll i the basement, and about 50 pCi/l upstens.  The

Lasemo il door was hept C'osed when the stove was off. Whea the ctove was hit,
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the basement door weas left open to heat upstairs, and concentrations averaged
120 pCi/L on both floors. This verified the previous high DER rcadings, which
were made m the winter.

A smoke sltick check of the closure trays on top of the walls found many
leakage points, so it was decided to close the walls preperly with movrtar, or
expanding foam in those places where access was oo poor ta use mortar. Ba
this time, expcrience =t other sites had lead Lo the conclusion that a collection
system with a central fan would be requred at virtually all sites, so there was
no pomt n keeping the wmdividual fan system. A smgle large centrifugal fan
wias noticeably quieter than the 5 small fans operating together. Therefore a
central cellection system would be installed 1n place of the multiple fans.

This work was carried out in January 1986. \s there was no sill plate on
the top of the wall, access to the block vowds was good and the voids were
closed wath mortar. The brick vencer ezteror wall at the front wall meunt
that the header board v as 100 to 120 mm closer to the inner edge of the block
than elsewhere, aind the openming 1nto the block void was too small to get
mortar into the void. The vouds of this wall were stuffed with fiberglass as a
tempoirar y support, and an evpanding single component wrcthane foam injected
mto the space. A long nozzle was used to ensure that foam was delivered to
the side of the void away from the operator so that the void would be
completely clused as the foam expanded.

A standard "cctopus” collection network with two collection polats on each
long wall and one on fach shorl wall was mstalled. The wall collectlars were 74
inch” hightweight plastic drain pipe, and ran to a central callector duct of 7%
mch” hghtweight plaste drata pipe. A large centrifugal ventilator was mounted
on the tear wall of the house m a window welll The weather was too cold for
satisfactory  external moitar work, and so the wall wounted fans were not
remoyv ed, but taped closed. Before Lhe fan openings wers closed sistem
pressures tanging from 8 to 38 Pa induced flows of radon concentiations
ranging from 11 to 20 /s and 10 to BO pCi/l.. Folloving closure of the fan
opruings induced flows generally increased by 2 to 3 L/s.

Initial measurements of the siystem wore made 1n January 1986, Radon
concentrations an the basement averaged more than 70 pCi/! with thae fan
running. Investigation found airflows mto the walls except abl either end of the

front wall over a disttmuene of 1.5 m and radoen concentralions i the walls
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comparable to those 1in the house. This indicated that there were radon sources
other than the walls, and that wall ventilation alone might not be sufficient.

Therve was a marked draft out of the untrapped floor dram of 10 L/~ lhis
flow decreased to 5 L/s with the fan off and the basement windows copen,
suggesting 1t was largely driven by the temperature difference between the cold
outside air and the relatively warm soil :urrounding the dram pipe. The radon
concentration n this awr was 320 pCir/L, showing that 1t was connectled to the
soil 1n someway. The diain was closed with tape, and after an hour the
concentration 1n Lthe drain was 1600 pCi/L. [videntiy, the dram pipmg was aot
continuous to the open amir and probubly was corected to the crushed stone
exteror dram sround the house walls,

This provided an expleaation for the stiange results observed i the
summer. When the sol temperature was less than the air temperature, anr would
flow down the dram out of the house, and there would be ne radeon supply by
this route. %When the five small funs were turned on, they diew consider: ble
amounts of amr out of the basement via leahs v the wall closures. As bath
basement doors arnd windows were hept closed during Lthe test, the resulting
pressure drop was enough to draw air and radon up the udran mto the basement
while the fans were running. Once the fans were turned off, awrflon in the
dran returned to normal, cutting off the rndon supply.

Radon concuntrations i the basement darmg February 1388 with the floor
drmin closed by duct tape averaged less than 20 pCy/L, confirmiag thul it wvas o
major radon entey route, bul not the only one.

In March 1986, the airtightness of the walls was ncreased. The wall
mounted tans were rtemoved and the holes 1o the walls movrtared clesed.  the
external portion of the front wall crack was closed to 300 mm below grade, and
all of the iaternal crach was filled with silicone caulh,  An esvpanding rubber
plug was placed in the floor drawn. As a test, the large centnifugnl exhaust fan
was replaced by a smallet centmifugal fan set Lo blow into the walls,

Radan concentrations i the basement varied fiom 1 to 13 pCi/L, averading
T pCi/l. Concentrations m the walls were 2 o 5 pCi/L ot thas Line, andbcatn o
that fluur radon cntry routes were still present. Flows of 3 o 8 L/s wern
obser.ed under pressures of 1 to 3 a.

A large wall mounted centeifugsl presswme fan was ordered o see (f hizher

pressuves in the walls would increase the mir flows mmto the sub-siab ~pa o, and
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decrease the rvadon supply from the flecor. When 1l arrned, the design was
unsuilable for unproteclted outdoor mounting, so the lurge centrifugal exhavst
fan was replaced 1n April 1986, B3y this time the weather bhad turned warm, and
further measurements were deferred until the fall

2.3, PHASE 23

In November 1986, the owner complained that the coal stove in the
basemenl was hurd to hght and smohed when the exhoust fan was ruwiming. 1t
was agreed that it would be repluced by a pressure fun. I'n December 1986, with
the fan off, radon concentrations in the basement ranged frowm 12 10 82 pCi/L,
averaging 55 pCi/l. Folloning lhis, o large plastic bodied 1in-hne centrifugal fan
was installed on the outstde of the house below ground level moa window welll
This produced pressuies of 10 Pa in the walls, with a total ar Tlow of 150 L/s,
Radou concentreations of about 3 pCy/L were measured 1n the an debhvery
ductwot ik, presumably due to radon drawn from the exposed sol in the bottom of
the window well

Radon concentration i the basement with the new fan on ranged {rom 3 to
9 pCiv/L, mveraging 5 pCa/L.

Alpha-trach deteclers were tssued e January 1987 for final loag term

Inensuremenls.

3. OTHI R MEASURI'MINTS

The 1adiation fretd 10 and around the Bouse canged from 4 to 7 uit/h 1n the
bascmenl, averaving 3 ul/h.  Oa the site the field ranged from 6 to 10 uli/h,
averaging 8 uil/h,

The averave radon concentration measared by alpha-trach detectors over
the pertod January to March 1987 was 4.3 pCi/! i the basement, and 1.3 pCi/L

tin the lisang areua.



PYLON

PHASE

MEASUREMENTS SUMMARY FOR HOUSE 5

AB-5 HOURLY MONITORING

MITIGATION TEST
SYSTEM DATE

Block wall 07/85
ex;:austion five
50 L/s axial
fans
As above 11/85
As above 12/85

Wwall ventilation 01/86
100 L/s
centrafugal

02/86

wall ventilation 03/86
50 L/s
centrifugal
drain plugged
axial openings
mortared wall
t1ghtened

wvall venti1lation 12/86
100 L/s

centrifugal

Wall venti1lation 12/36
130 L/s

centrifugal

pressure fan

STATUS DURING
TEST

Fans off
Fans on

Fans off/stove
on continuously

Fans off stove
of

Fans off stovce
orn

Fan on

Fan on
Fan on drain

taped

Fan on blow

Fan off

lar on blow

RADON (pC1/L)

RANGE  MEAN
0- 2 1
13- 50 35
60-200 138
7~ 85 56
7- 74 46
92-117 109
97-130 118
26-153 109
30- 60 51
6- 29 19
1- 156 7
12-82 53
3- 9 5

COMMENTS

over
over

over

over

over

over
over

over

over

over

over

over

oL el

14 hrs
24 hrs R
24 hrs L

13 hrs B
13 hrs U

4 days

7 hrs

88 hrs

4 days

838 his

} days



SYSTEM MEASURIMENTS FOR HOUSE 5

PHASE MITIGATION SYSTEM DATE SYSTIM MEASURIMENTS COMMENTS
PRESSURL FLOW  RADON
Pa (L/s)y (pCL/L)
2 Wall ventilation 01/86 8 20/23 73 Pipe A
100 L/s centrifugal 10 11/13 80 Mipe B
~axials open taped 38 34/36 60 Pipe C
10 20/19 60 Pipe D
10 13/16 40 Mpe E
8 13/15 Pipc I
2 wall rentilation 02/86 10 Drain fan on
100 L/s centrifugal 5 Drain fan off

15 Basement air
320 Dran aiwr
203 Drain aar

1 600 Air {rom

capped drain
2 wall ventilation 04/86 1 6 3  tPipe A
50 L/s centrifugal - 1 3 ¥*Pipe B
drain plugged walls 1 1 3 *Pipe C
taghtened 3 8 P *Pipe D
3 5 4 Pipe I
1 4 3 tPipe F
3 Wall ventalation 12/86 15 26 6 Pipe A
150 L/s centrifugal 15 HN 3 thape B
pressure fan 1t 26 7 Pipe C
18 28 6  tPipe
15 21 1 Pipe L
11 2 1 tPipe F
A: Driveway wall
B: Rear wall
C: Rear wall
D: End wall
E: ¥ront sall
F: Front wall
¥ Fan on blow throughout.
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HOUSL 6

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.461 WL
Heating season short term average WL (RPISU) 0.372 WL
Heating seasonh average radon (Terradey) 60 pCi/L
Radon concentration in water 14 500 pCi/L

1. DESCRIPTION

This large one-stor) home with attached garage was built 1n the mid 1970's
on a level site near the top of a hill a few miles northwest of Bojertown. The
exterior walls are all of brich. Heating 1s by o1l fired forced-awr supplemented
by a ductless kerosine heater in the basement.

Half the basement 1s finished, with a washioom, pancelled walls, fireplace,
and a tile celling. There 1s a large open construction joint across the middle of
the basement floor slab in the unfimished half, and the fluor 1s cracked across
aone corner of the basement near an external basement entrance. Tins house is
unusual in that the basement head room 1s wncreased by a single course of 8”7
bloch standing on top of the 127 block walls behind the biick veneer. The sill
plate and joists rest on top of the 8" block. As there 1s a gap between the 8°
block and the brich veneer, soil gus can move ocut of the 12" block into the
house via this gap. The tops of the front and back bloch walls ure closed by

the si1ll plate.

2. ACTION

2.1. PHASE 1

As the tops of the fiont and rear walls were closed by the sill plate, the
mit.gation methogl_ selected for demonstration at this house was to exhuust the
hollow concrete blocl wulls, No speciul effort was to be made to close the cup
between the 1aner block wall and the brick vencer. 1t was hoped that as this
gap 14 often partially filled witn mortar droppings, the leakage srea of these
walls might be tolerablc. The mmtention was to see how high a standard of wall
closure would be required.

The top course of concrete blocks on the lnundry 10om end wall vas closed

with a sheet of 10ofing felt caullhed to the wall top with asphail cowment and
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stapled to the header board. As there were known inaccessible openings imto
the walls (the block/brick gap), the sill plate/wall joint was not caulked, and no
work was carried out in the finished portion of the basement.

One hole was cut 1n the interior face of each of the three walls esposed
the unfimished section of the basement. The holes were located as close to the
centie of the complete wall as possible. Collection ducts of "4 inch™ hghtweight
plastic pipe were mstalled in the holes, and connected to a central "1 inch”™ pipe.
A large centrifugal fan mounted 1n a box was connected to the pipe by a flexible
duct passed through a hole in sheet of plywood placed 1n a basement window
frame.

This treated threce of the walls, but the fourth {(garage) wall was cancealed
by panehng in the fauly r1oom. A separate fan was nstalled from the sutside
of the wall. A smsll hole was broken through the concrete garage floor, and
evcavated to the mddle of the top course of blocks. An 8 cm diameter holc
was drilled and chiselled through the block. A zmall centrifugal fan was placed
in the pit over the hole in the wall, and exhausted 1nto the garage,

In July 1985, the average radon concertratien i the basement feil fro-
approstmately 10 pCi/L to average 5 pCi/L when the fans were turned on.

The owner objected to the noise of the small centrifugal fan 1n the garage,
and to keeping the garage windows open, so it was replaced by an external fan.
A pipe was mserted in the wall opening, aad a flenible duct was run along the
wall through a plywood pancel nserted o the garage window to a lurge
centrifugal eshaust fan mounted 1 a9 wcoden bhow,

2.2. PHASE 2

In January 1986, with both the fans running continually, the 1:adon

concentration 1n the basement ranged from 66 to 107 pCi/L, averaging about
30 pi/l..

Flows and r1adon concentrations werey fiont wall pipe 9 L/s ot 10 pCi/L;
end wall pipe 11 1 /s at 50 pCi/L; and rear wall pipe 8 1/s al 30 pCi/l. The
garage wall fan dischairged 28 L/s air at 63 pCi/l.. The radon concentiationr n
the basement at this time was 80 pCi/l..  The lower concentrations i the wall
eshaust pipes showed that the walls could not be the entry route for the radon
. the basement, and that large amounts of outside amr were bemyg drown Wntlo
the system. Investigation with smohe tubes showed that the suction i the wall

did not extend more than 1.0 m from cach suction poimnt,
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No test was carried out with the fans off, as the occupants were concerned
that even higher corcentrutions might result. These concentrations were
compertrable to those mecasured the previous vinter, and so the system was
meffective,

To test if simple rearrangements of the system could mmprove the
performance, the fans were replaced by centrifugal fans set to blow 1nto the
walls., In April 1986, with these fans running continually, the radon
concentration tn the bascement varied from 21 to 36 pCi/L averagig 25 pCi/L.
When the fans wete turned off, the concentration rose slowly to an uverage of
60 pci/L.

By this tume, evperience at other sites was that in general Lall ventilation
could not be espected to control soil gas entry through major floor opualngs,
and thuat 1t would have to be combined with sub-slab ventilation.

To test this three 125 mm holes were cored thiough the floor slub about
50 mm out from the wall dircatly beneath the ventilation pomts i the walls.
[he boles cleared the footing and showed thiat the layer of aggregate bencath
the slab was several cm thick. The pipes were "leed, and extended downward
to the~ holes. The space bet-ween the pipe and concrete was filled with sihcone
caull.

The centrifugzal supply fan connected to the piping network was resersed.
and the garage wall supply fan was disconnected.  Althouch most of the an
dravwn from the fan came from the walls, suction did extend several meties
under the floo: from each pipe location, as shown by smolie tests,

In Muay 198G, the radon concentrutien i the basement with the fans off
vared from 19 to 98 pCu/L, averaging 70 pCi/l. When the fan was turned on,
the concentration varied from 3 to 11 pCi/l, averaging 10 pCi/L. This
performance suggested that a higher suction sub-slab sy stem might be the most
effective solution for this house.  As the weather had turned warm, furthert
worh was suspended until the fall,

2.3. PHASE 3

In Pecember 1986 the radon concentration 'n the basement with the fan
running continually ranged from 8 to 52 pCi/l, averaging 30 pli/l. The systen
was medificd to a full sub-slab gy stem,

The pipes into the walls were removed, and the wall openimgs morlared

shut.  ({The "lees that joined Lhe wall pipes to the floor pipes were left n
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position so thut wall ventilation could be added easily to the system if desired),
The plywood sheet in the basement window was tremoved and replaced by
transparent plastic with a hole to allow a rigid pipe to pass through to a large
plastic body n~lme centrifugal fan mounted on the wall. The fan s)stem in the
garage was removed and the hole filled with concrete.

The construction jomnt 1n the basement floor was cleaned out and filled
with silicone caulk,

The suctions, flows and radon concentrations with the new fa: 1n operation
were; front wall pipe 210 Pa, 19 L/s, at 1 100 pCi/L; end wall pipe
175 Pa, 0.2 L/s, at 1 100 pCi/L; and rear wall pipe 200 Pa, 0.6 L/s, at 80 pCi/L.

Radon conceatrations in the basement with the unew fan opetating ranged
from 3 to 11 pCi/L, averaging 5 pCi/L. With the fan off, coacentrations ranged
fro 24 to 35 pCv/L, averaging 38 pCi/L.

Alpha track deosimeters were 1ssued m January 1687 for final long term

measurements,

3. OTHER MCASUREMENTS

The radiation field nside the house ranged from 6 to 12 ull/h, averaging
10 uR/h. The ficld on the site around the house ranged from 6 to 12 uR/h,
averuging 10 uli/h,

The average radon concentration measured by azlpba-track delectors osver
the period January 14987 to Marcenh 1987 vas 3.3 pCu/L . the basement, and

1.9 pCi/L in the hving area.



MEASUREMENTS SU™MMARY FOR HOUSE 6

PYLON AB-3 HOURLY MONITORING

PHASE MITIGATION I'EST
SYSTEM DATE
1 wWall ventilation 07/85

100 - 50 L/s
centrifugal fans

2 ball ventilation 01/36
two 100 L/s
centr: fugal fans

2 wall ventilation 01/85
two 30 L/s
centrifugal fuans

on blow
2 kwall + sub-slab 05/56
ventilation
50 /s
centri fugal on
shaust
3 12736
] Sub-slab 12/€%

venti1lation
150 centrifugal
fun

SYSTED MEATSL R

PHASL MITIGATION SYSTIEM

STATUS DLRING

Fans
Fans

Fans

Fans
Fans

Fan
Fan

Fan

Fan
Fan

DATE

2 Wall wventiltion teo 1706
100 L/» contrifugd
fans

3 Sub-vlab venti1latier 12728
150 1./= centrafaeal
fan

A = Rear wall B = End waall

138
oft

I ront

-~
R

RADON (pCa/L)

RANGL

27-18
3-8

66-107

21-36
51-68
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S
14
9

9
<o

0.
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19

wall

MEAN

36

o

a0

25
60

70
10

SYSTIEM MLASURIMINTS
FLOW

RADON
(3 /t

1

S0
10
30
60
80

90

100

1 100

b =

COMMENTS

over 21 hs
over 27 hrs

over 18 his

over 51 hirs
wer 22 s
after 19
rise Lo

equilibriun

wer 4 days
over 15 hrs

over 1 days

caer 48 hrs
over 14 hrw
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HOUSE 7

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 1.712 WL
Heating season average (RPISU) 0.138 WL
Heating season average radon {(Terradex) 25 pCi/L
Radon concentration in water 3 100 pCy/L

1. DESCRIPTION

This one-story house was built on in the early 1970°'s on a leveled site half
way up the side of a hill slope in a rural area a few miles west of Boyertown.
The house walls zre all brick fauced. Heating 1s by hot water baseboard radiators
and an oil-fired fui nace.

The basement walls are of concrete block, The exterior brik veneer rvests
on the outer edge of the basement block walls, und so the sill plate 1s set flush
with the inner suitface of the walls, and counceals tne bio k vouds evcept along
the garage wall, There ave vettical and horontal crecks in the mertar joints
of the rear baca wall and horizontal crachs nre found 1n the garage wali.
Service entries are closed with mortar.

The concrete floor slab was placed in two pours wath a large construction
Joret running the length of the house, wad s i eseellent condhition with no
siginficant craching, The well pressure “ah s mouanted or conciele blochs
which penctrate the floor slaty. The slal s also pencetrated Ly oo floor dran,
the el supply hine, an mnterior "1 shaped’ concrete block wall, and o furnaer
stack of canciete blocks.

The owner sard that Lthere was o perimeter dominage sy stem, bot il was Just
a bed of crushed stone without piptng at the fooling level around the house.
The gar e oo drain und the baundi v sinh drain discenarge mo this dramn

systop.

2. ACTION
2.1. PHASE 1
As the top of the basement walla was generally closed Tn the saill plate, the
r
1

remedial method selected for demonstration alt thas site was wall veotilation,
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I'he presence of the interior wall and the floor openings would test f floor
opemngs could be effectively controlled by wall ventilation.

System mstallation started in August 1985, Two 11 cw diameter holes were
cut through the interior surfuce of the next-to-top course of blochs of cacl
long wall. QOne hole wus cut «n each of the two short end walls, Guide holes
were drilled with a "Hil)" electric percussion drill, and the centre knocked out
by a chisel. Light werght "3 inch” plastic dram pipe was inserted mnto the holes,
and run in the joist spaces, to a header of "4 1ach” plastic drain pipe secused
nlong the central house beam.

Each end of the header was estended to n wx‘ndo“ well where o flevible
hose passed through a plywood window cover to a centinifugsl fan housed in a
boy with a childptoof eshaust pipe.

Where the sil plate covered the blor k voids (three walls), an asphaltic
sealant was used to close the opeming from the house to the wall ut the
Junction of the silt plate and the wall, Along the garage wall the s«ill plile was
set further out, and the voids were accessible. Access was good to half of the
wall, end the top voids were covered there by nmhng 4 2 v 2 inch wood strip to
the =sill plate over the vads and caulhing the gaps w.th asphaltic sealei. One
aquatter of the other half o0 the well was covered by o wooden cover heside the
stans, anu the rtemammg quuter was hereath the s«tarrs, and dcoess was
difficult. The top vouds an this hulf of the vall were closed by filling the Bk
vouds with A one-pmiv enpanding foan,  Paper was stuffed mta the svoids to
provide tempotary support to the foam. The foam evpanded out of the cavities,
and was cut off flush with the blosl s so that the cover could be replaced.

y oot

The basement wall s made of block, ar  supports at the top a 1" brick
veorer and n 67 wade sill plales there as 1 gap of approamately 17 botweny
the vencer aad the sill plate, swhich was not closed by thas procedure. The wop
of the mternal blo h wall was also left opon.

In August 19385, whea the wall eshaust fans were turned on, tadon
concentrations m the basoment fell from approsvimately 106 pCi/l to 1 00/
less thaa ane dav,

22. PHASE 2

Fhe house was remeasured in January 19R6, aad with the fans tuneues,

tadon concentirafions ranged from 100 to 501 pte, averagiag 200 poy/g, \
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second measurcment in January with the fans off ranged fram 155 to 625 pCi/L,
averaging 388 pCi/L.

The airflow was from the house into the wall, but the pressure differential
was too small to measure directly { <3 Pa). The flows and radon concentrations
from the walls were; end wall 14 L/s at 110 pCi/L; front wall 12 L/s at
200 pCi/L,and 11 L/s at 320 pCi/L; garage wall 21 L/s at 480 pCi/L, tear wall
17 L/s at 110 pTi/L, and 11 L/s at 170 pCi/L.

These high flows from the walls were interpreted as showing Lhat the
leakage area into the wulls was too large for the ianstalled fan system to
produce a significant depressurmization in the soil.

A two stage approach was proposed to deal with these praoblems. First, the
fan system was to bhe upgraded. If this was nsufficient to ensure that the
walls were alvays uander negative pressure rclutnhne to the house, then the
lenkage area of the walls would be reduced. This would involve closing the gap
at the top of the walls belween the brick and the header board by the
injection of eapanding single-component foam through holes driiled i the
header board.

The asphaltic caulking was checked with smoke sticks, and lcaking areas
were caulked. The collection ducts in the walls were moved to the foot of the
wull Lo improve their ventilation efficiency, and the central collection duct was
changed from "4 1nch™ to "6 inch” pipe. The two centrifugal fans were
retained, bul provision was wmade to replace them with a large centnmifugal
exhausl ventilalor of double thewr totnl capacity.

Measutemenls in March 1986 with the revised system 1n operation found
radon concentrations in the hasement sveraging 75 pCi/l.. Radon concentrutions
of 810 and 3 800 pCr/L were mesasured 1n the central "L shaped wall, confurmimg
that 1t was a route of radon entry. As a test, the fang were reversed to blow
fresh air into the walls. This would eliminote the walls as an entry route, but
would not affect entrry routes 1n the flour. The aserage radon concentiation i
the walls was Jess than 10 pCi/l, but the basement radon concentralion tanged
from 22 to 88 pCy/i, sveraging 70 pCi/l. Hadon concenliatious of 8 300 pCi/lL.
wele measuted benecath the well pressure tank, and 900 and 1 008 pCi/l i the
central wall,

This indhicated clenrly that the cause of the high radon concentrations was

not that the wall sventilabion system was nadequate, but thal Lthere were maygor
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routes of entry in the floor that were not influenced by wall ventilation.
Depressurization of the wells was not producing sufficient depressurization of
the sub-slab fill to prevent soil gas entry.

These floor entry routes were closed 1n March. The well tank was removed
and the vertical voids i the concrete block support closed with mortar,topped
with a 13 mm layer of ssph:-"tic caulk. The top course of blocks in the interior
wall was removed as the w=:ll was not load-bearing, and the voids filled with
mortar. A "4 inch" pipe was inserted into each section at the base, and
connected to the central collection duct. The floor construction joint was not
cluosed at thus time.

When the fans were turned on agnain, still in blow, the radon concentration
in the basement imtially fell from 50 pCi/L to 6 pCi/L, then rose to 250 pCi/L,
and finally stabilised at 44 pCi/L. This was attributed to radon loaded soil gas
being forced from underneath the floor slab by the air blown into the walls.
Smoke tesis showed major aimr flows oul of the central floor joint, so there was
a connection from the walls to the sub-slab fill.

The fans werc agamn reversed so that they exhausted the walls, and then
the floor jomt crack was enlarged to about 5 mm wide by 5 min deep with a
s.nall abrasive wheel on a hard-held electric cutter, and filled with a silicone
caulk.

Radon concentrations were about 50 pCi/l. with the fans exhausting the
walls and the floor joint upen, but fell promptly to about 15 pCi/L when 1t was
closed.  Evidently the low suction produced in the sub-slab space by the low
suction i the walls was insufficient to reverse the soil-house flows over
openings in the floor.

As the floor routes of entry m this house scemed to bie as important as the
walls, 1t was decided to alter the system to lest the relative affect of wall and
floor ventilatwon.  In April 1986, a concrete cormmg machine was used to bore 7
holes thraugh the floor slab, one beneath each wall vent pipe. The thickness of
cirushed stane bencath the slab variied from 10 am to 0 em. The wall prpes were
cut, und Teed mto the wall and the floor holes.

The twe centrifugal fans were removed, the basement windows replaced in
then frames, A single large contrifugal fen was placed 1 a new window well
at the rear wall urd connected to the central duct by a "6 nch™ plastic pipe

passed through the wall,
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The s)stem was initinlly started with just the pipes connected inlo the
floor space. The openings into the walls were closed with duct tape. Radon
concentrations averaged 4 pCi/L, and rose to 290 pCi/L when the fan was turned
off. There were connections from the sub-slab space into the walls, 0 some of
the an* drawn from beneath the slab came from the walls. To check how
important this incidental ventilation was at preventing soil gas movement from
the wall into the house, the tape was removed from the holes. Average radon
concentrations were about 1 pCi/l, before and after the tape was removed,
indicating that the sub-slab suction was effectively preventing so:l gas from
entermg the walls,

Finally the sy)ystem was connected to ventilate both the walls and the floor.
The suction in the pipes into the floor and into the wall was the same al each
location, and ranged from 5 to 10 Pa, set by the airflow from the wall. Flows
and radon concentrations in each pipe were; end wall 4 L/s at 40 pCi/L,
floor 0.5 L/s at 3 000 pCi/L; rear wall 41 L/s at 60 pCi/L, floor 0.5 L/s at
12 000 pCi/L; rear wall 4.5 L/s at 25 pCi/L, floor 0.5 L/s al 12 pCi/L, central
wall 10 L/s at approximately 10 pCi/L, floor 0.2 L/s at 1 000 pCi/L. These
flcws and concentrations showed that the flecor yentilation was removing many
times more radon than the wall vontilation.

In May 1986, average radon concentrations were 3 pCi/L, and rose to
170 pCy/L. where the fan was turned off.

2.3, PHASE 3

The system was retested mn rold weather in November 1986, ond r1adon
concentrations ranged from 5 to 22 pCi/L with an average of 9 pCi/L and rose
to range between 166 to 310 pCi/L with an aversge of 260 pCi/L when the fun
was turned off.

The tests 1n Phiase 2 hand shown that the sub-slab ventilation portion of the
system was producing the greatest effect.  Further tests were conducted n
Pecember 1986, the wall cntries were dampered to decrease the pipe effective
pipe diameter fiom 1 to 2 anches, which ancreased the average floor suctiom
from 6 to 21 I'a, and made the flows from the wall and floor approsvinately
equal.  The flows and radon concentrations in the wall aad floor pipes were;
ead wall 12 1./s at 10 pcy/t, floor 16 L/s at 330 pCi/i; front walf 22 1L/- at
36 pCi/iL, floor 12 L/s ot 550 pCi/l; rear wall 5 L/s at 130 oG/, floor 7.5 L/s
at 3 800 pCi/ly rvear wall 17 1/s at 7T pCi/L, floor 7 L/« ot 1 600 pCi/i,: aad
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central wall 13 L/s at 7 pCi/L, floor 11 L/s at 1 400 pCi/L. The dampers
produced a highly turbulent and asrmmetric flow n the pipes, which malkes
measurement of the average veloci*v difficull. The calculated vulues are
probably biased high.

The average radon concentration in the basement fell fiouw 8 pCi/L to
5 pCi/l. when the dampers were installed.

Alpha Traclk deteclors were 1ssued to measure the long term average radon
concentration during the heating season.

By February 1987 experience at other sites had heen that sub-slab
ventilation with high suction had reduced radon concentrations in other housces
with concrete bLloch walls. It wus decided to investigate cffect of comverting
this house to a2 high suction sub-slab ventilation system. i

In late Februsry 1987 the system fan was replaced by a large plastic bodied
in-line centrifugal fan. New dampers were fabricated that would completely
close the wall entry pipes, and these were stalled in March 1987, Closure of
the wall pipes increased suction 1n the floor pipes from 35 Pa to 220 Pa, but
radon concentrations still averaged 4.5 pCi/L after the change. Flows and
radon concentrations in the floor pipes were; end wall 7 L/s ot 670 pCi/L,
front wall 15 L/a at 110 pCi/l, garage wall 11 L/s at 2 400 pCi/L, scar wall
7 L/s at 620 pCi/L; and cenlral wall 3 L/s at 360 pCi/lL.

The dampers weire withdrawn 25 mm to provide the equivalent of a two-inch
pipe connection into the wall, the radon concentration increased rapidly to
range between 16 to 48 pCi/Ll, and average 26 pCi/L. Suct.on in all the floot
pipes was 36 Pa, and anflow wes defimitely into the walls. As this was a major
decrease in performance, the flovws and redon concentrations in the pipes were
remeasured. In the end wnll pipe the flow was 8 L/s at 4 pCiy/L, flom was
13 1./s at 250 pCi/L; front wall 4.5 L/s at 3 pCi/l, floor 10 L/s at 230 pCi/tg
garage wall 6 L/s at 35 pCy/L, floor 12 L/s a«t 2 000 pCi/L; cential wall 20 1 /s
at 50 pCi/L, floor 1.2 1 /s at 680 pCi/l. The hugh turbulence gencrated by the
damper made iU difficull to determine the average air velocity, so the canlecolnted
flows are bwsed high., Howerer, the airflows and radon concentrations out of
the sub-slab space mre simlar 1 each case, so there was no obiious eason fos
the marhed mcrease 1in the basement radon concentration.

The system was permanently returpved to a sub-slab veutilntion syvstem in

March 1987, by closing all the wall dampers. This increased the suction o the
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floor pipes to 220 Pa. Flows and concentrations in the floor pipes were; end
wall 6 L/s at 680 pCi/L; front wall 12 L/s at 130 pCi/l, and 12 L/s al
270 pCi/L; garage wal! 20 L/s at 5 600 pCi/L; rear wall 13 L/s at 2 200 pCi/l.,
and 9 L/s at 2750 pC /L; and centra! wall 5 L/s at 390 pCi/L.

Following this the radon concentration from in the basement raanged from 1

to 10 pCisl., everaging 4 pCi/L.

3. OTHER MEASUREMENTS

The radiation fields around and inside the house were 8 to 13 uR/h
averaging 11 uR/h, on the site, 6 uR/h on the asphalt driveway, and 7 to
10 uR/h on the concrete basement floor, averaging 8 uR/h.

The average radon concentration measured by alpha-track Jdetectors over
the period January 1987 to March 1987 was 4.1 pCi/L m the basement, und

2.8 pCi/Ll 1n the hving area.
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MCASUREMENTS SUMMARY FOR HOUSE 7

PYLON AB-5 HOURLY MONITORING

MIASE

1

MITIGATION
SYSTIM

Wwnll ventilation
tvo 50 L/s
centrifugal fans

As above + wnter
tank platforn

sealed + central
wall ventilation

As ahove - floor
Joint cnulkad

Sub-w1ab
ventilation
100 1 /s
cent : fugal
-wall holes
taped

fan

TEST

DATE

08/85

01/86

03/86

01/86

02/86

04/86

STATUS DURING RADON (pCir/L)

TEST

Fans off
Fans on

Fans on
Funs off

Fans on
Fans reversed
to blo.

blow
bLlow

fans on
Fans on

Fans on blow
Fans on blos

Fans on exhaust
Lefore caulliing
Fans on exhaust
after caulking

Fan on

o, off

197

RANGE  MEAN
3-140 16
3- 12 T
109-30 207
155-6775 88
50-100 75

51- 80 A7

22- 88 70
13- 56 10
6-249 63
2- 50 15
33- 51 14
2- 7 5
31-G7 19
1-26 15
1- 9 1
3-287 120

COMMENTS

2) hrs
21 hrs

over
over

1 days
1 days

over
over

18 hrs
18 hus

o\er
over

1 days
over 1 days
over 4 days
over 47 hr.

over

Cquilibrium
region-
over 20
omer 12

hrs
hrs

over 29 hre

over 6 hrs

over 11 hes
still risy=g
e 16 hirs

coar
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As above - tupe 05/86
on

As above -tape
off

Sub-slab +wall 05/86
ventilation

100 1./s

centrifugel fan

Fan

Fan

Fan
Fan

on

on

on
off

188

1- 7
2- 1
1- 7
17-169

over

over

over
over

15 hre

31 hrs

18 hire
19 hrs



YLON

PHASE

w

MEASURIMENTS SUMMARY T'OR HOUSE 7

AB-5 HOURLY MONITORING

MITIGATION
SYSTIM

Sub-slab + wall
ventilation

100 L/s
centr 1 fugal {an

As #bove + wall
entries dampered
to 27 pipe

Sub-slal 4 nal}
ventilation

15C L/s
centrifugal fan
wall entries
danpered

Sub-slab
ventjlation

150 1 /s
centrlfugal fan

TEST
DATE

11/86

12786

03/87

03/87

STATLS DLRING
TEST

Fan on
F'an of f

an on not
dampe; od
Fan on dampered

[an on; full:
dampered

Fan on, dampers
withdrawn 1°

Fan on

RADON (pCi/L)

RANGE  MIAN

5- 22
166-310

16~ 18

1- 10

9

259

m

26

COMMENTS

oner
o\oer

ovel

oy er

over

oner

over

50
38

43

[4))
[

D
(M)

hts
hre

his

hrs

hrs

hrs

.
nrs



SYSTEMS MEASURIMENTS FOR HOUSE 7

PHA\SE MITIGATION SYSTIM DATE SYSTEM MEASUREMENTS COMMENTS
I'RIISSUREC FLOW  RADON
Pa (L/g) (pC1/L)

2 wall ventilation twa 01/86 3 14 110 DPl-end wall
50 L/s centrifugal 3 12 200 P2-front wall
fans 1 14 320 P3-front wall

15 0.21 180 DPl-grge wall
4 17 410 PS5-rear wall
5 14 170 DP6-1ear wall

35 12 At front wall

fan

25 39 200 At end wall

fan

2 As above fans 03/86 18 Pl
renversex] to blow 16 12

19 6

2 Sub-slab + wall 05/86 10 7 Pl wall
ventilation 100 L/s 8 2 160 Pl floor
centrifugal fans 10 4 25 P2 wall

8 0.5 12 2 floor
8 3 '3 wall
G 1 P3 floor
q B 10 rt wall
R 0.5 3 000 P4 floo:
) ) 5 wald
5 2 PS5 floor
8 | e wall
5 0.5 2 000 PG floor
5 10 30 P7T wall

3 0.2 1 000 PT {loor
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Sub-slab + wall
ventilation 100 L/s
centrifugal fans -
wall entries dampered
to 2" pipe

12/86

151

12
16
11
10
12
11
17

13
11

10
330

36
550
130

3 800

1 600
73
1 100

Pl
P
P2
P2
P3
P3
"
Pt
p5
PS5
e

P7
P7

wall
floor
\-al l
floor
wall
floor
will
floor
wall
floor
wall
{loor
wall +floor
Cloor



SYSTEMS MEASUREMENTS FOR HOUSE 7

PHASE MITIGATION SYSTFM  DATE SYSTEM MEASURIMENTS

FRESSURE FLOW RADON
Pa {L/s) (pCi/L})
3 Sub-~slab + nall 03/87 8
ventilation 150 L/s 250 7 679
centrifugal -uwall 15 6
ent1ies dompered 238 3 130
fulls closed 7
225 14 110
20
225 11 2 400
6
238 7 620
9
188 7 2 300
200 11 58
213 3 360
3 As abone with 03/87 8 8 i
dampers with drawn 1" 35 12 250
15 8 13
35 10 19
10 3 5
30 10 230
10 6 35
30 11 2 000
5 T 4
3z 11 420
8 9 16
35 8 1 200
R 20 17
30 1 680
K| Sub-slab ventilation 03/87 200 G G80
150 L/< centrsfugal 250 12 130
fan 225 12 270
200 20 5 600
238 12 2 200
218 8 2 730
225 5 590

p: pipe

QOMMENTS

Pl
1
Pz

P3

P3
P4
r4
PS5
P5

I't
PrT
P7

Pl
P2
P3
Pi
Po
'

P7

wall
floor
wall
"loor
wall
t'{oor
\\'a}_l
floor
wall
floor
wall
floor
wall+floor
floor

wall
floor
wall
flour
wall
floor
waal L
floor
wall
floor
wall
f'loor
wall +floor
floor



ROUTE OF ENTRY MEASURIMENT FOR HOUSL 7

PHASE MTUTIGATION SYSTEM DATE SAMPLE LOCATION RADON {pC1/L}
2 Wull ventilation two 03/8€ DBusenent air 7Y
50 L/s centrifugal Central "L" wall long limb 810«
fans Central "L" wall -“houit lamb 3 800¢
As above with fans 03/86 Benecth pressure tanh 38 30C
reversed to blow Central wall Jong limb 900
Cent al wall short limb 1 000
Rear wall near end wall 50
Front. wall near end wall 2
Gurag~ wall near front wall 8
Floor drain 330
Basement air 70

t Grab sample
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HOUSE 8

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples {(khusnetz) 1.701 WL
Heating season average (RPISU) 0.128 wbL
Heating season radon average (Terradex) 183 pCi/L
Radon in water low {municipal water)

1. DESCRIPTION

Thig two-stor) house with attached garage was built i the mid 1979's on u
sloping site on the side of a hill 1in a rural subdivision west of Boyertouwn. The
walls are all covered with siding. The basement walls are of hollow concrete
blocks, and there 1s a single concrete blocik pillar 1n the cenlre of the basement.
The uphill side wall has horizontally cracked mortar joints. The block voids un
the front and back walls are covered by the sill plate, but are fully open on the
side walls, There 18 8 large opening around the sewer exit in the {ront w-ll

The floor has miror cracking, Heating s by eleclinc baseboards upstoirs.

2. ACTION

2.1, PHASE @

As the house was small, the top of the basement walls relatively accessible,
and the floor 1 good condition, the mtigation measure selected  for
demonstration at this house was ventilation of the basement block walls,

Where the block voids at the top of the end walls were readily accessible,
they werer stuffed with paper and then filled with mortar.  Where access was
poor, eg behind the electrical pane), the vouds wers stuffed with paper and
expanding urcethane foum was ingected with a long norssle.

The sill plate was caulhed to the top of the front and buack walls with
asphaltic roofing caulk.,  In addition, the large opeiing an the wall around the
sewer, and other holes round scrvice entries, were scaled with espandioe
urethane foam.

\ hole was cul 1n a block i the second course from the top in the middle
of eact basement wall A pipe of "1 inch” hghtwerght plastic diawnn pipe was

--(: .

mserted o cach bole. The pipes were cennected Lo a loop of "1 men”

huhtaweight peping that 1an 1ound the basemeant peruncter and teraanated in twe
J 4
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flexible plastic ducts run through a plywood sheet placed in a basement window
opening. Two centrifugal fans installed in wooden boxes were placed outs.de,
and connected to the fleiible ducts. This was a temporary set-up to allow
changes to the system,

At first the fans were set to blow into the block cavities Lo test the
feasibility of driving radon-bearing soil gas in the walls back into the soil. In
July 1985, the radon concentration in the basement fell from 150 pCi/L to
1 pCi/L when both fans were turned on.

Pressurising the walls resealed a number of significant cracks and openings.
These were all caulked or mortared, and the fans were then reversed to
mvestigate the relative performance of the system with the walls under suction.
Exhausting the walls was the preferred solution,since blowing cold outside amr
into the wall would make the interior surface cold 1n winter.

In August 1985, the basement radon concentiation with two fans 1n exhaust
averaged 2 pCi/L, and with just one fan in operation, averuged 3 pCi/L,

2.2 PHASE 2

In December 1985, the basement radon concentration with one exhaust fan
1n operation ranged from 2 to 5 pCi/l, averaging 3 pCi/L. The flovs and radon
concentrations from the garage wall were 19 L/s, 200 pCi/L; the fronl wall
12 L/s, 220 pCi/L; the uphill wall 6 L/s, 1 800 pCi/L, and the r1ear wall 10 L/s,
110 pCi/L. Suctions were respectively 18, 5, 8 and 5 Da.

Alpha track detectors were 1scsued in December 1985 Lo checlk on the louger
term performunce of the system.

In May 1986, the temporary fan was rtemoved. The basewment window was
repluced, and a large wall mounted centrifugal fan was attached to the s)stem
instead. No measurements were made of the system performance gs the weather
had turned warm by this time.

2.3 PHASF 1

In the fall of 1986, 1t was deaded to repluce all the wall mounted
centrifugal fans by plastic bodied 1n-hine centrifugel fans of coprovimately
double the capacity. Al the same tune, the air discharged from the fan woeuld
he ducted to the reof hine, rather than releascd at ground level. This was doae
in December 1986, The wall mounted fan was removed, and the in-line fan
attached to the "1 anch™ piping by an clbow and a "1 to G inch™ adaptor.  The

fan was mounted vath the 5 vertical, and an "2 inch Ly 3 Irch” alumimurr
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rauncater downspow! was nttached to the fza outlet by o "1 to 6 inch” adaptor
and a "1 inch to downspout” adaptor. The downspout ran to above the garage
toof hne. Both the faa and the downspout were secured lo the siding.

With the new fan in operation suctions atl the walls were approzmmately
eqgual and ranged irom 9 to 15 P'a. Flows and radon concentrations from the
garage wull were 18 L/s ut 170 pCi/Ll; from the front waull were 12 L/s at
170 pCi/l, fiom the uphll wall were 7 L/s at 1 100 pCi/L, and from the :ear
wali 8 L/s at 120 pCi/l..

These results were very similar to those obtammed a year previously with
Just a single small centrifugal fan, and suggested that the Lackpressure on the
fun caused by the testiichion of the discharge pipe was n mayn Hmitation oo the
fann performance.

Rasement radon conceanlrations in BDecember 19856 with tle new fan in
opecation ranged fiom 1 to 9 pCi/L, svceraging 6 pCi/t.

Alpha trach detectors were gssued 1o December 1986 o provide a langer
tewe evalunhion of the system performance.

In Mach 1987, the discharge pipe was modified by replacing the dowaspout
by L onech PVC prpe. Suctivns and flows were mcileased to 25 Pa and 27 L/s fo:
the vphill wall and 10 Pa and 10 L/s for the rear wall, Under thuse conditions,
rador concentrations 1 the basement ranged from 2 o 12 pCi/L, averagmn
G ppCi/h. When the discharge riser was removed the radon lesels sanged fion 0
to 3 pCr/e, ar crawming 2 pCu/t and when the dischar g was veplaced, ranged from
Lo 6 plr/L aterading 7 pCr/L

A fan test in April 1987 shoved a suction of 93 Pa 1 the fan riser

ywoviding o flow of 31 L/s wheteas the fun enhaust was measured at 238 Da.
1 g

3. CTHIR MEASURINMENTS

“he radwmtion ficld in o and around the house ranged from 6 Lo 12 uRk/h,
meeraging 9 uR/7h o the bascment, with the hnvher readings Tound cdese o the
wallse On the site, the Tield 1unged Mrone 6 to 10 ul/h aver winge Q2 ul/h.

The average rudon concentration measured hiv alpha-trach detectors ove:
the jerrod December 1983 to March 19F6 was 201 pOy/L an the bosement, and

7 ™/ v the Livangs aren.
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The average radon concentration measured by alpha-trach detectlors over
the period December 1986 to March 1987 was 3.9 pCi/L 1in the basement, and
1.8 pCi/L. 1in the hving area.
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PYLON

PHASE

MEASURIMENTS SUMMARY FOR HOUSE 8

AB-5 HOURLY MONITORING

MITIGATION TES1
SYSTEM DATE
wall ventilation 07/85
two 50 L/s
centrifugal fans
on blow

Wwall ventilation 08/85
two centrifugal
fans on eahaust

As above 12/85

Wall ventilation 12/86
150 L/s

centrifugal

{downspout

cdischarge)

As above with 03/87
modified
discharge

As above with 03/87
free dischaige

As above 03/87
dascharge
replaced

STATUS DURING RADON (pCi/L)

Fang on

Fans on
One fan on

One fan on

Fan

Fan

Fan

Fan

TEST

on

on

on

on

RANGE
0-159
0- 2
1- 4
2- 5
2- 5
4- 9
2- 12
0- 3
1- G

MEAN

9

1

W

COMMENTS

over 33 hrs
falling

~ 15 hrs

equilibrium

over 22 hrs
over 20 hrs

over 45
hrs

over 90 hrs

over 29 his

over 67 hrs.



PHASE

SYSTEM MEASUREMENTS FOR HOUSE 8

MITICGATION SYSTFM

kall venti1latiron
50 L/s centrifugal

kall venti1lation
1530 L/s centrifugal
fan

As above

As above

DATE

12/85

12/86

03/87

01/87

SYSTEM MEASURIMENTS

PRESSURE
Pa

18

[51]e < ]3]

15

11
g

25
15
15

10

93
238

200

FLOW RADON
(L/s) (pCi/L)

19 200
12 220
6 1 800
10 110
18 170
12 170
T 1 400
R 120

27

16

11

10

54

COMPENTS

Q>

caQxm e =

O P

Fan riser
Fan ezhaust
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HOUSE 9

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.310 WL
Heating season average (RPISU) C.173 WL
Heating =season radon average [Terradex) 533 pCi/L
Radon concentration in walter 29 400 pCi/L

1. DESCRIPTION

This single story house with attached double garage was buwll 1n the early
1980’s on & sloping site at the side of a ridge in n rural subdivision ncar
Boyertown. The fronl and end walls are brick veneer, the rear uwall of the
house 1s siding.

The walk-outl basenment walls are of concrete blocks covered by polystyrene
beadboard sheets, except for ovne quarter of the basement, where there is a
laundry room snd a bathroom, both with plasterbeoard walls.

Heating is by electric resistunce bascboards upstairs, supplemented hy a
fireplace. In the basement there is a large conciete block and brick fireplace
structure at the garage end with & wood slove yrhich alsu supports the first
floor f{ircpliace. It resls on the slab, 1ather lthan penetrating the floor Lo a
separate fooling.

Nov cracks were evident in those parts of the walls where Lhe msulaticn
panels were partly removed. The walls are penetrated by service piges for
sewnge and water. The sill plale partially covers the cavities in the front und
rear bluck walls, and uccess 1s pagr. The blocks are completely open al the top
along the bathroom, laundry snd garage walls. There 1s an internal conciele
block wall supporting the recessed front wall at the porch.

The poured concrete slab hus no construction joints, n. cracks and no
individual floor drains, but is penetrated by hollow steel house jacks. The well
pressure tank 1s 1n a small alcove with 2 sand and brick floor.

There 15 un interior perimeter deain (french drswn) about 4 < wade between

the walls and the slab perimeler arcund the enlire perimeter of the basement,

2. ACTION
2.1. PHASE
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As this house wus one of the few with an interior drain, the mitigative
method selected for demoustration at this house was integruted venblation of
the french drain and the basement walls.

The lowest 50 cm of Lhe insulating beadboard and framing on the bascment
walls was cut away lo expose the lowest course of block. Holes of 10 mm
dwmeter were drilled just above the floor level into cach block void 1n this
course. Locally mantufarctured sheet metal covers were placed over the french
drain slot and the dirilled holes, and secured to the vall and floor by screws
placed 1n previously drilled anchor holes. An asphalt roofing caulk was used on
the wall and floor junctions to make the cover airtight.

Continuous cover sections were placed along the entire front wall, the
mnterwor wall, and on about 50% of the end and rear walls. The drain in the
laundry and bathroom area was not covered, for this would require removing the
plasterbvard and framing. ‘The stairway at the other end of the basement is
boved in and fimished with plasterboard. The freuch drain was not covered in
this srea for the same reason. There was a large shding glass deor in the
centre of the rear wall, The drain was filled 1n this area.

The drain was vpen behind the fireplace structure, but could not be reached
to put a cover over 1t. Cement grout was powred through tubes mmto this
section of the fiench dramn, and inte small opemings in the concrete bloct
columns supporting the fieplace structure on the floor nbove.

There were fourr separate cover sections. These were connected i pairs by
"1 inch” lightweigh! plastic piping to a temporary fan mstalled at each end of
the basement. Pipes ran from the covers vertically Lo the joists, and from
Lthere to connect via o flevible duct passed through plyvood panels in the
faundry and garden windows with snull centmifugal fans.

Where possible the tops of the block walls were clused by wood shiips
caulked o the sillplate, Access was too poor to close the tops of the
bathroo ., laundry and garage walls 11 this mannce. For these walls the top
block voids were Mirst stuffed with paper for support, and then filled with aa
expanding single componeat urethane foarmr.

The sand and brich floor of the well tank alcove was 1emoyed, exposing au
aperunys an the floor slab. Roofimg fell was set 1nto the openmg and caullod
mto place. v wetal cover connected to the front wall eenedr was placed over

the wall-floor joint i this ares, and the bricks replaced.
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While the cold room floor was bheing removed, a thunderstorm took placc.
When hghtning struck a hilltop about 300 m away, one of the workmen
collapsed. It was believed that he was in contact with the metal well-head
equipment, and the circulat:ng ground currents induced by the strike flowed
from the exposed so1ll beneath the building, through the man, and into the well
He recovered within a few moments, but was taken to hospital. There was no
sign of permanent damage from the experience.

In August 1985, when the fana were turned on the average radon
concentration fell from about 250 pCi/L to approximately 5 pCi/L 1n less than a
day.

2.2. PIASE 2

In November 1985, radon concentrations in the basement with the fans
runnming were varied from 7 to 40 pCi/L, averaging 20 pCi/L. Moisture in the
soll gas was coundensing in the flexible hoses to the fans, and reducing the
amflow.

Additicnal work was catried out in January and February 1986 to mmprove
the fans and the system performance, and to extend the covers over the sections
that had nol been treated previously. The temporary plywood panels taken out
of the windows and the small centiifugal fans were removed . They were
repliced by two large wall mounted cenirvifugal evhaust fans, and permanent
metlnl ducts were mounted on the inside surface of the walls to connect them lo
the covers The caullitng and wall closures were examined, and improved where
needed.

The lower 18 cm of the plastered walls beneath the stawrs and in the
laundry room was cut off, holes were drilled :n the lower course of the bloch
wall, and new covers placed over the french diain exposed in these areas. The
dratn was now covered around the house perimeter escept for the filled section
behind the fireplace and a section behind 2 shower stall in the bsthroom.

When the new fans were turncd on, the owner complained that his wood
stove was hard to light, and smoked, and that the upstairs fueplace had smohed
badly - something thul had never happened before. Turning off the fons
stopped these problems. While the sy stem was operating concentrations ranged
from 2 to 32 pCi/L averagiug 20 pCi/l.,

The fans were obuiously deproessurizing the  house, which was a

disappointment as a large offort bad becen made to decrcase the wall lenh.ge
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area. Detailed investigation, mcluding removal of beadboard panels from Lhe
walls, found that the walls were unusually porous. Most of the concrete blocks
in the basement walls were typical modern s.eam cured blocks of low porosgity,
but there were still a large number of blocks that resembled cinder bloca. They
had a very ccarse aggregate, and a minimal amount of cement paste holding the
aggregate together. Individual pores were as large as 3 mm 1n diameter. Smolke
tests showed that air was drawn through the entire face of the block. As luck
would have it, the ducts to the fans covered a number of these blocks, and
there was a considerable airflow into the duct through the blocks. Pressures in
the five risers ranged from 15 to 13 Ta and provided flows of 16 to 53 L/s of
air with an average concentration of 10 pCi/l. al & ume when the ambient air in
the basement was approumsately 8 pCi/L. Measuremenls al various places awng
the bascboard duct provided ranges in pressure, flow and concentration of 1 to
8 Pa, 0.2 to 10 L/s and 25 to 100 pCi/L.

Since backdrafting the combustion appliances 1s dangerous, this state of
affairs could not be allowed to continue. As a short termm measure, the evhaust
fans were removed, and replaced with small centrifugal fans set to blow 1nto the
walls,

In March 1988, vhen the new fang were turned on, radon concentrations 1n
the basement fell from 300 pCi/L to 60 pCi/L. in a few hours, and then
fluctusted between 30 to 150 pCi/L over the newt day, before stabihising at
about 8 pCi/L. on the third day. Further measurements in March found that
concentrations varied between 5 to 60 pCi/l, averaging 20 pCi/L.  This was
similar w the performance achicved in November with the fhins 1n suction,
Using the wood stove made no difference to the concentrations, and there was
no backdrafting. Large wall mounted centrifugal blowers were ordered to
permarently replace the small fans,

In Aprl 1986, after 3 days of continuous and heavy rain, the owner
complained of water lcakage onto the busement floor beside the bathroom. The
concern was that the drain had become blocked 1n this aiea, and waler leahing
mto the block walls was filling the driun and seeping out from Leneath Lhe
cover.

The cover vias removed from the dramr 1in the area where the waler hed
entered, and the dran was found to be unobstiruted. The dra.nagoe was cheched

by runmneg a hose into the dram atl a rate of 10 I/min. The water ran awas
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benenth the slab at this rate for 2 hours, and so it did not scem likely that the
cause of the leakage was the drain filing with water. There was no sign that
the blocks behind the cover had been wel, for fine drilling dust was still visible
in the bottom of the drill hoiez into the block voids. The cover on a section of
the front wall was removed. The drain there was completely dry, with no s.zu
that 1t had ever had wnater in it.

The cover ended at a block in the rentre of the end wall which had
watermrarhs on 1t. This was directly benevath the house beam and was Nlled
with cement. The site 1s steeply sloped from front to rear at this end of the
house, and the brick veneer 1s stepped tu follow the grade. In places the soil
was well above the brick, so surface water could enter the wall at the mortar
Joinls, and dram down inside the block wall.

It seemed likely that the cause of the water on the floor was that surface
water had entered the end wall, was prevented from draining to the footing by
the cemenl 1n the block void, And had leaked oul of the wall above the cover.
The cover prevented the water from enterimg the dram. The floor in this area
was level, and so guite a small amount of water would make a large puddle.

To prevent this from happeantng agan,, the cover was shortenel by 15 wmn to
exvpose the drain an Lhis area.

This cvperience suggested that perhaps it was unwise to diill holes mto the
lowest course of blochs unless the drainage beneath the covers was known to be
good. To judge from the walel stoins in sume houses, the walls covld lenk badly
cnough to fill some of the lowest blochs with water. If there were holes rato
the yoids, rather than this water bemng stored unti) 1t dramed avay or
cvaporated, this water might fill the soil gas collection system, and then leak
oul ontoe the floor.

In May 1986, the new blowers were deinvered, and were wall mounted under
A riotectinve metal weather sereenp, The weather woas oo warm by this bime to
get a reahstic picture of the system effectiseness, so neasurcments wete
deoferted to the fall,

2.3. PHASE 3

In November 1986, the r1adon concentration i the basewent with the fans
operating ranged from 5 to 15 pCy/L, averaging 5 pCi/i, To mmprove the
att Lightness of the flour, and perhaps redueoe the radon suppls, the house gacks

were drtled to Nifl with ewpanding foam. It was found that they only sounded
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hollov, and were n fact filled with sand. Foam was injected above the sand.
The fans were turned off for two hours while this was done, and the redon
concentration 1n the basement rose to 180 pCi/l.. When the fans were turned on
again, the concentration continued to rise, reaching a peak of 320 pCi/L about
two hours after the fan restart, and then fell back to 10 pCi/L over a sin hour
period. Concentrations then ranged from 5 to 14 pCi/L, averaging 7 pCi/L. The
peoaks seemed associated with water use 1n the basement washing machine.
Alptia tiack detectors were issued in December 1986 for final long term

measurements.

3. OTHFR MEASUREMNMENTS

The general radiation field over the site woas 12 ulk/h. A swimming pocel
wiag under construction, and the field on the escayated materin! was 11 ul/h, In
the excavation atself, the field at the shallow end (1.6 m depth) was 21 ul/h,
A laver of rocks was ewvposed in the deep end, with "on contact” 1eadings of 23
to 35 ulk/h. The soil al the bottom of the deep end (2.5 m deplth) rend
14 uk/b, comparablc to the ewcavated moterinl, but once large rock on the
bnttom read 42 vuRk/h on contact. The ficld inside the house ranged betuween 7
to 10 ult/h, averaging 9 uR/h.

The incrage radon conecer tozton measured by alpha-track detectors aover
the perind December 1986 to “March 1987 vias 11,6 pCi/L 1 the baseimert, and

11,5 pCi/L 1 the hiviag area.
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MEASTREMGENTS SUMPMARY FOR HOUSE 2

PALON AB-3 HXRLY MOAITWRING

PHASE

ro

MITIGATION
SYSTEM

wall+ french
drain
ventilation twa
50 L/s
centr:fugal fans

As abme

wWall+ trench
dra.n
ventilation two
100 L/s
centrifugal frns

As above uwith
fans reversed to
‘)l()h

wWall + french
drain
ventilatian two
150 L/
conti gl
pressurizing

fans

TEST
nm

ST

o

QNG

| R PR

STATUS BARING

ans

Yang

Frns

hans
Fans

ans

Pans
s

TEST

an

un

an

on

(824

an
an

hlown

r blow

blow

blow
hlow

RADON (pCa/10)

RANGE  MEAN

2-479 173

2- 7 5

6- 10 20
3~ 32 10
6-133 123
6~ 10 &
2- 64 20
3- 15 5
5- 14 7

COMMENTS

over 16 hrs
fell to:

7 hr
equilibrzum

over 17 hrs.

over 4 davs

over | davs
12 hrs at

equil ibriun
over 4 days

over 38 hrs
over 38 hrs.



PHASE

SYSTEM MEASUREMENTS FOR HOUSE 9

MITIGATION SYSTEM  DATE

Wall and french diain 02/86
ventilation ; two

100 L/s centrifugal

fans

SYSTEM MEASUREMENTS

PRESSURL
Fa

15
18
35
38
13

209

FLOW
{L/s)

17
23
53
24

16

10

0.2

RADON
(pCi/L)

650

360

200

160
25

60

COMMENTS

Riser A -
fireplace wall
Riser B -
fireplace wall
Riser C - rear
at fan

Riser D rear
wall

Riser E ~oend
wall

Basement asr
Bascboard duct
rear wall
Buscbouard duct
rear wall
Baseboard duct
end wull
Baseboard duct
end wall
Buaseboard duct
ran \\nll
Baseboard duct
front wall
Raseboard duct
front wall
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HOUSE 10

PINNSYLVANIA DER MLEASUREMENTS

Wworking Leve! grab samples (Kusnets) 1.260 WL
Heating scason short term average WL (RI'ISU) 1.088 wWL
Hlesting season uverage raden (Torraden) 626 pCi/L
Ruadon concentration 1n watep 35 200 pCi/L

1. DESCRIPTION

“This one-story house with attached double gurage was buill 1 the mid
1970's on a sloping site at the top of a ridge in n 1ural subdivision o the west
of Baycrtown. The froat wall s of brich, the other walle are of siding. The
walhout basement 15 built of hollow conciete blocks. ( ,

There 1s a concrete bloch chimney structure in the basement that passeé/
through the floor slab and contains u basement fueplace. The basement valls
are n good condition, with no sigmihicaut crack:ing, and are topped vith a full
width <]l plate.  The poured conerete floor slab is m good condition, with no
sigimficant floo: craching, and a srall wa'l/floor jomt. There are openings
arour.d rougled-.a. piombing services, oud around 2 toitlet 1y the basement.
Henting 1s bx hot water basehboard convectors heated by an o1l and coul fired
boilcr. The beilrr stands on a2 pad scparale from the floor slab.

The owner stated that the permmeter dran sy stem (veeping tile) vas beddoed
o crushed <tone, ond went campletlely asiound the aittside of the house -

mcluding the garage walls  the garagce floor drom is coanected to the tle.

2. ACTION

2.1, Paass 1

As this hcouse waus one of the few with o perine ter dram, the mitigepuon
muisure chosen fur domonstration 1 this site was ventldation of the ponmeler
diat .

The perreter droin dischavge pape vas found at o low pomt of the site,
and the e reaced back 1o the house. An escavation was nade at the ostrmated
Junctian point, and the junction with the tile woes uncovered.  The depth of sold
o thiis pontt was only 20 omy masafficent o present fioesing of a wter trap.

Too dram was therefore vaconvered G 2.3 m nlong Lhe rear of the house 0l

g



60 cm of cosv: was avallable. At that point, a wuater trap was connected to the
drain line and an extension run from the trap to join up with the ornginal
discharge line.

The downslream side of the trap wus extended vertically for an mspection
riser, and capped off. The other side of the trap was eaztended vertically for a
fan riser. A fleuible duct was provided to a centrifuga frn housed 11 a wooden
box. A temporary electricul hook-up was made to an outdoor oatlet. The
garage floor drain was closed Ly plucing e pece of rubber backed carpet over L,

In August 1985, the 1adon concentration in the basement fell from 14 pCi/l
to 6 pCi/L vwhen the fan was turncd on. ]

2.2. P'IASE 2

The soil gus wathdiawn by the fan s saturated with water vapour at the
sonl temperature. This was no problem in the warm summer months, bul 1o the
fall the vapour condensed, and fNilled the flexible hose with water, ~utt.ng off
the awirflov to the fan. Before any  winter measurements were made, the
centrifugal fan was removed from the protectine bos, and nmounted directly on
top of the vertical plastic rmser. Condeasation would run down the riser,and not
block the fan. The suction 1n the weeping tile was increased froim 25 to 78 Pa,

in November 1985, following the fan chnnge, the radon concentration rn the
basement ranged from 0 to 6 pCi/L, mveraging 1 pCi/lL.

Alpha trach deteclors werce 1ssued in December 1983 to check va the long
ternm performance of the system.

In Februavy 1986, the radon concentration in the basement ranged from 1
to 20 pCi/L, averaging 4+ pCi/L. The higher readings were associated with use of
the washing machine, sa at least part of the radon was supphied by the wate:.

1n May 1986, the temporury centrifugsl fan was replaced by a permanent
plastic bodied in~-line centmifugal fan. This mirreased the section e 20 Do, gt o
flow of 78 L/s, with a radon concentiation n the discharged air of 1 260 pCi/L.

2.3, PPHASE 3

In November 1036, the dlectrieal - onnectiones te the fan were  woaole
permanent.  The radon concentration in the basement ranged fron 1o to 18 v/,
mveragmng 7 pCi/l. The hagher concentrations were assocrated wath use of the
washing machine.

\ipha track detectors were assved 1 Decewmber for find lonzx tora

mensut cimnents.
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The fun performance was cheched n January 1987, The suctlion was st}

200 Pa, and the radon concentration in the dischutged s was 2 100 pCi/L.

3. OTHER MEASURFMINTS

The vadiation field iside ind around the housce ranged from 9 to 11 uR/h
1in the basement, avcraging 10 ulR/h. The ficld over the clatively undistur bed
front lawn ranged from 10 to 20 uwR/hL, and ot the rear of the site where Lhe
spoil from the basement escavation had heen distuibuted, ranged from 20 o
35 uR/h. The overall outdoor average was 20 uR/h.

The average radon concentration over the period Decembur 1985-March 1386
as anvasuted by Alpha Trach detectors was .0 pCi/l upslans, and 5.3 pC/L i
the busement.

The atcrage rudon concentration measurcd by ulpha-track deleclors vvel
the period December 198fF to Musch 1687 vas 9.0 pCi/L in the basement, uand

6.5 pCi/L in the hiving arvea,
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MEASUREMENTS SUMMARY FOR HOUSE 10

PYLO\ AB-5 HOURLY MONITORING

PHASE MITIGATION TEST STATUS DURING RADON (pCa/L) COMMENTS
SYSTEM DATE TEST RANGE MEAN
1 Weeping tile 08/85 Fan on 5-307 87 over 36 hrs
ventilation fell to
50 L/s equilibrium
centrifugal of 6 pCi/L
2 As above 11/85 Fan on 2- 4 3 over 5 days
Fan remountocd 11/85 Fan on n 6 1 over 4 days
As above 02/86 Fan on 1- 20 4 over 4 days
3 Weeping tile 11/86 Fan on 1- 18 7 over 4 days
ventilation
150 L/s

SYSTEM MEASUREMENTS FOR HOUSE 10

MiasE MITIGATION SYSTIM DATE SYSTEM MEASURIMENTS COMMLNTS
PRESSURF FLOW RADON
'a (L./s) (pCr/L)

2 weeping taile 11/85 25 30 Temporary f{un
vent:lation 50 L/s 1n box
centrifugal 70 53 Direct mounted

fan

2 As abo\ve 12/85 85 45 2 800 Fan risecr

0.4 Outdoor air
2 Weeping tile 05/86 200 78 1 200 Fan riser
ventilation 150 L/s

cent rifugal

3 As above 01/87 200

)
@

2 100
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HOUSE 11

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples {(Kusnetz) 0.718 WL
Heating season average radon (Terradex) 19 pCi/L
Radon concentration 1n water low (munic.pal water)

1. DESCRIPTION

This two-story end row-house was built 1n the mid 1370's near the top of a
small hill in Bojertown. All thiee outer house walls hasve the lower half of
brick veneer, and the upper half of alumnum sidiag. The top of the bascmen!
walls is covered by the sill plate, which has been caulhed 1o the blocks by the
owrer. The walls hate been painted with sealer paint, and there are no wall
cracks visible.

The basement floot 1s a floating slab wilth an open perimeter dram (freanch
drain} against the three outside wells dramed by an open pipe just visible at
the fronl edge of the slab. The slab was tight against the party wall. There
are no significant cracks 1n the slab, only surface craZing, and seryices
peneirale the slab 1 one position. llesting 18 by electrical baseboard units

upstairs only.

2. ACTION

2.1, PHASE 1

As the exterior walls in Uns house were partially closed at the top, and
there was an open drain around the perimeter of the floor, the mitligation
measure seleclted for demonstration in this house was venlilation of the holio,
bloch walls and the french drain,

Hnles were diilled 1n each block cavity of the esterior walls approsimately
3 to 8 cm above the slab. Lower dnill holes mavonuntered mortar an the e ilies,
A commerc1al Chaunel Dramn, (a rectangular plastic estrusion mtended to caollect
witer leahing through block walls) was sorewed to the walls and floor to cover
the diain and the holes drilled 1in the concrete blochs,  Asphalt cement was used

as coulk. The plastic shape was very rigid i a vetlicul plane, and large

ro
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amounts of caulk were needed to fill the gaps between the uneven floor and the
edge of the shape.

The plastic channel was only 8 em high and 6 cm wide, so the usual "4
inch” pipe could not he attached. Instead, two "3 inch” pipes were attached, and
Jomed to a "4 inch” riser. A flexible ducet was run from the piping, through a
piece of plywood placed in the rear basement window, to a small centrifugal fan
mounted in a box and placed in the window well.

N work was carried out on Lhe patiy wall, The reason for this was that
cooperation from the neighbor would be required to reduce the opun area of the
wall, and they had not expressed any interest 1n the program.

In August 1985, the tadon concentration in the basement was 90 pCi/L.
When the faun was turned on radon levels fell to approsimately 1 pCi/L.

2.2 PHASE 2

In January 1986, concentrations ranged from 15 to 30 pCi/L, averaging
20 pCi/L with the fan runmng. No measurements were made with the fan off,
as the occupants were concerned that higher levels might result.

Investigation found that the fan was drawing 35 L/s from the system, which
came main!y from the rear and side walls. The air in the duct along the firont
and side wall came from above grade (<1 pCi/L radon). The air gommg to the
far had 75 pCi/L, which must all have come out of the rear wall section. Smoke
tests showed that airflow was defimtely into these walls, preventing them from
being u route of tadon entry. Smohe tests shewed that air was moving out of
the party wall, with radon concentrations measured between 10 to 160 pCi/L
depending on location.

This suggested that the party wall was the major remaininyg route of entry.
Further work would include yventilntion of the party wall. lHowever there were
large open areas at the top of the wall, and ncreasing the amrtichtness would
be difficult, Access from both sides wouldd be needed uard the ncighbors had
not expressed an atecest o participating i the program.

The owner was not interested 1a continuing in the expermmental paogram,
and smd that he weuld get a1 DRV to wolve the problem. No further woth was
cartled out 1n this house.

Alpha trach detectors were 1ssued Lo the owner in January 1987, but were

not returned.
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3. OTHER MEASUREMENTS

The radiation field 1n the house ranged from & to 9 uR/h, averaging
8 uR/h, and the surface radiation field on the site ranged from 7 to 10 uR/hY,
averaging 9 uR/h. Deeper so1ll was e.posed 1n a road cut at the top of the hill,

and the radiation field at a depth of 1 m was 13 to 16 uR/h.

MEASURFEMENTS SUMMARY FOR HOUSE 11

PYLON AB-5 HOLRLY MONITORING

PHASE  MITIGATION TEST STATUS DURING RADON (pCi/L) COMMENTS
SYSTIM DATE TEST RANGE MLAN
1 wall and french 08/85 Fan ot 7-104 90 over 36 hrs
drain Fan on 1- 90 15 fell over 36
ventilation hrs
50 L/s

centrifugal fan

As above 01/86 Fan on 15-28 20 ove; 14 hrs

SYSTEM MEASURIMENTS FOR HOUSE 11

PHASE MITIGATION SYSTEM DATE SYSTEM MEASUREMENTS COMMENTS
PRESSURI” FLOW RADON
Pa (1/s)  (pCa/lL)

2 wWall and INiench drain 03/86 80 35 75 Fan duct
ventilatwon 50 L/s 13 17 1 End wall duct
centrifugal fan 2 2 Front wall

duct

160  Beam pocket
60 Between beams
40 Wall cavity
14 Basement aar
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HOUSE 12

PENNSYLVANIA DER MEASUREMENTS

Worling Level grab samples (Kusnetz) 0.220 W
Heating season short term average WL (RPISU) 0.033 WL
Heating season average radon (Terradex) 6 pCi/L
Radon concentration in water 4 300 pCi/L

1. DESCRIPTION

This rural single story dwelling 15 built on a sloping site on the sige of a
hill some miles to the west of Boyertown. The house walls wre covered with
siding, and the unfimished walk-out basement has concrete block walls. Some
hght floor cracking is visible, and there 1s a slveved o1l ine entry through the
basement wall. Heating 1s by forced air, and there i1s a fireplace on Lthe :}'xain
floor.

There is an exzternal perimeter dranage {(weeping Lile) system, which
discharges to a low pomt on the site. Thc: owner had installed it humseif; and
said that 3t ran round all four walls al the junction of the fooling and wall, ant

was covered with 30 cmm of crushed swone.

2. ACTION

2.1. PHASE |

As this house was cne of the few with a weepiag tile system, the
mitigative action selectecd for demounstration at this house was to exhaust the
weeping tile,

A water trap was installed on the dischurge pipe, a riser pipe was placed
on the house side of the trap with an axl fun installed 1n the open end of =«
6/1 inch sewer pipe reducer. An anspection riser wasg provided on the other side
of the trap so that water lesvels could be checked.

The tiap could not be nstalied close W the house as the ground was too
1ochy, and s0 1L was placed about 2 m from the house. The fan riscr pipe was
run underground back to Lhe side of the house. The ground cover o tins area
wis only 30 cm, so there was a concern about the trap freczinyg in the winter

and bloching the drain durimg the spring melt. 1L was agreed with the ownes

N
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that insulation and extra ground cover would be provided if the installation was
successfiul,

In July 1985, when the perimeter dramn ventilation fan was turned on, the
sverage radon concentration fell from 11 pCi/L to less than 1 pCi/L within one
day.

2.2. PHASE 2

In November 1985, with the fan operating, the average radon concentration
was 1 pCi/L, but r0s8e¢ to 32 pCi/L when the open firepluce on the upper floor
was ht. To mmprove winter performance, the axial fan was ceplaced by a higher
suction centrifugal fan mounted directly on the riser. Flows and suction were
mcreased fiom 27 1 /s, 30 Pa to 42 L/s, 110 Pa.

In January 1986, with the new fan operating, the average radon
concentration 1 the basement was less than 2 pCi/L, with a brief peak to
9 pCi/L vwhen the fireplace was ht,

Alpha Trackh monttors were installed 1n January 1986, but could not be
found in March 1986,

Nuring the summer when the windows were apen, the owner was distu:bed
at night by the noise of the =21 discharged from fan. He dug a trench o run
the fan nmiser pipe away from the house to the edge of the lawn, some 13 m
distant from the house, mnstalled an outdoor clectrical outlet at that locaticn to
provide power to the far, and recoanccted the fau.

3. PHASF 3

The fan, mounting, and electrical hoohup were not suitable for a permanent
mstallatron.  In November 1986, the fan was replaced by a plastic boedy 1n-lhne
centrifugal fan. The suction increased to 210 Pa at a flow of 63 L/s, with a
radon concentration i the discharged air of 190 pCiy/L.

In December 1986, the radon concentration in the bascment ranged from 2
to 1 G/l averaging 3 pCi/l.. These results were good enough to issue alpha

trach detectors for final measuar-ments.

3. CTHFR MIASURPMENTS
The radwinrtion field m and around the house ranged from 3 to 6 uR/h 1n the
bhasement, averagimg 5 ukR/h, On the site the field ranged fiom 5 ta 9 wR/h,

meernging 7 ul/h.



The average radon concentration measurcd by alphe-track detectors over
the period December 1986 to March 1987 was 3.0 pCi/L in the bascment, and
2.5 pCi/L 1n the living area.

MEASUREMENTS SUMMARY FOR HOUSE 12

PYLON AB-5 HOURLY MONITORING

PHASE  MITIGATION TEST STATUS DURING RADON (pCi/L) COMMENTS
SYSTEM DATE TEST RANGE MEAN
1 Drain tile 07/85 Fan off 1-20 11 over 21 b
ventalation Fan on 1- 4 2 over 18 hirs

. 50 1./s anial fan

2 Drain tile 11/85 Fan on 2-32 7 over {6 hrs;
ventilation levels
50 L/s axial fan highest when

fire on

2 Drain tile 01/86 Fan on 0.5-9 2 over | days;
ventilation levels
50 L/s highest when
centrifugal fan fire on

3 Drain tile 12/86 Fan on 2-1 3 over 63 hrs
ventilation
150 L./s

centrifugal fan

SYSTIM MEASURIMENTS TOR HOUSE 12

PHASE MITIGATION SYSTIM DAE SYSTIM MEASLRIMENTS COMMENTS
PRISSURL F123%W RADON
Pa {L/s)Y (pCi/L)
2 Drain tLile 11/85 50 27

ventilation 50 /s
axial fan

2 Drain tale 11/85 110 42 Fan change
ventitation 30 L/
centrafugal fan

3 Droan tile 12/86 210 65 130 Fan change

renti1lation 150 L/s
centrfugal fan
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HOUSE 13

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.060 WL
Heating season average radon (lerradex) 64 pCi/L
Radon concentration 1n water 12 900 pCy/L

1. DESCRIP]ION

This single story dwelling with attached garage was built 1n the late 1970's
on a steeply sloping site on the side of a rdge 1n a rural subdivision to the
west of Boyjertown. The garage is attached at the low end of the house, znd
the floor is level with the basement floor. The front wall of the house s brick,
the others are of siding. Heating 1s by o1l fired hot water with bascboard
convectors upstails, supplemented by a wood stove :n the basement.

Part of the basementl i1s cout of the ground, and there is an outside door.
The mteror walls are unfinmished, bhutl are insulated with beadboard sheets. The
concrete floor slub 1s 1n gocd condition with no significant cracking. There 1s a
brich fireplace m the basement.

The owner said that an esterior pemmeter drammage pipe (Weeping lle) ran
round three sides of the basement and might run along the front wall of the

gurage. The tile discharge pipe was visible at o lower part of the site.

2. ACTTONXN

2.1. PHASF 1

As this house had atl leust a partn) weeping tile system, the mitigation
measure chosen for demenstiation ot this site was weeping tile yventilation.

A trial excavation ta a depth of 1.4 m beside the garage front wall did not
find the Ule or reach the footing m that aren. The owner smid the foundat.on
was cighteen ot nmeteen courses of concrete blochs deep there, so if the tile
existed there it conld be burmed up to 1 m deep and was mnaccessible.

The hne of the permmeter dramm discharge pipe was traced bach to the
house. A small enxeavation near the bach door found the Jundction © ith the tile
at 60 wm depthe A water trap fabricated from standard 17 hght weight plastic

"Tees and elbows was mmserted at this point to prevent air bemg drawn up the
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discharge pipe. An inspection riser was provided at the downslream end of the
trap, so that the water level in the trap could be cheched.

Fhug was not a suituable place to put the fan, so a second excavation to the
tile was made at the rear corner of the house. A riser of 4" hghlweight dramn
pipe was Teed onto the pipe. An aval fan was installed in the open end of a
4/6 1nch adaptor joimed 1o the riser by a 180 degree bend. Power .as
provided by an extension cord from an oulside electrical outlet on the upper
level balcony.

In July 1985, the radun concentralion in the busement fell from 80 pCi/L to
13 pCi/L when the fuir was turned on.

2.2. PHASL 2

In December 19835, the uvial fan gave a suction of 35 Pa at a flow of
20 L/s with a radon concentration 1n the ezhaust awir « £ 770 pCi/L. lo impimve
the performance befure the winter seuson, the axial fan was i1eplaced by a small
centrifugal fan mounted directly on the rser. This increased the suclion to
110 Pu at & flow of 36 L's, and the radon concentration in the ezhaust o
1 150 pCiy/L.

In January 1936, the 1adoa Csnceatration 1a tle basement with the fen 1o
operation ranged fooar 9w S0 pCl/L, averaging 20 pCiu/L, Alpha  trach
detectors were ssucet ann Jenasiv to check on tnie longer ter:n perfirmance of
the system.

v oroze powerful fan was ordered, but did not arenve ualill Mureh,  The
simuil certrifugnl fan vas replaced by n lavge plastic bodied -line centiifugal
fan n May 1986, This mc:eased the suction to 250 P'a at 13 L/s, with an
exhaus' connent sion o 830 pCi/L. Fight duayxs later the concenivation was
Ta0 pri/l. Ne o short term radon measutements were made al this Line as the
wenthe: was warm, and windows were open r1outinely.

2.3. PHASE 3

la Navewmber 926 the radon concentiation tn the hasement ranged from 72
Y225 pfa/l invernging 1D pCi/l. This andieated that cvena *he Seher saction fan
tas not abl o reverse the prescure differentnds over ol the basemen!
wv r{ures.

Good results ol v wn obtained ' other sites by mulb-point subfloo:
vestilation, and sttt was decided to tr 0 a osubfloor sy stem Lere. V fonr pornt

sysledn usirg o Ly ge plasty bhodied m-hne centrnifugal tan was oonstalled o

2
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Januar)y 1987, Basement radon concentrations with just the weeping tile sy stem
in operaticn ranged from + to 19 pCi/L, averaging 8 pCi/L, and when the
subfloor system was turned on as well, concentrations tanged from 0.1 to
4 pCi/L, averaging 2.1 pCi/L.

Suctions flows and radon concentrations 1in the subfloor s)stein pipes with
both fans running were; garage wall 110 Pa, 9 L/s, 230 pCi/L; rear wall 110 1'a,
26 L/s, 20 pCi/L; end wall (by the fan) 1795 Pa, 7 L/s, 2 100 pCi/L; and fiont
wall 150 Pa, 7 L/s, 1 100 pC:/L at the front wall.

The performance »f the subfloor system alone was tested by turning «ff the
weeping tile fan.,  In January 1987, the basement radon concentrution w:th both
systems 1n operatwon ranged from 1 to | pCi/L, averaging 2.5 pCi/l. with the
weeping tle fan turned off, and just the subfloor system fan :unmng,
concentrations randged from 3 to 30 pCi/l, neragmg 13 pCi/L over 2! houts.
With both systems off, the r1ange was fien 22 to 117 pCi/L, averaging 31 pC./L.

To chech for traisieat effects, a second test was carried out 1n Febrary,
With just the subfliur system in operation, coancentrations over a feur day
period  ranged from 2 to 11 pCy/t, averaming 3 pCl/L. The Licher
concentralions were assoctated with wvea of the washing machine.  Fiows and
suc tions in the subfloor system pipes were measured with the weepinzx nile fan
turned on and off. The flovws did not change noticeably, but suclicas were
about 10 Pa higher wath both faus 1in operation.

Alpha lrach detectors were assued 1 Yolruary 1987 to 2ive a ‘oz term

estimate of the radoa concentration.

3. OTUHFR MEASURI'MENTS

The radiation field 1in the basement r1anged ftom 2 hagh spot of 12 ak/h
dinectly over the floor drain, to gene:al liclds of 9 uR/h at the froant of the
basement to 5 ul/h at the rear. The owner smd that the crushed stane lazer
under the ficor was much thicher at the rear of the nouse. On the uo istue bed
soil of the front lav a, the field ranged from 8 o 19 ali/hy ard averazed
13 ul/h. At the et of the house where the spol from the basement
excavatwor, had been dumped the field 1onged frons 15 to 25 /b 2 veraged
20 Lit/h. The geaeral jot average was 16 ul/h and the drivew s ransed from |}

to 10 uR/h
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The average radon concentrations measured with alpha track detectlors over
the period December 1985 to March 1986 were 11.4 pCi/L upstans, and 17 pCi/L
dow nstairs.

The average radon concentrations measured with alpha track detectors over
the period February 1987 to April 1987 were 2.3 pCi/L 1in the basement, and
2.0 pCi/L upstairs 1in the hving areas.

MEASUREMENTS SUMMARY FOR HOUSE 13

PYLON AB-5 HOYRLY MONITORING

PHASE MITIGATION TEST STARUS DUIRING  RADON (pCa/i) COMMEANTS
SYSTEM DATLE TEST RANGE  MEAN
1 , %Wweeping tile Q7/85 Fan on 10-88 35 over 21 hrs
ventilation fall to
50 L/s awial equilibrium
fan of 13 pCi/1
2 Weeping tile 01/83 Fan on 9-19 22 over 32 hrs

rentilation
50 L/s axi1al fan

3 weeping tile 11/86 Fan on 3-25 i over | days
ventilation
150 L/=s
centrifugal fan
3 Sub-slab weeping 01/37 Weeping taile 1-19 8 over 18 hrs
tile ventilation fan onljy
two 150 L/s Both fans on 0.1-1 2.1 cvir 7t hrs
centriafugal
01/87 Both fans on 1-4 2.5 over 2¢ hrs
Weeping tile 3-3C 15 over 24 has
fan of
Both fans off 22-117 91 over 18 hre
02/87  Subi-slab fan on 2-11 5 over 4 darvs



SYSTEM MEASUREMENTS FOR HOUSE 13

PHASE MITIGATION SYSTEM

2 Weeping tile
ventilation 50 I./s
axial

2 Weeping tile
ventllation 50 L/s
centrifugal

2 Weep:ing tile
ventilation
150 L/s centrifugal

2 Sub-slab +
weeping tile
ventilation 150 L/s
centrifugal

3 As above

A: Garage wall.

B: Rear wall.

C: Frount wall,

D: End wall.

*  Suh-slab fan only.,
¥t Both fans on.

DATE

12/85

12/85

05/86

01/87

02/87

PRESSURE FLOW  RADON
Pa (L/s) (pCi/L)
35 20 170

110 36 1 150

259 75 860
690

140 9 230

110 26 20

i50 7 1 100

175 7 2 10V

112 10

160 30

190 8

210 8

160 11

160 27

200 7

240 7

125 8

140 27

160 7

200 7
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0.3

COMMENTS

fan riser
ambient
{outdoor) air

riser for neuw
fan

fan riser
fan riser 8
days later

Riser A
Riser B
Riser C
Riser b

Ax
Bt
Cx
Dx
Aty
Btx
Ckx
D%
A¥
Bx
Cx
Dx
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HOUSE 14

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.1138 WL
Heating season average (RPISU) 0.121 WL
Heating season radon average (Tecrradex) 36 pCi/L
Radon concentration 1n water 2 300 pCi/L

1. DESCRIPTION

This single story dwelling was built in the carly 1980's on a sloping site on
the top of a ridge some miles west of Boyertown. Half of the front house wall
18 brick veneer, the otuer walls are siding. Heating 1s by electiic baseboard
heaters upstairs only.

The walkout basement has concirete block walls, and the sill plate does not
cover the open bloch voids. The concrete slab is poured to the walls and forms
a tight jomnt but for a few shght perimeter crachs. The slab 1s penetrated by
steel columns which stand upon their own focltings, and two c1achs which evtend
aboul half the width of the slah. There are two opemings through the <tab at
sanitary dram stachs, where the concrete does not fill the space between the
rear of the stack and the basement wall,

A perimeter dramage (weeping tile) syvstem is installed along the two uplall
stdes of the house. Plastic sheet vas ulso apphed to the esterior of these

walls during construction for waterproofing.

2. ACTION

2.1, PHASE

As this house was one of the few with weeping tile, the miigatne action
chosen for demonstiation al this site was lo exhaust the permneter drainage
system.

The dischat g¢ pipe was uncovered and o water trap inserted at the junction
with the dram tile. An inspection riser woss provided at the dowastresm end of
the trap.  \ fun riset was installed on the house side of the trap and an avial

faun was snserfed 1o the open end of 4 674 mch adaptor jomned to the riser by a



180° bend. Temporary power to the fan was provided from a: elecirical
aduptor mmserted 1n an exterior hght finture.

In July 1985, the concentration in the basement fell from 60 pCi/L to
9 £Ci/L when the fan was Lturned on.

2.2, PHASE 2

In November 1985, the concentration ranged from 6 lo 23 pCi/L, averaging
15 pCi/L with the fan running continually., As the system was not effective,
replacing the amal fan with a higher suction fun was considered, bul rejected
as the tile did not go round the house, and 1ncreased suction had been
ineffective at other locations where the tile was not continuous. It was
decided to install 4 well ventilation system, as they had been successful! in
Phase t.

The top of the basement wall was readily accessible, except for the section
where the front wall wos brick veneer. In this section the sill plate was set
flush to the inside edge of the block and covered the bloch voids completely.
The sill pliste was caullked to the wall in that area. Elsevwhere, the voids were
stuffed with fiberglass and filled with mortar.

A frie point collection duct system was installed, using two "4 inch”
collector pipes 1nto each hulf of the frant wall, a single callector in ecach of the
other walls, a "6 inch” central duct and a large wall mounted centmifugal enhaust
fan. lLarge flows vere drawn from each wall,

In Januars 1986, the radon conrentration in the basement with the ywull
ventilation fan tunmng ranged between 0.4 ta 2 pCi/l.. The ar flows were
front wall 19 L./s and 15 1/s; end wall 17 L/<: reer wall 18 L/s, and fan end
wall 1 L/s.  The radon concentrations in the ar flowig from the walls was
front well 1 pCi/l and 7 pCi/l, end wall 3 pCi/L, bach wa!l 6 pCy/L, and fan
end wall 15 pCr/L. v smohe test showe  hat the aprflow wus mto the walls from
the house.

The low radon concentrqtions mdicated thal much of the air was drawn
from the house.  The wall closures were checked, and foued good, and the
probable leahage paths were the pores an the blochs themselves, and the joicts
betvwern the bloche, particulaiy on the extermwor parts of the walls that e
esposed above the ground.,  The floor opeanngs were checked, aad o stiorg
anflow wvas found down mto the subfloor spa e ot the sanitary stacks, indicating

that m thig house ot least, the walls were connected Lo the subfloor fill
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Subsequently the owner added a small sunrcom extension to the rear of the
house. Although concrete blocks were used for the foundation, the cracrete
slab was poured on top of and into the blocks so that Lhere was no direct! path
for soi1l gas Lo enter the structure. The only entry routle was Lthe joint between
the slab and the wall, and Lhat area was likely to be well ventilated by e
leaking into the wall. A vent pipe was mcluded n the subfloor {11}, but was not
connected.

Alpha Track detectors were ssued 1n February to check the sistem
performance, and the effect of the sunroom extension. Radon concentraticns
were low, so the precaulionary measures were effective.

2.3. PHASE 3

The sy stem was checked and found to be operatiag noarmally.  Alpha Track
detectors were issucd in December 1986 fer a winter time measurement of

average radon concentration,

3. OTHER MEASUREMENTS

The radiation field inside the house ranged between € to 10 ulk/h, avoeraging
8 uR/h, and over the site ranged frem 5 uR/h on the c¢rushed stone drivesay to
12 uR/h, averaging 10 uR/h.

The average radon concentration measured by Alpha Track dete tors owven
the period February 1983 to April 1986 was 0.6 pCi/L 1a ‘he basemen'! and
0.6 pCi/l. upstairs,

The average radon concentration measured by alpha-track detectars over
the period December 1986 Lo March 1987 was 0.5 pCil/L in the basement, and

0.7 pri/l. 1n the hiving area.



MEASURIDMENTS SUMMARY FOR HOUSE 14

PYLON AB-5 HOURLY MONITORING

PHASE MITIGATION TEST
SYS'TTM DATE
1 Drain tile 07/85

ventilation
50 L/s axial

2 07/85
2 wall venti1lation 01/86

100 L/s
centrifugal

SYSTIM MEASURIMINTS FOR HAL SE

PHASY MITIGATION SYSTIM

2 Draan tile
ventilation 50 L/s
anial

2 wall ventilation

100 L/s centrifugal

STATUS DURING
TEST

Fan
tan

Fan

Fan

DATL

11/85

01/86

of
on

on

£

RADON |
RANGE

10-67
14-58
6-23

0.4-2

1C1/1)
MEAN

17
28
15

1

14

SYSTIM MEASURIMENTS

PRESSURE
ba

38

31
25
20
13
11
13

2%

FLOW
(L/s)

17

34
641
19
15
17
18

RADON

(pCr/1)

—
<

D= =MW —

COMMENTS

over 24 hrs
over 22 hrs
still falling

over 10 hrs

over 4 days

COMMENTS

Fan riser

Fan wall 1iser
Main duct ran
Front wall
Front jog wall
nd wall

Rear wall

Room air

Drain

Sewer
renetration
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TENNSYLIVANIA DER MEASURKFMENTS

worhing level girab samples {husnet,) 0.171 WL
Shact term average WL (RPISU) 0.019 WL
Radon concentration in water 4 900 pCi/L

1. DFSCRIPTION

This two-stor v house -with attached gnvage was buwilt in the early 1980's on
a fanly level site near the wp of a hill seveiral miles couthuwest of Bovertow::.
The house walls are of sidineg. The putly finished basement 1s deeper than usuul
o) has hollon concrete bloch walls 2.3 m (8 feet) high, and no basement
wandow s, The walls hinve sohid cap blochs. There are no visible cracks m the
walls and the water saervice entry hole has been mortared closed. The concrete
ficor slab h:s no construction joints and shows ne cracks. The peiumeter
wall floor shuiuliice crackh as small. Heating 1s by forced ar with an o:ll/woeod
fired furnace.

The owner smid that the walls wvere remnforced mternally every 2.5 m (R
feel) around the house by steel renforcing bars and concrete poured inte the
HYionchs, (The buillder usually did industiial construction).  lHe alse sard that o
weeping  tile permmeter drea surrounded  the entire house, indduding the
house/garoe wall,

. ACTION
2.1 PHASE 1

,.
-
oy
[F]

As this house was one of the few viath a complete woeping tile s; stem,
mitigation wmethod chosen for demonstration at this sitc was weeping  tle
~entanton,

The discharge pipe from the tile was found at o low pomnt on the site. The
Pipe was o exvoaated about 3 oot from the open end, and o owater trap waith
e chion riser was anstalled,

The owner vaoagr iy head the ran-w ater leaders connected to the periceter
R TN Fhas o o woet walls at tuues of heavy ramn, so he had bt o a
subicarfiue svstom gust W o collect 1ain water and lead ot away from the housse,
TV conmectiong ta the perirater dreoan had becn cut off just below around

Yool ad eapped.
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One of these capped risers was located, eacavaled, und extended above
ground with J-mch plastic mping. A ceutnifugal fan in a bev with &
child-proof discharge was connected to this pipe uwith a flexible duct. The fan
gave 25 Pa suction at 33 L/s.

In July 1885, the radon concentration in the basement varied belween 3 to
19 pCi/L, averaging 18 pCi/L, when the fan was turned on the average radon
coucentration fell to 3 pCi/l.

2.2. PHASLE 2

The performance of the weeping hile ventilation systems was compromised in
cooler weather by condensation i the fleanible hose reducing the air flow o the
fan. In November 1883, the centrifugal fan was remounted directly on the riser
so that condensation would drain back mto the piping and not affect the fan.
The suction "was ncreasced te 63 Pa, and anflow in the system o 52 L/s. I
December 1983, the radon concentration in the basement with the new fan on
ranged from 3 to 6 pCi/L, averaging 31 pCi/L. Thase results were good encugh
for alpha track detectors to he issued.

In May 1986, the fan wus i1eplaced by a permanent plastic body in-liac
centrifugal  fun. ‘ The fan gave 175 Pa suction, 92 Lis flow. The radea
concentration 1 the discharge au was 150 pCi/L.  Further monitoring of radon
concenttations was left Ul the seturn of cold weather.

2.3, PHASE 3

The electrical hoohup of the fan was no! satisfactory for o permanent
mstallation, and 1n November 1986 it wus replaced by a peraanenl clecirical
connection.

After the new coimmectwn, the radon concentration o the basement raszed
hetween 0.2 to W8 pCi/l, averaging 1 pCi/L.  These results were yood eaongh

for alplhin track deteclors ta be sssued for finagl measurements.

. OTHER MPASTRIMUNIES

The radiation “reld e and aconnd the house ranged from 4 to 10 GRL,
averaging 6 uli/h, o the basement; and from 2 to 12 wlR/h, averacing 10 vRyY,
on the site.

Frack Pich detectors were plced in the hoase an December 19835, aad
removyed 1 March 1986, The averace radon concentration over this poried wes

R pCr/1oan the basenent and 2.5 pO/l upstan s i the hinviaag aten,
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Track Etch

removed in March 1987.

detectors were placed n

the

house

The average radon concentration over this period

in December

1986. and

Wb

1.1 pCi/L 1n the basement and 1.0 pCi/L upstairs in the hiving aree.

MEASUREMENTS SUMMARY FOR HOUSE 15

PYLON AB-5 HOURLY MONITORING

PHASE MITIGATION TEST
SYSTEM D\TL
1 Weeping tile 07/85
ventilation
30 L/s
centrifugal fan
2 As aborve 12/85
3 Weeping tile 11/86
ventilation
150 L/s

centrifugal fan

STATUS DURING
TEST

Fan off
Fan on

Fan on

RADON (1xX"1/1)

RANGE  MLAN
5-19 18
2-21 6

3
3-6 i
0.2-3.8 1

SYSTEM MEASLREMENTS FOR HOUSE 13

PHASS MITICATION SYSTIEM

1 Weeping tile
ventilation 50 L/s
centrifugal fan

2 Weeping tile

ventalation 150 L/s
centrifugal fan

DATE
PRESSURE
bPa
11785 26
65

05/86 175

238
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SYSTEM MEASURDEMIMNTS

FLOW  RADON
(L/s)  (pCr/L)
35

52

92 150

COMMENTS

over 32 his
over 3R hrs
12 hr equtlb.

over 66 hrs

over 4 days

COMMINTS

Fan 1 a twe
Direct mounted
fan

Fan viser
At fan
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HOUSE 16

PENNSYLVANIA DER MEASUREMENTS

wWorking Level grab samples (Kusnetz) 0.63 WL
Heating season short term average WL (RPISU) 0.21 WL
Heating season aerage radon (Terradex) 335 pli/L
Radon corcentration in water 28 000 pCi/L

1. DESCRIPTION

This two-story) house with attached double garage was built in the mid
1979'5 on a level site at the top of a ridge near Beyertown. The front wall s
of brick, the other wulls are of siding. The house has a rear family room
evtenston. The room directly behind the garage is above a paved crawlspace.

The basement 15 unfinished, with hollow concrete block walls and the top
course of the walls 1s largely covered by a full sill plate. One wall 1s
penetrated by oil lines mortared 1in place. There are no major cracks in the
walls. There is an extcrnal entrance into the basement, and a small paved
cravlspace is attachced to the basement. The crawlspace walls are closed by cup
blocks.

The poured concrete floor slab has no cracks, and is penetrated by steel
support jgacks and a floor dram,

The owner stated that there was a perimeter drain {(weeping tile) sy stem

araund the house.

2. ACTION

2.1. PIASE Y

As this house wus one of the few with a weeping tile, the mitigative action
chousea for demoastration at this site was weeping tile ventilation.

The end of the discharge ppe from the weeping tile was located at o low
part of the <te, nnd tiaved back to the iatersection with the hous . \n
evomvubion apperovimately 23w deep was  required  lo reach  the  tile,
Fortunatelh  the ntersection of the dram e and weeping tile wns where
estunited, so only a relatively small hole was needed.,

The discharge pape continued under the footing lo benealth the bascment
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floor, and the weeping tile was Teed into the pipe. The tile did not continue
beyond this point, and probably does nol make a complete loop round all walls.

A "U" water trap fabricated from lightweight plastic drain pipe and elbouws
was installed in the discharge line. The trap was exten-ed vertically to the
surface on the house side of the trap for a fan riser, and also extended on the
other side of the trap for an inspection riser.

A flexible duct joined the fan riser to a centrifugal fan installed in a box
with a child-proof diecharge.

In August 1985, the radon concentration in the hasement ranged from 230
to 320 pCi/L. When the fan was turned ~n the concentration fell to 3 to
6 pCi/L. 2.2. PHASE 2

In November 1985, cooler weather caused condenzztion of soil moisture in
the flevible duct, blocking 1t compleicly. When the hose was emptied of water,
the radon concentiztions in the basement nitially raunged from 32 to 73 pCiy/L,
und then rose to 106 to 250 pCi/L us the Juct filled with water.

To stop condensation bloching the duct, the fan was remounted ditectly on
top of the riser. Condensed moisture would drain hack down to the tile. The
suction 1ncreased only shghtlt from 105 to 110 Pa.

In November 19835, the concentration with the remounted fan runnmnge ranged
betwecn 120 to 220 pCi/L, falling to B0 pCi/L after stezdy rain at tke cend of
the measurementl period.

Alpha Track detectors were evposed 1n the house fur January 1986, The
weeping Ule fan was in operation. Average radon concentrztions weie 78 pCi/l
in the bascment, and 22 pCi/i. on the main floor and bedrooms. The owners
agreed to participate n a field evaluation trmal of Heat Recovery Ventilators for
radon control sponsored by a manufacilurer of NRV’s, and one was iastalled in
early January.

The performance of the weeping tile system could net be easily amproved,
so allernate mitigation methods were considered.

As the tops of the walls were covered by the sl plate, the =itigation
method chosen for demonstlration was wall tentilation.

In Janusry 1986, the joint between the sill plate and the top eof the v olls
was caulked with asphall cement, A 10 cm diameter hole was cul approsrrately
in the muddle of ecach wvall and 30 cm from the {loor. In the cravit space the

holes were 15 em from the floor. A "1 inch” lhightweight plastic pipe was
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inserted into cach hole, and all pipes were jJoined to a "t inch” central duct
connected to a large wall-mounted centrifugal fan which diew 52 L/s al 62 Pa.

Following this work, radon concentrations in the basement ranged from 3 to
53 pCi/L, averaging 12 pCi/l. The HRV was operated intermttently during the
perwd, but concentrations were so variable that 1t was difficult to estimate the
reduction caused by HRV operation. It did no more than halve the busement
concentrations whiie delnnering 75 L/s of air.

Investigation found that auflows were generally mto the ventilated
tascwent wallis, bnl not pogitivels intc the crawl space wails. One sectiun of
basement wall between a corner and the exterior entrance door was unientilated,
and air flovwed from the wall into the house. Concentrations of 1 000 pCi/L
were found in the front wall, but the concentrations i1n the end walls were only
150 pCi/L, and the concentration in the rear wall was 1 pCi/l.. The air drawn
from the crawlspace walls only had 3 pCTi/L, suggesting that it swas house air,
not soil gas that was being collected.

The floor slab in the craivl spice was roughly finmished, and there was a
visible gap agamnst the crawlspace walls. There was a small hole 1n a corner of
the crawl space floor slab with a marked airflonw from the soil to the house ut
a concentration of 380 pCi/l.

The system was modificd to raise the suction in the wulla., The contral
duct was changed from "4 mch”™ to "€ inch™ pipe, a second "1 nch™ pipe was 1un
mto the front wall, and a "3 inch”™ pipe was run to the isclated scction of the
rear wall that had not been ventilaled previously. This placed all the wealls
positively under suction. The fan now drew 66 L/s at 80 Pa,

In January 1986, following this work, the radon concentrationr ia the
basement fell slowly from an average of 15 pCi/L to 5 pCi/L with the fan
turned on. The concentraticn was variable, with sprthes up to 16 pCi/l, not ol
of which were associated with water use 1 the washing machine,

The opealng in the cravl space floor slub was filled with asphalt coment an
February 1986. bPolloming this, the radon concentration i the bascement vanged
from 2 to 16 pCi/L, averaging 1 pCi/l. The hgher concentiations were
associated with water use.

The family room in this house 1s o a grade level slab estension. Now that
the radon supply via the basement had heen reduced, there was a concern that

the slab might have some significant radon entry routes, Measunements opetairs
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in February found that concentrations ranged from 0 to 9 pCi/L, averaging
2 pCi/L. The small peaks were assoclated with water use.

Aipha Tiack detectors were placed 1n the house in March and removed in
May 1933.

2.3. PHASE 3

In November 1986 the basement radon concentration varied from 1 to
11 pCi/L, averaging 9 pCi/L. The highest concentration was associated with use
of the washing machine, but sume high values occurred when washing was not in
progiess, but at a time of high winds., The s)ystem was remeasured to sce if
there had been an) major chaanges in flows or radon concenlialions since
February 1986.

The 1adon cencentration in the front wall averaged 1290 nCy/f, in the
garage side wall st was 190 pCi/L, and 60 pCi/L 1n the other side wall,
Concentrations were higher in the rear wall, 120 pCi/L, and in the crawl space
walls, averaging w pCi/L. The fan drew 93 L/s at 75 Pa. These readings were
all close to thosce found 1in February, and smoke tesls showed that the airflow
was fror house to walll

In December 1986 the radon concentrations 1n the basement ranged from 1
ta 19 pCi/L, averagmng t pCi/l. The high value was associated with water use.
These results were good enough to 1ssue alpha track detectors for final

measurements,

3. OTHER MEASUREMENTS

The radiation field n and around the house ranged from 4 to 10 uR/h in
the basement, averaging 7 uR/h; and from 5 to 19 uR/h on the site, typically
aversging 17 uR/h. The highest readings were found on the front yard, the
lowest on the asphalt driveway.

Over the period March to May 1386, the average radon concentratica in the
basemaent was 2.9 pCi/l, and an the hving quarters was 2.1 pCi/L.

The average radon concentration measured by alpha-tiac . detedtots oot
the period December 1986 to Maich 1987 was 5.1 pCi/l. 1n the bascwent, and

1.7 pCi/l. in the hving area.



MEASUREMENTS SUMMARY FOR HOUSE 16

PYLON AB-5 HOURLY MONITORING

PHASE

MITIGATION
SYSTEM

Weeping tile
ventilation
50 L./s

centrifugal fan

As above with
direct. mounted

fan

Wwall ventilation

100 L/s

centrifugal fon

As vbove.

Crawlspace hole

sealed

TEST
DATIE

08/85

11/85

11/85

01726

01/86

02/86

0Z2/86

11/86

2/86

STATLS DURING

TEST

Fan off
Fan on

Fan on

Fan on

Fan on -
condencation

bua ldup

Fan on

tan on

Fan on

Fan on

Fan cn

Fan on

Fan on

RADON
RANGE

3-327
3-290

3- 6

32- 73
87-253

82-220

{(pCi/L)
MEAN

160
50

1

61
164

12

12

COMMENTS

over 20 hrs
over 14 hrs
fallirs
17 hre
equilib 1um

18 hre
31 hrs

ov el
oy er

over 46 his

over 4 days



SYSTE'! MEASUREMINTS FOR HOUSE 16

PHASE MITIGATION SYST!™  DATE SYSTEM MEASURIMINTS COMMENTS
PRESSURE FLOW RADON
Pa (L/s) (pCi/L)

2 Weeping tile 11/85 105 21 Fan 1n box
ventilation 50 1./s 110 Direct mounted
centrifugal fan fan
As above + owner 01/86 Flows 1n
installed HRV house:

10 5 HRV off- floor
drain
13 HRV of f-supply
duct 1
3: 59 HRV low-supply
duct 1
38 65 HRV high -
supply duct 1
3 HR\' of f-supply
duct 2
43 32 HRV low -
supply duct 2
13 39 HRV high -
supply duct 2
63 Basement alr

2 Wall ventalation 01/86 20 26 160 Pipe A
100 1 /s centrifugal 8 9 1 000 Pipe B
fan 3 5 130 Pipe D

a 8 S Pipe ¢
15 13 1 Pipe 1
65 55 Fan dirct
920 Barodamper
19 draft
380 enclosed
cranlspace
hole

2 Crawlepnce hole 02/86 16 25 Pipe A

sealed 13 12 Pipe B
3 9 Pipe C
10 10 Pipe D
R 1 Mpe P
8 7 Pipe G
8 3 Pipe H
2 \s abovee 07/86 350 Enclosed front

wall/floeor
Joint

[N
e
[43)



SYSTEM MEASUREMENTS FOR HOUSE 16

PHASE MITIGATION SYSTIM  DATE

PRES
Pa

SYSTEM MEASUREMENTS
SURE FLOW RADON
(L/s) (pC1/L)

COMMENTS

pip(_‘ A
Pipe
Pipe
Pipe
Pipe
Pipc
Pipe
Pipe
Pipe
Fan duct

“wmmOmDow

Pipe B
Pipe C
Fan duct

wall ventilation 12/86 16 23 60
100 L/s centrifugal 11 11 720
fan 11 8 1 700
11 8 190
9 4 110
10 9 9
i0 3 80
13 13 120
25 11 6
75 93 170
03/87 13 9
10 7
38 87
- End wall B - Front wall 1 C - Front wall 2
~ Garage wall E -~ Crauwlspace header F - Crawlspace garage wall
- Crawlspace end wall H - Crawispace rear wall
- Rear w2l 1 J - Hcar wall 2
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HOUSE 17

PENNSYLVANIA DER MEASUREMENTS

Working level grab samples {(Kusnetz) 0.130 WL
Short term asvecrage WL (RPISU) 0.045 WL
Heuling season average radon (Tcrradex) 9 pCi/L
Radon concentration in water 4 600 pCi/L

1. DESCRIPTION

This one-story house with attached garanege 1s built in Lthe early 1970's on a
level site about halfway up a hill a few miles ecast of Bosertown, The fron:
wall 1s of brick, the other walls are of siding. The house 15 heated Ly hot
water bascboard radriuators with zan oil-fired botler, supplemented by a
wood-bur ning stove m the bascment.

The basement has concrete block walls, and s mostly finished, with
panelled walls and a tile ceiling. 1n the unfinished laundry atena, Lhe block walls
are visible, and are crached around the deor and windows. The sill plate covers
the top of the bloch walls. There 1s a large opening around the sewer service
exit, The baseiment floor slab is a replacene nt, poured over g laser of crushed
stune and a pipe networlt that was placed over the wriginal floor to deal with
petsistent water leahage 1into the Lasemeat. The sipe aetwork leads o o sump
where the water s collected and pus pod outerde. The floor slab s poured
tight to the wall my the unfrmished portica of the bascement, but there is a
petineter dramadge slo! between the wall aad the slab near the sump, hidden by
cove molding at the base of the Ourshed walll

Theie 1s a walh-in cedar closet adjacent to the bascemont stanns with a
suspended wood fleor.,  The second floor slab 1s nol continuous beacath tlas

floor .

2. ACTION

2.1, PrasE 1

As this house had a sub-flour pipe networh aceessib] via the sump, sump
veantilalion was chosen #s Lthe mitigatwon method to be deuwmonstrated at thes

house.
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The sump was in a corner of the basement at the foot of the basement
stairs, and had been bozed in with panelling. The panelling, framing, and the
wooden sump forms that had been left in the concrete floor, were removed. A
three-sided plywood enclosure was placed in the corner over the sump and
caulked to walls and floor. Espanding foam was used to f1ll the openmngs left by
the wooden forms, and the accessible portions of the puerymeter dramage slot,

One half of the top of the box was removable but sealed wilh weather
stripping and screwed into place, and the other half was fined 1n position and
caulked. A 1" hghtuweight plastic pipe ran vertically from the boy, through a
hole cut mn a ceiling tile, and through the header beard i1nto the garage. A
centrifugal fan 1 a wooden box was attached to the pipe with flemible ducting.

In August 1985, the radon concentration i1n the basement fell from 10 pCi/L
to 8 pCi/l. when the fan was turned on.

2.2. PHASE 2

In November 1985, cooler weather caused the water vapour in the sump ait
to condense in the flexible duct leading to the fan, and block 1t with waler.
This was c¢orrected, by perforating the hose to let the water dramn out, but in
January 1985, the concentiation 1in the basement with the fan opcrating properly
ranged between 12 to 28 pCi/l, averaging 20 pCi/l.

This was compitable to the premitigation values, and was not 1ogarded as
satisfactory poerformance.  Allernative mitigation methods were considerced.  As
the basement was extensinely finished, and the average raden level was
telatively I, mstallation of an air to air heat exchanger o leal 1ecovery
ventilator (HKV) scemed the mmost viable alternative,

A loerz)l contractor who had esperience with anstalling HR's for radon
control wase asked to nstall o vnit. He suggested that the best results wonld
he obtainad if fresh anr was delivered upstamirs and stale air was exhausted from
the basemeat (a spht system).

In February 1936, the sump ventilation system was remosed, and a HRV was
hunz fren: the floor goists in the anfinmshed launds ) room betweon the weood
stove  and the boler, This was the only location where the umt weorld oot
sigrmfunant!; affect headroom. The fresh an mtake and stale anr discharge were
rurn through the rear wall header bouod and siding. v 77 divided doet hung
beneath the floor joists carried fresh aun to a floor ¢rilic 1n each of the two

hearooms atove the laundry room. The dischimige an o was dirawn dinecthy from
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the laundry veom, which was connected by an open doorway to the recreation
room. That recom was connected to the upstairs by the besement stawrs, The
stair door was narmally left open.

The fresh e flow into the house was 81 L/s with the HRV eon high, and
70 L/s on low.  As tie noise was much less on low, the standard setting was
"law . The stale uir flo\\s\ were difficull to measure, as the duct had seseral
bhends close together, but the measured flows were close Lo the supply flows, su
the HRV was in approaunate balance.

In Febraary 1986, with the HRV on low, the radon concentration upstairs
varied between 1.3 to 3 pCi/L averaging 2 pCi/L, and in the basement ranged
frem 19 to 34 pCifL, mveraging 25 pCi/L. When the bascement doo: was closed,
the sy crage concentration upstans was unchanged, but basenent concentrations
varied between 41 e 58 pCi/l, averaging 45 pCr/L.

Although the results upstairs were satisfuctory, the resulte 1in Lthe basement
suggested that the HRV had virtually no effect there.

A set ef tests was carried out in April 1986, First, the HRVU was run
caontinuaily on hagh, turned off for a day, then run on low. Concenlrations
upstairs averaged 3 poi/l regardless of fan speed, and averaged 10 pCi/L with
the fan off. Conceatrations o the brsement averaged 57 pCi/L on high,
49 pCi/l with the fan off, and 38 pCi/L on low, confirming that the effect in
the basement was neghgible,

The wanufactarer’s representatine vistled the site with the contractor,
rebalinced the winl, and suggested that grealer reductions 1in the basement
concentraticas wouuld be achieved if the HRV were anstalled to ventilate _ne
basement alone. \ccordmgly, the layout was tempocarily modificd to close the
discharge to upstairs, and debiver 110 ¢fm of fresh anrr to the far end of the
recreation roeite Stale wir was still estructed from Lthe laundry rocm.

In April 1938, counceuttations upstanr s averaged 6 pCi/L with the HRVU fan
on ‘ugh, &8 pCiZl waaith the fan on low, niespective of the busement deos beme
obpen or closod and 0 pCi/Z/l with the fan off. 1o the basement, concentrations
averaged 80 prifis wth the fan off, 17 pCi/i on both high and low, and
10 pCiY o low avath the basems nt door Closed.

vV fiead test wns earried out o Apel 19260 by reronting the sty ar

diseharge frem the UV <o that at discharged into the basenont., The HRV no



acted as a simple ventilation fan dehvering 66 L/s to the basement, and
recirculating 0 L/s in the laundry room.

When the fan was turned on at high the basement concentration initially
varied between 6 to 35 pCi/L, but leveled off at 6 pCi/l.. When the fan was
turned off, concentrations rose rapidly to average 35 pCi/L. Concentrations
upstairs averaged 3 pCi/L with the fan con, and rose to 10 pCi/l, when the fan
was turned off.

The ducting was modified in May 1986, with an addit:onal fiesh air
discharge grille mto the recreation room, and a stale air dischaige into the
basement. Both discharges, th e ratio of the air flows to upstairs and downstans,
and the ratwo of supply to discharge air could be adjusted over a wide range by
dampers. No measuremeats of gy stem performance could be made at that time
for the wealher was warm, and the "fan off” concentrations in the basement
were less than € pCi/l. \n attempt was made to measure if there was a change
in the ratic of radon to its progeny with operation of the HRV. The low
caoncenliatio.a Hrrt~d the accuracy of the measuvrements, but the resalt was that
operation of the HRV did nat scem to cause a major chaage in the ratio.

After the ducting chanste the owners remarked thatl the basement nov had a
marhed "eat” <nell when the umt was running.  An esterior chech found that
the frech alr inlet was directly behind an evergreen bush, If the leaves were
crwshed, the <sacll was sailar to that 1in the basement, and so the springhime
rowth of the bush was assumed to be the cause of the basement odour.

2.3, raHast 3

Addatic . tosts were carrmed . ot an January 1987, The 1adon
concentrntiens were reastred upstairs and downstairs i the fanmily room and the
firnuoe  roem with  the HRV operating on tugh speed us a fan. This
cenficuration had bean the most effectine in the spring,. urflows were dit ideld
X 1,s e the famly rocs and 35 L/s upstairs, with approsimately 80 L/s
reorenlating i the farnace room.

The coneeattaion upstans varied frem 2 to 8 pCi/l,, averagimg 5 pCi/l. In
the Sy roem concentiratioas ranged from 6 to 30 pCi/l, averaginz 16 pCl/l,
wd o the St nace aoom they renged from 5 to 18 pCi/l, averaging 11 pCi/l.

The Jdaxper o the ol wis then closed m the mvddle of a second rup so
that stale an was discharzsed ontside, not recizeulated in the furace 1oom.

e ua! non operaterdd s e HRAL Flows were approsimately 10 L/s to the
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family room, 40 L/s to upstairs. Upstairs concentrations mitially ranged from 2
to 9 pCi/L, averaging 6 pCi/L. After the change, they ranged from 2 to
7 pCi/l, averaging 1 pCi/L, In the family room, concentirations initially ranged
from 14 to 32 pCi/L, averaging 22 pCi/l..  After the change, they ranged fron |
to 26 pCi/L, averacing 21 pCi/L. In the furnace room mmtial concentratoas
ranged from 5 to 18 pCi/L, averaging 12 pCi/l.. After the chaange, they ranged
from 5 tc 13 pCi/L, averaging 9 pCi/L.

The conclusion was that no sigmificant mmprovement n performance w.s
obtained by running the s)stem on 100% fresh air, and the forced air flow into
the basement was not sufficient to control the concentrations there.

The consistent differonce between the family room and the furnace r1oom
was remarkable, as the two rooms are connected by an open doorway. ULiea
when the HRV withdrew 80 L/s from the furnace room, this did nat induce

enough airflow from the family recom to give simlar concentrations in each oo,

The airflows 1into the house and the inter-floor flows were measuwred during
these tests with PFFT pass:ive samplers. The errors in the calculated flow rates
were lurge (20%), due ta the short tire that the collectors were expoeced i Y
house. When the HRV ran as a fan with no basement exhaust, the caleulited
fresh amnr flon mto the basement was 9 1 /s, wirn a flovn of bascement an o
upstairs of 10.7 L/s.  The man floer fresn air flew rate was 31 L/s, wth
flonw of upstuirs aie to the basemcat of 9 L/s.

When the HRV evheusted from the basement, the calealated fresh air flow
inte the basement was 8 1/s, with a flow of basement anr lo upstairs of 5 1/s.
The main floor fresh air flae pate woes 66 L/s, with a flow of upstairs anr to
the basement ot 13 !/, These calculated basement fresh a1 flows are mich
less thian the ones measured al the YRV,  The results were recoved ton late to
carry out further mmvestightiors o resolve these differences. I'hee PFY's o
idicate that the ventiatien rate upstirs s higher than 1 the basemans o2
that the Uansfer flov s between floore nte affected mer e Ly chanses o 'he
system than the ventilbition 1ates,

Alpha trackh detectors were issaed m Pebruary 1987 for final Torg term
me asurements,

A final test of the spatin! varmbihity of radon conceat:ation was cartoed

oul 1 April 19870 ‘The PRV was eot 1o supply ftesh arm ot 39 1 /0 1o st s,
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57 V/s to the basement family room, and to eihaust 57 L/s from the basement
laundry room. The radon concentrations in the basement family room ranged
fram R’ 1o 31 pCi/l., averaging 12 pCi/L, while radon concentration 1n the
adjacent laundry room randed from 3 to 13 pCi/L, averaging 8 pCi/L. With the
HRY off, radon concentrations in the famly room ranged from 30 to {47 pCi/lL,
averaging 10 pCi/L, and radon concenlietions in the laundry room ranged from
25 e 37 pCi/L, averagmg 31 pCi/l.  Although operativn of the HRV definitely
reduced concentrations in both reooms to ubout 25% of the mitial values, the
ratio of the lauandry room concentration to that in the family room was
unchanced. This illustiates the difficully of modifring the natural circulation

patterns that esist 1 g house,

3. QTHER MEASURTMEANTS

The radiation fields z2round and irside the house were 9 to 17 uR/h on the
site, and 7 to 9 ul/h generally 1n the huasement, averaging 10 and 8 uR/h
respoctinely. Locally higher fields of 10 to 12 uR/h were found by the sump, n
the cedur clnset, und 1n other areas where a second floor slub had nol boeen
poured.

The average radon cuncentration measuted hy alpha-trach detectars o.er
the perod February 1987 to April 1987 was 7.6 pCi/L in the basement, and

1.1 , Ji7l su the hiving area,
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MEASUREMENTS SUMMARY FOR HOUSE 17

PYLON AB-5 BOURLY MONITORING

PHASE

MITIGATION
SYSTEM

Sump ventilation

50 L/s

centrifugal fan

As above

HRV; 100 L/s

centrifugal fan

TEST
DATE

08/85

01/86

02/86

(upstairs supply

basement
eshaust)

As above

Basement supply

and exhaust

Fiesh air
ventilation
100 i./s
centrifugal
provrding

basement supply

and =tale air
reeirculation

01/86

-+/86

031/86

STATUS DURING
TEST

Fan of{
Fan on

Fan on

RV low
HRV low
B door closed
B door closexd

HRV hig¢h
HRV of f
HRV low
HRV high
HRV off
HRV low

HRV high

HRV off

HRV low

B door closedd
HRV high

HRV off

HRY low

B door closed

HRV high
HRV' of{

IMV high
HRV off

RADON
RANGE

5-11
6-21

12-28

19-13
1- 3
i1-58
1- 3

36-70
23-72
13-56
1- 1
1-17
1- 3

{pCi/L}
MEAN

28
13

¢t ]
Q

[AVNSY N Y]

57

as

2

10

- 0 da =] an
RW~1C1I=~1IMrO

o]

w
S5

—

COMMENTS

over 26 hrs
over 22 hrs
stall falling

over §69 hrs

over 46 hrs B
over 46 hrs U
over 15 hrs
over 15 hrs

o w

over 22 hrs B
over 29 his B
over 23 his B
over 23 hrs U
over 23 hrs U
crer 21 hrs U

over 25 ks B
over 21 hrs
over 23 hrs
over 26 hrs
over 21 hrs
over 24 hrs
over 22 hrs
over 26 hrs

MR el <~ A o o~

over 17T hrs
fall from
33 pCa/l.
wer 21 hrs
over 12 his
over 1§ hrs

~rwee



MEASUREMENTS SU™MARY FOR HOUSE 17

PYLON AB-5 HOURLY MONITORING

MITIGATION TEST STATUS DLRING RADON (pCi1/L) COMMINTS
SYSTEM DATE TEST
fresh air 01/87 HRV high ove: 4 days
ventilation furnace room
100 L/s over 1 days
centrifugal fan family room
HRV proyiding over 3 dass L
upstairs and over 46 hrs
fami1ly room furnace room
supply basement over 46 hrs
stale air family room
recirculation over 16 hrs U
As above HRV 01/87 high over 1 days
supplying furnace room
upstairs and over | days
family room family room
2- 7 1 over 4 days U
01/87 HR\ hign 3-13 8 over 16 his
furnace room
HRV off 25-37 31 over 18 hrs
furnace 1oowp
HRV' hich 3-31 12 over 46 hrs
fam1ly room
HRV of® 30-47 10 over 48 hrs

family room

B: Basement



PHASE

r

]

SYSTIM MEASURIMENTS IN'OR HOUSE 17

MITIGATION SYSTEM  DATE

Heat Recovery 02/86
Ventilation 100 L/s
centrifugal -

upstairs supply

basement. exhaust

HRV 100 L/s 01/86
centrifugal upstairs
supply basement

exhaust

As above but basement 04/86
supply and evhaust

HRV 100 1./
cenlriftigal fan
supply to
basement/family room
hascment esvhaust

05/86

Fresh 211 ventslataon 01/87
100 L/s centiafugal

fan 1M\ provading

upstarrs and ol

room <upply bascinent
recarculat ron

FRES
Pa

8
13
13
20

Wi

33

o

SYSTEM MEASUREMENTS
SURE FLOW
(L/s)

81
136
78
100
69
81
31
15
12

61
25

67
63

79

66

66
0.1

63-76
75
35
41

n
&

IO e L)W WW
V=N DD

RADON
(pCr/L)

COMMENTS

Intaket
Intakex
Exhaustt
Exhaust st
Total supply#
Totul supplyts
Branch 1%
Branch 2%
Branch 2%

Total suppl; s
Branch 1*

Total supply*%
supply to
famly roomtt

Exhaust v
F supplyt¥
B suppiy ¥¥
U supplvts

Basement
Measur enients

Wi o
0.018 0,161
0.011 C.36¢«x
0.019 0.53%11
0.015 0..13r1:
0.022 0.52r¢
0.021 0.39%%¢
0.026 0.45%%r
Intake ¢

Recime. ¢t

F supply tt
U supplats
Branch 1y
Branch 2#%



SYSTEM MEASUREMENTS FOR HOUSF 17

FHASE MITIGATION SYSTEM DATP SYSTIM MEASURIDMINTS COMENTS
PRESS! RE FLOW  RADON
Pa {L/s) (pCa/L)

3 Fresh air ventilation 01/87 32 F supply t+
100 L./s centrifugal 43 U supply*%
fan HR\ providing 9 Branch 1t¢%
upstalrs and family 24 Branch 2%

room supply hasement
recirculation

As above 01/87 Flows via PFT
Samplers
9 Intc Bx*
11 B to Uxx
34 Fresh air to
Bttt
9 U to B¢
3 HRV 100 L/s 01,87 8 Into D¢
centrifugal fan 5 B to L¥x
supply to upstairs 66 Fresh air to
and family room Uk
hasement ehaust 13 U to Btx
\s above 01/87 56 Intaho¥t
Y Exhaustrx
57 F supply*¥
19 U supply tt
54 Intaket
48 Exhaust ¥
19 F supply¥
17 L supplyt
B Rasement
F. Pamily room
L: Upstalirs

* HR\ on low
3 HiN on high
RV of

0o
-1
-1
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HOUSELE 18

PENNSYLVANIA DER MEASUREMENTS

Working lLevel grab samples (Kusnetz) 0.381 wL
Heating season short term average WL (RPISU) 0.011 WL
Heating svason average 1adon (leriradev) 12 pCi/L
Radon concentration in waler 1 800 pCi/L

1. DESCRIPTION

This two story house w.th attached double gurage was built in the iate
1970's on a level site on the lop of a 1idge 1n a rural subdi-ision west of
Borertown., The basement has concrete block walls and an external entrasce.
The house 1s heated by hot water radialors with an oil-fired boller. There is a
heat exchanger on the boiler chimney through which basemenl air ts fan-diiven
to be heated when the burner 1s operating.

The poured couctete floor slab 1s unpamnted but partially carpeted. There
Aare o visible floor cracks, and no mdividual floor diains. There s an interior
perimeler drawn (french drain) between the edges of the slab ind the oute:
busement walls, and a single construction joint down the centie of the floor
slab. A brick fiveplace 1s bailt on top of the floor slab.

lhe hollow councrete Llock walls are unfimished and 1in good condition, with
uo signifirant craching of the mortar jomts.  The wulls are open at the top,
anl are ponctrated by sertvice pipes for sewage and water. There 1s an exteraal
stanway into the bascment st the rear of the house,

A front porch concrete slab runs aleng the front of the house, and the
space bheneasth it s enclosed by concrete block walls te form a2n unyentilated
und unhezted storage room, reached by a door in the front basecment wall

Theire 1s wo french drain 1y this space.

2. SCTION

2.1, PHASE T

The mibigative @ bton chosen for demonstration 1o this house was o
iarvase the house ventdation rate. Radon concentrations woire relatnnely dew,

aqicd there s.ore manliple potenlial routes of entry.

[}
vl
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In July 1985, basement radon concentrations ranged from 6 to 31 pCi/L,
averaging 16 pCi/L.

The basement ventilation was increased by touting a fresh air duct from
the outside to the heat exchanger on the boiler chimney. When the burner was
operating, 1t would draw in outside air to replace that lost up the stack. This
would reduce the depressurization that draws in the soil gas. The air was
warmed before it was discharged into the bascement.

The performance of this system could nol be tested in the summer, for the
additional air supply would be proportional to the time that the boiler was
operating, and should work best when the heating load was high. Testing was
therefore deferrod until the winter.

2.2, PHASE 2

In November 1985 with the exteror air supply operaling, the radon
concentration 1n the basement varied belween 7 to 69 pCi/l, averaging
21 pCi/L. The air supply through the duct wus about 22 L/s when the fan was
off, and 36 L/s when the fan was on.

As  thig  increased ventilation was not sufficient to reduce 1adon
concentrations, a commercial heat recovery ventilator (air to air  beat
exthanger) was installied by a local contractor who had 1nstalied other un:ts for
radon contral. His suggestion was that the umt be nstalled 1n the bascemat
with spht distmibution.  The fresh air would be delivered upstamrs through two
regislers, one ut each end of the house, and the c¢yhaust air would be 3i1awn
divectly  from the  basemont. This would produce the Jowest radon
concentrations in the hiving space.  Installation was carried out i FebLruary
1986. The HRV provided 835 1 /s of fresh air to the upstairs on high and 70 1/s
on low fan speed.  T'he noise was much less on low speed, and the flows only
shghtly lower, so the owners normally operated the unit on low speed.

Radon concentrations werce measured in February 1986 sunultancousiy in the
basement and on the mmin floor. With the IRV on, main flaor copcaont:atinons
vanged from 1 to } pC/L, averaging 2 pCi/Ll; and in the basement ranged from S
to 21 pCy/h, averagiang 12 pCi/ll.

With the HRV off, mun floor concentistions ranged from 1 o1to 11 pti/i,
averaging B pi/l and an the baser -t ranged from 10 to 20 pCi/L, averaving

15 pCi/l.,



Performance of this system was regarded as satisfactory, for 1t had reduced
main floor concentrations to less than 5 pCi/L. However, the experience of the
installer and manufacturer with similar systems was that buasement
concentrations were generally reduced by more than the 20% observed here.
Further investigations were carried out to seec if & reason could be found foi
the lower than average reduction i the basement.

In March 1986, ventilation airfiows into the basement via the outside ar
duct were 24 1./s with the burner off, and 40 L/s with the burner on. Fhe house
supply rate vin the HRV on 'low’ was 47 L/s.  Switching the HRV to 'high’
increased the supply to 53 L/s, and decreased the airflonw through the outside
air duect to 21 L/s, suggesting that the effect of the HRV was to pressurise the
basement slichtly.

In March 1886, 1adon concentrations in the basement and on the main flom
were 10 pCi/L. and 0.8 pCi/L respectively with the HRV on 'Low’'; 10 pCi/L and
1.0 pCi/L. with the HRV on ‘high’; and 11 pCi/L and 2.1 pCi/LL with the HRV off.

The HRV manufacturer’s representative and the installer visited the site at
the start of this test, and found that exchangaer was appatently unbalanced,
with the evhaust flow ciceeding supply flow in the ratic of 3 to 2. A dampe:
was readjusted to balance the flows.

A stiff breere was blowing at the time of the measurcments, and 0 was
suggested that the change in HRV balance simce installation wmay have baeon
caused by a nonumform wind pressuvre distiibution on the HRV exterior itahe
and exzhsust points. These were located on the rear wall of the house, neiat the
corner, separated by about 3.5 m.

The representatine recommeanded that the hasement door undercul be
inc reased from 2 to 4 cm to provide a greater return ar flow from the uan
floor. This was done after the short term meacurcments were completed.,  He
also suggested that the upstans mr might be tiavelling diuitectly to the IR\
trather than misning with the basement an generally, and so the monitor ! the
nther end of the bascement would overestimate the average concentralon i the
busement, and that performance might be ymprotved if some ann was disc bz ged
into the basement to naduce miving.

Subscquent to this test the weather became warm enoagh that wirdo s

were frequently opened, so further tests were deferred till the following saaver,
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2.3. PHASE 3

In February 1987, the radon concentrations werce meosured upstans and 1n
the basement with the HURV sel to sentilute the basement alone. 1The ducting
vas modified to deliver an to the far end of the basement fiom the HRA
eshaust and angled o promote circulation in the bascment. In this mode the
upstarrs tadon concentrations ranged Nom 1 to 7 pCi/L, with an average cf
1 pCi/l. The basement radon cuncentrations 1anged from 7 to 26 pCi/L, with an
average of 13 pCy/L.

The ducting was Lhea :cturned to discharge air upstairs only. Radon
concentralions upstauns ranged from 1 to 4 pCi/l, aseraging 2.5 pCi/L, while
concenlratizns in the basement ranged from 10 to 37 pCi/L, averagmg 13 pCirl.
When the HRV was Lurned of (, upsturs radon cencentiations ranged from 2 Lo
15 pti/l, averagmg 9 p/l, and bascment 1aden concentrations ranged from 16
to 35 pii/l, averaging 24 pCy/L.

The basement and house ventilation rates and mter-floor Liansfer rates
were measdied with passive PRI tracer souices and collectors, Th- sccuacs: of
these mmeastuements was Iow {20%) as only one sourde was used cie cach floor,
wnel the detectors werd depluved for ondy twe or thiee doys.

When the HHY was set o sventllate ondy the basement, the ~nflow nlo
basement was 195 1 /s, with o traasfer flow to upstans of 39 L/s. The anflw
vut of the man fleor was 265 L/s, wath a fluw inlo the basemsa. of 1 L/s.
When the HRV was set Lo debver sie upetins s, aad eahaust from the bhasement,
the urflow antoe the basement was 233 L/s, with a {low (o upstanns of 30 [./s,
The airflow out of the mata floor was 157 L/s, with a flow mnto the baserment of
R AW

pDuring these tesis the HRY delr ered e to the basement at 67 L/s, md (o
the upsbars ot 67 L/s, aad evhausted at aboul 80 L/s. The wrflow oat of the
baseme nt via the baseacatl dour undercar was meastured ot 33 L/s, whenr Lhe HRA
vas dischargine oar vpstairs, Pyven theuzh the calculated flows are oaly good to
nlout 20%, 1 s plam thal the bosement and main floor auffovs ot v b
Birger than thoss prodoeced by the HRV, and the effect of changes ne th o pode
of aperabicn are small - perhaps smalier than thase canacd by woathe: chan e,
This mmay be the esplaota 1on why Lhe measured Frosh oo flow Lo up aues should
Lo smalter whea the HIY a8 dise hargueg 67 1L/s upstioes than when thers s s

wlhitienal Treeh o supply ob all.
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This series of tests showed that the poor basement performance of the HRVY
wus not a measurcment artefuct caused by 1madequate circulation, or by
insufficient return airflow from the upper floors, it was simply thatl the natural
basement ventilation rate was higher than that produced by the HRV, and the
percentage reduction in radon concentration was correspondingly lower.

Alpha trach detectors were 1ssued in Febraary 1987 for final long term

measurements,

4. OTHER MEASUREMENTS

The radiation field in and around the house was 5 uR/h 1 the basement
und 6 to 7T uR/h on the site.

The average radon conceatration measured by alpha-track detectors over
the period February 1987 to April 1387 was 8.8 pCi/L 1n the Luasement, a:nd

2.1 pCi/L. 1 the hving arca.

REAN



MEASURDMINTS SUMMARY 1OR HOUSE 18

PYLON AB-5 HOLRLY MONITORING

PHASE MITTGA\TION TEST STATLS DIRING RANGN (pCy/L0 COMMUNTS
SYSTLXM DATL ST RANGE MIAN

1 Premitigation 07/85 Survey 6-31 16 over -8 hs

2 Increased 11/85 \‘ent wnit on 7-69 21 over 66 hrs

ventalatior
fresh awr ducted
to heat
eachanger on
boiler chrane)

2 HRV upstairs 02/86 R\ on 5-21 12 over I8 hrs
supply din on 1- 1 3 over 18 hes
HRV_off 10-21 15 over 41 hes
HERV off 1-11 8 over 13 hrs
2 HRV upstairs 03/36 HR\ on lea 7-14 10 mer 15 hres
suppls HRV on low 0.1-1.3 0.8 over 13 hrs
HRV on high T-11 10 over 21 las
HRV on bigh 0.3-1.9 1.0 over 23 hes
HiN of T-1% 11 over 29 hrs
HRV off 0.1-1.6 2 over 29 hrs

3 HEy Baseront 2787 HRV an hich -6 13 over 4 odags R
supplv HRV on hhgh 1-7 1 over 1 daas

[

3 HRV upestarres 02/87 HRV on lew 10- 3% ) aver 1L
suppls " 1- 1 2.5 "
HRV of'f 1h- 33 24 over b
" 2- i3 9 "
LA Beisement

P bpastaars
ey Heat Reconery Ventilator



PHASE

(&4

SYSTEM MEASUREMENTS FOR MOUSE 18

MITIGATION SYSY:™M  DATF
PRESSURE
Pa

HRV' upstairs supply 02/86 18
10
17
13

—
O we

(a1}

HIRV upstairs sapply 03/86

11

73

J1 D

10
13

HR\ basement suppl: o2/87

Q2/87

265

SYSTIM MEASLREMENTS

FLOW  RADOXN

(L/s)

BT
71
101
83
83
63
34
43

24

17

39
38

(pCr/L)

COMMENTS
A =lhgh
A -Low
B -High
B ~Low
C -High
C -lLow
D -High
D -Low
OQutside
Airducet

Blower off
HRVY supply low

GAB w'r
HRV supply
high

QAR off
HRV suppls
high

OAR on
HRV suppis
bigh

OAB bloched
HRV supply Low

0AB bloechad
HRV supply
high

High suppls
Low supply

PET_resukty
into asement
bascment to
upstarrs

out of
upstan <
upstairs to
basement



SYSTEM MEASURIDMENTS FOR HOLSE 18

PHASE MIT1GATION SYSTFM

3 HRV upstairs supply
HR\' upstairs supply

3 HR\" upstairs supply

Al Fresh air intahke

B: Exhaust

C: Total supplv

D:
h:

OAB:

Far supply branch
Kitchen
D.Rm:
HRV:

Dining room

DATE

02/87

03/87

Heal Recovery Ventilation

Outside Arrduct Blower

SYSTEM MEASUREMENTS

PRESSURE
Pa

18
13
13
10
10

26C

FLOW
(L/s)

RADON
(pC1/L)

24
13

—
(81} [$1 351
~ o w

—

66

O
Q2
w9
78

(8 )

59

COMMENTS

K -supply low
D.Rn -~suppily
low
PET_results
into hascment
basement to
upstairs

out of
upstalrs
upstairs Lo

brasement

A - hagh

A -low

B -hagh

B -lon

C- high
C-len
out.flo. via
wdercut
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HOUSE 19

PENNSYLVANIA DER MEASUREMENTIS

Working Level grab samples (Kusnetz} 0.327 WL
Short term average WL (RPPISU) 0.003 wi
Average radon (lerradev) 32 pCi/L
Radon concentration in water 80 pCi/L

1. DESCRIPTION

This small tvno story hnuse with atlached garage was buill in the late
197C’s on a sloping site poart way up the side of a hill near Boyertown. The
walls are covered with aluminum siding. The basemen! walls are hollow concrete
bloechs., The central wooden beam 1s supported on notched blocks at the ends
ar.d 2 block pillar 1n the centre of the basement. Heating is Dby clectrie
baseboards upstairs and a furst fiocor fireplace.

The floor slab has a major crack Lthat runs from front to rear of the house.
The uafimished wills are free of cracks butl are penetrated by sewer and water

hnes.  The sill plate does not cover the voids 1n the top vourse of blochs.

e

. ACTION

2.1, PHASE 2

The or.gieal inteal 1in this house was to mat i)l a subfloot ventilanon systern,
and scal the walls. However, discuss:on with the owner ufter seleclion found
that he had mgjor pluns for basement alteralion meludiog mstallation of o
doorway into the garage, which would require cutting through the garage wall, It
was unhhely that the seals could be mamtained. As a result, the plan was
changed to wall ventilation sice thal could deal wath mneressed lechage arca, the
house was small, the top of walls was accessible and the floor was n good
condition.,  This house was onlv a few doors down the stieet from house =8,
and was of wdentical desiga, so 1t was cevpected that equally good results could
he obtimed with wall venulation 1n this housec.

The top block vords were stuffed with fiberglass insulation as supportl
mat ctia! and rlosed with movtar.  The beam pochets werc flled with evpandiag

urethune foam.
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Holes were cut 1n the second course of each wall and a 4-inch lichtweight
plestic pipe installed 1in euch hole and sealed 1n pliace with siicone caulh.
These wall entry pipes were connected to a d-inch pipe runninz the length of
the cential beam. The central pipe was ezhausted through a 1-inch PVC pipe to
a wall mounted centrifugal fan installed on the outside of the rear block wall.

In April 1986, with the system faun turned off radon concentratwons roasc
slowly to reach an average of 10 pCi/L and with the fan on councentratious fell
slowly to average around 12 pCi/L.

System measurements m April 1986 showed flows of 6 and 7 L/s out of the
three subgrade walls and 17 L./s out of the gnrage wall, Fan suctlion was 13 'a.
Radon concentrations measured 12 pCi/L in the front wall, 15 pCi/L in the rear
wall, 15 pC:i/Ll i the garage wall and 10 pCi/l n the end walll The basement
air radon concentrations was 2.5 pCi/l, at that tume,

A smoke stick survey of the walls found that the anflow was positively
from the house 1nle the walls, but there seemed to be a small fow iato the
house from the floor crach. This was confirmed by a small enclosure taped over
the floor crack which accumulated 140 pCi/l 1n 153 minutes. A saaple of sub-
slab amr taken through a hole dinilled in the slab gave 800 pCi/l..

In May 1286 the owner refused permiss.on to extend the wall vonttuilation
system to subslab ventillation. Concern was eap.essed that breaxing through the
loor s'ab would lead 1o leakage of water from below the <lab, Saice warm
weunther had ariinved il was elected to await the heating scasos for furthe:
measurenent of radon concentiations.

2.2. MHASE 3

In December 1986 with the system fun off, the raden concentrations in the
basement were 1 pCi/l, and rose to 17 pCi/l when the fan was turead on, This
suggested that the aa rahage into the walls vas Jdepressuriziong the hasement
shightly and eanccuraging the entiv of soil gas through the floor etacl.  The
suction i the walls was not Ltansmitted to the subfloor space,

Sice uo additional work  was  permotted by the owncr, ilpha Trall
detectors were 1ssued 1 December 1986 to determine long tenr averages upstair s

and 1 the basement durning the heatling season.
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3. OTHER MEASUREMENTS
The radiation field within the house ranged fiom 5 to 9 uR/h, averaging
7 uR/h. On the site the held ranged from 5 to 8 uR/h, averagmyg 6 uR/h.
The average radon cvoncentration measured with Alpha Track detectors ove:
the perod December 1986 to March 1987 was 32.0 pCi/L in the basement and
0.6 pCi/L in the hving area.

MEASLREMENTS SLAPIARY POR HOUSF 19

PYLON AB-5 HOURLY MONITORING

PHASE MITIGATION ‘TEST STATLS IURING  RADON (pC2/L) COMMENTS
SYSTEM DATE TIS RANCL MLAN
2 wall ventilation 04/86 Fan off G-13 40 10 hr mean
100 l./s after 13 Lr
centrifugal Can 1rise ta
cequiliba tum.
Fan on 11-51 12 7 hr mean
after 39 hre
fall to

cquilibrsum

[

As above 12/786 Tan on 1-17 10 Rose slowls
over 1 odays.
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SYSTEM MEASUREMINTS FOR HOUSE 12

PHASE MITIGATION SYSTEM DATE SYSTEM MEASUREMENTS COMMIENTS
PRESSURE FLOW  RADOM
a (L/s) (pCr/L)
2 wall ventilation 01/86 6 28 Pipe A
100 L/s centrifugal 7 Iipe B
fan 17 Pipe C
7 Pipe D
21 Ma:n duct for
Pipes A,B4D

13 59 At fan
2 04/86 12 Pipe A

15 Pipe B
15 Pipe C
40 Pipe D
3 Basement Qe
800 Floor crach-
dsrect sample
120 Floor cra k-
15 min. bag
160 Tloor crack -
13 min.Lag
Pipe v\~ front wall
Vape B - Rear wall
Pipe C - Garage wall
Pipe D - End wall

e refusexd furtber vorh.,
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HOUSE 20

PENMSYLYANJIA DER MEASUREMFNTS

Working Level grab samples (husnetz) 1.021 WL
Healting Scason short term average WL (RPISU) 0.170 WL
Long Tera average radon (Terradex) 210 pCi/L
Radon concentration in water 68 800 pCi/lL

1. DLSCRIPTIONXN

This smigle story house was built ir the late 1970's on a sloping site on the
side of a hill some miles vast of Olex. The wulls are of siding, and heating s
by vil fiied forced warm awr, supplemented by wood stoves on the muin floor and
basement.

The basement walls 2re of concrete block. Fhitee walls ate buried, the
fourth (end) wall contains =z garage door and an entiy door. The sill plate
covers the block voiuds.  About B0% of the walls are covered with cement-based
paint.  There 1s a basement washroom.

F'he basement floor sizb 1s 1a good condition, penetrated by 1 hollow house

Jacks, a basement floor diqin, and a garage floor dram.

Z. ACTION

oL IASH 2

AG the floer slab an this house was o one prece, the prtiguatren measure
chosen for demonstiration o this house was sub-slab  ventilaticn, \s the
basement was tectangolar, the mtiad desrgn was for two ovhaust points lacated
on the centre e of the L=<ement.

Twao 20 cm o dimeter boles vere - ut throogh the floor slab b a coring dnill,
The subslah 1 was of v shad <tone. A 78 ainch™ vertweal pipe of behtuweight
plestic was pliced g the hole, the space batveon the pipe aod concrete losed
with asphall e nt, prote sted with o Ja e of quieh-sel grcat. The verte ol
pipes were gomcd to s homzental "6 oinch™ hightuwerght plastic pipe which an
along the mamn hean o the gforage wall a.d was connected te a large centiifucsal
fan nounted an that wall,

In \pril 1986, the r1a-cn concestrstion i the bascament with the fan on

rangad from 20 o 33 pCr/i, averaging 27 pCi/l. When the fan was turned off,

273



the concentration rose slowly reaching a mauvumum of 700 pCi/L after 24 hours,
at which time the fan was turned on again, causing the concentration to fall
slouly over the next 40 hours to 2 pCi/l.

Investigation found that amn was drawn down into Lthe sub-slab space
through the hollow house jacks and at the wall/floor joint. The fan drew
1.5 L/s at 90 Pa suction at cach pipe, and the radon concentration in the pipes
was 2 200 pCi/l. and 2 800 pCi/L. Samples from the floor draing in the garage
and laundry arveas respectively showed radon concentrations of 6 and 60 pCy/L.

The central location of the exhausl pipes produced the greatest suction n
the middle of the under floor space where there were few openmgs to allow
soilgas entry. The smallest suction was at the edge of the slab, where the
wall/floor jomt was a large polential entry route. If the exhaust pipes were
near the edge of the floor slab, then the greatest suction would be near the
large centry routes of the wall/floor jomt and the base ot the concrete block
walls, This larout had not been considered previously, for a large amount of
work would be needed to cut multiple hol:s with an air hammer. As the coring
drill could produce holes rapidly, this lajout could now be achieved at lower
cost and with less mess,

Accordingly, the lajout was changed to test if the petformance could be
improved. Tihaust locations were selecled on the basis of two equally spuace d
hotes o each loeng vall, and one on the short walle An exhiaust pipe could ot
be lncuted conventently Ly the garage door wall, and s¢ thuere were only e
exhaust pomts, The core diill was used to cut 12.5 cm holes about 7 cm fion
the wa4ll.  These holis partially intersccted the footing, which was brokea away
to ensute that at least 0% of the hole area was unobstructed.  There was
abont 1 cm of Nine materis]l between the top of the footing and the floor slab,
aad gl least 6 em of crushed stone under the floor. ‘the fan aud contral
collection pipss were sU e operation when the holes were dnilled. suction
avtended to the wolls, for smohe wis drawn down each hole.

v "1 anch’ hghtwaght plastic pipe was placed 1 cach hole and the space
botsoer the pipe and oo orcrete filled with asphaltic cement. The pipes teadhed
to the basement ceiling und 1an in the joist spnee to the "6 mch™ central pipe.

l~n May 1986, the radon concentrat.on in the buasement with the fan on
rauged from 9 Lo 33 pCu/L, averaging 20 pei/l. When the fan was turned off

concs ntrations ranged from 150 to 280 pCi/L, averaging 220 pCi/l..
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Investigation found that the suction at each pipe was 85 Pa. The flow and
radon concentration in the five pipes varied gieatly; front wall 0.15 1 /s ut
270 pCi/L; front wall 3 L/s at 480 pCi/L; end wall 4.3 L/s at 120 pCi/L; rear
wall 6.5 L/e at 6 500 pCi/l; rear wall 2.2 L/s at 780 pCi/L. Either the soillgas
concentration varied greatly from place to place under the floor slab, or clse
there was considerable dilution of the soilgas at some locations. This could be
caused by house amr drawn 1nto the subslab space at openings 1n the fluor slab
or by wall air drawn through joints between the concrete blocks and the footing.

A smoke stick check found that anflow was mto the sub-slab cpace at all
visible floor openings, but air flowed 1into the house frowr the upwind secticns
of the basement walls, There was a marked airflon from the end wall at the
pilaster supporting the mamn beam, with a radon concentration »f 160 pCy/l. Th <
confl'rped that radon was entering the walls in additior to outside Lar.,

The sub-slab system had made a major reduction iy radon suppls rate, bt
there was sU'l a signmificant supply. !o check that this swas not due Lo i
floor entry routes, water vas poured mto the floor druamn traps to cees « the
they were closed, and the Leliow steel house jachs wera filled with e paadinng
foam, after sampling Radon cexcontret ons within the four jochs were neasa |
as 8, 9, 1 and 1 pCy/t.

If the evhaust pipes were draving an fiom the walls (s the lon 5010
radon coneatrations suggested), then there waes o possthilits the the il
and radon supply from the s alls could be redaced sump's by gjocr sas g the
atthizhtacss of the walls, Ta check thys, the wilt phate wis < authed to the top F
the walls, and the opemings in the pilaster around the ma. beam wers Hiiled
with espandu £ foam.

In May 1986,the:  Antichtness  of  the  walls wae  mereasaed, eyl
concentrations 1n the basement with the fan rurnmg ravced from 1ot 20 pes/sy,
averaging 12 pty/l. After the worl was completed, the ronge was from | oo
22 pry/l, averading 12 pCi/l.

The conchusion was that the floor svstem vas worhing well, aed thet » oo
posttive steps to ventilale the wall wvonld be requited t~ poduce the rodan
supply frop that routes Thais work yvas Jeft uatl the fall; wvhen wessuro s ats

could be made under more cbhallerging conditions,

g
-1
Ji



2.2, PUHASE 3

During the sunmer of 1986 the owner estended the house to the rear,
almost doubling the floor avea by adding two bediooms and a diming 100m on the
matn floor level, The estension had a suspended floor, and the foundation walls
were made of concrete block, hut the suil beacu’h the floor was covered with
concrete with a loop of perforated pipe laid benesth and biought outside so
that subslab yventilation could be added easily.

In November 1088, the esisting sub-slab sy stem was modificd to ventilate
the orniginal basement walls as well. The evhausl pipes were cul at 30 cm from
the floor, and a 'Tee’ inserted. A 6 cm dinmete:r hole was cut in the block wall
abeut 25 em from the pipe, and a "1.5 anch”™ plastic drain pipe placed in the bole
and connedted to the exhaust nipe by 4 series of plumbing toducers,

Test.ng of the slab and o1V rteatilation system showed thee flows and
stie tioas 1 Lthe fime wall entry pipes to be front wall 12 1 /s at 88 Pa; frent
watl 5 L/s abt 0 Vg end wall 12 L/ 21 88 Pa; rear wall 10 L/s ol 75 Pa; voa:
wall £ /s at 58 Pa. Ihgh turbulenre an the ducts made ot Difficalt o measure
flowe, bHut the flows and suctions for flocr entries were fouand o e o fiont wall
3 /s ot 83 'ap Mont wall T /s at 30 TP end wall 2 L/s at 35 a; rear walt
3 1/s wt 50 Pa; jear wall 1 1./s at 63 Pa.

L oth the ssster so modified and perating radon conce ctrations were Ffound
to rance from 7 to M o0/ and nveraged 10 pCy/r. When the fao was tuone d

off, vador cnncentrations 1 the bhasewos U rose peopadic 1o a hagh of 25

H

Pl
and averngod 17T pey/i. Ther retur ood 00 anr ovortagc 80 =0 Y whien the fun
was turoned oo aganr, teagong from O e 1% pCiZine there Taels were comparable
to those observed previoual , so the chaage 1 the sxstem had st made oo
major performance mprosverent,

The effect of the nen esvtension oo radon cooceatt «boas 1o the house was
ms eshigated by measurements noa bedioom o the ostension. Concentiations
vt Tram 5ot 60 pry/l o albout oo menn of 27 pt/e, Wherr o tempurae
centrifued fan was conected ta the ernteasion subishib perforated pipe sustenm
below the crev ) space sy, concent: stions 1anged from 2 60 537 pC1/1, vernading
I pta/is the temporars fan dehvered 1039 LCui/L oo ot “low 1rate of 532 1 /s,

In Januaay a mare complete st of measaremoits were o, e both o th
hasement and upstairs waith the extonsion fuon on, then off, Jaseent levels

oevaced 12 pC/EL naespectine of fan coaditon, wheare as the npsians neraze
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merenased from 11 to 31 pCi/L when the fan was turned off. Laige peaks in
basement concentratwons (34, 88, 42 pCi/L) were found to comcide with
lantndering of clothes in the basement. Swmaller tesidual pealis appeared on a
delayed basis in the upstars levels, This was consistent with the reported DER
1adon 1n water concentration of 69 000 pCi/L, and showed that water usage at
this home could be 1 sigaificant rovte of radon entry. MNone of the previous
measurements had shown tins pealing, but when guestioned, the owner reicaled
that clothes washing had beea avouded durmmg all previous test peviods.

la Mo:zn 1987, a lurge plar e bodied centusfugul fan was iustalled Lo
replace the basem=nt sy stem ard provide the addutional flow capuaity needed to
intezeate the entens.on subslab ventilation cyvstem with the basement wall plus
finor ventilation.  [le o systems were leed together at the top of a basement
riser nea: the ovtensten. Thys gave a flow of 52 L/s fton the estencginn at
1100 pCi/L of 1adon and 65 D suction, At the same time the basemnl rise,
connectea to the tee showed o flow of 12 L/ at a concentration of 1700 pCi/L
under o suction of 30 P'a. The new fan operated at o suction of 130 Pa Lo
provide a flow i the many duct of 96 L/s at 550 pCi/L.

With the -combmed sistem 1o operation, radon concentn itjons upsiors
averaged 12 pCy/l, with range 3 to 47 pCi/t, and 1t the basement radon
concentrations overaged 8 pl/h, with runge of 2 Ww B3 pCiyi. Qnee again there
were adon peals v hea ddothes cere washed o the basement. At tisies when
the'2 was ne water wse for several hours, bascnenit concentrations rarged fron
2 pCi/l o 10 pCi/L cLoul & mena of 3 pCi/l. Very luge peals weie observed
upstars follow:ing showers and batha, This evpllins why the upstairs nesa s
large: thuan the bascmeat menrs, since with a faomlv of four children, suths and
showers 1o froquent coc utrences.

ta late March 1087 1udes caoncentiatons upstanns and 1 the basesont wore
mondored whas chaoges i the system wece mitroduced, Tarety, the ool lge
suc tion in the bHasenon! systen was mcreased from 80 Puto 113 o Ly wlos s o
dampor o the prpe B hung the basement srstem o the estersion. Neglootms
pealis duc Lo water o4 o0, asdon covcenttaticns apstoars mereaned fraw o

I

11 hoar rverage of lees than s pCi/l o aa 11 hewr avevasze of over B0 piia/i,

wud 1n Lhe basewment ancreascd from a 24 hour average of 3 pCi/l o o 80

[TRILR}

ar crege of 08 pCifl, despite the o orease na sy stem suchion.

ra
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The pipes into the walls were then disconnected, turming the system into a
sub-slab system only. This increased the average suction at the floor from
110 Pa to 220 Pa. There was no significant change in the lowest radon
concentrations measured in the basement which averaged 7 pCi/L, or upstairs
which averaged 8 pCi/L. The improvement in sub-slab system suction did not
seem to decrease the radon entry rate from the crawl space either. Flows and
radon concentrations in the floor pipes under these conditions were; froant wall
0.3 L./s at 260 pCi/L, 6 L/s at 330 pCi/L; end *all 10 L/s at 100 pCi/L; rear wall
12 L/s at 5 800 pCv/L, 3 L/s at 680 pCi/L. Smoke testing showed that amr
floned from the house into the walls through the openings left by removal of
the pipes, evcept at the first opening on the front wall, wherce there was a
steady airflow of 0.5 L/s at 17 pCi/L 1nto the house.

To determme if an optimuin setting of the extension line damper esisted,
the damper was opened, and the flow varnled from 27 to 38 to 31 L/s, still with
the wall pipes disconnected. When radon peaks caused by water usage were
removed from consideration the upstairs averages lay between 53 and 6 pCi/L and
the basement averages lay between 4 and 5 pCi/L. Therefore, provided the
exlension s) stem damper was al least partly open, no significant difference n
radon concentration was observed. This was understandable as the sistem
suction remaimmed high, decieasing only from 212 PFa to 167 IPa as the damper
position was varied from nearly closed to completely open.

As a fnal test, the damper was left fully open, and openiags 1in Lthe walls
where the exhaust pipes entered were first taped closed, to check the effect of
closing the walls, and then wall suction pipes were reconnected. Upstlamrs radun
concentrations (discounting water peaks) showed minimzl change from a range of
3 to 9 pCi/lL and an average of 5 pCi/L; to a range of 1 to 5 pCifl and uverage
of 6 pCi/L. Basement concentrations fell from a range of 3 to 10 and an
average of 6 pCi/l; to a range of 2 to 6 and an average of 1 pCi/l. when the
walls were ventilated, thereby confirming the hollow block walls as 1 small route
of radon entry.

Alpha track detcclors weie 1ssued 1n March 1987 to measure a longer term

average radon concentiation.



3. OTHER MEASUREMENTS

The well water radon concentration was remeasured by DER in Aptil 1987,
They found that the concentration was 112 500 pCi/L, significantly higher than
the previous value of 68 800 pCi/L. This concentration was comparable to that
measured in house 230, where the water was the major route of radon cntry.

The radiation field in the house ranged from 6 to 15 uR/h, averaging
9 uR/h. The higher fields were in the vicinity of the hot water tank, which
gave 39 uR/h on contact. The radiation field around the outside of the house
ranged from 11 to 27 uR/h, averaging 16 uR/h. The highesl readings were near
the bank into which the house extension had been set.

The average radon concentration measured by alpha-track detectors over
the period of Mavch 1987 was 5.8 pCi/L in the basement, and 9.9 pC:/L mn the

living area.

o
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PYLON

PHASE

MEASUREMENTS SUMMARY FOR HOUSE 20

AB-5 HOURLY MONITORING

MITIGATION TEST STATUS DURING RADON (pC:i/Ll;
SYSTEM DATE TEST RANGLE  MEAN
Central sub-slab 04/86 Fan on 20- 33 27
ventilation, Fan off 98-696 -
100 L/s
centrifugal fan Fan on 527- 22 -
Peripheral sub- 05/8% Fan on 9- 35 20
slab Fan off 150-280 220
ventilation;
100 L/s
centrifugal fan
05/86 Fan on q- 22 12
Fan on i- 22 12
Basement sub- 11786 Fan on - 14 10
slab and wall Fan off 96-257 177
ventilation; Fan on 6- 13 10
100 L/s
centrifugal fan
Plus crawl space 01/87% Fan on 5- 60 27
sub-slab
ventilation;
50 L/s
centrifugal
01/87 Fans on 2- 55 11
01/87 Fans on 3- 88 12
Fans on ?- 18 11
tFan off i- © 12
tFan off 13- 82 31

280

COMMENTS

over 25 hrs.
over 24 hrs
of rise
over 40 hrs.
of fall

over 46 hrs.
over 16 hrs
after 4 hrs.
rise to
equilibrium
‘\’al l
airtightness
increased
over 18 hrs.
over 18 hrs.
over 34 hrs.,
after 18 hr
return to
equilibrium

over 2 days U

over 2 days U

oner 2 days B

over 2 daye L
over 2 days B

over 2 days U



MEASUREMENTS SU™MARY FOR HOUSE 20 contd

PFYLON AB-5 HOURLY MONITORING

PHASE MITIGATION TEST STATUS DURING RADON (pCa/l.) COMMENTS
SYSTEM DATE TEST RANGE  MEAN
3 crawl space 03/87 Fan on 2- 65 8 over 4 days B
+hasement sub- Fan on 3- 47 12 over 4 dayvs U
slab and wall
ventilation 150 Fan on 2- 10 5 Lasement
centrifugal fan neglecling

vater peaks
Neglecting water peaks from here onard

3 crawl space line 03/87 Damper opn 15 3 over 24 hirs B

dampered Damper opn 2- 4 3 over 11 hrg U

Damper clsd -9 7 over 9 hrs B

Damper clsd 11-14 13 over 11 hrs U

line dampered 03/87 Damper clsad 5-8& 7 over 20 hrs B

+wall pipes Damper clsd 6-10 8 ovet 22 hrs U
removed

01/87 Damper s).opn 3-9 5 over 37 his B

Damper ul.opn -9 6 over 25 hrsg U

Damper more.opn 3- 7 4 over 41 hrs R

Drunper more.opn 3- 7 5 over 22 hrs L

Damper flly.opn 3- 7 1 over 12 hes B

Dampcr £11: .opn -7 6 over 10 lus U

Line dampered + 03/87 Damper flly.opn 3-10 6 over 15 hrs B

wall openings Damper fl1ly.opn 3- 9 5 over 31 hrs U
closed

Line danpered ¢+ 01/87  Damper Tl .opn 2- 6 1 over 35 hrs B

wall pipes Damper £lly.opn i- 9 6 over 20 hrs L
reconteetod

¥ Crawl <pace fan
B Racoenr nt
U Up-tairs

281



PHASE

SYSTEM MEASLREMENTS FOR HOUSE 20

MITIGATION SYSTEM DATE
Central sub-slab 04/86
ventilation; 100 L/s
centrifugal fan
Peripheral sub-slab  05/86
ventilation 100 L/s
centrifugal fan

05/86

RBasenent sub-slab and 01/87
wall ventilation;

100 L./s centrifugal

fan

As above plus crawl Di1/87
space ventilacion;

50 1 /4 contry{ugal

fan

Cronl space + 03/87

hascment sub-~slab and
wall vealilatjon;

150 L/« centrifugal
fan

SYSTEM MEASUREMENTS

PRESSURE
Pa

90
g0

85
85
85
BS
BS5

88
63
50
50
88

-

05}
30
38
63

[}
&

LA 4]
(=]
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FLOW  RADON
(L/s) (pCi/L)

1.5 2 200
1.5 2 800
6
60
0.2 27
3 180
4 420
ki & 500
2 780
&6
8
9
a
3
12
3
5
2
12
2
10
3
8
1
52 1 030
52 1 100
12 1 700
96 550

COMMENTS

Riser 1
Riger 2
floor drain
garage
Floor drain
launary

Riser A-Front
Riser B-Front
Riser C-End
R:ser D-Rear
Riser E-Rear
End wall
pilaster

House Jack
House Jach
House Jack
House Jarl

e (0 PO =

A- wall entry
A~ slab entr
B- wall entr;
B- slab entry
C~ wall entry
C- slab entry
D- wall entry
D~ slab entry
- wall entry
- slab entry

At cranl space
fan

Crawlspace
pipe Lo lee

D riser to Leo
Muan duct



PHASE

SYSTEMS MEASUREMENTS FOR HOUSE 20

MITIGATION SYSTEM DATE
Crawl space damper 03/817
open
Crawl space damper 03/87

closed

Damper closed + wall 03/87
pipes removed

Pipes + damper 01/97

partly open

Pipes + damper
mor e open

Pipes + damper fully
open

SYSTEM MEASUREMENTS

PRESSURE
Pa

95
62
100
50
95
70

112
100
112
100
112

75

67

237
212
221
249
187
199

212
199
212

162
167
174
117
122
167

[
(<]
W

FLOW
(L/s)

16
12
17
12
13
15

17
13
17
16
16

4

7
34

0.3

10
12

41

[SIRE N

s =]

RADON
{pCi/L}

500
8 500

310
560
2 200

260
330
1090
5 800
680
2 900

COMMENTS

A-Riser

B- Riser
C-Riser
D-Riser
E-Riser
D-Horizontal
D-Wall

A-Riser
B-Riser
C-Riser
D-Raser
E-Riser
B-floor
D~Riser
D-Horizontal
A-Floor
C-Floor
E-Floor

A-Riser
B-Riscr
C-Riser
D-Raser
E-Riser
D-Horizontal

D-Riscr
D-Horizontal
Main Duct

D-Riser
D-Riser
Main Duet

D-Riser
D-Horizontal
Main Duct
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HOUSE 21

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.533 WL
Heating season short term average WL (RPISU) 0.165 WL
Heating season average radon (Terradex) 172 pCi/L
Radon concentration in water 1 100 pCi/L

1. DESCRIPTION

This single story house with attuched garage was built 1in the early 196Q0's
on a sloping rural site on the side of a ridge a few miles west of Boyertown.
The house walls are faced with biick, and heating 1s by o1l fired hot water.

The garage flocor 1s on the same level as the basement! floor, and there 1s a
door from the basement into the garage. The basement walls are of concrete
block. The block roids are open at the top, and are partially covered by the
s11] plate. Almost all of the basement is partly finished. The walis are painted,
there 1s a suspended cetiing, and a carpet is glued to the floor, except for a
basement washroom that 1s tiled, and a small laundry arca where the concrete
floor 1s exposed. The well pressure tank 1s supported by two conciete blocks
laid on thewr side. The voids penetlrate the floor.

The owner said that there was a weeping tile drain round the house, which
drained to a lower part of the site. There 1s an untrapped floor drain ia the
laundry room that probably connects to the weeping tile. There 1s a gzap

between the edge of the druain and the concrete.

2. ACTION

2.1. PHASL 2

As this house had a weeping lle drazin, the mitigatine action chosen for
demonstration was weeping tile venulation. An c.ammation of the site could
not find the dischatge mipe from the weeping tile.

The situation was reviewed in detail. The garage slab was at basemen!
flom level, and the garage had been added to the house. It was hkely that the
path of the origmul diain hne was below the garage slab, and the dromnm tle
along the house wall mght well have heea damaged or removed during the

garage floor slab mstallation. It now secemed as if a4 major evcavation would be
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required to reach the tile, rather than a simple job requiring only a minor
amount of digging. There was no assurance that the tile would he co: unuous
round the house as neecded for a satiefactory soil gas collector.

In light of this, 1t was decided not to pursue the weeping tile route, but to
examine alternative mitigation methods. The gap uaround the floor drain was
large enough that crushed stone aggregate could be scen beneath the floor glab.
A concrete cering machine had jusl b«,;en made available, so it was decided to
demonstrate sub-slab ventilation 2s the mitigalion method in this house.

The only part of the basement floor trat was not covered with glued carpet
or tile was the laundry sacrea. An 20 cm diameter hole was cored through the
floor adjacent to the furnace and out of the main traffic pattetn, und a "6
inch” hghtuweight plastic pipe was mstalled 1n the hole. The sub-slab fill was a
layer of coarse crushed stone 8 to 10 cm thick. The gap between the slab and
the pipe was filled with asphaltic cement and yrotected with a layer of fast-set
grout. The other end of the pipe ran to a large cen’rifugal fan mounted on a
sheet of plywood thal replaced a basement window. The untirapped floor drain
was cloced with an expanding rubber plug.

In Apri1] 1986, Lthe radoun concentration in the basement with the fan off but
the untrapped floor drain clesed, tanged from 26 to 20! pC/L, averaging
160 pCi/L. When the fan was turned on, concentrations fell for 15 hours to a
new equiltbrium which ranged frowm 8 to 16 pCi/L, averagmg 12 pCi/l. cver the
naxt 12 hours.

Investigation found that the fan developed 85 Pa suction at 12 L/s, with a
radon concentrsticn of 2 300 pCi/L 1n the esxhaust. Smohe tests showed arirflow
was down into the sub-slab spuace at all cracks 1in the lauandry room ead and
round the edge of the fleot dram. Wher the plug was removed from the
untrapped floor drain, there was a flow of 0.7 L./s out oi the dramm at 2
009 pCi/L. Glued rcarpet and baseboard heating umts prevented smoke tests on
the remainder of the basement floor.

2.2. PHASE 13

The fan installation was not satisfactory for a permaent installation, so i
November 1986 the fan was replaced with a large plestic body m-hae
centrifugnl fan attached to the walll The plywood pancel was replaced by a
sheet of pleviglas with a hole for the duct to pass throuch., The gap between

the edge of the floor drain and the concrete was closed with silicone caulh.
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The new fan produced 300 Pa suction at a tlow of 77 L/s, and a radon
concentration of 1 100 pCi/L.

Irr December 1986. efter the fan change, the i1adon concentration in the
basement{ was monitored. When the fan was turned off, concentrations ranged
from 38 to 116 pCi/L, averaging 76 pCi/L. When the fan was tuined on again,
conceptrations fell over 8 hours to an equilibrium ranging fiom 1 to { gCi/L,
and averaging 3 pCi/L over 38 hours.

Alpha track detectors were issued in December for final long teun

measurements.

3. OTHER MEASUREMENTS

The radiation fi id m and around the house ranged from d to 7 ulR/h mn Lne
basemeat, averaging 3 ul/h. On the site the field ranged from 7 to 12 uR/h,
averagivng 9 uR/h.

The average radon concentration measured by alphi-track detectors over
Lthe period December 1986 (o March 1987 was 3.1 pCi/L 1n the basement, and

2.6 pCi/L 1n the hving area.
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PYLCN

PHASE

PHASE

MEASURIMENTS SUMMARY FOR HOUSE 21

AB-5 HOURLY MONITORING
MITIGATION TEST STATUS DURING RADON (pCip/L)
SYSTEM DATE TEST RANGE MEAN
Sub-slab 01/86 Fan off 26-201 160
ventilation; Fan cn 8- 16 12
100 L./s

centrifugal;
untrapned floor
drain plugged

Sub-slab 12/86 Fan
ventilation; Fan
150 L/s

centritugal;
untrapped floor
drain plugged

off 38-116 6
on 1 4 3

SYSTEM MEASURIMENTS FOR HOL SE 21

MITIGATION SYSTIM  DATLE

Sub-slab ventilation; 01/86
100 L/s centrifugal

fan; untrapped floor

drain plugged

Sub-slab ventilation; 11/86
150 L/s centrafugal;
untrapped floor drawn
plugged

SYSTI™M MEASUREMENTS
FRESSURE rLOW  RADON

Pa (L/s) (pCi/fL)

85 12 2 300
0.7 2 000

300

=]
-~

1 1C0

283

QAMNMENTS

over |4 hrs.
over 31 hrs.
after 13 hr
clirh to

equilitrivenm

aver 17 hrs,
over 38 hrs.
altor 8§ hres,

CARIENTS

atl fua
drin vhen
unplugged

At fan
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HOUSE 22

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.170 WL
Short term average WL (RPISU) 0.029 WL
Heeting season average radon {(Terradex) 24 pTi/L
Radon concentration in water 8 000 pcCi/L

1. DESCRIPTION

This two story side-split house with attached garage was built 1n the carly
1980's on a gently sloping site in a rural subdivision near the top of a hill a few
miles west of Oley. The lower half of the walls are of brick, the upper half are
of siding. The garage and a family room are on a slab at grade level, and only
the living room 1s over the basement. Heating is by ocil-fired hot waler in
basebecard conivectors, with an upstairs fire place 1in the family room.

The basement walls are of poured concrete, and there is an eaternal
entrance. There are water stains on the concrete in the right-hand corner of a
step 1n front of the exlternal doorway. There are no cracks in the floo: or
walls, and the wall/floor joint crack is small. The family 1room floor slab lies
parlly on top of the basement stub wall. The junction 15 laigely concealed Ly
the doubled "two by four' sole plate of the dividing frame wall which stands on
top of the stub wull 1n front of the slab. In the few places where the joint was
visible, there was a large gap between the top of the stub wall and the
underside of the slab. The boiler chimney is made of concrete blocks and passes
through the family room <lab adjacent to the stub well.

The owner said that there was a weeping tle drain around threce sides of

the house oulside the concrete walls.,

2. ACTION

2.1, PHASH 2

As the joint bhetween the stub wall and fleor slab was the largest poteatial
opening  1nto  the basement, the 1maitial mtigation measure  chosen  for
demonstration at this house wus a modified wall/floor jomnt (ollection system.
This was not expreled to be the final solution, but would provide a measwie of

the telative miportance of the stub wall joint to the other routes of entry,
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The sole plate of the frame wull was enclosed by a plywood box. The top
of the box above the sole plate was cul to fit round the vertical studs and
butted against the basement side of the wallboard, which formed the back of the
box. The front of the boy covered the joint between the sill plate and the stub
wall, and was screvwed to a furring strip attached to the walll. There was not
enough room to box over the joint beh:nd the stairs, so the stairs were removed
and the joint in this area closed with caulk. All joints were caulked to increase
the airtightness of the boxn as much as possible,

The stairs divided the collection box into two separate sections, which were
connected by ducts of "1 inch” hghtuweight plastic pipe to a simlar collection
duct. A 30 L/s avial fan mounted on a sheet of plywood 1n a basement window
was jJoimed to the collection duct with a flextble hose.

In Apr:l 1985, the radon concentration in the basement with the wall joint
ventilation on ranged from 27 to 51 pCi/L, averaging 13 pCi/lL, When the fan
was turned off, the concentration ranged from 26 to 12 pCiy/L, averaging
31 pCi/L. The radon concentralion in the three legs of the collection system
with Lhe fan off was 2 to 5 pCi/l, and increased respectinely to 23, 71 and
66 pCi/L when the fan was turned cn. At that time the respecltive pressures
ana flows in the legs were 23, 18 and 20 Pa and 12, 7 and 9 L/s; the
corcentration in the basement at this time was 38 pCi/L. An anr sample taken
from the hollow concrete chimney structure had a coancentration of 32 pCi/L.
Clearly, although there were connections to the soil 1n the slab/stub wall joint
area, neither it nor the chimney was a mojor entry route.

Enclosures placed over the foor/wall joint on the right and left side of the
external basemenl doorstep were sampled on two nccasions with system runmng.
The radon concentrations one after 23 hours were 380 and 1 600 pli/L on the
right side, und 80 und 80 pCi/l. on the left, This suggested that the basement
wall/floor )nint was an eantiy route, but the relative importnnce of that joint and
other joints in the slub—on-grade section was unliowi,

In hight of this, the sceond mtigation method chosen for demonstration at
this honse was subslab ventilation of the basement slab alone.

Four 12.3 cm diameter holes were drilled through the [loor slab, tuwo
adjacent to the stub wall and two i the corners of the opposite {end) wall
near where the enclosares had shown high values. There was a plastic sheel

beneath the slab, and at least 5 to 8 em of ctushed stone. The existing "1 1ach’
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piping was extended to the holes, and caulked in place. The axial fan was
retained for testing.

In May 1986, the radon concentration in the basement with the fan on
ranged from 2 to 7 pCiy/L, averaging 4 pCi/L. With the fan off, concentratinns
rose rapidly, and ranged between 21 to 5% pCi/li, sveraging 35 pCi/L.

Radon concentrations measured in the floor pipes with the fan off were;
stub wall 3 800 pCi/L. (front half}, 300 pCi/L. (rear half), rear corner 8
000 pCi/L; and front corner 17 000 pCiy/L. At that time the radon
concentrations 1n the basement air was 36 pCi/L

When the fan was turned on the concentrations in the pipes droppcd.
Suclions, flows and radon concentrations in the f{loor pipes were; stub wall
(front half) 12 Pa, 0.1 L/s (no radon measurement); stub wall rear half 13 Pa,
1.2 L/s at 300 pCi/L; rear corner 22 Pa, 1.2 I./s at 5 800 pCi/L; and front carner
20 Pa, 0.7 L/s at 7 300 pCi/L.

Further testing was halted by the onsel of warin weather,

2.2. PHASE 3

In November 1886 the systein was modified to just sub-slab evhaust by
disconnecting the collection box, and a large plastic body exhaust fan was
installed on a temporary mounting with flex hose. Suction was increased lo
130 Pa in each of the floor pipes. Following this work, radon concentsations in
the basement ranged from 1 to 30 pCiy/L, averaging 9 pCi/L.

Flows and radon concentrations in the pipes measured in December 1986
were; stub wall {vear half) 1.5 L/s at 260 pCy/L; stub wail (front half) 0.7 L/s at
1 200 pCi/l; rear corner 5 L/s at 2 800 pCi/L; front corner 4 Lfs at 3
000 pCir/L.

In December 1986, radon concentrations in the basement ranged fromr 2 1o
19 pC\/L, averaging 5 pCi/l. Simultaneously, concentrations upstairs ranged from
6 to 13 pCv/L, averaging 10 pCi/L. This indicated that there were radon supplies
to the upstaus indepeandent of those 1a the basement, and that Lircatment of the
slab on grade portien of the house was required.

The sastem suclion was only 12 Pa at the ead of this measurement perioed,
for the flexible hose to the fan had  becone: blucked by accumuluted
condensation, wo il was expected that better performance counld be obtaired of
the fan was poimanent!y mounted so that it wvould not be blehed with

condensation,



In February 1987 the system was modified Lo provide suction beneath the
upper floor slab. Two suction points were drilled horizontally through the stub
wall so that the fill beneath the slab could be ventilated without installing ducts
in the finished upstairs space. The sub-slab pipes at the stub wall were 'Teed
into these holes. The fan was permaneritly mounted so that condensation would
not block the ducts.

The system suction was an uniform 210 Pa in all the pipes. The flows and
radon concentrations in the pipes were; stub wall (floor) 1 L/s, €70 pCi/T; stub
wall {front) 2 L/s, 30 pCi/L; stub wall {floor) 1 L/s, 100 pCi/L; stuk wall (1ear)
7 L/sy, 110 pCi/L; rear corner 8 L/s, 1 900 pCi/L; front corner 7 L/s,
1 500 pCi/L. 1n February 1927, the 1adon concentration 1n the basement ranred
from 5 to 22 pCi/L, avereging 9.6 pCi/L. Simultancously, the concentration
upstairs varied from 1 to 8 pCi/L, averaging 3 pCi/L. Alpha track detectors
were issued for fina) long term measurements n late February, at which tume
grab samples of basement air and air behind the polyethylene enclosure of the
cellar steps gave concentrations of 17 and 19 pCi/L.

Most, but not all; of the higher basement concentrations were assacialed
wilth use of the washing machine. The radon concentration 1n the water foi
this house is only 8 000 pCi/l, which did not seem high encugh to eaplain the
cize of the peaks. Basement depressurization produced by operation of the
clothes dryer with the door to the rest of the house closed was ruled out, fzr
the dryer mir in this house 18 recirculated back nto the basement.

The wall/floor joint was tight encugh that smoke lests did not madicate any
air movement. Enclosures were placed over the wall floasr jomt on two walls,
at the external bascment entrance steps, the scewer pipe esil, the beam pochet,
and over {wo windows that were covered by window well bubbles, Radon
concentiations i the bags al the wall/floor joint were 0 and 15 pCy/t, at the
steps 15 pCi/l, sewer pipe 0 pCi/L, beam pocket 0 pCi/l, and 3 pCi/L ard
1 pCi/L over the windows. None of these indinted a significant rodon o'y
1oute. The entiry route for the higher radon conceattations remarsoed

untdenhified.

3. OTHFR MEASUREMIENTS
The radintion ficld i the basemeat 1anged Trom 3 o 6 ulk/h, aver iginy

S ukR/he The field on the st ranged Drom 5 1o 10 ult/h, aviracing @ ei/h.
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The average raden concentration measured by alpha-track detectors over the
period February 1987 to April 1987 was 7.6 pCi/L in the basement, and 2.7 pCi/L

m the hving area.

MEASUREMENTS SUMMARY FOR HOUSE 22

PYLON AB-5 HOURLY MONITORING

PHASE MITTGATION TEST STATUS DURING RADON (pC:i/L) COMMIZNTS
SYSTIM DATF TEST RANCE MEAN
2 Stub wall yont 01/86 Fan on 27-31 42 over 24 his
ventilation; “an of f 26-4 341 over 41 hrs

50 L/s» axial fan

2 Basement sub- 05/86 Fan on 2-7 1 over 16 hrs
slah Fan off 21-51 35 over 15 hrs
ventilation;

50 1./s axi1al fan

3 Basement subslab 11/86 Fan on 1-30 9 over 18 hra
ventilation; by 12/86 Fan on 2-19 5 over 1 davs
150 L./s Fan on 6-13 10 over | days
centrifugal upstairs
Rasement + split 02/87 Fan on 5-22 10 over 1 days
Jevel subslab Fan on 1-8 3 over ] days
ventilation, upstairs
150 L/s

centt 1 fugal



SYSTEM MEASUREMENTS FOR HOUSEF 22

PHASE MITIGATION SYSTEM  DATE SYSTEM MEASUREMENTS COMMENTS
PRESSLRE FIOW  RADON
Pa {(L/s) (pCa1/L}

2 Stub—-uall joint 04/86 2 Fan of f-A
ventilation 50 L/s 5 Fan off-D
axial fan 3 Fan off-C

23 12 23 Fan on -A
20 9 66 Fan on -B
18 7 71 Fan on -C
38 Basenent air
fan on
32 Fan on -
chimney block

2 Subslab ventilation 05/86 3 800 Fan off-Leg 1
50 L/s axial fan 300 Fan of f-Leg 2

8 000 Fan off-lLeyg 3
17 000 Fan off-leg 4

36 Fan off-
basement alir

12 0.1 N/A Fan on-lcg 1
15 1.6 300 Fan on-Leg 2
22 1.2 5 810 Fan on-Log 3
20 n.7 7 500 Fan on~Lcg 4
3 Bascment subslab 12/86 130 1.5 260 Fan on~Leg 1
ventriation; 150 L/s 130 n.7 1 200 Fun on~Leg 2
centrifugal 130 5 2 900 fan on-leg 3
130 | 3 000 Fan on-Lez 4
3 Basement + split 02/87 200 1 670 Fan on-leg 1
level subslab 210 2 30 Fan on-leg 1%
ventilatron; 150 L/s 210 1 400 Fan on-lcg 2
centrifugal 205 7 110 Fan on-l.g 2¢
210 B 1 900 Fan on-Leg 3
210 7 1 500 Fan on-Leg |
17 Fan on-
basement alr
19 Fan on~ celiar
nir
Wwnll bow ventilation pipes A - rear B - contre € - front
Sub-slab ventilation pipes Teg |- Stub saall front
Leg 2 - Stub wall rear
teg 3 - rear basement corner
leg 4 - front bascement corner
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HOUSE 23

PENNSYLVANIA LER MEASUREMENTS

Working level grab samples (Kusnetz) 0.836 WL
Heating season short term average WL (RPISU) 0.102 WL
Heating season average radon {(Terradex) 98 pCi/L
Radon concentration 1in water 17 900 pCi/L

1. DESCRIPTION

This two story side-split house was built in the early 1980’s on a fairly
level rural site near the top of a ridge a few miles north of Hereford. The
front and erd walls of the lower story are of brick, the other walls are of
siding. The family room and garage are at grade on a concrete floor slab, only
the hhvaing room and hitchen are over the basement. Heating 1s by oil fired hot
water baseboard conveclors upstaits, supplemented with a wood steve in the
family room.

The basement and foundation walls are of poured concrete, The upper floor
slab rests on top of the stub wall. The dimviding frame wall v.as erected before
the upper floor slab was poured, and 18 supported by a row of "4 inch” solhid
concrete blocks laid on their side. When the slab was poured, these held back
the concrete, producing many openings al the edge of the floor slaub. The floor
1s 1 good condition, with minor cracks filled with silicone caulk by the owner.
The well pressure tauk stands on concrete blocks, but these rest on the slab,
The water hine passes out thiough the wall 1n a sleceve. The housce jacks are

hollow, but closed by a welded plate.

2. ACTION

2.1. PHASE 2

The itial rutigation measure chosen for demonstration at this house was a
mocdhified wall/floar jomt collection svstem at the top of the stub wall.  Thes
wiz2s not expected to be the final solution, but would provide a measure of the
relative importance of the stub wall joint to the other routes of entry.

A phiwood bov was bt to enclose the floor slab/stub wall junction.  As
the sole plate of the frame wall was above the top of the slab, this was used

as the top of the bov. A furring stnip was nailed to the plate, and a second
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strip was nailed to the concrete below the top of the stub wall. A 30 cm wide
strip of plywood was nailed to the strips, forming a box duct over the junction.
All joints were closed with silicone caulk.

The wallboard on cither side of the stairs was cut back so that the
plywood could be fitted in, but there was not enough space around the head of
the stairs to run 2 continuous box duct there. The openings there were closed by
injecting cxpanding urethane foam. Tach half of the duct was ventilated with a
"1 inch” lightweight plastic pipe, connected Lo a header of similar pipe. A
50 1/s awal fan, mounted on a sheet of plywood replacing the basement window,
wAas cm'?nc'cled to the header by flevuibie ducting.

In May 1986, the radon concenlration in the basement while the fan was
runmng ranged between 17 Lo 55 pCi/L, averaging 35 pCi/L. When the fan was
turned off, the concentration ranged from 40 to 120 pCi/L, averaging 82 pCi/L.
This mdicated that the stub wall joint was a sigmficart route of radon entry,
but that there were other enlry voules present as well, The onset of warm
weather prevented further measurements, and further work was delayed until the
fall.

2.2. PHASE 3

In November 1986, a separate sub-slab ventlilation system was mstalled in
the bascment. A 12,5 cm diameter hole was drmlled through the concrete floor
slab 5 cm from the approsimate centie of each basement wall, exposing the sub-
slab aggregate. A vertwieal pipe of "4 mnch” hghiveight plastic was placed 1n
each hole and the space between Lhe pipe and concrete was filled with sihcone
caulk, The four pipes were connected to a central collection duct of simila:
pipe run nlong the main beam. A central vacuum line had to be rerouted to
allon this. A lengih of fleuaple ductirg passed through o sheet of plivwood n a
basement window frame connected the collection ducl to a small centrifugal fan
mounted in u bow.

In November 1986, the radon concentration 1o the basement with both fans
runimng ranged from 5 to 15 pCi/L, averagmg 9 pCi/l. When the stub wall fan
was lurned off, leatving the basement sub-slab fan runnmg, the concenrtalion
ranged from 10 to 39 pCi/l, averagimg 23 pCi/L. When the sub-slab fan was
turned off as well, the concentiation ranged from 52 to 163 pCi/L, averaging
90 pCi/L. When both fans were turned on ugmin, the conceatration fell to the

onginad 5 to 13 pCi/t range.



Investigation found a suction of 20 Pa in the collection box, and flows and
radon concenlrations of 9 L/s, 30 pCi/L; 30 L/s, 200 pCi/L from the rear and
front bozes. The suction in the sub-slab system piping was 160 Pa in all pipes.
Flows and radon concentirations were; rear wall 2.5 L/s at 12 000 pCi/L; end wall
4 L/s at 5 500 pCi/L; front wall 2 L/s al 50 000 pCi/L; stub wall 2.4 L/s at
1 800 pCi/L. The concentration of 50 000 pCi/L in an exhaust pipe was the
highest measured to that time.

In late December, 1986 radon concentrations in the basement ranged from 7
to 21 pCi/L, uaveraging 14 pCi/l. with the stub wall fan on, and from 11 to
16 pCi/L, averaging 13 pCi/L with it off. This suggested that the stub wall
jomt was not a major rowute of entry.

Condensation accumilated in the lowest part of the exterior flexible
ducting, and inhbited the sub-slab fan performance. This was cured by dreilling
a weephole 1n the flex duct at the lowest point.

In view of the very high radon concentrations in the soil gas beneath the
floor slab, the sub-slab fan wus resersed in January 1987 to blow fresh A nte
the sub-slab space as a test. If radon concenl ations close to the building could
be reduced, then the «oilgas ienhages might produce smalier radon supplies.

With both fens in exbuust, the radon concentratinns 1n the basement ranged
from 3 Lo 15 pCi/l, averngy g 8 pCi/h; and 1 the living area ranged from 1 to
3 pCi/L, averaging & pCy/ With just the fluor fan rusmng in pressure, the
bascment concentrutions ra ed from 4 to 23 pCi/L, averaging 13 pCi/L; and in
the Ining ares ranged from 3 to 7 pCi/L, averaging 5 pCi/L. These
measurements were interpreted ag showing thal the sub-slab s stem performance
was not mmproved by operation 1n pressure.

As leaks are easier to detecl in pressure, a smohe stick surivey of the
accesstble basement joints and cracks was carried out at this time, but found no
sign of awr leahing in, exeept frow the very top of the house Jjacks. These are
of hollow pipe closed at the top by u welded metal! plate.

In late Jaauuary, the house jpacks were drilled and [illed with ovpandiag
urcthane foam, and s permanent m-hne plastic bedy contrifugal fan was
mmstalled o the floor ezhaus! system. The avinl fan and plvseood sheel wern
removyed from the window frame, and the window replaced. The collection bos

duct was conncected to the floor evhausl s)stem via & dampe: to contial the



airflow. Minor openings between the wallboard 1n the stair opening and the
collection box were caulked.

The suctiun in all the floor pipes was ncreased to a uniform 230 Pa. Flow
in Lthe rear floor pipe was now 5 L/s, 1n the side wall pipe 1 L/s, 1n the front
wall pipe 3 L/s, and in the stub wall pipe 2 L/s. Sucltion in the collecction bos
was set to 10 Pa by a slide damper 1n the connecting line to the central duct.
Flows mn the box ventilation pipes lotaled 3 L/s, which was sufficient Lo ensure
a positive airflow into the box.

in Januar: following this work, the radon concentrations in the basement
ranged from 4 to 15 pCi/i, averaging 8 pCi/L. The higher concentrations were
assoclated with use of the washing machine. These 1esulls were regarded as
good encugh to jusufy issuing alpha track detectors in late January 1987 for
final long term measurements.

\lpha track 1r1esults were recerved n May 1987, und showed higher
concentraticns in the upstans family r1oom than in the basement. This might
have been due to recirculation of subslub evhaust nto the upstairs.  The
eshaust fan v.as reversed to remove atl possibility of recirculation, and radon
levels 1in the basement and the familvy room were monitored at the same time.
The fan was off to start with, and basement concentrations at the start of the
monitoring were high as 173 pCiy/L in the basemont and 261 pCi/L upstuns.
Concentrations fell slowly o' er the next three days to 30 pCi/l, in the basement
and 80 pCi/l. upstairs.

Further radon momtoring was implementea 1n June 1987 when the system
had been wunder pressurization for a couple of wecks. The upstairs
conventrations were found te range from 2 to 28 pCi/L, averaging 11 pCy/L.
The basement raden concentrations ranged from 1 to 25 pCi/l, averagimg
12 pCi/l.. L vidently  the upstairs concentrai*~rns cnuld noet be due to
recircalation, and had to be due to an entry route on the family room slab.

The system was reconstructed. The fan was telocated teo the 1oof to 1educe
noise  and  evhaust recnculation, A st tion point was placed benecath the
staitvway to the kitehea to access the O3 bencath the family 1oom <slab. The
stuly wall evhaust sy stem was 1etzined.

A check of the jesamped system found a suction of 88 Pa 1 all pipes.
Flows and radon concentrations from the 1eoar callect on boyv were 16 /s at

29 pti/1; the flow from the front collection bov could not he messured as the
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pipe was now inaccessible. The tlows and radon concentrations from the floor
pipes were; rear wall 2 L/s at 5 100 pCi/L; end wall 3 L/s at 3 300 pCi/L; front
wall 1 L/s at 14 000; stub wall 2 L/s at 5 400 pCy/L; family room slab 0.8 L/s at
200 pCr/L.

The collection box pipe was dampered to reduce the flow 1ate, and
increased the subslab suction to 100 Pa., The owner revised the piping layout
after this.

Radon monitoring under those conditions found that both the basement and
the upstairs family room generally averaged 2 pCi/L, except for lower
concentrations found in the famly room while windows were lefl cpen and

concentration peaking in the basement during times of clothes washing.

3. OTHLR “MEASUREMIENIS

The radiation field 1 the house was 7 uR/h 1a the busement, and 5 uit/h
on the split leve! slab. A field of 13 uk/h was found on contact with the well
pressure tank, but fell off rap.dly with distance to 8.5 uR/h at 1 m. The field
on the site was G ult/h over the crushed stone driveway; 12 uR/h at the sides
anc rear; and 3516 ulkR/h on the ficnt lawvn., The site average was 12 ulR/h.

The average radon concentration measured by alpha-track detectors over
the period January 1987 to March 1987 was 7.6 pCi/L in the basement, and

11.6 pCi/t. in the hviug area.



MEASUREMENTS SUMMARY FOR HOUSE 23

PYLON AB-5 HOURLY MONITORING

PHASE  MITIGATION
SYSTEM
2 Stub wall joint

B:

ventilation;

TEST
DATE

01/86

50 L/s axial fan

Stub wall joint 11/86
+ sub-slab
ventilacion
530 L/s axial +
50 1./s
centrifugal
12/86
01/87
strb wall joint 01/87
+ sub-slab
ventilation;
150 L/s
centrifugal
05/87
06/87
06/97
Bacement.,; U Upstanes

SI'ATUS DURING  RADON (pCi/L)

TEST RANGE
Fan on 17- 58
Fan off{ 40-120
Both fans on 5- 15
Sub-slab fan 12- 39
only
Both fans off 52-103
Both fans on 3- 15
Stub wall fan - 21
on
Stub wall fan 11 16
of f
Fans ezhausting 3- 15

Fans exhausting 1 9

Sub-slab fan 41- 23
reversed to 3- 7
blow
Exhaust fan on 1- 15
Reversed fan 20-175
blowing
37-261
Reversed fan 1 25
hlowing 2~ 28
Fans on o\haust. 1 5
0.3-

303

MEAN

39
82

14

13

COMMENTS

hrs.
hrs.

over 35
over 32

hrs.
hrs.

over 23
over 17

over 19 hrs.
over 18 hrs.
- after 8 hrs
to
equilibrium

24 hrs.

22 hrs.,

15 hrs-B
13 hrs-U
49 hrs-B
19 hrs-v’

over
over
over
over

over 90 hrs-B

B-fell over
31 hrs to 15
hr average
LU-great
variation
over 17 hrs.

over | days-D
over J days-U

over 89 hrs-B
over 41 hrs-t



SYSTIM MEASUREMENTS FOR HOUSE 23

PHASE MITIGATION SYSTEM  DATE

(]

;‘c‘?u::-’

Stub wall joint + 12/86
sub-slab ventilation;

50 L/s axial + 50 L/s
centrifugal both on

Stub-wall join + sub- 01/ 87
slab ventilation;

150 L/s centrifugal

ezhaust fan

As above with 06/87
rcvamped piping

Rear wall

Frnl vl

Front vall

Stub wall

Fami 1y room slab

SYSTEM MEASUREMINTS
RADON

PRESSURE

Pa
20

20

160
160
160
160

10
10
250
250
250
250
88
88
&8s
88

88
88

100

301

F1.0OW

(L/s}
9

30

NN W

—

N W n

N/A

Or = LW

{pCr/L)

12

50

i
oW

31
200

000
500
000
800

29
110

100
300
000
100
200

20

COMMENTS

Rear stub wall
Jjoint

Front stub
wall joint
Riser A

Riser B

Riser C

Riser D

Rear stub wall
Joint

Front stub
vall joint
Riser A

Riser B

Riser C

Riser D

Rear stub wall
Jjoint

Front stub
wall joint
Riser A

Riser B

Rizer C

Riser D

Riser E
Basement air
Sub-slab
suction after
dampering at
rear stub wall
to 50 Iu
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HOUSE 24

PENNSYLVANIA DER MEASUREMENTS

working Level grab samples (Kusnets) 0.1':"8 WL
Short term average WL (RPISU) 0.002 WL
Beating season average radon (Terradex) G6 pCi/L
Radon concentration in water 11 600 pCi/L

1. DESCRI!PTION

This single story house with attached garaze was built in the early 1980°'s
on a gently sloping site 1in a rura! subdivision on top of a h'll a few miles west
of Oley. The house walls aite of brick. Heating 1s by oil-fired furced warm air,
supplemented by a basement firepluace.

The basement 1s unfinished, with walls of solid concrete, except at the
fireplace. A 3 m section of the basement wall 1s part of the chimney structure,
and 1s madc of concreie block. This is cuncealed by a b :ick facing around the
fireplace. The floor slaly has a construction joint running lengthw:se and 1s n
good condition. Il is penetrated by roughed-i1n plumbing. The owner had sealed
the construction jowl and a large portion of the wall/floor joint with silicone
caull.. A 6 m section negr the fireplace was unsealed as that wall had

foamboard rmasulativn «ttached to it inside strapping, and access to the joint was
dif ficult,

2. ACTION

2.1. PHASE 2

As this house had concrete basement walls (except for the fireplace
section), and the owner had already closed many of the floor openings, the
mrtigative action chosen for demonstration was sub-slab ventilation,

The location of the sub-slab ventilation pipes was severely constramed by
the owner’s desire to finish the boeewent, and his concerns about the aesthetic
mmpact that Lthe vertieal pipes might have - even if built-in, or that the
hourizontal connecting pipes nmught restrict the headroom avalable. A second
hr, tation was that a sewer hne ran benecath the floor adjacenl to the entue

rear wall fooling. A\ second sewer hne joined this somevhere i the rear corner
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of the house. Holes could not be drilled through the slab in these areas without
a risk of damaging the sewer hne.

Finally, three satisfactory evhaust locations were agreed upon. Two of
these were on the fireplace end wall, one 1n the front corner directly adjacent
to the fireplace, the other close to the rear corner. The third was at the
centre of the opposite end wall,

Holes were drilled through the floor slub at the ayreed locations with a
concrete coring machine. At the corner ncar the fireplace the footing extended
R0 cm from the wall, and scveral overlupping cores had to be taken to connect
to the sub-slab fill of 5§ to 8 ¢m of crushed stone. At the other locations the
hole. entered the sub-slab fill directly. The pipes were hinked to a single 50 L/s
centrifugal fan via a length of flex hose passed through a sheet of plywood
placed 1n a basement window opemng at the rear of the house.

In May 1986, the radon concentration in the basement with the fan runaing
-ranged fro.a 3 to 17 pCi/L, averaging 10 pCi/L. When the fan was turned off
for two daxs, concentrations rose slouwly over the first 21 hours to an
equilibrium ranging from 42 to 63 pCi/L, averaging 50 pCi/L.

System measurements found suctions flows and radon concentratioans 1a the
pipes were; fireplace 100 Pa, 3.5 L/s at 2 100 pCi/L; rear wall 100 Pa, 9 L/s at
270 pCr/L; end wall 80 I'a, 8 L/s at 550 pCi/l.. The highest cnncentration was
found 1a the pipe by the fueplace. Smoke testing at that tine indicated
general suction at the open perimcler wall/floor joint.

2.2, PHASE 3

In February 1887, the temporary fan was replaced by a permanent large
plastic bodied fan. The basement window was replaced, und the ductliag
rearranged so thet the permaneat fan cculd be placed on an end wall of the
house awqay from bedicom windows.,  The unew fan produced a suction of 273-
325 Pa n all pipes.  Flows and radon concentrutions wete; fueplace vall 3 Lrs
at 3 100 pCi/!; rear wall 1 L/s at 3300 pCi/lL.; end wall 10 L/s at 1 100 pCi/lL.

By this ture the owner had compleled sealing the wall/lloor jomt, the
central floor joint arrd the larger floor cracks with silicone caulk. A s ke
survey found that the airflow was from house to sub-slab spoce at 3w, el
separated locations {two small floor crachs and at the wall/floor joint) where

the caullh had not completely closed the openings.
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In March radon concentrations with the fan on ranged from 2 to 3 pCi/L,
averaging 3 pCi/L. When the fan was turned off, radon concentrations rose to
range between 14 to 29 pCi/L, with an average of 20 pCi/L.

The difference between the fan-off concentration of 20 pCi/L 1n thas test,
and the value of 60 pCi/L obtained in Phase 2 can be attributed 1n part to the
painstaking sealing job that the cwner had carried oul. The quality of worhk
was excellent, and almost all of the =accessible joints and cracks had been
covered neatly with caulk.

Alpha track delectors were 1ssued 1n March to provide a long term

measurement of radon concentration.

3. OTHER MEASUREMENTS

The radiation fields 1n the house ranged from 2 to 6 uR/h, averaging
14 uR/h. The fields on the site ranged from 6 to 10 uR/h, averaging 9 uR/h.
The difference between these fields 1s attributed to the basement concrete not
containing local aggregate, and therefore having lower r1adioactivity.

The average radon concentration measured by alpha-trach detecturs over
the period March to April 1987 was 1.3 pCi/L in the basement, and 1.6 pCi/L 1n

the hving arvea.
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MEASUREMENTS SUMMARY FOR HOUSE 24

PYLON AB-5 HOLRLY MONITORING

PHASE MITIGATION TEST STATUS DURING RADON (pCi/L) COMMENTS
SYSTIMM DATE TEST RANGE MEAN
2 Sub-slab 05/86 Fan on 3-17 10 over 17 hrs.
ventilation; Fan off 42-65 50 over 22 hrs.
50 L/s after 24 hrs
centrifugal fan rose to

equilibriwunm

3 Sub-slab 03/87 Fan on 2-5 3 over 48 hrs.
ventilation; Fan off 11-29 20 over 10 hrs.
150 L/s after 5 hrs.

centrifugal fan

SYSTEMS MEASURIMENTS FOR HOUSF 21

PHASE MITIGATION SYSTEM  DATE SYSTEM MEASUREMENTS COMMENTS
PRESSURE FLOW  RADON
Pa (l./s) (pCi/L)
Sub-slab ventilation 05/86 100 3.5 2 100 ileg d
2 50 L/s centrifugal 100 9 270 leg 2
80 8 530 leg 3
3 Sub-slab tentalation 03/87 275 3 3 100 Leg 1
150 L/s centrifugal 300 1 3 300 Leg 2
325 10 1 100 leg 2
leg 1: near fireplace
Leg 2: rear wall
leg 3: end wall
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HOUSE 25

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (husnetz) 0.986 WL
Short term average WL (RPISU) 0.243 WL
Heating secason average radon (Terraden) 122 pCi/L
Radon concentration in watei 3 700 pCi/L

1. DESCRIPTION

This two story house with attached garage was built 1n the mid 1980’ on a
steeply sloping rural site on the side of a hill some miles southwest of
Borerlown. The house walls are covered with siding. Heating 1s by forced hot
air and heat pump.

The basement walls are of poured ccncrete and have no cracks. The
basement floor slab is 1n good condition with mimmmmal cracking, but there is a
mujor wall/floor joint 1 to 2 mm wide around most of Lhe floo:. The ouwner said
that there was a larer of crushed stone beneath the [loor, and that in the
summer insects entered the basement via the wall/floor joint opening. There are
roughe(‘i m connections for a shower and toiiet ncar the rear wall, covered with

sinv bricks mortatcd together.

2. ACTION

2.1. PHASE 2

As this hasement had sohd concrete walls, the mtigation method chosen for
demonstration at Lthis sile was sub-slab ventilation.

A minimum four point system was mstelled consistirg of lightuweight
ine. A 12.5 om diameter hole was cored thiough the fleor slab
the approyvimate centre of cach wall, The floor slab vas o full 10 cm thwek, and
the stone laver beneuth was 1 to 8 v thack, A verlical pipe svas inscited
coach hole wnd connccted to a central "1 arcl”™ header. The space betweer the
pipe and concrete was filled with sihcone cauth. The header 1an lo a cndow,
where o fleable duct passed thiough a sheet of plawood mouvnted 1n u basement
windew frame o o centrifugal fan mounted outside ir o box,

The fen produced suctions of about 90 Pa w ench mipe al the floor, aed

flows and radon roacentrations were; end wall 11 L/s Ut 500 pCi/Ll; Mont v ol
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7 L/s at 640 pCi/L; garage wzall 3 L/s at G670 pCi/L; rear all 0.2 L/s at
15 pCi/L. Basement radon was measuied as 6 pCi/l.  Smoke tests showed that
air flowed down the wall/floor jornl escept in a region between the front wall
and garage wall pipes.

The high suction, moderate radon concentiations and low mirflows 1n the
system indicated that the sub-slab fill was nol very permeable, and that much
of the anr was being drawn fiom the house rather thun from the sub-siab fill,

In Msy 1986, the radon concentration in the basement with the fan runmneg
ranged from 1 to 6 pCi/L, averugming 3.9 pCi/L. When Lhe fan was turned off,
the concentration rose slowly over 16 hours ranged between 110 to 310 pCi/L,
averaging 220 pCi/L over the uneat 30 houts.

2.2, PHASE 3

In November 1986, dctall improvements were aade to the system, he fan
was 1eplaced by a lmrge plastie bodied centrifugal fan of hicher suction hung
from the joists of a dech al Lthe rear of the housce, and the plywoeoosd panel i the
window was replaced with a plesmiglas sheet. The wall/floor joinl was caulked
with silicone caulking to reduce the amount of an waithdrawn from the house.

System measurements m December found that condensation was blocliing the
flexible duect. When the water was dratned out of the duct, the suctions, flows
and radon concentrations mn Lthe pipes wete; side wall 175 Pa, 17 L/s at 2
100 pCi/L; front wall 173 Pa, 10 L/s at 2 300 pCi/L, garage yall 240 Pa, | L/s
at 1400 pCi/L, 1ear wall 185 Pa, 1 L/s at 130 pCi/l.. These pressures and flow
fit well with measumiements sl the fen of 230 Pa and 31 L/s.  The incieased
radon congentrations indicaled that closing the wall/floor joinl had decreased the
leakayge nf s from Lthe house. Hadow cobcertialions 1n Lthe basement following
the test ranged from 3 to 47 pCi/t, averuging 253 pCr/Ll. [las was attributed to
condensation Lloching Lthe hose, duspite a weephole at o low pornt o allow o 1o
Araiag away.

The sssten was modified 10 March 1987 walh riged pynng to preven! water
accumulatnig n the pipe (o the fan. Bascewment radon concentralions in March
1987 vath the fan op ranged from 2 to 17 pCi/i., syverading 8 LCi/L. bwith the
fan off, radon concentrations ranged from 22 ta 39 pC/E, averading 30 pCist.
Ihe mights mighl hive been cool enough to caouse condensation, but « samination

of Lthe sastem chid nol fiad any sign of water accumulation.
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Alpha track detectors were igssued in March 1987 to give a long term
measurement of the radon concentration.

An extensive route of enury survey was carried out in April. Enclosures
were taped over sin sections of the wall/floor )cint, the open chimney outlet,
the sill plate in the region of the front porch slub, and over the unconnected
bath and tollet service cntries, and sampled after 24 hours. The radon
concentrations 1 all these enclosures were less than 23 pCi/L, indicating that
there were no major flows of soil gas i1nto the house 1n any of the areas

covered by the enclosures.

1. OTHIR MEASUREMENTS

Radiation frelds 1in the house and on the site were measured with a2
scmtillometer.  The freld 1 the basement ranged from 10 to 16 uR/h, averaging
13 uR/h, and on the s'te rauged fiom 8 to 14 uR/h, averaging 11 uR/h. The site
was s¢ exlensively gradeu-that there was no undisturbed soil,

The average radon concent:ation measured by alpha-track detectors over
the period March 1987 to Aprit 1987 was 5.4 pCi/L 1n the basement, ar:-!

2.0 pCi/1. 1n the hiving arce.
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MEASUREMENTS SUrMARY FOR HOUSE 25

PYLON AB-5 HOURLY MONITORING

PHASE  MITIGATION TEST STATUS DURING RADON (pCi/lL.) COMMENTS
SYSTEM DATE TEST RANGE.  MLAN
2 Sub-slab 05/86 Fan on 1-6 4 over 48 hrs
ventilation; Fan of 110-320 220 over 30 hrs -
50 L/s following
centrifugel fan 16 hr rise to
equilibrium
3 Sub-slab 12/86 Fan on 5-47 25 over 4 days-
ventilation; condensation
150 L/s blocking
centrifugal fan flexible duct
wall/floor joint
caulked
03/87 Fan on 2-17 9 over 28 hrs
Fan on 4-1 8 over 48 hrs
fan off 23-39 30 oter 41 hrs
after a 5 hr
rise
SYSTIM MEASURIDMENTS FOR HOUSE 25
PHASE MITIGATION SYSTEM DATE SYSTI2! MEASURLMENTS COMMENTS
PRESSURL I'LOW  RADON
Pa {L/s) (pCi/L}
2 Sub-slab ventilalinn; 05/86 20 15 500 Riser A
50 L/s centrifugal 88 ) 640 Risc: B
fan 100 Kj 670 Riser C
100 0.2 iS5 Riser D
(8 Basemwnt air
3 Sub-slab ventilation; 12/86 175 17 2 400 Riser A
150 L/s centrifugal 175 10 2 900 Riser B
fan 240 4 1 100 Riscr C
185 H 13¢ Risel' D
210 34 At fan
A: Ind wall
B: Front wall
C: Garage wall
D: Rear wall
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HCUSE 26

PENNSYLYANIA DER MEASUREMENTS

Working level grab samples (Kusnetz) 0.134 WL
Short term average WL (RPISU) 0.013 WL
Average radon (Te:iradex) 11 pCi/L
Radon concentration in water 5 000 pCi/L

1. DESCRIPTION

This two story detached house was built in the early 1980's on a genily
sloping rural site near the top of a mll several miles to the northwest cf
Bojertown. The walls are covered with vertical wood siding. Heating 1s by
electiic baseboards upstairs, supplemented with a small coal stove 1n the
hasement.

The bascment walls are of concrete block, open at the top. The sill plate
partially covers the voids on cach wall. Three walls are covered with carth,
the fourth 1s ezposed, and contaiis the door to the single car garage 1a the
basement. The front porch is supperted on a block structure, and 1s reached
from the basement via a door, and 1s used as a cold ccellar. The fioor i1s of
crushed stone.

The basemznt floct was poured 1a several pours, and huas some craching as
well ns construction  joints, The owner suaid thal there was ¢ complete

petimeter diamn (weeping tile) system round all four walls.

2. ACTION

2.1, PHASLE 2

As this house had a weeping tile system, the mitligation method chosen for
demonstration wag vweeprog Ule vontilation.

Two discharge pipes from the weeping tils system ere leccated on the
lower part of the site, traced brelh to the house, and c-cavated. lhe weeping
tile was found to tun 1n n L7 only around Lthe buried walle.

On the west side of the house a water trap of 71 in~h” plastic jipe ~nd

elbows was mserted 1 the discho rge pipe. On the cther side, n simrla s water

trap was placed an the pipe. The house side of the bap was ertended
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verticelly to grade level, run back to the house at grade level, and then turned
vertically adjacent to the wall for a fan riser.

The excavation around each trap was filled with plastic popcorn and
covered with a 5 cm sheet of beadbuard for insulation to prevent the water
freezing n the winter. The excavations were filled to grade, and sod replaced.
A 50 L/s anial fan was attached to the riser at the front wall of the house. This
produced 55 Pa suctwon, 25 L/s flow, with 1 100 pCi/L of radon in the eshaust,
In mid April 1986, the radon concentration in the basement with the fan
running ranged from 3 to 11 pCi/L, averaging 5 pCi/l. When the fan was turned
off, concentrations rose rapdly to vary between 9 ta 77 pCi/l, averaging
60 pCi/l.. Turmng on the fan dropped concentrations to the oniginal range(2 to
8 pCy/Ly,

It late Api1l 1986, 5 ¢m of concrete was placed over the crushed stone
flonr of the cold rcom to increase the air tightness of the substructure.
Followirg this, the radon concentration in the basement with the fan running
ranged from 0.2 to 7 pCi/L, averaging 1 pCi/L, and rose to range ftom 60 to
191 pCy/L, averaging 100 pCi/L when the fan was turned off. Turnimg on the
fan rapidly dropped concentrations to the original range of 04 to 7 pCi/L,
averaging 3 pCi/L over 25 hours.

2.2 PHASE 3

The awvial fun was scheduled for replacement by a weather-proof in-lne
centtifugal fan 1 the falll  Over the summer of 1986 the owner modified the
house. The gurage door wto the basement wus remeved, and replaced by a
wmdoew.  The garage sprece was turned into a sitting room. A porch roof waos
constructed along the front of the house.

With these changes, current fan location was no longer suitable, for 1t
discharged beneath the porch about 1.5 m from the house corner. The fan
replacament plan was apgraded o a fan relocabion plan Ia December 1036, the
area was excavated, and a new "1 onmch” pipe run hornoontally from the trap te
the caraer of the house, ned then vertiecally o 30 cm nbove grade. The new
fan was atleched le the prpo, and the discharge led above the porch roof by a
"1 mch™ pipe.

The new fan produced 210 Pa suction, 30 L/s flow, with o radon
conceantrativn of 110 pCi/L m the evhaust,  In December 1296, followmy the fan

change, the basement radon concentratwon rauged  from 0.1 to 1.9 plu/L,
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averaging 1 pCi/L. These results were good enough for alpha track detectors to
be issued in December 1986.

In April the owner complained that the fan had bevome noisy. It was
replaced. The noise level had increased, but the performance had not bwoen

affected, and there was no obvious reason for the higher noise.

3. OTHER MEASUREMENTS
The radiation fields in and around the house were 4 to 8 uR/Zh, averagiag
6 uR/h 1n the basement; and 5 to 10 uR/h, ateraging 7 uR/h over the «ited
The average radon concentration measured b, alpaa-track detectors over
the fe'rmd December 1986 to March 1987 vas 2.1 pCi/L iz the basement, aad

1.3 pCi/lL in the lhing area.



PYLON

PHASE

PHASE

MEASUREMENTS SUMMARY FOR HOUSE 26

AB-5 HOURLY MONITORING

MITIGATION TEST
SYSTEM BALE
Prain tile 04/86

ventilation;
50 L./s axial fan

cold room secil 041/86
floor concreted

to 1ncrease air
tightness

Fan replaced by 12/86
150 L/s

can* ‘ugal

MITIGATION SYSTEM

Drain tile
ventilation;
axial fan

50 L/s

Fan
Fan
Fan

DAL

01/86

STATUS DURING RADON (pCi/L) COMMINTS
TEST RANCE MEAN
on 3-12 5 over 18
off 9-77 60 over 24
on again 2-8 5 over 21
on 0.2-7 ] over 40
off 60-191 100 over 30
on again 0.1-7 3 over 25
on 0.1-1.9 1 aver 74
SYSTEM MEASUREMINTS FCR HOUSE 26
SYSTRM MEASUREMENTS COMENTS
PRESSURE FLOW RADON
Pa (L/s) (pCi/L)
55 25 1 400 In riser
210 50 110 In tiser

Fan replaced by
150 L/s centrifugal

12/86

219

hrs.
Ir's.
his.

hrs.

hre.
hrs.

hrs.
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HOUSL 2%

PENNSYLVANIA DER MEASUREMUENTS

Working Level grab samples (Kusnetz) 0.412 WL
Short term a\erage WL (RPISU) 0.008 WL
Heating season average radon rormnden) 21 pCi/L
Radon concentration in water 14 W0 gTy/L

1. DESCRIPTION

This two story house was butlt in the early 1980's on a ieveled site un the
side of a hill several mles to the west of Borertown. The house walls are of
vertical wood siding. Heating is by electric basebonrds upstairs, supplemented by
wond stores in the bascment and upstairs.,

The basement walls are of concrete block, open al the top. The sill platle
partially covers the voids. There is a large central concrete block structure in
the bascement which contains the stove flues and supports the concrete ped on
which the upstairs stove slands. The walls haeve 1,0 major cirachs.

The floor is almost completely covered with stased mulerials, but appears to
be 1In good condition with no cracks. There 1s a construction joint down Lhe
middle of the slab.

The owaer sard that Lhere was o complete esteranal drimnuge system

{weeping tile) around the bascment.

2. ACTION

2.1, PHASE 2

As this house had a weeping tile systen, the mitigation action chosen for
demonstration was weeping tile ventilation.

The discharge pipe from the weeping ule wus Jocatced at o low part of the
site close 1o the house. The hne was traced back o the house and the
Junction with the drain pipe excavated. A U trup wmade from "1 inch’
hghtweinsht plastic pipe and eltbows was mseited o the discharge pipe. The
heouse side of the Lrap was extendsd vertically, to gmrade level, and tun back w
the side wall of the hoawse for a fan 1:ser. The excavation was back hilled.
he trap was deop enough (76 cm) that msulation was not needed ta prevent

fraczing.



A 50 L/s aaial fan was attached to the riser. Suction was 33 Pa at 27 L/s,
and the radon concentration in the exhaust was 800 pCi/L.

In April 1986, the radon concentration in the basement when the fan was
off ranged from 20 to 61 pCi/L, averaging 43 pCi/L. When the fan was turaned
on, concentrations fell quickly for 8 hours to range from 3 to 9 pCi/L, averaging
6 pCi/L.

In April 1986, the owner reported that the fan was making :atthng noises,
and it was assumed that the bearing had failed. The fan was replaced., When
the old unit was cut off the riser, several snails were found 1 the pipe, and
shell fragmentis were found on the fan protective screen. The ratthing noise
had teen caused by snails trapped m the weeping tle crawling tovard the hght,
and falling into the fan blude«. The snails were removed before the new fan
was installed,

2.2. PHASE 3

In Decembe:r 1986 Lhe asial fun was replaced by a permancunt plastic bodied
centrifugal fan. This gave a suction of 320 Pa at n flow of 10 L/s. The rado:
concentration in the eshaust sir was 500 pCi/L. Basement rudon concentialions
with the new far runmirg 1anged from 1 to 9 pCi/L, averaging 3 pCi/l.

Aipha trach dosmmetcrs were issued for final long term nmeasuremerts .

December 1984,

3. CTHER MEASUREMENTS

The radiation Neld 1a the basement 1amged from ¢ te 9 LR/hL, averafing
6 uR/L. Two radiua dial ancraft compasses stored 1 the basement had felds
of up to 150 uR/h 1 coatact with then boves. The fields over the site ranged
from 12 to 253 WR/h, averagimg 16 WR/h.

The average radon concenteration measured by alpha-tark detectors oo
the per-od December 1986 to March 1987 was 3.8 pCi/h. 1a the basement, and

2.2 pCsL - the Inang arca.



MEASURIDMENTS SUMMARY FOR HOUSE 27

PYLON AB-5 HOURLY MONITORING

PHASE  MITIGATION TEST

SYSTEM DATE

2 Drain tile 01/86
ventilation;

50 L/s axial fan

3 Axaal replaced 12/86
by 150 L/s
centrifugal

STATUS DURING
TEST

Fan off
Fan on

Fan on

RADON (
RANGE

20-61
3-9

1-9

pCi/L)
MEAN

15
6

SYSTEM MEASUREMENTS FOR HOUSE 27

PHASE MITIGATION SYSTEM

3]

Drain tile
ventilation; 50 L/s
axial fan

3 Avial replaced by
150 L/s centrifugal

DATE

01/86

12/86

PRESSURE

o3

SYSTEM MEASURIMENTS

Pa

35

325

FLOW
(L/s)

~
27

100

RADON
(pCi/L)

800

500

COMMENTS

over 39 hrs
over 38 hrs

over 40 hrs

COMMENTS

In riser

In riser
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HOUSE 28

PENNSYLVANIA DER MEASUREMENTS

worlung Level grab samples (Kusnetz) 0.155 WL
Short term average Wl {RPISU) 0.118 Wl
Heating season average radon {Terradex) 21 pCi/L
Radon concentration in waler N/A

1. DESCRIPTION

This two story house with attached garage was built 1n the late 1970's at
the foot of u gently sloping site 1n a rural subditision on the top of « hill a few
miles west of Oley. The lower part of the front wall 1s brwek, the other walls
are of siding. Heating 1s by oill-fired forced warm air with an electronic air
cleaner, supplemented by basement and main-floor fireplaces.

The basement walls are of concrete block, and most of the urea is finished.
There are water marks on the visible portions of the walls. The floot slab has
two cracks visible, and there is an open sump with sump pump in tke unfimished
part of the basement.

The ouwner sard that there was a complete weeping ULle system with an
external drain all around Lthe housce, even on the garage wall, lle did not know
to what the sump was connected. The site had been regraded sexeral tines to

reduce water leahiige in the bleck walls,

2. ACTION

2.1, PHASE 2

As this housce had a weeping tile system the initial mitigation action chosen
forr demonstration was wceping lile venbilation.

“he weeping tile dischal ge pipe esit could not be found on the site. 1n fact
the gentie slope of the lzand n the artea rade 1t 1mpossible for a dram at focling
level to remch the suiface within 15 m of the house, well off the site. Tha
conclusiorn was that the tile, if present, probably diained o a bunied on-site
sothasuy pit. The water slains on the walls suggesterl that the dra tile =y stem
wias nnl very effrctive. Rather than disturb the dimnage svstem by chigging o d
perhaps aggraonate water problems, the deasion was made te pursue othes

mitigation ayvenues.



The sump offered a potentially easy route to ventilate the sub-slab space.
The mitigation method selected for an initial demonstration was thercfore sump
ventilation.

A submerged sump pump with a "2 minch” plastic discharge line was 1n the
sump. Screw anchois were placed 1n the concrete around the sump and a
plywood cover, split to pass round Lhe discharge line, was scieved and caulked
into place. A "1 1nch” lightweight plaslic ventilation pipe was attached to the
cover with a toilet flunge. The other end of the pipe 1an to ahove grade and
out through the bloch wall to a 50 L/s asial fan mounted 1 a "6 to 1 inch”
reducer attached to the pipe. A second capped pipe stub was attached to the
cover to proviade access o the sump for dranage.

In Apnrt 15986, the radun concentration ia the bascment with the sump fan
In operation raaged from 13 to 30 pCi/L, v eraging 20 pCi/l. Investization
found the fan gave 68 Pa suction at 6.5 L/s, but the radon concentiation tn the
ezhaust was only 57 pCi/l, at a time when the bascment coancentration was
20 pCi/L. These 1esulls mdicated that the sump did not effectively access the
sub-slab space.

2.2. PHASL 3

In November 1986, the radoun concentration tn the hasement with the suinp
ventiletion fan ruomng ranged from 10 to 68 pCr/L, averazmg 22 pCi/l. Water
was lealling 1nto the basement through the bloch wall 1n the sump aren, and was
not able to drain mto the sump because of the sctewed and caulhed sump cover.
As Lhe system was mmeffective and was mconveniencing the home owner, 1t wos
removed 1n December,

As this house had a finished basement and relatively low 1adon levels, the
alternative mitigation method selected for demonstration i this house as
mcreassed yventifation by an anr to ar hent exchanger {HRV).

v HEV was stiled by g docal conlracter wha had masialled o number of
HRVA 'S far radon control. As the basement was finished and used exatensively,
he r1ecommended @ basement floed system to reduce radon levels both in the
basemen! and upstairs.  The umit was mnstalled o Ll ¢ storage area, evhiusied
from there, and dischnrged frosh ar into the famly rocm at 73 L/s on high and
67 L/s on low fan speed.

'n Pebruary 1087, radon concentrations n the basement with the HEV

running on high raaced ftom 7 o 17 pCl/L, averaging 0 pCi/L. ZWhen the URV
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was turned off, radon concentrations ranged from 1lu to 21 pCi/L, averaging
10 pCi/L.

Alpha track detectors were issued in February 1987 to provide a long term
measurement of the average radon concentration.

Another set of measurements were made in February to check the cffect of
the HRV' on internal air circulation. Measurcments were made in the family
room with the door to the unfinished area closed to isolate the fresh an
delhivery area from the eaxhaust area, and upstairs in the sitting room. With the
HR\ on high, the radon concentration in the family room ranged from 7 to
12 pCi/L, averaging 9 pTi/L, compmubie to the whoir basement value measured
on the previcus run.  Simultaneously the upstuirs concentration ranged from 5
to 10 pCy/L, averaging 7 pCi/L. When the HR\ was turned off and after a delay
of sevea hours, the family room radon concentration ranged from 10 to
22 pCi/l, averagmg 16 pCi/l. At the sume time the upstairs concentration
ranged from 5 to 13 pCi/L, averaging 9 pCi/L. The effect of the HR\ appeuared
to be confined to the basement, for halving the concentration there made only

a shight reduction ;n the upstairs radon concentrations.

3. OTHER MIASUREMENTS
The radiation field m the house ranged from 4 to 8 uR/h, averaging
6 ult/h. The field over the site ranged from 4 te 10 ul/h, averaging 7 uR/h.
Tie average radon toucentration measured by alpha-trach deteclors over
the weried February 1987 to Apiril 1987 was 2.1 pCi/L in the bascment, and

5.3 pCi/l, 1n the hhirg area,

327



MEASURIDMENTS SUMMARY FOR HOUSE 28

PYLON AB-5 HOURLY MONITORING

PHASE MITIGATION TEST STATUS DURING RADON (pCi/L) COMMENTS
SYSTEM DATE TEST RANGLE MEAN
2 Sump ventilation 01/86 Fan on 13-30 20 over 4 days
50 L/s axial fan
11,86 Fan on 10-68 22 over | days
3 Heat recovery 02/87 On-high 7-17 10 over 37 hrs.
ventilation; ofrf 10-21 16 over 42 hus.
100 L/s unmit
02/87 On-high T-12 g over 10 hrs.
On-haigh 5-10 7 over 10 his
upstalrs
off 10-22 16 over 17 hrs.,
off 5-13 9 ovr 17 hrs.
upstalrs
SYSTI2 MEASURIMENTS FOR HOUSE 28
THASE MITIGATION SASTTEM DATE SYSTEM MEASLRIDMENTS COMMENTS
FRESSURL FLOW RADON
Pa (L/s) (pCa/L}
2 Sump ventilation; 04/8€ 68 T 37 Fan on - riser
50 L/s axial pipe
) 20 Fan on -
basement awr
K! Heat Recovery 02/87 €3 low speed -
‘entilation; f.esh an
100 L/s unit d:scharge
78 high speed -

fresh ans
dischat ge
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HOUSE 29

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (husnetz) 0.580 WL
Short tera average WL (RPISU) 0.032 WL
Heating season a\erage radon (lerradex) 61 pcCi/L
Radon concentration in waler 23 000 pCi/L

1. DESCRIPTION

This two-story side-spht house with attached garage was buitll 1na the late
1970's on a level site ncar the ten of 4 1idge a few miles west of Uley. The
lower half of the house walls ure of brick, the upper half of siding. ' lleating s
b: an oil-fired forc.d an system with an electronic air cleaner. There 1s an
upstairs fireplace 1 the fanuly room.

The basement wolls are of concrete block painted with waterproof paint.
There is 8 dirt flonr crawl space with unpainted bloch walls beneath the famly
room. The block walls are open at the top, and the voids on the front and back
walls are partially concealed by the sill plate.

The floot is 1n fau condition with some crucking and ther: 1s an cpen sumpy
with water an 1t 1a one cornier of the basement.  There were ovpemrgs in the
plastic summp liner, but the owner did not kaow 1if they connected to sub-sgiab

drains.

2. ACTION

2.1, PHASE 2

As this house had a sump, the firsl mitigative action chosen for
demonstraticn was sump ventilution. The large arca of esposed soil o the
ctawl space also required treatmeat, and the sceond zetion chosen
demonstiation was soil coveting plus ventilation,

The sump held a4 subwerged sump pump with a "2 inch”™ plastic dischas
hne.  Serew auchors were pluced o tne concidte atound the semp, « g of
o.panding victhare foam was put aound the top of the sump ns o gashe. A
plowaond cover, split to pass tound the dischacge hine, wais screwed wn o place. A

"1 nch’ hightwerght plachie pipe ways attached to the cover with a lotlet 1y e

The other enad of the pipe rar o a aearbs window openng, wnd was connacted
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by flexible hose to a 50 L/s axial fan mounted on a plywood sheet in the

opening., A capped "1 inch” pipe stub was attached to the cover to provide
access to the sump for draimnage.

A 1.5 by 3 m loop of perforated "1 mch™ hghtueight plastic pipe was placed
on the open soil 1n the crawl space, aud was connected to "1 inch”™ pipe that ran
to a second 50 L/s avial fan mounted on pliywood in the window opening,  The
open so0il 1n the crawlspace was covered with two layers of 6 mil polyethylence
sheel. The edges of the sheel were fastened to the block basement walls by
"1 by 3 1nch” wooden furring sirips, and all joints were covered wath asphaltic
caulh.

In Apiil 1986, with both the sump and cravlspree fans on, radon
concentrations in the baserment ranged from 3 to 22 pCi/L, averading 15 pCi/L.

Investigation found that the sump fan was develeping 60 Pa suction, at a
flow of € L/s, and a radon ccncentratron of 1 000 pCi/L. The vrawl space fan
developed 20 P’a at a flon 23 i./s, with a r1adon concentration of 16 pCi/l. The
basement air concentration wns 12 pCi/l at the time and air drawn fron U
floor diam showed a concentration of 17 pCi/l.  Smoke testing of the open
blocks around the apening o the crawvl-space gave possible indientions of flow
into some and flow out of others, with no apparent pattern.

The similar radon concentrations in the bascwent air and the crawlspace
soil exhaust air 1indicated that moest of the soil exhavst air was howse wir thet
had leaked beneath the cover through the crachs and epeaings in the blodl,
walls., It also suggested that the aawlspace soil was net the wajor radoa supply
route,

This was tested directly 1n May 198G, when the crawlspace [ was turned
off. With both fans runnmg, the radon concentration variad foem 1 o 21 pCi/t,
averaging 15 pCi/L. When the craw! space fan was tuaraed off, concentrations
vaxd from 20 to 4 pCyil, aversging 20 pCisll With  both  fans  off,
concentrations rtanged fiom 7 (o 80 pCi/l, with marked dwuenal cvelingg, and
averaged 35 pCi/L.

In Julv 1986 with no faas on and _the sump open s that o dehumed e
coutd dram into 1t, the baserent concentratieon ranged feome 20 to 111 pOi/L,
with mar ked diurnal (yebag, and averanged 90 poy/L.

o

2.2. PHASE 3



In January 1987 the two eiisting fans were removed, the sump nnd crawl
space suction lines jomed through a "T" connection and a large plastic bodied
in-hne fan installed to increase the exhaust suction.

With the new fan operating, radon concentrations ranged from 1 to 3 pGi/i.,
averaging 2 pCi/L. When the fan was turned off the radon concentrations
ranged from 19 to 13 pCi/L, averaging 30 pCi/L. The suction in the sump was
120 Pa, with a flon of 15 L/s at 600 pCi/L. The radon coacentration in the awe
from the crawlspace was 13 pCi/L a suction of 93 Pa and a4 flow of 60 L/s.

Alpha track detectors were i1ssued 1n February 1987 to provide a long term

estimate of the radon concentration.

3. OTHFR MEASUREMENTS

The radiation fields i and around the house were 8 ta 9 uR/h 1n the crawl
space, and 5 to 7 ul/h n the basement over most of the slab, but increased to
12 to 11 uR/h in the arca of the sump, and 10 to 13 near the well pressue
tenk. The field outside ranged from 8 to 11 uR/h, averagimng 12 uR/h.

The average radon concentration measured by alpha-track detectors over
the per:izd Tebruary 1987 to Aprml 1987 was 1.9 pCi/L in the basement, and
1.4 pCi/L n the hving area.

as2



PYLON

PHASE

2]

PHASE

MEASURIMENTS SUMMARY FOR HOUSE 29

AB-5 HOURLY MONITORING

MITIGATION TEST STATLS DURING RADON ({pCi/L)
SYSTEM DATE TEST RANGE  MEAN
Sump + craul 01/86 Sump and crawl 5-22 15
space space fans on.

ventilation; tuwa
S0 L/= axial

fans
05/86 Both fans on 1-21 15
Crawl off/sump 2-11 20
on
Crawl off/sump 7-90 33
off
07/86 Both off/sump 20-114 90
apen
Suction lines 01/87 Fan on 1-3 2
teed tegether; Fan off 19-13 30
fans replaced by
150 1 /s

centrifugal

SYSTEM MOCASUREMENTS FOR HOUSE 29

MITIGATION SVSTIM DATE SYSTEM MEASUREMENTS
PRESSUREF I'T.OW RADON
I'a (L/s)  (pla/L)
Sump tceranl-space 01/86 0 | 1 000
ventilation] two 20 23 HY
50 L/s anials on
12
17
l.ines teed; fans 02/87 120 15 600
replaced by 150 L/s s €0 13

centrifugal
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COLDENTS

over 46 hrs.

over 18 hrs.

over 42 hrs.

orer 4 days

over 4 da:s

over 47 hrs.
over 37 h:s.

COMMINTS

Swnp fan line
Ciavl-zpaee
Yine
Bascment ait
Floot drain

Sump line
Cranl-space
line
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HOUSE 30

PEANSYLVANIA DER MEASUREMENTS

Working Level grab samples average (Kusnetz) 0.137 WL
Heating season average radon (Terradex) 17 pCi/L
Radon concentration in water 266 000 pCi/L

1. DESCRIFTION

This single story house was built 1 the late 1970's on a gently sloping
rural site near the foot of a steep hill several miles south of Oley. The walls
are covered with s:ding, and heating is by electric baseboard units. The owner
has added an oil fired boiler with hol water conyectors. The basement walls are

of concrete bloch, and there 1s an external eatrance into the basement.

2. ACTION

2.1. PHASE 2

This house hed the highest concentration of radon in water of all the
houses in the Reading Prong area tested by the DER, and 1t was probable that
most of the radon in the house air came from the water. Fhe witigation
measure selected for demonstration was removal of water borne radon by
adsorpton on activated charcoal.

Preliminary radon concentration measurements in the basement durimg May
1986 found that the baseline radon concentration was in the region of 3 to
5 pCi/L, bul there were punks to 67, 68, 122, 210 pCi/L associated 1n time with
operation of the washing muachine, and u: size with the ameount of water used.
This was consistent with the water being the muajor rtadoan 1oute of entry.

A commercial charcoal adsorption umt was ordered ftom a specialist
company in Maine, who used an sctivated Coc u‘l ut chircoal with a very high
claimed efficiency for radon adsorption. The wmt was a 30 cm dinmeter Ly 170
cm high fiberglass reafa, ced plastic tank, contaimne 33 L of charcoall A\
pipimg was connected to o buek-flush valv 2 mounted on tep of the tank.

The system was coffectivee, A .test m Augast 1986 found that water
concentrations were reduced from 178 000 to 1 100 pCr/t (99%1% removal) by
passnge through the wirt., Radon conceatrations in the basemeat raaged Srom 3

to 6 pCi/L, everagimg 5 pCi/l, ana showed no signs of vaoaton with woter se.

n-
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The radon removed from the water 1s stored on the charcosl i the tuck,
and during 1ts decay emits gamma rays. The basement radiation field from the
tank was estimated with a scintillation mete- at 10 000 uR/h on 2ontuct,
1 100 uR/h at 60 cm, and 42 ulR/h at 3.5 m fiom the tank. In the child’s
bedroom upstairs above the tanl, ieadings yaried from 25 uR/h duirectly above
the tank, to 35 uR/h near the bed, to 93 uRk/h on the floor at the centie of the
room. For comparisan, the buckgrouand radintion over the ground outside the
house was 10 uR/h, and had been about 6 uR/h 1n t .¢ basement before the u:mt
was Installed.

Scintillation meters do not estimate radiation fields teliably if the radiation
spectrum differs greatly fiom that used to cahbrate the instrument. To pro de
a better estimale of exposure rate, the Pennsylvania DER placed TLD dosimete:s
1in contact witkh the tank, at 60 cm and 3.5 m fiom the tank. The average
exposure rates over a 29 day period were 16 700 uR/h on contact, 320 ul/nh at
60 cm, and 11 uR/& 3! .5 m. These resulls were close to those estimated by
the scintillexeter,

The owaners were pleased that the radon level n the water had been
reduced, but were concerned about the inciease 1n gammna radiation, especially a
the child’s bedroom. They moved the child into thear own bedroom whers the
field was lewer.

2.2. Phase 3

dq -~ antortm mensure v hbile permancnt shieldiag vas designed, the tark
was wrapped with 1.6 mm (1716 nch) leud sheet. The fust lazer halved tne
meter reading, but the second lascr produced only a further 20% reduction. Four
add:tivnal lu—ers of lead wrapped around the meter were nceded to reduce the
reuading at 4+ m to background {13 ul/h), suggesting that 10 mm of lead would be
needed for complete shiclding,

Three additional layers of lead shecl were placed on the op of the wni
and wrapped sround the back-flush (alve to 1educe the vertical component « f
the radietion that reached the child's bedroon. The freld was r1educed (o
15 uR/h Jicectiy over the tank, and to 23 ulk/h (30% above bachorouand) ot the
bed by this shield::z.

The racdiction measurementls suggested that 1 om of leed shiclding would be
necded to reduce the field 1 the house to newr badclhground.,  VPabiricatn.g aad

mstalhing lead scections of 1 cm thichness would be difficelt and espoensive. A
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review of the options led to the conclusion that concrete would be a better
materal than lead for a permanont shield. Siv cm of concrete would provide
about the same shielding as 1 cm of lead, and this thickness could be provided
convenientlly by standard concrete blocks, which have a minmmum tetal wali
thickness 2f 60 mm. A concrste block enclosure trouand the tank, topped with
one or two concrete pavers or patio blocks seemed 2 cost effective alternatine
more n keeping with the general skills and eaperience of the building trades.

In November 1986, the lead was removed, and the tank was moved slightls
so that standard concrete blochs would fit around 1t and touch the basement wall
without cutting blochs. A rectangular structure 60 em by 60 cin by 160 cm high
was built round the tanl of "3 inch” concrete blocks. Larger blocks would not
have given mnoie shielding, for they do not have thicker wallsg, just larger voids.
The bloclis were mortarcd together, and the structure was secured to the wall
with metal stiapping to ensure stability. The top of the structure was covered

1

with "2 inci” sol:d concrete pavers, cut to fit round the water hne.

Centinucug radon measurements were made upstawrs while this work was in
progress.  While the unit was on hue, baths and showers were taken, the
dishuwasher run, and radon concentrations ivaried between 0 and 2.6 pCi/L,
averaging 1.3 pCi/L. The umt was bypassed for two hours vwhile it was aoved
by the workmen., During this period, a bath vas tuken with untieated water,
and the upsteirs radon cencentration peahed to 11 pCi/i. at the same Llize and
returned to formal witlun 3 hours.  Busement concentrations previous to the
work ranged freww 3 to 6 pCr/Zin, averaging 5 pCi/l. and showing no sigas of
variation with v ater usage.

The concrelyr shhielding reduced the radiation field at 3.5 m to 11 uR/hk, and
the field 1n the hedroom to 156 ulk/h over the tanl, and 11 uk/h at the bed.
The maxunum field 1 contact with the conerete shield was 600 ulR:h and
buckground r1adiation 1in the basement was measured at 6 uR/h,

Alpha track detectors were assued 1in Decembe:r 1986 1o determine the loag
term avernge radoa concentration,

Artangenents were made to momtor Lhe unit for 1adon remanyal efficiencsy
aud to check for bactenal girowth on a monthly Lasis. When the first tlest wois
made 11 Januwary 1987, the mavimum r<doation field o contact with the concrets
had increased to 1 300 uR/h, indicating that the amount of radon storod 1 the

tank had doubled. This probably was Jue to increased wattr use, for there s oas
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a new baby in the house, The radon concentration in the untreated water wasg
240 000 pCi/L, and was 12 000 pCi/L 1 the treated water, so the removal
efficiency had decreased to 95%.

This increase n source term made the eaisting shielding margioal., 4s a
firet step to increase the shielding, the lead sheel that had been 1emoved from
the tank was hung on the mmner side of the blocks. This reduced the radiation
field by about 20%, but additional shielding was sull needed.

The effective thichness of the blochs could be doubled to 120 mm concrete
equiv alent by Nilhng the voids with sand. This vas tiied, but the sand avaldable
fiom the local builders' supply had becn stored outside, and was too damp to
flow through the voids, which viere partially obstructed by Lhe mortar between
the blocks. The sand was therefore placed 1 the space between the inner face
of the blocks and the tank, this provided from 8 to 20 cin of sand. The
maximum field in contact vith the shieldiag was reduced to 320 uR/h, from
1 200 uR/h. The radiation field al 3.5 m wns reduced to 11 uR/h from 25 uR/h.

. \bout two weeks later, m early tebruary, the owner reported water was
leaking from the bLoltom of the shielding walls around the carbon unit oato the
basement floor. The paving stoaes on top of Lhe umt were removed, and sand
removed Lo eapose the plembing and the top of the tunk. No Jeaks were visible
in the tank or piping, but the sand wes very damp and there was condensation
on the water lines nside the shield., The top of the shield was left open for o
few days, the sand diied up and the lealuge stopped. 1t s bolieved that wates
wau fiaven anto the <and, which had been stored oulside, and had melted,
seturating the sand and cauvsmyg the leakuge.

When the sistem was racsgembled the radiition fields were remeasurcd,
The mavimem f1eld n eontect with the concrete shaeld was 215 uR/L and the
fOcld 1t 259 m was @ ul/h. Cleurly there had beenn o reduction inn sourcoe
strength. The rados concentiation m the wder was meaanreed at 225 000 /5,

s this was net due 1o a decrtease 1 reador roncentration. The r1zdon
corceenttation i the tresdted waler vas 3 060 pCi/l. # r=moval efficiencey of
Qs 7%.

The radon concentiations 10 the water were measored m March 17287, and

were 110 000 and 3 500 pCi/1 bhofeie and after the vnit, for o removal efficene)

of 97%.



Gamma monmtoring during the visits to collect the water samples fcund that
the radiation ficld was fairly constant 1n time. The maximum fields va contact
with the shielding were 230 ukR/h 1 March, aud 247 uR/h 1n June 1987. The
corresponding values at 3.5 m wete 11 and 9 vR/k, and in the bedroom ubove
the tank 8 and 7 uR/h.

The DER placed TLD dosimeters in the house, and found the average ficld
from March to June 1987 to be 12 uR/h at 3.5 m, aad a mavimum of 16 ul/h 1n
the bedroom.

The removal efficiency of the charcoal was high, but apperently vared with
time from 95% to 99.1% removal. The performance was ot as good as clutmed
bs the manufacturer (99%+4). The voluine of water used tmay have been too hitgh
for 55 L of chuicoul to achicve that level of performance.

The combination of high wvater use and high r1adon concentrations i the
waler lead to the storage of micro-Curmes of radonrr :mn the tank, with
correspondingly mcreased radistion fields ia the house. Shiclding against Lthese
fields is not a trivial tush. The 1nstalled shielding 1s udequate, but f the vater
should consistently reacis the concentration of 256G 800 pC:/L imtially measured,

coupled with high water use, it woild be only just acceptable.

KN OTHER MEASULRIMENTS

The radiation field 1n the house prior to installation of the _arbon unit
ranged fiom 6 to 12 uR/h, and averaged 8 uR/h. The highest field was found in
the vicivaty of the well pressutre tank. The field over the zie r1anged fiom 7
to 13 uR/h, averagwmg 10 ul/h.

The average radon concentiation measuted by alphe-truck detectors over
the period December 1986 to March 1987 v as 3.0 pCi/l n the basement, and

1.3 pCi/L 1n the hhving urea.
I
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MEASURIMENTS SULMMARY FOR HOUSE 30

PYLON AB-5 HOURLY “ONITORING
PHASYE MITIGATION TEST
SYSTIM DATE
2 Premit1gation 05/86
2 radon 11/86
adsorption
535 1. chircoal
un:t
U: Upstasrrs
SYSTE
PHASYE MITICANTION SYSTIM
2 Radon adsorption 53 L
chars ol uni bt
3 Rador adsorption 55 1
charcoal uni! +
conerete Hlook
shielding
3 Radon adwarption 53 L
charroal umit +
sardfrtle 1 Yoad lined
concrete Hloek
Shietding
? As itxnve

STATLS DLRING

TEST

N/

On

lire

Tvo hours off
Tine

MEASUREMENTS FOR HOUSE 30

DATE

BEFORE
0g/86 178 700
01727 240 000
02/87 236 C00
03727 110 000

310

RADON RESULTS
RANGE

G.2-210

AFTER

1

12

»

100

000

000

209D

MEAN

rS
-3

RADON IN WATIR (71 /L)

RETUCCTION
*

a9.

d.

COMMINTS

over | daxs
basceline 3-
5 pCy/L -
penhs of 67,
68, 122 and
210 pCi1/L

orer 34 hrs
over 86 hrs L
peah -
wntreated
bathwater

COMMENTS



PHASE

GAMMA

MITIGATION SYSTIM

Water adsorption
55 L/s charcoal unit

hater adsorption

55 L/s charcoal umit
plus temporary lead
shielding

MEASUREMINTS$ FOR HOUSE 30

DATE

08/86

09/86
10/86

10/86

MEASLRIMENT
INCATION
On top tank
Distance 0
from 20
top 10
of 60
tank 80
100
120
Basement

GAMMA FILLD
(uR/h}

on
cm

60 cm from wuntit

2 m from unit

House Jack 3.3 m

Opposite (back wall)

Chimney
Driveway wall

- fa (0D -

1

Upstatrs Child's Room

Above tank
Cenlre
Toychest.
Bed
Doorvay
Contre

Kitchen
Driveway
Adgacent soal

Tank - contact

- 100 cm
-3.0m

lisement

House Jack 3.5 m

Up-tains

Above tanh wrapped

in two sheaets

KRR

500
T00
100
600
600
100
800
500

065
132
12
19
19

COMMENTS
On contact
contact
contact
contact
contact
contact
contact
contact

On
On

On
On

on floor

29 day TLD =y
OIR

Without lead
1 lead cheoet
(1.6 rm)
2 sheets
3 sheets
6 sheets

No lewd on top
1 lead shert
on top

2-3 shecots

folded



PHASE

(%]

GAMMA MEASUREMENTS® FOR HOUSE 30

MITIGATION SYSTIX

water adsorption

55 L/s charcoal unit
plus temporary lead
shirelding

Water adsorptlion

55 L/s charcoal unm:it
plus concrete block
shielding

Water adsorption

55 L/s charcoal un:t
plus Jend-Jined
concrete block
shielding

hater adsorpt :on
A5 L/s charceal unit
plus sand-f11lad
lead-lined conrrete
block shielding

DATE

10/8h

12/86

01/87

01/37

01/87

06/87

MEAS. RIMENT
LOCATION
Upstaars
Childs room
Living room
tutside

Childs Room
Over tanh
Bed

Centre
Doonway

living room

Basemrent

Drivewuy wall

House Jack 3.9 m

llouse Jach 3.
Draivewny wall
House Jack 3.2

House Jack 3 5w

at I m

louse Jack 2.5

House Jach

Thaid’s Redroon

Over tank
Doo s
Cent re

hitchen

Pnnement

House Jack 3.5 m

Drivesay wall

32

GAMMA FIELD
( uR/h )

25

-

7
1]

15
11
20
11

6

3nm 243

22

11

[or IESTIE |

[&1]

1

«©

¢

6

COMDIENTS

2-3 sheets
felded

On floo:r

On floor



GAMMA MEASUREMENTS* FOR HOUSE 30 (OONT)

PHASFE MITIGATION SYSTEM DATE MEASUREMENT CGAMMA FIEID
LOCNTION {ulz/h) COMMENTS
06/&7 Housc Jack 3.5 m 12 102 day TLD by
DER
Chi1ld's Bedroom 16 102 day TLD by
DER
* A\t a height of 1 unless otherwise statcd,

GMMA MIASUREMENTS
IN CONTACT WiTH SHITLDING
TOR HOUSE 30

DATY o BLOCKh 1 BLOCK 2 BLOCK 3 BLOCh ¢} BLOCh & BLOCL 6

Water adsorption 33 1./s charconl wnt plus concrete block shireldimg

12/86 57 133 230 190 600 600 361
01/R7 1135 2541 574 960 1 216 1 330 g
01/8% 113 227 562 867 1 160 1 208 62

L/s charcoal unit plus lou! lined concrete Llodk shiclding

ol

bater adsorpl:on 5

Qr/ay 177 168 730 973 970 613

water adsorpt:on 533 L/s charcoal unit plus sand-Tilled lead-1i1nen conerete
bloch shi:elding

01/87 23 33 195 210 320 303 173
02,927 o7 23 180 2415 223 1
03797 13 20 R0 160 230 213 120
06/2% tu 3 a2 165 217 237 113
06/87 17t Iite 11is 111s

t DI 102 ¢dav TiD measurements ate marhed vtk an asterash,

s
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HOUSE 31

PENNSYLV WIA DFR MEASURFMENTS

Working Level grab samples (Kusnctz) 1.88" wbL
Heating season short term average WL (RPISU) 0.509 WL
Heating scason averase (lerraden) 83 pCiy/L
Radon concentration in water X/

1. DESCRIPTION

This single story house with attached carage was buult i the late 1930’s on
a slopang rural site on the sde of o 1idge a few miles west of Qojyertoun. The
house walls are of brich. Hesting 1s by oil fired hot waler c. culated thiough
radiators, supplemented by a weod stove in the basement,

The unfinished basement huas hollow concrete bloch walls which are closed
at the top with cap-blocks. There s n small root cellnr with a wooden door at
one end of the basement, and an exterier entrance door st the other ead. lie
floor of this 1oom 1s coverced with a concrete slab., There are no cracks in the
walls.  The ticor slab s poured tight sgamnst the walls, but it vas placed 1
thiee pours with two construction jomnts up to 6 nm wide. The {loor slib as
penctrated by concrete filled steel columns wlinch suppoil the am steel beam
and the walls ate penetrated by a vel! water line and 2 saoitary hiae to a septic
tanh.

The owner reported that the conceete slab s poured on a good ba s of
crushed roch, but thuat there was no weeping tile drain tound the perime 1 of

the house.

<. ACTION

2.1, AR S

This house had been one of the candidate hcuses for Phase 1 10 had beean
constdered as o deowomatiation house for wall veotilation, but had aot been
aelectsd becanuse the cap-blochs wn the walls were an unusuad feature for the
area. The oot cellar ot thal time was o complicoting foctor, for ot was unpoasod
then, with o floor of crushed store. The ovner had paved the fleor 1a 1986, hut

the 1adon level had boen ansffected.
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2.2, PHASLE 3

By this stage of the program there was confidence that the mullipomn?! sub-
slab ventilation system with high suction fan could deal with hollow ceoncrete
block walls particularly if there was a sub-slab layer o crurthed rock. The
mitigation method chosen for demonstration at this site was subslab ventilaticon.

A sin-inch PVC pipe was run along the central beam main duct of the
subslab ventilation system and siv d-inch down pipes of PVC were mstalled In
perimeter holes cored 1 the slab, one at cach end wall and two at each leuy
wall.,  Suction was applied to the main duct by an external plastic bodied
centrifugal exhaust fun.

The suction at each subslab entry peoint was 230 Pa. Flows and radea

concentrations in each pipe were; end wall 2 L/s at 1 400 pCi/l; rear wall 3 LSs

at 1 300 pCi/l., rear wall 0.5 L/s ~t 570 pCi/L; garage wall 12 L&s ar @
G600 pCi/L; front wall 3 L/s at 770 pCi/l; and fiontl wall 3 L/s at 2 200 pCh/L.

In January 1987, radon concentrations i the basewment ranged from 5 pCifl
when the bascmentl door was open, and r1o0se lo between 430 to 330 plisl. at
night when the doot was closed. When the fan was turaned on the basement
radon conceatrestions with the door closed varied between 2 to 7 pCifl,
averaging 3 pCi/L.

Alpha Tiach detecturs were 1ssued in January lo oblzin long term averuge

radon concentrations.

3. OTHER MEASURIEMENTS
Indoor gamma fields ranged from 5 Lo 13 uR/h, avcraging 8 uR/h., Tle
gammn fields around the site verwied from 5 te 14 ulkSh, averaging 11 uR/h.
The average radon concentintion measured with \lpha Trach delectors ehver
the period dannary to March 1927 was 1.8 pCi/l. m the buasemeat and 3.7 pCyLt

in Lhe hiving o doa.



MEASUREMENTS SUMMARY FOR HOUSE 31

PYLON AB-5 HOURLY MONITORING

PHASE MITIGATION TEST STATUS DULRING RADON (pCa/L) COMMENTS
SYSTRM DATE TEST RAN\Gl: MEAN
3 Sub-slab 01/87 worhk in 5-528 290 over 50 hrs.
ventilation; progress no fan
150 L/s Fan on 2- 7 3 over 12 hrs

centrifugal fan

SYSTM MEASURIMENTS FOR HOLSE 31

PHASE MITIGATION SYSTEM DATE SYSTDM MEASUREMINTS COMMENTTS
PRESSURE 'LOW RADON
g (1/s) (pCar/L)
3 Sub-slab ventilation; 01/87 230 2 1 10C Riser \
150 L/s centirifugul 250 5 4 400 Riser B
fan 250 0.5 570 Riser C
250 12 4 600 Riser D
250 3 770 Riser E
250 5 2 200 Riser F

End wall
Rear wall
Rear wall
Carage wall
Front wall
Front wall

Mmoo OE
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HOUSE 32

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.06 WL
Average radon (Terradex) 200 pCi/L
Radon concentration in water 22 300 pCi/L

1. DESCRIPTION

This single story prefabricated house was built in the early 1920's on a
le‘vel site on a large ridge northeast of Reading. The house walls are of siding.
Heating 1s by hot water baseboard convectors.

The unfinished basement walls are of hollow concrete blochs with a sill
plate covering Lhe top block voids along the front and back walls, and vith open
voiuds at the eand valls, Significant fleoor cracks exist but the permmeter
wall/floor joint s tight ever ywhere.

A sump, a well penetration and two well tanks are loeated 1 a pit 1.25 m
square, and 1 m deep 1n the centre of the basement floorr area. The pit has
hollow concrete bloch walls und a concrete floor slab wud 1s covered with o

sheet of dplywood.

2. ACTION

2.1. PHASE 3

The mitigation system chosen forr demonst:ation at this site was sub-stab
ventilation. The system was modified to access not only the perimeter of the
basement slub but also the central pit.

In Janumy 1087, a standard siv-pomt subsiah venbilation syslem s
installed, together with a bghtly fitting plavweood cover over the pit and three
mch ventilation hmes Al pipes conuected to o sivanch central pipe whieh Jed to

n~

a plastic bodied centr:fugal exhaust fan mounted on an end wull. The fan
gave an almest constant suction between 218 and 235 Pa ot each prpe. fhe
flor s and radun conceatralions 1n the pipes werer froat wall 3 1/s  at
9 pCi/l, 003 Y /s a2t 10 pCy/i, end wall 0.2 L/s at 8 pCi/l; rear woll 6 1 /4 at
260 pC/l, 8 t/s al 190 pC/ls garage wall 3 1/s at 160 pCi/h; and the prit

crhaust was 42 L/s at 25 pCr/L.
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In January, with the s)stem fan off, radon concentrations in the basement
averaged about 7 pCi/l, and with the fan runningg, concentrations dropped to an
average of 1-2 nfy/L,

A second check of basement raaon concentrutions confirmed the previous
results with an average of 1-2 pCi/L with the fua oo ana 5 pCi/L with tne oo
off. It was found that the DER Alpha Tiack detectonr that measured the
previous high concentrations had been exposed 1n the pit with the cover on,
and did not tepresent a valiu  measurement of the basement radon
concentrations. If this had been hnown at the time, the house would not have
been selected for the progect.

Alpha Track detectors were tastalled upstairs and 1 the baserent to

measure long ters averages Jduring tue heating scason.

3. OTHER MEASUREMI'NIS

Indoor gamma redmat.on varied from 2-18 ulR/b, averaging 3 uR/h. Gamnma
rad:ation about the site r1anged from 2 to 12 uk/h, averaging 5 uR/h. In eadh
mstance the mavimum of the range was assocated with a hotl spot along the
rear wali, close 1o the basement windnw.

The averaze radon concentiation measured with Alpha Frack detectors over
the perwd Muarch o Apnil 1987 was 1.0 pCi/L in the basement and 3.2 pCi/L in

the livirg arca.

450



MEASUREMINTS SUMMARY FOR HOUSE 32

PYLON AB~-3 HOURLY MONITORING

PHASE MITIGATION I'EST STATUS DLRING RADON (pCi/L)
SYSTIM D\TE TIST RANGL  MEAN
1 Sub-slab + ppt 01/87 twork 1in 1-11 0
ventilation; progress
150 L/s Fan on 0.7-2.2 1.3
centrifugal fan
01/87 Fan on c.5-2.7 1.2
Fan off{ 3-6
SYSTEM MEASURDMENTS FOR HOLSL 32
™IASLE MITIGATION SASTEM DATE SYSIIM MEASLREMINTS
PRFSSLRE FIOW RADON
Pa {L/s) (/L)
3 Sub-slab + nt 01/87 213 0.2 8
ventilation; 130 L/s 243 0.3 10
centrifugal an 213 6 260
218 12 25
213 8 190
250 2 9
255 3 160

Al End wall
B: Front wall
C: Rear wall
D: From mt
I't Rear wall
F: Front wall
G: Garage wall

COMMENTS

over {2

over 53

over 17
over 12

COMMENTS

Riser A
Riser B
Riser C
Riser D
Riszr L[
Riser T
Riser C

lirs

hre

hrs
hrs
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HOUSE 33

PENNSY LVANIA DER MEASUREMENTS

Working Level grub samples (Kusnetz) 0.313 WL
Heating season avcrage radon (lerradex) 82 pCi/L
Radon concentration in water 660 pCi/L

1. DESCRIPTION

This two story Lo 'se with attached garage was buill 1n the md 1980's on a
leveled site on the side of a ridge to the south of Pothlehemn. The fioat wall
of the house 15 brick, the other walls are siding.

The basement walls are of poured coacrete.  The basement floor has two
large cracks, one across the eniry to a small bascement enclosure, the other
across the ceatre of the floor. The gap at the wall/floor juint 15 zgencrally
small. Thete 18 an open dry sump with crushed stone mn the botltom 1n one

corne. of the basement.

2. ACTION

2.1, PHASE 3

As this house was cne of the few vith a sump, the mitigation wethod
chosen fur demonstration was sump veatilat.on.

The system consisted of a plywood pit cover sealed to the floor, with o
four mch ventilation pipe through the header board to a lurge plastic bodied
centrifugal fan.

Syslem testing showed a radon concentration of 170 pCi/L 1 the awe
flowing through the riser at 3 L/s under 330 Da sucton.  Smoke testing gave
ambiguous results along the froat wail.  Although definmite flouws to below the
slab were noted at floot cracks and the perimeter gomt close to the sump, there
was no dication of fior al distances greater than 3 m, suggeshing poot aceess
to the aubslab.

Measurements 1 February 1937 found 1 adon concentrations in the bascment
with the fan on ranged fiom 12 to 37 pCi/l, mveraging 20 pCi/L, and ra-cged
from 69 to 97 pCi/i., wvereging 81 pCi/L, with the faa off, deariy un

unsatisfactory performan o

353



The owner’s fatier, who had buitll the house, advised thut the sump
consisted of a sohid concrete pipe sitting on soft rock. Holes were drilled 1n the
wall of the sump crock to mmprove the connection to the subslab space. The
bottom of the sump croch was sct i a layer of concrete, covered with 70 i of
crushed stone. Holes were drilled thiough the concrete into the fill beneath to
mptove the connection to the sub-slab space.

In March 1987, with the faa in eperation, 1adon concentiations in the
basement averaged 5 pCi/L, ranged from 3 to 7 pCi/L, averaging 5 pCi/L. When
the fan was turned off the r1adon concentrations ranged ftom 16 to 79 pCi/L,
averaging 65 pCi/L.

Alpha Track dosimeters were installed upstans and in the basement to

determine long term uverage raden concentradons.

3. OfHIR MEASURLMFNTS
Indoor gamma radiation varied fiowm 6 to & uR/h averazing 7 uR/h.
Fate Lor radiation aboutl the site ranged fiom 7 to 9 uR/h, averaging 7 vR/h.
© fhe s eragze radon concenliation measared viath Alpha Track deteclers over
the period March to April 1987 was 2.2 pCi/L in the basement and 1.1 pCi/L an

the hving &, ea.

-
(51}



MEASUREMENTS SUMMARY FOR HOUSE 33

A. PYLOX AB-5 HOURLY “MONITORING

PHASE MITIGATION TEST STATUS DLRING RADON RLSULTS COMMEENTS
SYSTEM DATT TEST RANGE  MLAN
3 Sump 02/87 Fan on 42-57 50 over 11 lus
ventilation; Fan off 68-97 84 oaver 41 s,
150 l./s after 6 hour
centrifugal fan rise
Improved sub- 03/87 Fan on 3- 7 5 over 11 hus.
slab connection Fan off 46-79 65 over 31 hrs
after 15 hr
tise
SYSTIM MEASUREMENTS FOR HOUSF 33
THASE MITICATION SYSTEM PATY SYSTEM MEASUREMENTS COMMENTS
PPRESSURE F1.OW RADON
Pa (L/s) (pCa/L}
3 Sunp ventilation; 02/87 350 5 170 Sump riser
150 1/s centr;fugal
fan
Improved connection 02/87 1330 30 Sunp riser

{o mub-siab
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HOUSE 34

PENNSYLVANIA DER MEASUREFMENTS

Wworking Level grab samples (hnsnetz) 2.186 WL
Average radon (Terrades) 170 pCy/L
Ruadon coucentrat.on 1in water 16 300 pCi/L

1. DESCRIPTICN

This two story colental house with aluminum siding and attached garage was
built 1 the late 1970's on 2 sloping lot at the top of 4 =mall ridge severul
miles south of Alentown., ‘The foundatron walls are of pourced conctete with no
evident cracks. The bascement floor 1s also poured concrete but forms a
floatimg slab with a wide perimeter fiench dram.

IThe hottse 1s heated by o1l firted hot water circulatinyg thiough convectors

and cooled thiough cential air conditioning. The site slopes from front to
L =]

back, so the back wall is lirgely gbove grade und has a walkout shding door

2. ACTION

2.1, Filvsy 3

As this bhouse had poiaed concrete walls, the mit.gation measure selected
for demonstintion nt this site was mullipoint subslob vennrlation.

Vv ostandard siv pomt subslab venulation systemm was installed using the
coting machime. Torr rch VO pipe nisers were caulked irto the siab entrs
porat and led throush the mist space e o pain duct fashoned from 6 inch I\ ¢
pipe. The system was wonnccted to o large plastic bodied ceatsfugal fan
msta'led through the header Loard of the back wall,

The 80% of the anterior Tie neh dram that was dinectly accessinle w s closed
with mortar. The oither 20s was a0 a worhroom, conceafed Lehad Clsed-
bunches aud pegboard covered framed walls,

Radon momitae g e bebroay 18T tndie dod thet beforo the Tan w s turaed
en devels panged from 112 to 811 pCi/L, averagimge 331 pCy/Ly However woth
the far ruanmg teve's fell deamatically to rac e 1o 3 1o 3 pC/L aad Javerage
P pCi/te Suee bhasornnnt radon concentrations had beea rteduced sicmfe antliy,
\ipha Trach doteotors were rashlled upstaits and i the basement Lo obtoin

long torm v er cges during the heating soason.
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Systenr measurements found suctions in the pipes were betwesn 150 and
180 I'a. Flows and radon concentrations in the pipes were; front wall 1.2 L/s at
13 000 pCv/L, 2 L/s at 27 000 pCi/L; end wall 5 L/s at 68 pCi/L; rear wall
38 1./s at 820 pCi/l, 25 L/s at 260 pCi/L; garage wull 1.3 L./s at 610 pCi/L. 1be
high flow rates m the pipes on the rear wall neat the unclosed section of the
french dram suggested that overall performance could b« improved by closing it.
This was dore by injecting espunding foamn thiough holes drilled 12 the vall
covering atl the base of the wall, .

After this the suction in all the pipes as between 213 to 210 Pa. Flows

in the pipes were now froat wall 2 L/s, 2 1/s; ead wall 3 7 /¢; rear wall 6 L/s,

k]
.

16 L./s, garage wall 2 L/s.

3. OTHI'R MEASUREMINTS

Indoor gamma radiation ranged from 5 to 10 uR/h, averaging 7 uR/h. Site
racdhiztion ranged from 5 to 10 uR/h, averaging 7 uR/h.

The average radon concentration measured with Alpha Track detectors o.et
the period Pebruary to \p11l 1987 v us 5.5 pCi/L i the bascment and 3.7 pli/L

in the hving area.



MEASUREMENTS SUMMARY FOR HOUSE 34

PYLON AR-5 HOURLY MONITORING

PHASE MITIGATION TEST STATUS DURING  2ADON (pCa /LY COMMINTS
SYSTEM DATIL TIST RANGE  MEAN
3 Sub-slab 02/87 Fan off 110-811 531 wer 20 hes
ventilation;
150 L/s Fan on - 8 1 over 82 hrs

centrifugal fan
(french drain
partly closed)

SYSTIDM MEASUREMINTS FOR iAX'SE 31

PHAST MITIGATION SASTIM DATL SYSTIDY MILASURIDMINTS COMNINTS
PRICSSLRY ULOW RANDON
La s (pCi/L

3 Sub-slab rentilation; 02/87 158 1 15 ¢oQ Rser \

150 L/s ecentr:fugnl 170 2 27 oOe Riser B

fan 170 5 68  Rise: C

180 38 Q2 Riser D

150 25 260 Riser C

158 < £10 Riser U

Further closure of 01/87 230 2 Riser \

french drain 235 2 Riser R

235 3 Risor €

210 6 Riser D

225 16 Riser B

213 < Risov ¥

Front wall
Front, wall
Fad wall
. Pear wall
Roar wall

Garage wall

"7'_1’15:2051:
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HOUSE 35

PENNSYLVANIA DFR MEASUREMENTS

Worlking Level grab samples (Kusncicz) 0.93! WL
Heating season averayge radon {lerrade\) 144 pCi/L
Radcn concentration i \ ater 327 pCi/L

1. DESCRIPTION

This detached twa story colomal house with built 1 garage was built in the
late 1970's on a steeply sloping site at the top of a ridge 2 few miles ficw
Coopersburg. Healing :s by electric bascbon:d convectors upstairs alone, and
there 1s a forced air central air conditioning system.

The basement contains a double garage, and a small work room. The garege
walle are bhare concrete and theie is a crach at one corner. Three work toom
walls are of concrete covered with styrcfoam behn-nd panelling, the fourth s a
frame wall covered with wall-board betuveen it and the garage. The wall/{loor
Joint 15 vasible n the gurage, and about 1 mm wide. The fleor was poured n
two pours, and the joint 1s visible 1n the garage. The sewer lae leuves
through the garage walll There 1s an opemng 1n the vork rcom wall for the
water-line entry, and the slab is penciiiled by stan suppoils and house jachs

filled with concrete.

2. ACTICN

2.1 PHASTE 3

As this housce had a reasonably well ventilated garage, and sohd coact ote
foundation walls, the mitigntion system chosen for demonstrat.on at this site
was sub-slab ventilation applied ealy to the work room portion of the bascement.

A for r-paint cubesiah ventilation  system with o laprge plustic haddy o
centrifugal cvhaust fan was installed o Pebruary 19037,

The suction 1 the prpes was similar, about 260 Pa on average. TMows and
radon concentrations were; end wall 2 1./s at 2 300 pCi/i; front wall 8 1/s al
770 pCi/L; garage wall 3 1/s al 600 pCi/L; aad 1ear wall 3 L/s at 900 pCi/l. By
compatison, room ur wes 1 pCi/l, and the water hine entry openg 6 pCi/t,

In february 1997 the basement vadon concentiration ranged from 0 to
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1.6 pCi/1, averagmg 0.9 pCi/l.  Alpha Trach deteclors were therefore mmstalled
in the basement and upstairs to cvaluule the long term averages.

As confirmation tesl of s)stem performance was cocaducted 1n March 1987.
With the fan on bascment radon concentrations ranged from 0.1 to 1.3 pCi/L,
averaging 0.7 pCi/l, When the fan was turned off levels rose quickly to range

from 87 to 298 pCi/l, averaging 164 pCi/L.

3. ITHER MEASUREMENTS

Tae iaterior gamma radiation field vanied from 1-3 uR/h, averaging 3 uR/h.
The exterior field over the site ranged from 3-4 uR/lh.

The average 1adon concenltation measu:ed with Alpha Tira~k detectors oven
the period February to April 1987 was 0.7 pCi/L m the bascement and 0.8 pCi/l.
in the hving area,

MEASLURIDMLINTS SUMMARY I'OR HCUSE 33

PYLON AB-3 HGARLY “OULTORING

PHASE MIPTIGATION TEST STYTUS DURING RADON (jXCi/L) COMMINTS
SYSTIM DATE TLST RANGE  MEAMN
3 Sul~s1 b 02/87 fran on 0.0-1.6 0.9 over 4 daxs
venlilation;
150 L/s
centrifucal fan
03/87 Fawn on 0.1-1.3 0.7 over 17 hrs,
Fan of € 87-208  1uLd over 37 hrs.

SYSTERM MEAS' RIMIENTS FOR HOULSF 35

PHAST MITIGATION SYSTIM (AAVN N SASTITD MEASURIDMNTS COMMINTS
PRISSLRE FLOW RADON
™y (L/%) {pCi/L)

3 Sub-sIth ventalatjon 02/87 2 500 Rizor A
150 L/s centrrfugad ' 77C Riser B
fan 600 Riser C
ano Hiser D

4 Biscoment ar

6 Witer line

entry operrg

A tnd wall B: ¥ront wall
C: Garage wall D Rear wall
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HOUSE 36

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (husnetz) 0.405 WL
Average radon (Terradex) 300 pCi/L
Radon concentration in water 970 pCi/L

1. DESCRIPTION

This two story sidesplit house with built 1a garage was built in the early
1980's on a slopiag site on the side of a hill south of Allentown. The walls are
of wood sidmmg. The entrance foyer and garage are at grade level, but an
separate slabs. The garage has been converted into a bed/sitting room. A
large sitting room 1s over the basement.

The basement has poured conciete walls.  There were no visible floot
cracks butl much of the floot is covered with carpet and stored material. The
gap at the wall/floo:r joint 1s lurge, over 1 mm wide in most places. There 1s a
sump in cne corner, which the owner had covered with a metal plate and
passively vented to the outside, and a brick firepince on 1its own slab. The top
half of the hasement siairs were set 1nto o recess 1n the house/basciment wall,

The foyer siab s pour ad mside the concrete foundation walls, and has sunh

2 mm, craching the vinyl tiie 1n places around the slzb perimeter.

2. ACTION

2.1. PHASF 3

The mitigative acltion selected for demoast:ation at  this house was
integrated subslhib ventilatron beneath both the busement and the foyer slabs.

A diamond coring dnill was used to drill four 125 mm diameter holes in the
floor slab at the appronimate cenure of ench wall, and ivo 123 mm holes 1o L
stub wall to access the fill beneuth the uppetr level slab. Some difficulty was
expersenced in doithing the first hele thinough the stub wally for the area on the
othel side of the 200 mm thick concrcete wall was filled to a depth of more thaan
450 mm with sohd ccnacrete. The coring wachine gearbos failed after diitling to
this depth, and a second machine had to bhe obtaned.

Four ich PVC pipe was installed st cach floor and wall eatry pomnt and

connected vin a s:v anch PVC pipe to a large plastic bodied coptiifusal fuan
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located outside the back wall. The eaisting sump ventilation sy stem wns teed
into the new system with a damper. There was a 1 m square area of ewposed
soil covered with crushed rock in the recess beneath the basement stans, A 30
mm thick layer of concrete was poured over this to decrease Lhe exposed soil
area in the house.

In February 1937, while work was in progress, radon concentiations ranged
from 66 to 170 pCi/l, averaging 125 pCi/L in the basement, but fell rap.dly
when the fan was turned on to range from 1 to 1 pCi/L, averaging 2 pfe/L.

The suction in the system pipes was about 112 Pa, and 42 Pa 10 the sump
pipe. The flows and radon concent:ations mn the pipes were; end wall 12 L/s at
80 pCi/L; front wall 11 L/s at 110 pCy/l; stub wall 22 L/s at 700 pCi/L, garage
end wall 2 L/s at 1 500 pCi/l, teed slab plus wall entry ol garage end wall
9 L/s at 160 pCi/L, sump 3 L/s at 580 pCi/L, aud front wall 20 L/s ot
280 pCi/i.. Smolie testing showed all cracks, the basement perimeter wall/floor
Jomnt and the perimeter joint round the upper sleb were all at lower piessure
thaun the house.

Alpha TIrack delectors were issued in March 1987 to determine longe:r tern
averages upstanrs anid 1in the basement.

The exhaust fan here was mstailed 1n the openmg that the owner had made
for the sump exhaust, and poimnted vpwards towards an oserhanging soffit. When
warmer weather came, the owrer opened the kitchen windows, and corrnliined
that the exhausl air f:om the fun, which smelt of soil molds, was blown inta the
house.

The opportunity was taken to mvestigate recircufation of the fan evhaust.
In Apnil 1987, alpha track detectors were cvposed for three weel's on the soffit
immediately above the fun, and 3 m on either side of that position, and on the
opposite s:de of the heuse to determine the average rodon concent:ztion
produced by the fan ezhaust, In addition a PUT osource vas placed inside the
fan to quantify the exhaust entry rate. Adsorpltion collectors were placed iy the
bavement .md the upstuars hiving space tog-thor with other PFT sources to
measutre the ventilation rate,

Toe Alpha Mrack measurements showed the average ridan under the s>t
2 m azbove the fan was 15 pCi/l, and was 11 pCi/l al 3 m on either side. The
measured backgiourd 1t the front of the house was 1 pCi/l. This surssests that

the average external radon concentraation produced by the groundg moaaied foens
¥ £
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is not high enough to increase the average interior radon conceutration
significantly, as long as the discharged air 1s only & fraction of the air that
enters the house. This ann be capected to be the case in winter vvhen s indews
are closed, but might not be true in summer time when windows on the fan side
of the house might be open. A horizontal discharge along the ground awz: from
the house might have given lower concentrations.

As a lest, the fan was reversed to pressurize the system, and climinate the
discharge. . Radon concentrations in May 1987, showed an average of 1 pCi/L an
the basement, z=und a high of 4 pCi/L. Despile the lew radon levels, the
reversed system drove enough soil gas into the buscmeat to return the smell
there to the leve! that eristed before the system was installed The owner did
not Lhe the wusty smell and requested that the fan be rcturned to its Cvigimng!
orentation. Thie was done.

In June 1987, s a final solution to recirculation f evhanst goses, 24 inch
I'\C riser was attached to the fan through o 6/1 1nch reducer and wos rus
underneath the seffit to the end of the hause to enhaust abeve the roof. The

piping was painted to match the wood siding. :

z. OTHER MIPASURUMIENTS

The gamma raliation fi~ld 1n the house ranged from 68 to 9 ulk/h, mernzing
T uR/h. Cutdoor gamma fields around the site ranged frowr 3 uR/h oa the
asphalt driver ay, to 10 uR/h and avercged 7 wWR/h.

The average radon concentration measured with Apha Trach detedtsrs oo
the period March to A\pril 1987 was 1.6 pli/Ll 'n the basement and LT pCu/L o

the Iiving area.



MEASUREMENTS SUMMARY FOR HHOUSE 36

PYLON AR-5 HOURLY MONITORING

PHASE MITYGATION I'EST
SYSTM DATIL:
3 Sub-slab 02/87
ventilation
150 L/s
centrifugal fan
0Z/87
SYSTMIM
PHASE MITICATION SYsTEM
3 Sub-slah ventilation;
130 L/s centy . fugal
fan

: tnd wall
n, Rear {{in) wall

oot vall
D. Stuh wall
P Garage walld
. Wall cntey

STATUS DULRING RADON (pCi/ll)

TEST RANGE MILWN
Work in 66-170 125
progress
Fan on 1 42
Fan 1eversed to 2- 11
blU‘\

MEASURIZTINTS FOR HOLSL 36
\TE SYSTIZ! MEASURIDIENTS
ITISSLRY 1.0 RADON
™ (L/s) (pC1/h)
02/87 1:2 13 sC
137 138 280
112 14 410
117 22 780
112 2 1 500
it2 9 160
12 3 580

-
oy
-1

CODMLNTS
over 3 dass

over 3.5 Jdays

orer 88 hrs

1eturned to
suction ot
owners’
1eguest

COMMENTS

Riser A
Ris.r R
Kiser C
Qiger D
Riger
Riser V-F
Sump line
daunpered
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HOUSE 37

PENNSYLA ANIY DER MLASURDMENTS

wWorking Level grab samples (husnetz) \0.236 Wi
Average radon (Terradew) 87 pCi/L
Radon coancentration n water 2 200 pCi/L

1. DESCRIPTION

This two-story house with famly roem on altached slab and attached double
garage was built 1 the mid 198C's on a rural site o1 tep of a ridge to the
south of Macungie. The frent wall 3 faced with random stone and the other
walls Are clad with alummum  sidinyg. Heating 1s Ly & coual-fued bHusceuent
furnace providing hol v ater i basebourd convectors and a soall coal-buraimg
stove 1o *the fapuls 1 oom,

The foucdation walls are of poured coacrete, and there 1s an evleineal
entrance to the bosement, The walls ase penclhiated by sewer, water, ind
ail-fill  hues, The poured couacrete floor slab hns 4 major crack and s

penctrated Py thwo holloy steel jachs, but no floor drains. The owaer sa:d that

Lthere was g ueder-slal, loon of per forataed pipe connecied W a sump, which was

scaled s there wis noe water »roblem,

p VITIGN

2.0t PHas) 3

As this house had soid concrete becemenat salls, the suligation aystem
ed for demonstintion at iHus site wes maltiporet subsiab yeatihhition, 3
stand 4t syt —pon:l system was mnstntled o late Z2ancar; 172270 The cevhacst pant
~orevl thiroegh the Ooor oo Uhe furnuace ol strech the Turaace focting, whch
ertonded vue frow e walls Pales aere dilled theguoh the aowre L Toot vy Lo
iaproy ¢ the ~~anection te the soll.

Cn g vrage the fan cave a sec’wn of 116 P4 an eacts prpe: The flows an
vidon concostiations werey end owall 9L/ at U5 pCi/Y, rear vl T /s
150 pCi/l., 23 L/s et 61 pCi/L, garage «all 0.2 L/s st 9 pCu/Ey front wall 21 1 /s
at V10 pCy/l, 20 /s at 82 pCisl. The lov flow pipe was *he one 10 the fooslmg.

Bostaneat radon concoentratiors in Febiruary 1937, canged frony 000 Lo

2.0 RO/, with an average of 1.5 pti/sl.
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On the basis of these low radon concentrations, Alpha Track detectors were
installed upstairs and in the basement to obtain long term averages during the
heating season.

However, the flow rates 1in the system were large, and the radon
conceutrations in the eshaust anrr were low, so the wall/floor joint was closed
by caulhing to test if the air was coming from the house via the wall/floor
jeint, or was drawn directly through the so:l. This incressed the suction to
approaimately 145 PMa ot each pipe. The flows and radon concentiations were,
end wall 7 L/s, 900 pCi/L; rear wall 13 1./s at 420 pCi/L, 18 L/s at 210 pCi/L,
end wall 0,02 L/s at 1 pCy/L; 14 L/s at 130 pCi/l, 11 L/s at 110 pCi/L.
Although closing the wall/floor jommt did reduce the tetal system flow fiom 70
to 66 L/s, the flons were stuill large, and the radon cencentrations low., This
indicated that the so'l permeabil:ily at this s.te was higher than asnal for the
arcu geneyully,

In March 1987 the hasement concentrations were remeastred. With the fan
an the lJevels janged fion G0 Lo 1.9 pCy//L, averiging 0.6 pCi/l. When the
system was turned off, radon concentrations rose lo range from 10 to 33 pCi/l,
averaging 19 pCi/L.  This mavmum was less than naight be e.perted fiom the
DY R mweas.rements, and 1s probably lower because the wall/floor jomt had been
authed., Tha! r1adon concentrations were sUll an the 20 pCu/l 1o afte
closing tthns Yarge and obvicus opening shows the difficuity of effe Cuvely seahing
a bascment against soil gas ey,

Further rador monitering was conductad 1o apuil 1937 10 the nttac hod slab-
on-gralde family 1oci. Al corcontrations o er e four das petmd 1 Ape’ weye
tos

~ than 1 pCi/i.

c. OITHER M AWSUREMINTS

e s . .. N
IoUly o, hnveraging b it/ h AN

)

fndoor gamma Nields rainged fron 0w
gamr. wcdirithion ranged from 3 to 8 ulY/l, vcraging Toual/h.

The average radon conce trattion measus ed with Alpha Fracl detectors o e
the prriod Pebruary (o April 1987 was U.6 pCi/L m the basement sand 0.6 pci/l

m the hiving area.



A. PYLON AB-3 HOURLY MONITORING
PHASE MITIGATION TEST STATUS DURING
SYSTRM DATE TEST

3 Sub-slab 02/387 Fan on
wveer Lilatlion;
150 I./s
centrifugal fan
As above + 03/87 Fan on
wall/lloor joint Fan off
catilhed

MEASURIMENTS SUMMARY POR HOUSE 37

01/87 Fan on

RADON (pC1/L)
RANCE M2

0.6-2.0 1.5

0.0- 1.3 0.6
10 - 133 19

0.0 -1.0 0.

ro

SYSTID MIASURIDMINTS FOR NOUSL 37

PHASE MITIGATION SYys T DATE

B
o Rear wall
N:

—

Sub-<lab ventilation; 02/87
150 L/s rentr ifugal
flarn

s nbo.o + will/floor O1/87
jornt caulhed

| n(! . u: 1
Rear wall

Garag« wall
Front vall
Front wall

SYSTID MEASURIDENTS

PRI SSURL
a

138
125
108
103
105

113

F10W RADOMN
{(L/s} (pTr/L)
Q 73
17 150
23 Gl
0.2 9
21 110
20 82
n a0
13 120
id 2190
3,02 1
1 130
11 110

COMMENTS

over 4 days

over 44 hrs

over 41 hrs

orer | dass
upstairs
family room

COMMENT S

Riser A
Rizer B
Riser C
Riscer D
Riser L
Riaser F
Riser A
Riser B

Miser C
Riser D
Rivser L
Rivwer b
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HOUSE 38

PENNSYLVANIA DER MEASURLMENTS

Working Level grab samples (Kusnetz) 0.595 WL
Heating sesson average (RPISU) 0.370 WL
Heating season radon average (Terradev) 309 pCi/L
Radon concentration in water 1% 800 pCi/L

1. DESCRIPTION

This two-story house was built 1 the early 1980°s on a sloping stite on the
side of a hill some miles northeast of Boyertewn. The lower front wall s
sheathed in brick, and the other walls are covered with siding. The basement
walls arc of hollow concrete block, closed at the top with cap blocks, and half
‘of the basement is u garage with u central floor drein.  The other hall s
finished with & laundiry room which has a trapped floor drain, bathroom and a
family room with panelled walls, brick fiveplace, plaster ceiling und tiled floor.

The concrete floor slab was poured in two setions, and about half of the
Jomt is visible in the garage. There is an open french drain visible in the
garage at the end wall aad along the rear wall, which the owner siud estended
beneath the rea: and end wulls Ja the fiimshed half of the basement. The ownet
said that there was 5=6 mnches of crushed rock beneath the slab, u crushed stoue
drain around the footings, and that the floor dramn in the garage dischatged to

diayhight on the bank 1 frout of the house.

2. ACTION

2.1. FHASC 1

As the owner sgmid that the heuse had an esterior dram, the mtigation
me thod seledcted for demonstration in this house was dramn tile veatilatiea.
Later mformution from the house builder was thet there wus no crushed roch
round the footing. This muade the success of the selected wmethod doubiful, and
work in this house was suspended until Phase 2 of the program, when moe
would be hnown about alter nate successful mitigative methods,

2.2, PHASL 2

The mihgation method selected fur demonstration 1o this hous: was wall

plus floer sventilition. Howesoer, the oypease and difficalties met with other
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Phase 2 installations led to a re-evaluation of the value of Lhis mitigation
method, and consequently work at this house was suspended until later iu the
program, when more would be known ubout alternative successaful mitigative
methods.

2.3, PHASE 3

The success in Phase 2 of sub-slab ventilation for houses with concrete
block walls led to the seclectiva of sub-slab ventilation as the mitigation method
to be demonstrated in this house.

In February 1987, radun concentralions in the basement varied from 190 to
860 pCi/l., areruging 375 pCi/l. Radon measurements in the garage and laundry
floor drnins gave radon concentrations comparable to those in the house air,
and were not regarded as likely entry routes. A two point sub-slab eizhaust
system was selecled for this house to take advanltlage of the thick layer of
crushed stone bencath the basement floor and to minimise the work in the
finished arvea. The exhaust points werc to be placed in the half of the slab
that lay under the finished rooms.

The system was installed in March 1987. The initial positions selected for
the exhaust piper were at the rear of the laundry room and in a closet beneath
the front stairs which also contained the well tank. However, there was not
enough spece in the closet to use the coring machine, und so the second poinl
was placed ouiside the closet by the front wall. DBoth pipes were teed together,
and connected Lo a large plastic bodied centrifugal fan pluaced on the rear wall.

The french drain wesg clesed in the garage by placing gravel in the bottom
so that it could still drain water from the wall footing to the sub-slub space,
and then Nlling the ttough to level with Lthe floar with moitar. The visible part
of the floe Jomint wns closed with silicone caulk.

The fan produced a suction of 238 Pa in the lauadry reoem pipe with a flow
of 27 L/s at 980 p~i/L; ard a suction of 238 Pa in the froant pipe with o fiow
of 16 I./s at 340 pCi/L 1n the front wall pipe. With the fan in operation, radon
voncentrations in the basement ranged from 8 to 77 pCi/L, averaging -IOh pCi/L;
and upstairs radou cencentrations ranged from 2 to 35 pCi/L, averaging 30 pCi/l.
The lower conrantiations were associaled with the doors being open.

A smohe test through jeints 1 the paneling found that the faa suction did
not exlend noross the Nimished aves floor. The french deain behind the paneling

was filled with esxpanding urcthane foam, injected through 20 mm holes di fled ot
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500 mm intervals through the bottom of the paneling and the sole plate into the
drain. A long nozzle was placed diagonally winto a hele, and foum injected untl
it appeared at the next hole in that direction. The foam continued to expand
over tune, and a 10 te 15 cm dizineter bubble of feam was forced out of most
holes. A layer of self-udhes:ive pointer’s edging paper had been luid by the wall,
go the foam lay on top of this and did not adhere to the lile. When it was
fully set, the foam was cut off flush to the wall with a bread kmfe. The holes
were then concealed by placing a prefinished 2 inch baseboard along the base of
the walls.

This reduction in flecor leakuge area did not change the suction in the
laundry room pipe which remained at 238 Pu with a8 flow of 25 L/s at
1 500 pCi/L. The suctien at the front pipe increased lo 330 Pa, but the flow
remained at 16 L/s at 390 pCi/l.. This suggested thal the air was being diawn
into the sub-slab space throuzh openings in the walls at footing level, and
perhaps through the soil itself,

In March 1987, following this work, the radon concentrations in the

basement ranged from 2 to 14 pCi/L, averaging 5 pCi/L, while radon

concentrations upstairs ranged from 2 to 12 pCi/L, averaging 5 pCi/i.. The
highest values were associated with weater usec.
Alpha track detectors were issued 1 March to provide a longer term

estimate of average r1adon concentration.

3. OTHER MEASURFMENTS

The radiation field in the house ranged from 3 to 12 uR/h, averaging
10 uR/h i the family room. The ficld over the sile ranged f1om 8 to 12 uR/h,
averaging 10 uli/h.

The nverage radon concentration measuted by alpha-track detectors over
the period March to April 1987 was 11,1 pli/L :n the basement, and 11.2 pCi/L

in the Ining arca.

LX)
-
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MCASURIMENTS SUMMARY FOR HOUSE 38

PYLON AB-5 HOURLY MONITORING

HASE  MITIGATION TCT
SYSTEM DATE
3 Premitigation 02/87
3 Sub-glab 03/87
ventilation
150 L/s
centrifugal fan
3 As nbove w1ith 03/87

clousure of
french dra:n
completed

SYSTEM

PHASE MITIGATION SYSTEM

Premitigation

Sub-~siab ventilation
150 L/s centrifugal
fan

Closure of fiench
drain completed

. Front wall

B: Basement

: l.aoylry room
 Upstans

STATUS 1 NING

RADON (pCi/L)

TEST RANGE  MEAN
survey 189-862 375
Fan on 8- 77 40
Fan on 2- 55 30
Fan on closure 2- 7 S
in progress
Fan on closure 2- 8 5
complete

3- 14 5
2- 12 5
MEASURITINTS FOR HOUSE 38
DATE SYSTEM MEASUREMENTS
PRESSLURIC F1L.OW  RADON
Pa (L/s} (pCr/L)
01/87 G0
150
03/87 238 18 340
238 27 280
16
8
03/87 350 16 390
238 25 1 500

COMIENTS

over 4 days

over 48 hrs B
over 48 hrs U

over 26 hrs B
over 26 hra U

over 66 hrs B
over 66 hrs U

COMMENTS

carage drain
washroan air

Riser A
Riser B
basement
upstairs

Riser A
Riscr B
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HOUSE 39

PENNSYLVANIA DER MEASUREMENTS

Working Level grab samples (Kusnetz) 0.315 WL
Average radon (Terradex) 111 pCi/L
Radon concentration in water low (municipal water)

1. DESCRIPTION

This one story house with built in garaze was built {1 the late 1960’s ¢ 2
small levcelled Jot partway up the side of a steeply sloping ridge in the south of
Allentown. The walls are covered with alominum sihing. ' He. ung is by electric
baseboards in the basement room and electiic radiant ceiling units upstairs,
where there is an unused fireplace and a wood stove. The wood stove 1s the
main source of heal during of hcal during the winter.

Only the rear of the basement is m the ground, and it contains a garage
snd a lau;'{dr,v room at one end, and a work room at the other. The house front
entrance is in the middle of the front basement wall, with stairs to the main
floor. The basement walls are of hollow concrete blocks which have been
mortared closed at the top. The walls are exposed only in the garage, and zre
covered by fiberglass insulation battens in wooden framing in the work roem,
and by wall board in the laundry room. The poured concrete slab is without
cracks. The wall/floor joint at the back wall has been caulked with asphaliic
sealant and an asphalt coated wooden strip has been installed 50 rm out from
the wall to form a channel to divert water leakage to the garage and oulside.
The slab 1s penctrated by two hollow floor jacks, a water line and 2 sever hae.
Only the back wall and part of the end wall are below grade.

The owner indicated that there was a plastic bariier below the slab bhut

probably no subslab aggiegate.

2. ACTION

2.1. PHASE 3

As this housce had hollow concrete block walls below grade on two sides
only and the slab built directly on bedrock the mitigation method chosen for
demonstration was subslab  ventilation. The amm was o dowmonstirate that

basements with hollow block subgrade walls and poor subslab perm-abahty could
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be treated with suction points placed close to the walls and with hx‘gh suction
fans.

In May 1987, premitigation testing of the sub-slab permcabilit, was
conducted using a vacuum cleaner to suck on holes diilled through the slab.
The extent and stiength of the suction induced at nearby holes was investigated
using a smoke pencil and pressurc measurements. Communicalion between holes
was not detectable except at one lJocation at the rear of the house, where a
suction of 13 Pa was measured at one hole when a suction of 13 000 Pa was
applied to a hole 2.5 m away. DProbes found a mivture of clay and rock bencath
the floor,

Radon concentrations in air samp!ls taken from the drilled holes were 2 000
and 10 000 pCi/L by the garage (rear) wall, 2 400 pCi/L near the rear work
recom wall, 1 100 by the front work room wall, 1 300 pCi/L by the front laundry
room wall, and 380 from an cpen'ng by the water meter. Basement ai
concentrations over a foir day period varied between 1 and 63 pCi/L and
averaged 24 pCi/L. The low concentrations were assoc’ated with the garage
door being open for much of the dav.

A three point sub=-slab ventilation s3stem with ‘wo access points close to
the garage wall, and one near the centre of the below-grade part o the cnd
wall was installed. The rear wall footing was much wider than normal and
required the floor eszhaust pomirts be atl least 150 mm from the walll Poor water
drainage was noted at each eatry point., Soil and preces of broken bedroch were
removed from each hole and 1eplaced b3 rclean crushed rock. Four-inch P\C
pipe was used throughout the s)stem and suction was provided by a large plastic
bodied centrifugal fan connected through the end walll

Suclion in the pipes was 300 Pu. Pipe flows were; gavrage wall 0.2 L/s at 3
200 pCi/L, worh room wall 0.8 L/s at 3 2302 pC:i/l, and cad wall 14 L/s at
16 pCi/L. Night time radon concentrations in the busement were reduced frem
50 pCy’l. before the fan was turned on, to a mavumum of 9 pCi/L on the st
night thuat the fuan ran, and then remained below between 05 and 3 pCi/L Jor
the next two days.

Alpha Track detectors were mstatled in the busemeant and the upstars hiving

room 1 June 1987 to measute the lang term radon concentration.



3. OTHER MEASUREMENTS
Indoor radiation fields ranged from 7 to 11 uR/h, averaging 9 uR/h. On
the surrounding site the field ranged from 9 to 18 uR/h.
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MEASURIMENTS SUMMARY FOR HOUSL 39

PYLON AB-5 HOURLY MONITORING

PHASE MITIGATION TEST STATUS DURING RADON (pCi/L)
SYSTEM DATL TEST RANGE MEAN
3 Premitigation 05/87 Surey 1-63 21
3 Sub-slab 06/87 Without fan 0-50
ventilation
150 L/s
centrifugal fan Fan on 0-9

SYSTEM MEASURIEMINTS FOR HOUSE 39

PHASE MITIGATION SYSTEM  DATE

3 Premitigation testing 05/87

12 000 P2 su.tion
at test hole

3 Sub—slab ventilation; 0G/87
150 L/s centrifugal
fan

SYSTEM MEASUREMENTS

PRIESSURL FLOW
Pa (L/s)
G some flow
0 some {low
13 some {low
0 no flow
0 soma flon
0 some flovw
325 0.9 3 200
275 0.8 3 800
275 11
325 1G

RADON
(pCi/sL}

19 000
10 000
2 400
1 100
1 300

3e0

16

160

COMMENTS

over 1 days

Over 20 hrs
work in
progress
over 66 hrs

COMMENTS

Hole A- rear
wall garage
Hole B- rear
wall garage
Hole C reuar
wall workroom
Hole D front
wall workroom
Hole E front
1wiall laundrs
Hole F front
wall water
meter

A-B
C-D
C-B
E-A
E-D
E-F

Riser 1 rea
wall garace
Riser 2 -rear
wall workroom
Riser 3- rear
will watlroom
at fan

hor sroom al:
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HOUSE 410

PENNSYLVANIA DER MEASURFMENTS

Worling Level grab samples (Kusnetz) 1.15 WL
Average radon (Terradex!} 118 pCi/L
Radon concentiation in water low {municipal water)

1. DESCRIPTION

This very large two story detached house with attached garage was built in
the early 1960's on a level site at the top of a ridge Lo the north of Easlon.
The front wall and one end wall 1s sheathed in brick, with cedar shakes
elsevwhere.

The house 1s heated by electric radiant heaters in the ceiling and two
fireplaces which are back-to-back on the first floor, supported by a large
concrete block structure 'n the centre of the bascement. Air conditioring is by
small window umts.

The basement 1s unfinished wilth walls and foor of poured concrete, and 1s
divided into four roums by concrete block interaal walls. Thete is an esternal
eutrance mto one tvon used as a work room. The floor was poured separately
m each room, and there are construction joints gt each dourway., ‘There are no
other vimible cracks wn the walls or slubs. The steel jacks which support the
suspended floor are hollow and penetrate the bisement floor slab.  Thete "5 a
Iarge wull/floor shrinkage gap around the perimeter of the slabs.  The owner
rtepotied that the builder had told him that there was no arushed rock beneath

the bascment floort.

2. ACTION

2.1, PHASLE 3

As this house was very large, 230 in? of basement, and was probably built
on low permeability bedrock without any intervening crushed rock plenum, the
mitigation method cliosen Jor demonstiation at this site was sub-slab ventilation.

In May 1987, premitigation testing was conducted using a vacuum cleaner lo
suck on holes drilled thiough the slab while investigating the evlent and
strength of suction at nearby holes and openings with a smoke penen) and

pressure measurements.  An mdastrod 1/2 aoch hammer deidl with o 3/8 anch bit
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was used to dmll through the floor slabs. Each hole took several minutes to
drill, as the bit x'requeﬁtly struck hard pieces of uggregete that took a leng time
to drill through,

No communication could be measured between the holes. No auflow was
produced down several holes even when 13 000 Da suction was apphied to o hole
less than 1 m away. Probes showed that the slab had been poured directly on
low permeability s0il and broken bedroch. Soundmy with a metal bar shcewed
that the floor was in poor contact with the soill near the perumeter waills, and
smoke was draw= ver) slowly down two holes there.

Air samples drawn from the interior of the hollow block walls showed radon
concentrations ranging from 32 to 210 pCi/L. The basement air radon
concentration was in the region of 10 pCi/LL at the time and fer 3 daszs
monitoring ranged from 22 to 209 pCi/L averaging 113 pCi/L. A samples {rom
three holes drilled 1n the floor slab gave radon concentrations of 3 700 pCi/L
in the end room, 5 500 pCi/L in the front room, and 1C 300 pCi/L 1 the
workiroom. Although the walls were 1vutes of radon entry, the loaw redon
concentrations found there in comparison to those beneath the floor, suggested
that they were not major ones.

To chech that the wall/floor joint was a route of entry, despite the vve-ry
low sub-slab permeability, twelve enclosures werc pluced over wall/floor joints.
The radon concentrations iu the enclosures after 24 hours were; end room 77C,
2 400 pCi/L on esterral walls; front rcoow 1 900, 1 100 pCi/L on external wails,
and 2 100, 1 000, 240 pCi/L on internal block walls;) rear room 900, 250 .C1/L o
mternal bloeck walls; vork room 1 800, 7 400 on eslernal valls and 370 pCi/L on
an internal! bloch wall. The radon concentration 1n the basement amir wus
100 pCi/L. There was no correlution between the size »f the wall/floor jomnt
and the radon concentraticrs tn the cnclosure. A number of the enclosures had
radon concentrations that were a large fraction of the sub-slobh soll gus
concentrations, so the wall/flcor joint was a probable entry routes.

The sub-slab permeability test gaive no guidance for the systemn design,
excpt that one fan would probably be sufficient to handle all the air that
could be extrocted from the sub-slub space, so the standard design was ased
with evhaust points located near the outside walls and nenr mnterna! concrete

bloch walls with & nemmal separeion of 4 m. This lead to a twenu, -point sub-
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glab ventilation system, which was installcd in the basement over a sin day
period in June 1987,

A large plastic bodied centiifugal fan installed in a window well at the gnd
wall provided suction to a 6 inch duct which split into two parallel 6 1nch ducts
which ran through the front and rear basement rooms and into the work rcom.
Four pipes for the end room came off the main duct, and eight pipes ran from
each duct after the spht.  The 125 mm diimeter holes for the eszhaust pipes
were made with a cormmg drill.  The low permeability of the subk-slab fill was
confirmed, for the drill coching water did not drain down the hole, and estiacted
soil contained a great deal of clay. To increase the effective permeability, the
soil and broken bedrock were removed as far under the slab as possible and
replaced by clesn crushed stone. The hollow steel house juacks were diilled and
filled with evpanding fonm tu increase the mirtightniess of the floor.

While the workmen installed the system, the external basement door was
open nll the working day. Radon concentrations 1in the basement varied {rom 10
to 50 pCi/L under these conditions, and rose to as high as 133 pCi/L when work
was finished and the deor closed at night. When the system fan was turned on
radon concentrations dropped, ranging from 2 to | pCi‘L, and aveoraging
3 pCi/L.

System testing found that the suction in the ezvhaust pipes w.o . almost
constnae!, ranging fram 250 to 275 Pa, with the Ingher sucticns in the pipes
nearer the fane Flowag gn the pipes were very low, all v the region of 0.2 1./s.
Only one pipe had o flow 1 L/« or mere. The total flow to the fan was only
21 L/s, confirming the low  permeabihity of the sub-slab material Radon
concentrations in the pipes varied widely.  Along the end wall of the house,
radon concentralions were 830, 730 pCi/l, along the rear wall they were 9 000,
22 030, 6 200, 290, 1 500, 330 pCi/l, along the gnrzage well 1 600, 3 100 pCi/i,
and along the front wall 1 300, 3 700, 1 200, 1 2C0, 1 100 pCi/lL. Radon
concentrations i pipes near the internal bluch walls and chimney structure were
lov er, at 200, 1 700, 160, 29, and 270 pCi/l.

The pipes with the highest 1adon concentiations were nct i the aress
where the enclosures had high radon concentrations, but were close to the ares
of the bLa~crient where the radiztion level was 30% hagher than noraal, e

higher radiation s probably caused by loealised zone in the bedroch of Lioher



uramum content, and this in turn would also give higher 1adon concentrations in
so1l gas.
Alpha Track dosuneters were installed upstairs and in the bascment m June

1987 to measure the long term average radon concentration.

3. OTHER MEASUREMENTS
Indoor gamma radiation ranged from 6 to 10 uRsh, averaging 8 uR/h.
There was a hot spot of 16 uR/h about 3 m in diameter in the bascment end

room. Gamma radiation over the site vared from 9 to 11 ul/h, areraging
10 uR/h.

MEASUREMENTS SUMMARY POR HOUSE 10

PYLON AB-3 HOURLY MONITORING

PHASF  MITIGATION TEST STATUS DURING RADON (pCi/L) COMMITNTS
SYSTIM DATE TEST RANGE  MEAN
3 Premitigation 05/87 Survey 22-209 113 over 69 hrs.
3 Sub-slab 06/87 Work in 10-133 52 over 70 hs
venti lation progress no fan cellar door
opan
06(87 Fan on 2- 1 3 mer 57 hrs

SYSTEM MEASUREMENTS FOR HOUSE 10

3 Premitagation 05/87 0 0 For all
testing combinat 1ems
of slab holes

13 000 I
applied
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SYSTIM MEASURIMENTS FOR HOUSE 10 (CQONT.)

PHASE MITIGATION SYSTIM

3

Sub-glab ventilation

Riser

DATE

06/87

SYSTIM MEASURFMENTS

PRESSURE
Pa

210

N
-1
<

N8
[&4]

(M)

87

F1.OW
(L/s)
0.1
0.3 9
0.2 22
0.3 4
0.1

1

9.2 1
0.2 1
0.2 5
0.2
0.3 1
0.5
0.3
0.4 6
0.2
6.2 1
0.1
0.5 3
0.2 1
21

RADON
(pCi/L)

830
3900

00C

900
800
700
1€0
700

22
200

200

300

COMMENTS

ti end wall
external

£2 rear wall
external

¥3 rear wall
external

] front wall
external

25 end wall
external

6 cross wall
internal

7 front wall
esterntl

t8 frount wall
external

3 fiont wall
external

%10 cross vall
intermal

#11 central
wall internal
112 central
wall internal
¥13 central
wall internal
%11 rear wall
external

115 remtv wall
external

¥16 rear wall
external

$17 rear wall
external

*18 garage
vall external
219 grrage
wall estoernal
20 front wall
extoernal

at. fan
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