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CHAPTER 1

SUMAARY

The Department of Public Works, City of Winston-Salem, North
Carolina, assisted by Enviro-Engineers, Imc., coriucted a gtudy of gas
hazards associated with the Link Road landfi1ll and nearby structures,
particularly the North Carclina National Cuard Armory, fvom August 1972
through June 1974. The study included a literature review of landfill
gas generation and movement and of the s:ate-of-the-art of landfill gas
control technology; a review of the explosion attributed to ignition of
migrat.ng landfill gas in the Armory on 27 September 1969; the desipm,
fnstallation and evaluation of a unique type of active gas barrier between
the landfill and the Armory; and the development of guideline considera-
tions [or gas barrier design and detection of landfill pas migration:
hazards.

The review of literature on lanldfill gn. generation and movement
indicated that information on this subject is sparse. The state-of-the-
art of landfill gas control technology is limited in scope and applica-
tion, consisting primirily of high-capacity active systems, installed
after landfills were completed and developed without specific considera-
tion of gas flow principles or conditions at the site of barrler—instal-
lation. The review of the Armory cxplosion did not delineatec any likely
causes other than migration, accumulation and ignition in the Armory
cupply room of gases from the Link Road landfill.

The gas Larrier system, designed, installed and evaluated at the
Liuk Road site, was developed on a rational basis, considerinp the
anticipated gencration of gases in the landfill, gas pecrmeability of



the adjacent solls, pas flow principies and similar factors. The systenm
incorporates aiseries of gravel-filled wells, each containing a perforated
pipe and valve assembly. A header connects all wells to a small-capacity
vacuum pump and vent assembly. The system is monitored by a gas anslyzer
console in the Armory, connected to a series of gas probes in the soil
between the barrier and the Armory and in interior spaces, along with
audible and visual alarms to indi:ate gas concentrations exceeding 25
percent of the lower explosive limit.

Testing of the installed system included measurcments of pas concen-
trations on both sides of the barrier and the measurement of pressure
profiles along and transverse to a section of the barrier. Combustible
gas concentrations were reduced on the Armory side of the barrier to
zero or near-zero levels witnin several vweeks after pumping begpan, and
have remained at these levels through June 1974 at minimal pumping rates,
Ubiquitous negative pressure levels were established in the sofl along
and near the barrier shortly after pumping began and have heen maintained
throughout the test period. It would appear that the efficacy of the
barrier has been demonstrated.

Although the program did not permit refined or detailed puldeliines
for the detection of pas hazards by simplistic procedures performed by
landfill manageoent personnel, general couments were derived based on
project experience which may be helpful.



CHAPTLR 11

IITRODUCTION

PROJECT BACKGROUID

The degradation of burled solid wastes under anacrobic conditions
results in the generation of methane gas which may migrate through the
sofl into arcas peripheral to the landfill and accumulate in explosive
concentrations. Methane is odorless and cannot be readlly detected with-
out special instruments; consequently, means are needed not only to de-
terminc the mode and extent of migration of landfill gas but also to
provide systems to protect buildings and other structures from Ras entry
and accumulation. This rcport provides the results of a project to inm-
vestigate an cxplosion attributed to accumulation .nd ignition of land-
f111 gas at the National Guard Armory in Winston-Salem, North Carolina;
to investigate gas migration characteristics; to design, install and
evaluate a prototype xas barrier; and to provide criteria and ¢:sign
guidelines for gas barriers. The following sections describe backpround
clements and project objectives.

Arpory Explosion

O 27 Septcumber 1969, at about 8:40 a.m., a flash fire or explosion
occurred in the supply room of the torth Carolina National Guard Arwmory
in Wington-Salem, North Carolina. Twenty-five guardsmen were injured

and three died as a rcsult of the accident.,

The nearby Link Road solid waste landfill was considered to bhe the
gource of explosiw gases, which were thought to have migrated through
the sofl and into the building. An account of the uxplosion, includiag
a revicw of possible contributing factors, s pvesented in Chanter 111,

3



Egrly Investigations

Following the explosion, a number of investigacions were made in
an effort to determine the cause of the incident, the potentizl for a
recurrence, whether explosive gases were migrating from the landfill
into neighboring areas through the soil and to evaluate the fartors de-
termining the migration and accumulation of gases from the landfill.
Those investigations relating to the explosion are detalled im Chapter
11I.

The Winston-Salem Department of Public iorks then sought the asgist-
ance of Enviro-Engineers, Inc. {(EE), who had performed investigations of
nigration of gas €rom landfills in the Lue Anpeles, Califormia area, to
define and iailtiare a gas monitoring propram st the Link Road landfill
Ffor the purpose of determining comhustible gas conceptrations and migra-
tion potentials,

Twenty gas savpling probe locarions, with probes located at 1-, 10-,
25—, and 40-foot depths, were establiched around the northwest periphery
of the landfill and around the Armory. The probes, patterned after
those used by EE in the Los Angeles studies, were attached to plastic
tubes leading to ground level where they could be comnected to portable
gas analyzers for direct reading of combustible gas in percent of the
lower explosive limit or in percent by volume. Gas samples were also taken
for gas chromatographic analysis. Gas concentrations were dereTmined at
those probes nearest the Armory once daily and at the remaining probes
ance weekly. {These imitial monitoring probe locationg are shown in
Figure 5, Chapter III. Ia later investigations, additional probes ware
installed. Some were destroyed and others were not used in some of the
investigations.)

Combustible gss toncentzations in and near the landfill were at high
levels throughout the surveillance period, and relacively high levels of
combustible gas were noted in those probes located on the side of the
Armory nearest the main body of the landiili. The probes nearest the
supply room showed consistently high levels of combustible gas at all

&



depths, and probes beneath the building slabs in the supply and assembly
rooms showed combustible gas concentrations well above the lower exnlosive
linit most of the time.

It was generally concluded that conditions existed wherein combus-
tible gas (primarily methane) was being generated in the landfill in
considerable quantity, that it was nmigrating through the soil to and
beneath the Armory and that concentrations above the lower explosive
limit could accumulate beneath or in the building, posing a likely hazard
of recurrence of explosions if the Armory were reoccupied. (The Armory
was vacated shortly after the explosion.) It was further concluded that
safe beneficial occupancy and use of the Armory could not be resumed un-
less combustible gas concentrations near and beneath the building could
be brought, and maintained, well below the lower explosive limit. The
extent and results of early investigations are included in Chapter III.

Project Development and Funding

The Winston-Salem Department of Public Works, after discussions
with U.S. Environmental Protection Agency (EPA) Solid Waste Program
representatives, submitted, in January 1970, an application for a demon-
stration grant to conduct a study and demonstration related to the

Armory explosion and to design and evaluate a gas barrier at the Link
Road landfill.

After several revisions of the original proposal, which resulted in
a considerable expansion of the total project, a grant award was made on
26 June 1972, and the project was initiated by EE to provide engineer.ng
consultation, design and evaluation functions. The project 1s more fully
described in the following section and project findings are embodied in

the succeeding chapters.
PROJECT OBJLCTIVES

The project, as finally developed and funded, included four main
objectives: (1) investigations pertaining to a review and report of
the Armory explosion; (2) a review of the state-of-the-art of gas migra-

tion and gas barriers, a review of gas barrier technology and designs,
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the design of a gas barrier for installation at the Link Road site and
its evaluation; (3) investigations of factors influzncing gas generation
and migration from landfills and development of procedures for detecting
and evaluating gas migration in terms of management guidelines for land

operators; and (4) establishment of design criteria for gas barriers.

A number of factors, including placement of new soil cover on the
Link Road landfill, resulted in only partial fulfillment of a number of
the tasks and in their termination, with EPA approval. It was not pos—
sible to accurately define the relationship of settlement, cell structure
and cover thickness, climate and other factors with gas generation and
nigration; to evaluate effects of gas on vegetation as an indicator of
gas potentials; or to establish a meaningful “checklist" technology for
landfill operators. It appears that achievement of these objectives
could best be fulfilled at a landfill where the various parameters could
be more accurately measured rather than at a completed landfill. The
barrier design and evaluation was reoriented, with EPA approval, toward
the design and testing of a low-flow barrier system rather than the com-
bined high-flow and gravel-trench system originally conceived. This re-
vision has resulted in the development, evaluation and demonstration of

new technology in gas barriers.

The project obiectives listed below are those pursued in the final
project to completion or to a point where meaningful information or

observations were possible.

Investigation and Report of Armory Explosion

This objective included the accumulation and assembly of all known
data, fants, accounts and reports on the occurrence and aftermath of
the explosion; assembly and review of all investigations and reports of
conditions at the site before and after the explosion; determination and
description of the development and operation of the landfill; a review
of similar incidents elsewhere; an investigation of the landfill site
and the Armory to document features which might have contributed to the



migration of gases and their accumulation and ignition in the Armorv; a
deternination, 1f possible, of the cause of the explosion; and prepara-
tion of a full account of the explosion, investigations and conclusions,

if any. Chapter III presents a complete account of the fulfillment of
this objective.

Evaluation of Factors Related to Cas Generation and Migration

This objective included a review of the technical literature on gas
gencration and movement to establish those parameters which should be
investigated and which would be most applicable within a checklist meth-
odology for landfill operators in assessing gas migration and hazards.
Other activities included the selection and characterization of appro-
priate test landfills; the design ard installation of monitoring systems
for combustible gas concentrations, settlement, vegetation effects and
climatological factors; collection and analysis of data; development of
gas monitoring techniques; and development of a checklist and rating
systen. These efforts were only partially successful, and effort in
achieving this objective was reduced with EPA approval. Consequently,
the gas monitoring techniques and the checklist procedure are of a very
preliminary nature. Findings are presented in Chapter IV, and recom~

mended techniques are given in Chapter IX.

Review of State-of-the-Art in GCas Barrier Design

The objective included a review and summary of the technical litera-
ture and analysis of the design aspects, functioning and applicarion of
existing or new technology to the conditions of the Link Road landfill.
The review included both active and passive systems and systems incor-
porating features of both, plus assessment or development of new tech-
nology, including high-flow and low-flow systems. A summary and analysis
of the state of the art is provided in Chapter V.

Data Accumulation and Investigations Related to Barrier Design

The task required collection of data for design purposes, including
gas production potentials, soil characteristics and gas permeability,



area to be protected, cost, technological and construction considerations,

and monitoring systems. Findings are presented in Chapter VI,

Selection and Design of Cas Barrier

The objectivw required selection of the most appropriate gas barrier and
preparation of detailed design drawings and specifications, including
cost estiwmates and bid document information. The details of fulfillment
of this objective are presented in Chapter VI,

GCas Barrier Installation

The objective included selection of a contractor, equipment pro-
curement and construction supervision. Details are included in Chapters
V1 and VII.

Monitoring Program

Throughout the project, pas concentrations were monitored at the Link
Road landfill and at two other landfills (not reported herein) in accor-
dance with the needs of the various objectives. Monitoring included the
installation of gas probes, the perindic determination of gas concentra-
tions using a portable combustible gas detector and analysis of samples
by gas chromatography. In addition, records were collated on rainfall and
other climatological data. Monitorfng was done on a relatively continuous
basis at the Link Road landf{ill and was revised (following s=2lection of
the barrier design) to provide base-line data and performance-evaluation
data for the barrier. Monitoring programs are described in Chapter III
and in Chapters VI through IX.

Gas Barrier Evaluation

Prior to installaction of the gas barricer, gas probe layout and in-
stallation was devised, along with a detailed program for determining
barrier performance. The evaluation included monitoring of gas [lows in
various parts of the system, determination of pressures in the soils
adjacent to the barrier-and determination of gas concentrations on both
gides of the barrier and inside the Armory by means of portable gas
analyzers, gas chromatography and the installed automatic wmoritoring

syatems. Lvaluation of gas barrier performance is given in Chapter VIII.
8



MANAGEMENT OF THE STUDY

A vork plan was developed wherein the accomplishment of the various
tasks required to fulfill each objective was subdivided into subtasks,
and responsibilities were assigned to the Winston-Salem project staff
and to EE. For the most part. data collection was performed by the
Winston-Salem project staff in accordance with EE recommendations.

Data analysis was performed primarily by EE. Technology reviews, barrier
selection and design were an EE responsibility, along with development
of barrier evaluation programs. Barrier installation and development of
barricr performance data were Winston-Salem responsibilities, whereas
analysis of performance data and development of design guidelines were
done by EE. The account of the Armory explosion was largely a Winston-
Salen staff effort with EE's major input being directed toward interpre-
tation of documented investigations and specific further investigations
to complete a technical review of the factors possibly related to the
incident, EE had the major responsibility for developiung and preparing
the technical report.



CHAPTER III
AN ACCOUNT OF THE EXPLOSION IN THE WINSTON-SALEM

NATIONAL GUARD ARMORY

ACCOUNT

On 27 September 1969, at approximately 8:40 a.m., a flash fire or
explosion occurred in the supply room of the North Carolina National
Guara Armory at 2000 Silas Creek Parkway (formerly Link Road) in Winston-
Salem, North Carolina. Of approximatcly 25 Guardsmen injured in and
near the Supply Room, 1Z were seriously injured, seven of whom are now
partially or totally disabled. Three Guardsmen died as a result of hurmns
or subsequent complications.

The Natiomal Guard Armory was built in 1962 adjacent to the Cite's
operating solid waste landfill, whose continued operation was a conditiomn
of the deed. In addition to the Armory, the National Guard utilized ad-
Joining landfilled property for parking and servicing a large fleet of
supply vehicles, including large—capacity fuel tankers., Other National
Guard structures included a garage/repalr building, a small shed and an
underground fucl-storage tank in the parking area, and a prefabricated
steel storage building constructed on a slab placed over a landfilled area
to the rear of the Armory. The Armory was built on a six-inch reinforced
concrete slab and, except for the central drill-hall area, is of one-story
concrete-block construction. A two-story addition to the building,

»uilt by the City in 1965, housed Winston-Salem's Police Academy. The
slab was poured over four inches of crushed stone. The site was prepared

by leveilng existinpg topography. No portion of the building extends over
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a landfilled area and closest proximity to the landfill (about 3N feet)
is at the rear of the building. Prior to placing foundations, it was
found that soil conditions at the rear of the buildings did not provide
adequate bearing capacity; consequently, spread footings were used to a
depth of six fcet along the rear of the building. No mechanized ventila-
tion system vas provided for the main building.

Other structures nearby on land of or adjacent to the Link Road land-
£111 include an abandoned abattoir (now used for fire training purposes),
a fire training tower and a peripheral road constructed around the fire
training air=a, developed by the City for Fire Department use. The -fire
training tower is built on a landfilled area as is the peripheral road.
Fire hydrants are supplied by a looped eight-inch water main crossing

beneath the vehicle storage area from Silas Creek Parlway.

Utility structures include water and electrical services to the
Arwory, a sanitary sewer serving the garage and Armory, bullding sewer
and drains and a 72-inch storm drain constructed through the landfill
and discharging to Salem Creek. The storm drain was emplaced during land-
£i11 construction. Street drains from the fire training area, the en-

trance rozd and paved areas ecnter the storm drain.

Figure 1 provides general details on the Armory, the nearby landfill
and associated facilities. Figure 2 shows the boundaries of the landfill
and structure and Figure 3 shows final landfill topography (prior to place-
ment of additional cover in July 1973).

The Link Road landfill was initiated in 1949 when the City's onsite
incinerator was closed and was near completion in 1969 when the Armory
explosion occurred. The present vehicle storage area is placed over the
area formerly used to landfill incinerator residue. Dead animals and
wustes from the abattoir were disposed in trenches close by. Ko other
segregation of wastes was practiced (except surface composting of leaves
and vegetative trimmings) and wastes deposited throughout the remainder
of the fiil include intermised domestic, industrial and commercial wastes.
In general, wastes were placed in an organized fashion, compacted to the

11
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best of ability of equipment provided and covered with compacted soil
cover, if not daily, at frcquent intervals. Operation of the site,
vhile perhaps not in strict accordance with high standards set for sani-
tary landfills today, was equivalent to or better than operation of its
conterporaries. Depth of the landfill ranges from 10 to nearly 40 feet
in places. Immediately back of the Armory, wastes were packed along a
steep natural bank (extreme settlement occurred and is continuing to
occur at this location). The landfill is reported to have incorporated
a high ratio of soil cover to wastes deposited. Most of the bulk of the
landfil} is saturated from groundwater and surface water. Total quantity
of wastes deposited is estimated at 1.4 million cubic yards. Figurc 4
shows typical cross sections through the landfill.

In the sumer of 1965, a welder installing part of the storm drainage
system near the Armory received minor burns in a flash fire. 1In Novemher
of the same year, a fircman working near one of the street drains in the
fire training area dropped a lighted match into a manhole and received
minor burns in the resulting minor explosion. In December 1965, the Cuard's
Executive Officer reported a flash fire while welding downspouting on the
Armory's roof drain system which he was connecting to an underground
drainage system extending into the filled area back of the Armory. The
Fire Departmenlt determined presence of ccmbustible pas in the abattoir
but none in the Armory. In 1966, representatives of the Federal Solid
Waste Program investigated conditions in the fire training area and con=-
firwed methane in the storm drains. In July 1966, following complaints
of strong odors from the landfill, a blower was installed in a brick
building, surmounted by a tall vent stack, over a large manhole in the
storu drain to the rear of the Armory. This ventins system was operated
intermittently thereafter and was apparently effective in dispersal of gas
and odors. Durling thesec early eplsodes, investigations centered around
accupulation of combusiible gases in sewers, a condition not uncommon to
sewers, though more common to sanitary sewers than to storm drains.

Ho detalled investigations were made to determine occurrence or extent of
gas accumulation in the Armory.
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Only a week or so before the explosion occurred, three to four feet
of additional cover had been compacted over the landfill just back of the
Arwmory, where extensive scttlement had occurred. The Guard subsequently
dismantled and removed the prefabricated building nearby, due to extensive

deformation of the building slab caused by settlement of the landfill in
this area.

On 26 September 1969, the day before the tragedy, City representatives
met with Cuard representatives to investigate the occurrence of "odors
or gas" from the arws storage vault off the Armory supply room. No source
of gas, defective systems or other causes were noted. Arrangements were
wade to have the Fire Department check out the vault (after being closed
several days) with portable gas detection equipment the following week.
Since the vault would be opened during drills, the Guard procceded with
scheduled drills. The explosion occurred the following morning.

Immediately following the explosion, it was conjectured by some that
the "blue flame" explosion or fire was caused by ignition of gas migrating
from the landfill and accumulating in the wvault or supply room. Investiga-
tions did not reveal presence of petroleum products or flammable materials
in the supply room or vault, nor was an ignition source definitely estab~-
lished. It 1is presumed that one of the Guardsmen 1lit a match, despite
posted "No Smoking" regulations.

The explosion lifted the roof of the supply room at least six iaches
at the southeast comer. Windows were broken, but it was not known vhether
they were broken by the occupants or from the force of the explosion. The
rear wall and ceiling were blackened and scorched, but most of the stored
materials (such as blankets) were undamaged. A one-half inch horizontal
separation between the rear wall and the floor slab was noted foi}ouing
the explosion.

Combustible gas sampling in the supply room, drill hall and pistol
range shortly aftez the explosion, using a portable combustible gas indi~

cator, cevealed combustible gas concentrations near or above the lwwer
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explosive limit* (LEL) only at cracks in the slab. In soils outside the
Armory, readings were above the LEL. It was thought that scil saturation
by recent heavy raing prevented landfill gas from venting thrcugh the
landfill cover, thereby increasing lateral gas migration while lack of
ventilation in the building may have contributed to gas accumulation in

the supply room. Subsequent readings on 6-9 October 1969 were inconclusive,
but seemed to indicate a significantly higher concentration in the vault

than in the supply room (but no concentrations were noted above the LEL).

Gas sampling was done in nearby sanitary sewers and storm drains om
9-10 October and 21 November 1969. Whereas high combustible gas concentra—
tions were noted in manholes near and behind the Armory in the early tests
and petroleum vapur was reported in two of the manholes, there was no
conclusive evidence of gasoline or other petroleum vapors entering the
Armory from the sewers, and all combustible gas concentrations had dimin-
ished by late November 1969.

A network of 20 holes was drilled 30- to 40-feet deep around the
Armory in 1970, and gas sampling probes were inserted at 1-, 10-, 25-
and 40-foot depths. The probes, whose locations are shown on Figure 5,
were connected to plastic tubes leading to the surface from which com-
bustible gas concentrations were determined periodically with a portable
combustible gas detector. Subslab sampling points were establighed by
drilling holes through the floor slab in the drill hall and supply room.
Combustible gas concentrations in the range of 30 to 40 percent by volume
were recorded in the exterior probes over a period of many months. Con-
centrations in excess of the LEL were consistently recorded below the
building slab. This sampling program verified that combustible gas from
the Link Road landfill was migrating to and beneath the Armory, presenting
a continuing hazard of gas accumulation and explosion. Concern about
this situacion prompted interest in developing and demenstrating a gas
barriers between the landfill and the Armory.

#*for methane, the LEL is four to five percent by volume in air.
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The Armory was vacated shortly after the explosion and since has
remained vacant. The landfill was completed in March 1970 but continued
use has been made of the fire training center and the Guard's vehicle
storage and maintenance area. Wild vegetation has grown over most of the
landfill surface. Except for periodic monitoring of combustible gas cor ~
centrations, little activity was conducted on site until August 1972,
when investigations began related to studies of gas migration and develop-
ment of a gas barrier. A portion of these investigations was directed

toward a review of the Armory explosion and to possible causes.
FINDINGS

During the placement of prcbes in the landfill for combustible gas
concentration evaluations in 1973, it was found that high moisture con~
ditions cccur throughout the landfill., Combustible gas measurements
indicate that the gas migrates tnrough the soil a considerable distance
from the landfill boundary and occurs beneath the Armory in explosive con-~
centrations. Investigatfions indicated that the soil cover, though variable
in consistency and thickness, is relatively porous, but that saturation
of the surface layers by rainfall may increase lateral migration. The
landfill is continuing to settle unevenly, particularly in a large area
immediately back of the Armory and in an area on the east side of the
fire training area (see Figure 1). In the summer of 1973, three to four
feet of new soil cover was placed over the upper portion of the Armory.
This new soil cover places additional weight on this portion (which con-
tinues to subside) and may further reduce venting of gas through the
cover or intensify local gas migration through adjoining soils.

Analysis of solls along the line of the barrier indicated considerable
variation in the soil's gas permeability along the landfill periphery,
with the greatest permeability being noted back of the Armory. In early
tests of the gas barrier in 1974, rapid gas fliow was noted into three
of the barrier's suctica wells, located about midway in the vehicle storage
area, indicating local areas of high gas permeability in the nearby soils.

Porous incinerator residue underlies this area.

20



Gas flow toward the Armory appears to be greatest inmedistely to the
rear of the Armory, where the land:<ill periphery is closest and vhere major
settlement is continuing. Significant corbustible gas concentrations also
occur on the west side ¢f the Armory, indicative either of relatively long-
range but attenuvated gas migration from the main body of the landfill or
of modevate gas flow from wastes landfilled in the incinerator-residue area.

In 1973, a ditch was dug around the southeast corner of the Armory to
a depth of about eight feet in order to determine if direct channels for
gas migration existed between the landfill and the Armory in this area.
Examination indicated that several types of relatively coarse, sandy seolls
were intermixed, with discrete lenses of sandy-micaceous material ocurring
throughout, No direct conduit or obvious avenue for ready migration of
gases was noted. Tests on the s0il did not indicate presence of petro-
leum products. At the same time, field tests were made which indicated
that building drains were functioning properly. It was noted that tile
drains, formerly connccted to roof-gutter downspouts, had openings near
the building which would permit ventirg of any gases entering the drains
before they reached the building. There was no connection between roof
drains and the Armory interior.

Inquiries to the National Guard regarding possible spillage of gaso-

line into sewers on nearby soils, with likely entry into the Armory, did
not substantiate this possibility,

In summary, the exact cause of explosive gas accumulation in the
supply room or vault and its subsequent ignition has not been determined.
It does not appear that utility gas or petroleum-vapor sources were likely.
No explosive gas, other than combustible gas migrating from the landfill,
vas discermed and the Armory was reasonably well-protected from accumula-
tion of pases from normal sources. Combustible gas was likely migrating
from the landfill through adjoining soil to aud beneath the Armory prior
tc the explosion, but its presence or hazard potential had not been com
firmed, Early assumptions that coumbustible gas concentrations were con-
fined to sewers were reasonably valid, in the ligtt of extant *nowledge
and practice. Although operation and construction of the Link Road land-

£111 resulted in conditions contributing to extensive gas production and
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migration, the nature and potential hazards of gas migration were not
then well knowm. The landfill was operated in a manner common tn landfill
practice prevailing at that time.

The Armory explosion has highlighted (unfortunately with traglc
aftermath) the extreme importance of recognizing the hazardous explosion
potentials from landfill gas migration possibly resulting from operation
of solid waste land disposal sites. Measures to minimize gas production
and migration potentials during and after landfill operation are in order,
along with the protection of structures nearby from gas accumulation by
structural features and by active or passive gas barriers. Such measures
are included in modern guidelines for sanitary landfill design and opera-
tion.

litigation following the Armory explosion has apparently been settled.
Tests on the gas barrier have thus far indicated favorable results. Gas
concentrations between the barricr and the Armory have been reduced to
zero or near-zero levels by operation of the gas barrier. I1f, after a
suitable period of operation, the gas barrier remains as effective as
the preliminary results have indicated, and the barrier system is propet%i
operated, regularly monitored and constantly maintained at specified
operating levels, normal use and occupancy of the Armory should be

possible.
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CHAPTER IV

REVIEW OF GAS GENERATION AND MOVEMENT FROM SOLID WASTE LANDFILLS

LITERATURE REVIEW

The paucity of information on gas generation and movement from
solid waste landfills 1s attested to by only brief mention in a principal
solid waste disposal reference (Reference 1) and the lasting of only 48
articles in the most recent bibliography on the subject (Reference 2).
Many of the articles are of a nontechnical nature and, in many cases,
discussions of gas generation and movement are only a small part of the
article listed. Only a few are based on scientific measurewents over A
significant period of time, and several of those containing specific data
are based on observation of simulated landfills, on test refuse cells or
on laboratory-scale experiments. The most informative of the early
articles, based on field studies, was that reporting studies related to
groundwater and te carbon dioxide production from landfills, conducted by
or for the California Department of Water Resources, the California
Water Pollution Control Board and the California State Water Quality Con-
trol Board. Studies of gas explosion episodes were limited in thorough-
ness or scientific approach; the most extensive reporc being of an
explosion in an abandoned power substation in Atlanta, Georgia, which was
being converted to a recreation facility adjacent to a landfill. An ex~
tensive study by Los Angeles County included a review of gas production
and movement at 10 landfills in the Los Angeles area and extenmsive lab-
oratory studies to determine diffusion coefficients for landfill gas
$n » variety of solls (Reference 3). The study also presented design and
construction criteria for buildings on or near solid waste landfills.
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Studivs of pitot landfills or refuse cells in southern California
(Referznces 4, 5, 6 and 7) have contributed consideravle information on
gas production and migration. Most of the reported work on gas genera-
tion and movement has been undertaken in recent years (i.e., since

1954); the earlfest article was published in 1940.

The literature review was supplemented by fleld inspection and re-
view of information on existing solid waste landfills in the Los Angeles,
California area where a number of gas migration studies or observations

have been made and where gas barrier systems have been installed.
GAS GENERATION FROM SOLID WASTL LANDFILLS

In the early stages of solid waste decomposition in a landfill,
decomposition takes place through processes which utilize the initial
supply of oxygen entrained in the wastes. In the first six months to a
year, carbon dloxide predominates. Principal gases produced are carbon
dioxide, hydrogen, nitrogen and methane. Carbon dioxide and methane
makz up over 90 percent of the total gas produced (Reference 8). Hydro—
gen sulfide way be produced in areas where salt water is in contact with
the refuse. As the entrained oxygen supply diminishes, anaerobic decon
position ensues and an increasing amount of methane is produced while
other gas production diminishes. Significant methane production may
occur within six months to a year, and production may continue over long
periods of time. The production of gases depends on a number of factors,
including the amount of oxygen available, the organic content of the
solid wastes, particle size and degree of compaction and the amount of
moisture available. In general, high organic content and moisture will
increase gas production. Smaller particle size (by exposing more of the
refuse to bacterial action) may have a similar effect. There are some
indications that densely compacted refuse will decompose at a slower rate
than loosely compacted refuse and that gas production may be prolciged
in densely packed landfills (Reference 7). Several studies of gas produc-
tion have indicated that from very moist or saturated '"normal" domestic
re. use, carbor dioxide may be produced in quantities of about 0.2 cu ft/lb,

whereas from the same type of refuse which is relatively dry, the
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production is only about 0.04 cu ft/lb (Reference 9). 1In a sealed test
chanber of mixed refuse, 2,027 cu ft of decomposition gases were pro—-
duced from 73 cu yd of refuse over 906 days, or about 28 cu ft/cu yd
(Reference 7). In a similar test, over a 200-day period, gas production
was approximately 28 cu ft/cu yd of refuse, or about 0.04 cu ft/1b
(Reference 7). Theoretically, a pound of refuse can produce 2.7 zu fi
of carbon dioxide and 3.9 cu ft of methane (Reference 10). How much of
this potential production will be realized in a particular landfill over
a given period of time will depend on a number of factors which aid or
binder gas production, and the variations in production will be largely

dependent on variations in these factors.

Anaerobic conditions may occur within a month after wastes are buried
(Reference 11). Dry landfills apparently produce much less gas than those
which are initially or subsequently saturated with moisture. Moisture
additions to a landfill can reinitiate or increase carbon dioxide and
methane production. Under such conditions, once initiated, methane pro-

duction may continue fur a long period of time.
GAS MIGRATION FROM LANDFILLS

In studies of migration of decomposition gases from landfills
(References 4, 8, 12, 13 and 14), it has been noted that carbon dioxide
and wethane migrate upward and downward as well as laterally through
surrounding soils. Most of the gas produced will migrate upward through
801l cover., Field observations have reported explosive concentrations
consistently as far as 600 feet from a landfill (Reference 15).

Field observations in a study of a landfill in southern California
(Reference 12) indicated that carbon dioxide moved vertically through
the soil cover at more than 10 times the rate it moved dowmward or later-
ally through adjacent soils. Other studies indicate that 18 to 24 times
the quantity of carbon dioxide and methane, respectively, pass through
the cover than into the surrounding soil (Reference 13). Carbon dioxide
movement rates ranged between 0.22 and 0.8 ft/day vertically and betwezn
0.24 ft/day and 1.4 ft/day horizontally (in undisturbed alluvial soils)
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in one study (Refercnce 9) to vertical and horizontal velocities of 0.22
ft/day to 0.24 ft/day in another (Reference 14).

Little is known about gas migration within a landfill. In landfills
where well-compacted waste and cover does not prevail or where settlement,
groundwater intrusion or fires have caused destruction of cell integrity,
gas will likely migrate through voids or channels throughout the mass,
perhaps towards a section of the landfill's periphery where localized
(rather than general) gas migration may occur. HNumerous instances have
been noted where methane or other gases issue from surface cracks iIn
landfills in large quantity and at considerable velocity. Maintenance
of a gas-permeable cover or other means of venting would appear to be
most important in insuring that latersl landfill gas migration is mini-
mized. Impermeable scaling of a landfill surface at any time will likely
cause a prompt increase in lateral gas migration (Reference 16). Ewven
if & landfill has been in place for many years and decomposition of
early-deposited refuse is in an advanced stapge (with theoretically de-
clining gas production rates), gas migration controls should consider
characteristics of the more recently deposited wastes, wherein gas pro-
duction and migration potentials may be highest. Critical areas of a
land£i11 in terms of gas migratrion would likely be those where the mois—
ture content is highest, where highly organic wastes were deposited
(these are often concentrated in one area of the landfill, commonly with
minimal compaction or cover) and areas where the landfill surface may
be most impermeable.

In additlon to the general gas migration charactcristics of a land-
£fi1l, it is apparent that local variations in gas production and migra-
tion occur, perhaps related to reduced permeability of soil cover due to
precipitation, settlement or other phenomena. HNo long~range correlation
©of gas produciion and migration of landfill gases with precipitation has
baen cocumented, but field observations have indicated a peneral increase
ir. gas migration following extensive precipitation. Monitoring of gas
concentrations related to gas controi barriers has indicated datily and

periodic fluctuations or "excursions" of gas concentrations both above
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and below the average. Consequently, gas migration is likely to be
extremely variable and control systems should be based on theoretical
maximum potentials for gas production and migration,

HAZARDS DUE TO LANDFILL GAS MIGRATION

The principal hazard from migrating landfill gas is likely to be
from methane. It has a relatively high production rate in comparison
with other gases, it has a .cndency to migrate laterally with greater
facility than other gases when venting is impeded and it has a long-term
production potential from landfills. Its explosive hazard and the in-
ability to detect the presence or concentration of methane without fn-
struments further emphasize its prime importance among the migrating
landfill gascs. The tendency of carbon dioxide to migrate downward to
groundwater and to acidify it increases the corrosivity of the water,
Methane, by contrast, is relatively insoluble in water. Maximum produc-
tion of carbon dioxide from a landfill is relatively short-lived, in com-
parison with methane production. Hydrogen sulfide, becausc of its noxious
odor, 1is relatively ea~ily detected and is produced primarily in those
relatively few landfills in contact with sulphate-~containing sea water,

Relatively few occasions of explosions or other tragic consequences
from migration of landfill gases have been reported, and only a couple
have been investigated closely. A survey of 203 counties i{in 1965 indi-
cated that only 21 percent had built on landfills. In these cases, many
of the structures were plagued with settlement and gas problems (Reference
17). Fires in San Francisco's waterfront landfill werv attributed to land-
f11l gas (Reference 18). A fire in a manhole of a sewer built through a
landfill near Knoxville, Tennessee occurred in 1947, within two weeks
after the landfill was sealed with soil cover (Reference 16), At a larpe
landfill near Secattle, Washington, pipes inserted through the svil cover
werz used to vent and burn off escaping goses and to partially eliminate
odors (References 19 and 20}, in the New York City area, gas accurmulations
in a sewer near a landfill were noted, and an explosion coccurreé¢ in a small

building situated on another landfill. More recent explosions include
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one at a warming hut at an above-ground sanitary landfill converted to a
ski slope, an explosion in a former power substation being converted to
a recreational facility next to an active landfill i{n Atlanta, Georgia
(Reference 21), and the tragic explosion in the Winston-Salem, North
Carolina Naticnal Guard Armory, built close te a landfill just being
completed. The latter two episodes resulted in five deaths and in in-
Jury ro 12 building occupants. In the Atlanta incident, methane pas
accumelated in the building from landfilled refuse placed against and
under the building and was ignited by a workman installing natural-gas
heating facilities. Ignition of leaking natural gas from the gas
facilities was ruled out as a cause of the explosion. In the Winston-
Salem incident, early flash fires in sewer lines near the landfill had
been attributed to gas migration from th. landfill, but gas mipration
beneath the Armory had not been suspected. Following the explosion,
presence of methane in the soil next to the bulldiny and beneath the
building's floor slab was detected in explosive concentration. These and
later investigations, reported in Chapter III of this report, failed to
indicate a sourte of explosive gas other than combustible gas from the
landfill. The influence of a large storm drain through the landfill,
either as a channel for combustible gases to the Armory or as a con-
tributor of water to the landfill, was not demonstrated, Monitoring of
gas probes around the site In recent years indicates tne continued genera-
tion of combustible gas and its migration to the vicinity of the Armory
in explosive concentrations.

Most of the explosions have been attributed to accumulation and
ignition of methane. Perhaps as a result of these other hazardous inci~
dents, constructfon of buildings on or near landfills has apparently
dwindled or such development s done with appropriate precautions.

OBSERVATIONS OF GAS MIGRATION AT WINSTON-SALEM

Early investigators attributed the accumulation of combustible gas
in the Armory just prior to the explosion to an antecedent heavy precipita-
tion, which reduced venting through the landfill cover with & resultant
increased lateral migration, and to a lack of building veatilation. Gas

28



permeability .. asurements of soil samples, taken relative to the gas
barrier recently constructed, indicate that the peripheral soil is gen-
erally permeable to gas flow with highest permeability in the solls mear
the aupply room, where the explosion occurred. Other possible influences
include extensive settlement near the landfill edge nearest the Armory

and subsequent additional placement of cover soil (shortly before the
explosion).

It was not possible to make field measurement of gas generation rates
or the relative effects of cover type, thickness or settlement on gas
flow. It wvas determined, however, that liigh moisture occurs throughout
the landfill and that it was actively producing combustible gas, which
migrates readily through the surrounding permeable soils.

A more detailed account of obsexrvations and findings is presented
in Chapter VIII.
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CHAPTER V

STATE-OF -THE-ART IN GAS CONTROL TECHNOLOGY

INTRODUCT ION

Relatively little investigative work has been performed and reported
in the literature concerning the generation and movement of decomposition
gases from sanitary landfills., Nevertheless, uncontrolled migration of
decouposition gases from a landfill is recognized to be capable of posing
a great threat to its environs due to pollution of groundwaters, damage
to vegetation or the hazards of gas explosions. Only in recent years
have active measures been undertaken to investipate and provide means
for controlling the movement of decomposition gases from landfills. The
limited literature on the subject of gas control measures makes reference
to procedures which should or could be utilized to mitigate the problems
of gas migration, but .t contains very little reference to the actual
means for achieving the desired results. This is probably due in large
part to the experimental nature of the art of gas control technology.
Testing and evaluation of the various control methods are still in progress
in different parts of the country, and definitive conclusions are yet to
be formulated. In gencral, detailed information on design and operation
<f gas control systems is lacking in the literaturc, mainly because this
area is a recent addition in the field of landfill design and utilization.

GAS CONTROL SYSTEMS

This section contains information on gas control systems known to hawve
becen instglled, mainly in the western United States, either for experimental
purposes or in attempts to eliminate existing problems at particular sites.
Gas control systems can be categorized into two major subsystems--pre-

constxuction systems and post—construction systems. The pre-construction
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systems consist of measures that arc incorporated into the design of the
landfill to mitigate the movement of gases from the landfill, Integrated
design measures taken to prevent the entry of gases into structures
constructed on or adjacent to landfills are also included under the heading
of pre-construction systems. Post-construction systems include a1l of
those facilities which are designed and constructed after completion of

the landfill or construction of structures or. or near the landfill.
Post-construction systems are developed as a solution fnr the problems
created by uncontrolled landfills. Most pas control systems in existence
today are of the latter type.

Pre-Construction Systems

Pre-construction systems are relatively recent innovations and their
development has come about as a result of the increased awareness and
knowledge on the hazards of landfill-generated gases. Varlous gas con-
trol methods may be utilized in the pre~construction stage. These methods
are classified as “permeable methods" and "impermeable methods." Some
permeable methods include the use of gravel vents or gravel-filled trenches
to provide a more permeable path for the escape of gases from the land-
£f11l1 to the atmosphere. In this fashion, decomposition gases are inter—
cepted and prevented from migrating beyond the limits of the £i1l. Other
permeable methods consist of a system of gravel-filled trenches and/or
wells, with vent pipes and collecting laterals inserted in the trenches
and the wells for conveyance of gases out and away from the fill and ad-
Jacent structures.

Impermeable methods are based on the use of natural or synthetic bar-
rier materials to prevent gases from migrating beyond the fi1l limits. A
venting system is usually utilized along with the physical Larrier system
in srder to prevent the buildup of positive gas pressure within the con-
fines of the fill. Such venting would particularly be required 1f the
surface of the landfill is later sealed by paving or by the use of some
other impermeable cover materigl. The barrier system may consist of clay,
syr.thetic mechbrane, concrete, asphalt or other bituminous material.
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It has.been suggested (Reference 22) that the most common, and pos-
8ibly the most practical, iwmpermeable barrier method involves the use of
compacted clay, either as a liner in the bottom and sides of the fill or
as a curtain wall to block underground gas movement. 1t was concluded from
laboratory experiments {(Reference 23), which were conducted to.determine
wethane diffusion coefficients for various solls with differing particle
g8ize under varying conditions of moisture and pressures, that soils with
a high percentage of clay can act as a gas barrier under favorable soil
moisture conditions. However, the impermeable soil barrier method still
remains relatively untested. Some synthetic membranes have been utilized
in landfill construction, but these have been used primarily for the pur-
pose of controlling the flow of leachates.

The literature contains very little reference to pre-construction
gas control systems constructed in conjunction with sanitary landfills.
It is probable, however, that much of the work in this area is still in
progress and has not been publicized or reported. One example of such a
system (Reference 24) is a sanitary landfill located in Kansas City,
Kansas, which was initiated by the Mid-American Repional Council, Kansas
City, Missouri. The project is supported in part by a demonstration grant
from the Office of Solid Waste Mamagement Programs, U.S. Environmental
Protection Agency. The completed site is to be utilized for a regiomal
park, which will include several public buildings and recreational facili-
ties. Several homes are also located adjacent to the landfill site,
BRecognizing the potential dangers to these structures from landfill gen-
erated combustible gas, a combination permeable and impermeable system
for gas venting is being constructed as part of the landfill. A soil
blanket under the fill, laid primarily to control downward flow of
leachates, also will provide a relatively impermeable barrier to the
downiward movement of gases. To allow ventilation of gases from the fill,
a portion of the one-foot thick dally soil cover of each 1lift of the £i1l
at the site perimeter is being removed to allow gases to pass readily up-
ward through each 1lift. A trench two to three feet deep will ke ex-
cavated and backfilled with gravel at tne top of the fill in the final
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earth cover around the site edge. A permeable channel is thereby pro-
vided through which landfill gases can travel readily and vent to the
atmosphere. The effectiveness of this method of gas control has not
been eftablished.

More common pre-construction systems are those that are designed and
constructed for protection of structures which are erected on or adjacent
to a completed landfill, Numerous examples of these gas control systems
are in existence, although reported cases in the literature are rather
limited (Reference 25) and include examples of techniques used to protect
various structures such as school buildings, a market building and a
residential area. In most cases the control systems involve vent pipes
around the perimeter of the structure or within the building itself,
gravel trenches, impermeable barriers around the foundations and under

the floor slabs, or a combination of these.

Observations of some recent gas barrier installations in southern
California were obtained from interviews with designers, developers and
public agency personnel. Information from these interviews is presented

below.

For protection of a public market located on natural ground adjacent
to a landfill, a series of trenches were excavated in the subgrade under
the building and backfilled with gravel. The trenches were spaced approxi-
mately 12 to 15 feet on center and were 12 inches dcep and 12 inches
wide. These trenches extend the full width of the building, terminating
at the foundation walls, Two-inch diameter vertical vent pipes were
placed in the walls of the building and connected to each gravel treanch
at tne perimeter of the building. As an additional precaution, the entire
subgrade beneath the floor slab was covered with a protective impermeadble
10-r1l polyethylene membrane which was laid on a two-inc sand bed.
Venting of the trenches and subgrade area occurs by natural ventilation
only, and no provisions were made for forced ventilation. Periodic

measurements of gas concentrat. :1s have not detected the presence of
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combustible gas within the conflnes of the building, indicating that the
precautions taken are satisfactorily venting the combustible gases from
beneath the building.

At the site of a new apartment building complex located adjacent to
an old 70 to 130 feet deep landfill which was formerly a diatomaceous earth
mine, a gas interceptor trench was employed as a means to channel land-
fill generated gases away from the building complex. The trench extends
the full widch of the development and was installed in natural material
between the fill and the buildings. The trench is approximately 18 feet
deep and 24 inches wide, and is filled with gravel. To vent the trench,
which will eventually be sealed over with pavement, four-inch diameter
pipes were installed vertically at intervals of 30 to 40 feet.

The public agency that constructed this fill also utilized a similar
gravel filled cut-off trench in a different location to intercept the
gases that might flow from the fill to adjacent private property and
home sites. In this case, the trench was 30 inches wide, 20 feet deep
end 1,050 feet long. This trench was left open to the atmosphere for
venting purposes and has successfully arrested all gas migration to the
cendangered properties. Recent measurements of gas concentrations on both
sides of the wventing crench indicate that the trench is still acting

as a satisfactory deterrent to migration of the gases.

A more sophisticated gas contrxol system will be used for a public
service buiiding complex to be constructed adjacent to a former landfill
where monitoring has indicated the presence of combustible gas. The entire
construction area is being filled with earth cover for a depth of apnroxi-
mately 50 feet to bring the level of the completed surface to that of the
adjacent developments. Prior to filling, a t.ench was excavated in the
original ground in which a six-inch diameter perforated gas collector
p2ipe was placed. The trench is seven feet deep and two feet wide and is
backiilied with gravel and sealed at the top with a plastic membrane.

The tctal control system extends for a distance of approximately 850 feet



and consists of two separate scgments. The first segment, which is 450
feet long, consists of a gravel trench, perforated pipe and four vertical
gravel-filled wells, which extend upward from the trench to the surface
of the new fill. A four-inch diameter perforated vent pipe was installed
in each 24-inch diameter vertical well and connected to the perforated
collector pipe. These pipes extend 10 feet above the finished surface.
Each extended vent pipe, which is nonperforated, is capped with a

gas burn-off device. The second segment, which extends for approximately
400 feet, consists of the gravel trench, six-inch diameter perforated
collector pipe and five 24-inch Jdiameter gravel-filled wells, These wells
are approximately 50 feet deep and contain a four-inch diameter perforated
pipe connected to a six-inch diameter collector pipe. This segment con-
tains only one four-inch diameter vent pipe which is connected to the
collector pipe and extends upward through the new fill, terminating 10
feet above the finished surface. In the middle of the control system,
each collector pipe is connected to a six-~inch diameter nonperforated
riser pipe, which extends vertically to the surface and is capped. 1If
needed these two pipes can be utilized for forced ventilation of gases

by installing a vacuum pump on the system. A series of gas monitoring
probes are also being installed as part of this system for measurement

of gas concentration at various depths and for continual monitoring and
evaluation of the system.

Other cxamples, which are mostly of similar design (but for which
little definitive information is available), exist and consist of gravel-
filled wells, gravel-filled trenches or both. Some control systems employ
forced ventilation in conjunction with gravel-filled wells and trenches,
vhereas others rely entirely upon natural ventilation. The permeable
method for gas control appears to be more commonly employed because such
systems are known to have performed satisfactorily and are relatively

inexpensive and simple to install.
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Examples of pre-construction systems utilized elsewhere in the nation
are few. One of these systems is located near Boston, Massachusetts at
the site of the new University of Massachusetts Columbia Point Campus in
Boston Harbor (Reference 26). The seven-building University complex is
being constructed on a completed dump site where substantial quantities
of methane gas and some hydrogen sulfide have been detected. To assure
safe beneficial occupancy of the buildings after completion, an elaborate
gas detection and control system has been designed and installed for each
building at this site. Each system consists of a network of perforated
pipes laid in a gravel blanket beneath the floor of the building. The
perforated pipes are connected to collector pipes which convey the gascs
to a vertical venting system existing above roof level. The gravel blanket
is overlain with an impermeable gas barrier (40-mil polyvinyl chloride
membrane) placed over a concrete mudsill, and all subterranean utility
entries to the building are sealed. LCach piping network is of varying
size, predicated upor quantities of gas flow and head losses in the system.
Automatic gas analyzers and control panels in each cystem provide con-
tinual printout readings of combustible gas concentrations beneath the
buildings and from occupiable interior spaces. The control panels activate
the gas—evacuation pumps and air-inlet valves when combustible gas con-
centrations reach a pre-set level. All such systems <7ill be monitored
at a central console and may be separately monitored and controlled.

One building at a lower grade is protected with a membrane-enclosed
rock blanket filled with nitrogen under pressure, and a sub-ramp space
is constantly purged by means of a blower and pipe network. Performance
checks of the University of Massachusetts systems are underway, and all

systems appear to be performing satisfactorily.

Post-Construction Systems

As mentioned previously, the majority of the gas control systems
reported in the iiterature are of the post-construction type and have
been constructed to eliminate an existing and potentiaily dangerous con-
dition. Many of these systems have been experimental in nature and are

the forerunners of many of the pre-construction systems éiscussed above.
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Three expirivental post-construction gas control systems have been
developed and tested in Los Angeles County as part of a three-year
research study (Reference 3).

The system that has been most extensively tested and evaluated con~
s1sts of five wells which are spaced 40 feet apart and are constructed in
natural ground adjacent to the landfill interface. Each well is 30 inches
in diamcter and 60 feet deep. The wells are divided IZnto three separate
levels. A six-inch diameter perforated pipe is installed to the bottom
uf each level of the gravel-filled well. Each level is topped with a
layer of concrete to eliminate shert-circuiting within the well during
pumping from various levels. The three perforated pipes from each
well arc connected to an vi{ght-inch diameter header pipe that is connected

to a 25-horsepower exhaust blower.

An extensive testing and monitoring program was conducted to ex—
amine the relative effectiveness of this gas control system in reducing
or preventing gas migration beyond the vertical plane of the well system
to the adjacent properties., The basic conclusions dravn from the propram
were thar natural ventilation of the wells did not provide an effective
barrier to gas migration; that some forced veatilation across the plane
of the wells is necessary to arrest gas migration; and that with con-
tinuous pumping at the rate of 8C scfm per well, well spacings of 150
to 200 feet may be sufficient for the contreol of migrating gases. It
should be noted, however, that these conclusions arc for the particular
test Installation described and reported upon, and may not bhe exactly
4pplicable to other areas with different soil and other environmental
conditions,

An extensive posct-construction system has been employed by the City
of Los Angeles for controlling the migration of gases from an active land-
f111 into an adjacent residential area and a school building complex
(Referaence 27). Several test systems were constructed and evaluated prior
te fnstallation of the principal permanent system., The basic permanent
system consists of 17 ventilatfon wells 25 fee: deep, spaced on 150-foot

centeys with a design withdrawal rate of 200 scfm from each well. 1t
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had bcen determined from earlier test progranms conducted on three of these
wells that the spacing of the wells, and thus the zone of influence of
each well, was a function of the withdrawal rate from each well, and that
the depth of the well was not a significant factor in tlhie overall effec-
tiveness of the control system. These criteria were used in designing
the wain system. The City chose a 25~foot depth, which was considered

to be sufficient. The wells were placed along two sides of the 125 to
150 feet deep fill only (opposite the residential area on one side and
the school area on the other side). The other two sides of the former
gravel pit had previously been lined with & clay barrier, placed as the
fill progressed, to prevent water intrusion from adjacent spreading grounds.
It was expected that the clay liner would also serve as a gas barrier,
and therefore no forced ventilation system was installed on those two
§ides. 1In recent (1974) observations, it is apparent that gas is
migrating beneath the wells, Installation of additional wells, 100 feet
deep, is planned.

The wells in the above system are two feet in diameter and are drilled
in natural ground. A six-inch diameter perforated polyvinyl chloride
plpe was placed in each well, and the wells were backfilled with gravel.
Each well pipe is connected to a vitrified clay header pipe that runs
three-fourths of a mile to a l5-horsepower blower, The blower feeds an
induced draft vapor “ume incine;ator that uses natural gas as a supple-
mentary fuel. To date, tests have indicated that gas migration has been
controlled by this ventilation system and that odors can be controlled
by the fume coiL.ustion chamber, However, further tests are being con-
ducted to determine optimum flow rates, effective areas of influence of
each well, the total amount of gas produced and the rate of gas produc-

tion with respect to time.

A system similar to that being used by the City of Los Angeles (as
described above) was utilized by the County Sanitation Districts of Los
&ngeles County to control the movement of gases from the completed por-
tion of one of their active sanitary landfills. The fill is adjoined
o one side by residences and a church. In order to assure thsat pases
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would not migrsate to these areas, a series of 18 24~inch wells, varying
in depth from 30 to 40 feet and spaced 100 feet apart, have been drilled
to dute (1974). A six-inch diameter polyvinyl chloride perforated pipe
was placed in each well, after which the wells were backfilled with gravel
to within eight feet of the surface. E£ach well was capped with a layer
of driller's mud and three feet of concrete, and was then backfilled with
earth to the finished surface. Each well pipe was connected to a header
pipe, which was connected to a 5-horsepower suction blower. Two locally-
fabricated burners, each receiving 400- to 625-scfm gas flow, are in-
stalled on piping assemblies from the blower exhaust and operated in
parallel. Although gas flow is less than the design value, preliminary
results indicate that gas movement into the adjacent properties are
being arrested by this control system. It became necessary, however, to
install seven additional wells to the original 1l-well system. The
burners, equipped with automatic pilot lights, operate continuously.

A gas control system utiliziag natural ventilation was installed by
a manufacturing company to protect its building corplex. The system was
Installed approximately 150 feet from the edge of an old landfill in con-
Jjunction with the construction of an addition to an existing building and
extended the full length of the complex bordering upon an old landfill
site. The installation consists of a series of gravel-filled wells spaced
20 feet on centers and a gravel-rilled trench five feet in depth., Each
well is two feet In diameter and 40 feet in depth. A four-inch diameter
perforated pipe was placed in the trench to collect the gases from the
wells and the trench area. Vertical risers, four inches in diameter and
connected to the trench pipe at a spacing of approximately 100 feet,
extend up the wall of the building for emission of gases above the top
of the buildings. The effectiveness of this control svstem i3 presently
unknown.
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CHAPTER VI

SELECTION, DESIZN AND INSTALLATION OF PROTOTYPL GAS BARRIER

N1STORY OF SITE DEVELOPMENT

Development of the Link Road landfill, . he Armory anu other facili-
ties on or near the landfill is described in Chapter 1I1. Primary features
of interest with regard to design and installation of the gas barrier
included an estimate of the gas production potential of the landfill's
contrts, the permeability of the adjacent soils, the history of com-
bustible gas concentrations and migration, the proximity to the landfill
of buildings and facilities to be protected and the location of under—

ground facilities.

In 1973, the Link Road landfill was 24 years old, the last refuse
having been placed near the Armory in September 1969. Extensive settle~
ment had occurred just back of the Armory and the fire training area.
Settlement was continuing, the landfill surface was covered with weeds
and landfill-generated gases were venting from the soil cover through

extensive cracks In a rniumber of areas.

In July 1973, over 100,000 cubic yards, or approximately 162,000
tons, of new soil cover were placed over the old cover throughout most
of the unceveloped upper portions of the landfill to restore final grade
and to £fill settlement areas. This represents an adcitional load on the
upper surface of the landfill of over 500 pounds per square foot. Depth
«f new cover placemeant back of trne Armory was three to four feet.
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SITE DESCRIPTION

Physical Features

Topography - -

The landfill occupies approximately 40 acres of a 60-acre tract

in the southeast portion of Winston-Salem. The perimeter of the landfill
extends about 5,600 fect.

Originally, the site consisted of a relatively steep hillside in
the vicinity of the present Armory, with a ravine running easterly along
the present line of the 72-inch storm drain. A small stream ran through
this area and in the flat portion of the site, near Salem Creek, the
stream bed contained fairly extensive swampy areas. The terrain slopes
generally southeast from the highest elevations near the easterm boundary
of the landfill site towards Salem Creek, which is about 70 feet lower.
Final topography and typical cross-sections are shown in Figures 3 and
4. As landfilling progressed, wastes were initially deposited in the
areas near Salem Creek. Drainage ditches were used to dewater the flat
areas and work progressed up slope, finally terminating near original
grade in the vicinity of the Armory. During operation of the abattoir,
highly organic slaughterhouse wastes and dead animals were buried nearby.
A small amount of refuse was also compacted over a limited section of the
incinerator residue area and covered prior to conversion of this area

into a parking and maintenance area.

The present fire training area is grassed and relatively flat,
sloping gently to the center of the main landfilled area. Some settlement
areas still exist in which water stands. Surface cracks are evident. The
peripheral road drains through a storm-sewer system to the 72-inch main
storm drein. Most of the parking and maintenance area 1is surfaced with
a 12- to 18-inch thick well-packed layer of crushed stone. A small por-
tion is paved with asphalt, and street drains divert runoff to the main
atorm drain. The entry road and the immediate area around the Armory are
paved with asphalt and drain to the main storm drain. Relativel:r shallow

sanitary sewers cross the parking area from Forsyth Technical Institute
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and connect with sewers entering the property from Silas Creek Farkway
and passing southeastward by the Armory. Sewers and dra’ns fron
the Armory connect to this sewer. A looped eight-inch water main passes

through the parking area to serve the hydrants in the fire training area.

The upper surface of the completed landfill is relatively flat,
but beyond the fire training area and to the east of the Armory, it begins
sloping rapidly towards Salem Creek. Surface drainage is to the south-

east, and no severe surface drainage problems have been noted.
Soils~--

The soils at the base of the landfill are primarily sandy, with a
relatively low clay content. Soil information obtained during preliminary
testing for foundation design in the vicinity of the Armory indicated
a rather sandy soil, with unsuitable bearing capacity for building con-
structicn in some areas. The cover material obtained on site was generally
of a sandy nature with relatively low clay content. Varving amounts
of soil cover material were brought in from time to time from a number
of sources during the development of the landfill, and there is no con-
sistent pattern of soil cover by type.

Ciimate-—-

The Winston-Salem area has a relatively moderate climate character-
istic of inland areas of the Piedmont. Average annual precipitation
is about 42 inches with a major amount of precipitation occurring in
the carly summer and early winter months., Temperatures in summer rarely
exceed the mid-90's. Winter weather is generally moderate with snow

and subfreezing weather of relatively light intensity and duration.

Hydroliogy—

Boring logs of subsurface explorations, placement of probes and
excavation for the prototype gas barrier indicated that the groundwater
tabie Iis between 25 and 30 feet below the surface along the line of the
barrier, i.e., outside the land< i1l at the higher elevations. Similar
exploration in the landfill, nowev.r, indicated water levels within three
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to five feet of the surface toward the center of the fill. These findings
indicate occurrence of saturated areas throughout the landfill due either
to water penetrating the soil cover or emanating from subterranean sprimgs,
with most occurrences in settlement areas. It is apparent that most of
the mass of the landfill has reached field saturation, a condition con-
ducive to maximum gas production.

Deponsited Refuse--

Field checks indicated that wastes buried in the landfill had an
average density of about 26 pounds per cubic foot. The average depth of
£111 was considered, for design purposes, to be 35 feet. As reported by

Winston-Salem officials, the refuse to cover ratio was 2 to 1.

Other Features-—-

The pilncipal areas of concern with regard to gas migration and
potential hazards at the Link ™oad site are along the boundaries between
the landfill and its most elevated periphery. Here the major construc—
tion of facilities has taken place, and the facilities are in the upgrade
zone of gas wigration, In the fire training area, deposition of highly
organic vastes and lack of compaction may be resulting in high gas genera-
tion and migration toward the parking area and the Armory. Gas was not
found above the periphery road in early investigations, however.

The placement of roads, buildings, crushed stone, sidewalks and
paved parking and access areas in the general vicinity of the Armory
has reduced vertical venting of gases from underlying refuse and has
directed migration of gases toward the Armory. The surface seal afforded
by the paving and crushed stone will, however, serve a useful function
in the operation of the gas barrier since short-circuiting of air
through the soil into the active barrier system will be reduced.

COMBUSTIBLE GAS CONCENTRATIONS AT LINK ROAD DISPOSAL SITE

Azeal Distribution

The concentration of explosive gases in soil voids within and ad-
jacent to the landfill area is a positive indication of sources of gas
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generation and general direction of long-term movement. Because of the
vide fluctuations observed in gas concentrations from day to day, average
annual gas concentrations from the deep (25 feet) sampling probes were used
to obtain the combustible gas concentration contour map shown on Figure 6.
High concentrations were observed throughout the landfill, with rela-
tively abrupt declines at the peripheries. Near the Armory gas concen-
trations persist for a considerable distance from the Landfill edge, which
is an indication of the relative ease of gas passage through the media
lying between the fill and the building. Gas contour gradients between
the £fi1! and the truck parking area and the garage are somewhat larger,
indicating lower gas permeability in the soils. Relatively high concen-
trations persist at the outermost probe at the landfill edge nearest the
abattoir.

The observation of a relatively gentle gas concentration gradient,
i.e., low resistance to flow, in the direction of the Armory in 1973 is
coupled with the observation of a soil-air relative-pressure gradient in
the same direction. Manometers connected to pressure probes installed in
the peripheral area of the landfill in a line extending toward the Armory
(Figure 15) consistently recorded decreasing pressures in the direction
of the building over a one-month period of measurements in early 1974,
as shown in Figure 7. Gauge pressure readings within the landfill reached
as high as 200-mm water column, whereas those nearest the building vas-
cillated near zero. Thus, the pressure and the concentration gradients
along this particular direction induced both mass flow and the diffusion
of combustible gas toward the building prior to the construction of the
barrier.

Temporal Variatioans

Monitoring of corbustible gas concentrations from a large number
of probes in the Armory was conducted during the period 1970 to early
1974, The large juantity oi data obtained were plorted, general‘zed
and a number of representative or critical stations werce selected ior
presentation in Figure 8.
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Rigorous attempts at correlating combustible gas concentrations with
rainfall and temperature variations failed to demonstrate any repular
patterns. However, it can be observed from Figure 8 that a steadv decline
of combustible gas concentration had been occurring over the period of
monitoring, before barrier construction, at all stations in the vicinity
of the Armory (Statfons 7, 8, 9, 10 and 11, Figure 5).

The sudden rise in concentration of explosive gases noted in late
1972 coincides with the excavation of an L-ghaped trench along the south
and east sides of the Armory. It is believed that backfilling of this
trench with loose material causad migrating combustible pas from areas of
higher concentrations to move more readily toward the probe stations than
was possible previously. At about the same time that the trench was
dug, & new gas analyzer was purchased and deployed by the monitoring
personnel. It was a few months later that the nevw gas analyzer was found
to be reading five to 10 percentage points higher than the previously-
used analyzor. The coioination of these two events tend to explain the
sudden rise in gas concentrations that occurred in late 1972. Soon after
the ,udden rise, a pradual decline was observed with a rate somevhat

higher than that observed in the early part of the monitozing period.

Altogether, trends shown in Figures 6, 7 and 8 confirm the specific
conclusions reached earlier about gradual gas concentration reductions
over tfme, the response of the concentration at a given peripheral point
to permeability of wedia between that point and the landfill, and the ex-

istence of an overwhelming mass flow component inm the migration of gases
mray from the landfill.

EVALUATION OF ALTERNATIVE GAS BARRIER SYSTEMS

Thrae alternative gas barrier systems were evaluated for the purpose
of selecting a suitable wethod of gas control for the Link Road disposal
site. The alternatives considered were forced ventilation, natural
ventilation and impervious membrane. Three modes of operation of the
forced ventilstion method were considered: high-flow (v100 scfm/well)
ventilation, low-flow (%10 scfm/well) ventilation cormbined with the use
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of a surface seal and low-flow (210 scfm/well) ventilation without the
use of surface seal.

The objectives and functions of high-flow, forced-ventilation and
low-flow, forced-ventilation systems are quite different. The objective
of the high-flow, forced-ventilation system is to create a relatively
large bulk flow of soil-air gases, which includes a substantial amount
of overlying atmospheric air that is pulled through the surface of the
landfill, from the areca of influence of each well. Therefore, in addi-
tion to providing an effective barrier against migration of landfill-
generated gases, this system effects a dilution of combustible gases in
the scil-air on the landfill side in the vicinity of the barrier. There-
fore, in this sytem, no attempt is made to exclude atmospheric air, ex-
cept in the immediate vicinity of each well. The objective of the low-
flow, forced-ventilation system is to create a vertical plane, or barriers
of ubiquitous negative pressure between wells which will intcrcept land-
fill-generated gases naturally migrating toward the barrier and cause
then to flow to a well due to the induced negative pressure gradient.

In this system, a minimum amount of landfill-generated gases, i.e., only
that necessary to crcate the barrier of negative pressure, is extracted
from the arca of influence of each well. To be effective, this system
requires that the inflow of overlying atmospheric air into the landfill
in the vicinity of the barrier be kept to an absolute minimum.

As described in Chapter V, the state-of-the-art of gas control tech-
nology is by and large experimental at this point in time. The experi-
mental and demonstration projects involving gas migration barriers have
generally failed to provide universal design criteria. However, existing
systems of gas migrat:on control have demonstrated the feasibility of
controlling the flow of gases from landfills. Furthermore, the limited
experience has provided some field data on the mode of operation and
effectiveness of several gas ventilation methods. These data are of
value for developing new design criteria for conditions other than those
for which direct experience is available.
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Several criteria were considered in evaluating the various methods
of gas migration control. The methods considered were ranked under each
criterion and given an appropriatre score in accordance with the quantita—
tive or subjective information presently available. The judgement on
the final ranking of the systems may be more readily justifiable in some
cases than in others where performance data are scarce or inapplicable.
Nevertheless, it is believed tuat a fair and impartial evaluation of

each system was obtained with the scoring system used.
Cost

Total annual costs were obtained from estimates of capital cost
and operation and maintenance cost for each alternative, and are shown
in Table 1. All capital costs were amortized over a 10-year period at
an interest rate of =ix percent. As indicated in Table 1, the highest
rank or score of five was assignad to the system with the least total
annual cost and a score of one to the most expensive. Detailed informa-
tion on capital cost requirements for forced ventilation systems,
natural ventilation systems and fmpermeable barrier systems is pre-
sented in Appendix A.

Table 1. ESTIMATED COSTS OF ALTERNATIVE GAS BARRIFR SYSTEMS

{dollars)

Total Annual Total Rank/
Alternative systea capital cost OAM cost annual cost Score

Forced ventilation
a. High flow 52,000 3,000 10,000 2
b. Low flow with seal 73,600 1,200 11,500 1
c. Low flow withouut seal 37,600 850 6,100 3
Natural ventilation 10,000 0 1,400 5
Impecrmeable barriers 24,500 500 4,000 4
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Ef fectiveness

Because effectiveness is the primary factor of concern in the selec-
tion of a gas control system, this parameter was assigned a weight of
three. Thus in a one-to~five relative ranking of the alternatives (with
the highest rank assigned to the most effective method), the score for
effectiveness of an alternative system would range from three to 15.
Experience with existing systems indicates that forced-ventilation systems,
as a group, are far more effective than either the natural ventilation or
the impenncable barrier systems. Natural ventilation systems have gener-
ally been least effective in preventing gas migration from a disposal site.
decause high-flow, forced-ventilation barrier systems have proven to be
effective, this alternative was assigned the highest score.

Low-flow, forced-ventilation barrier systems have not been tested to
date as a means of preventing gas migration. Therefore, their relative
ranking is based upon thcoretical fluid flow behavior which clearly
ind{cates that the low-flow, forced-ventilation system would be far more
effective than natural ventilation or impermeable barrier methods. By
the same token, it is surmised that the effectiveness of low-flow, forced-
ventilation methods may be somewhat lower than high-flow, forced-ventila-
tion systems. Theoretical considerations also imply that the use of
a surface seal, as discussed in the sections below, would increase the
elfectiveness of low-flow, forced-ventilation systems in intercepting

migrating gas.

The assigned rank and score of alternative systems from the viewpoint
of effectiveness is presented in Table 2.

Maintalnabilitv

Maintainability is important because it bears directly upon the
reliability of and continuous safety provided by a given barrier system.
Generally, the simpler the system the more maintainable it will be, Con-
versely, the more complicated and larger the barrier appurtenances, the
greater are chances for breakdown and the need for maintenance. There-
fore, the natural ventilation and the impermeable barriers would be more

maintainable than those requiring pipelines, pumps and control structures.
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Table 2. RELATIVE EFFECTIVENESS OF ALTERNATIVE GAS BARRIER SYSTEMS

Altemative system Rank Score
Forced ventilation
a. High flow 5 15
b. Low flow with seal 12
¢. Low flow without seal 9
Natural ventilation 1 3
Impermeable barrier 2 6

The rank and score for the five alternative systems with respect to
maintairability is presented in Table 3.

Table 3. RELATIVE MAINTAINABILITY OF ALTERNATIVL GAS BARRIER SYSTEMS

Possible maintenance Rank/
Aliternative systems problems Score
Forced ventilation
a. High flow Pump failure, control mechanisms 1

b. Low flow wich seal

¢c. Low flow without scal

Natural ventilation

Iupermeable barrier

maintenance, short-circuiting
of air flow

Pump failure, control mechanisms, 2
seal breakage

Pump failure, control mechanisms, 3
short-circuiting

Plugging of porous material by 4

surfaca drainage

Seal breakage 5
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Controllability

This criterion is a meacure of the ability of operators to adjust
the operation of a system in accordance with the feedback provided by the
monitoring system. Thus, in a highly controllable system, working with
100 percent effectiveness, operating costs can be lowered by reducing
flow rates or decreasing pumpage periods, or both. The energy input to
the same sysiem may be increased to intercept any rases upon the incep-
tion or increase in gas migration., The rank and score of the five alter-

native systems with respect to controllability is shown in Table 4.

Table 4., RELATIVE CONTROLLABILITY OF ALTERNATIVE GAS BARRIER SYSTEMS

Alternative system Control feature Rank/Score

Forced ventilation

a, High flow Flow rate (decreasable), 3
well spacing
b. Low flow with seal Flow rate (wide range of varia- 5
tion), well spacing, strip
width
c. Low flow without seal Flow rate (wide range of varia- 4
tion), well spacing
Natural ventilation None
Impermeable barricr Nore 1l

Environmental Effects

The most noticeable environwental effects of disposal site gas migra-
tion barvier systems are noise, odor, cptions for final use of the site
and the aesthetic appearance of system appurtenances. Noise and odor are
primazily caused by the forced-ventilation systems involving use of motors
and the discharge of pumped refuse gases into the atmosphere from a con-
cintrated point source. The high-flow, forced-ventilation systems, by
aalure, pose the greatest nois~ level and the highest discharges of

ralodorous gases. The low-flow, forced-ventilation systems, on the other
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hand, are relatively quiet and contribute much smaller volumes of landfill
gases to the surrounding areas. The existence or absence of surface seal
does not appear to contribute significantly and in a direct manner to
change in eicher noise level or odor dispersal. Indirectly, however, it
may reduce total pumpage flow requirement, which would lower noise and
rates of malodorouc gas extraction. Both natural ventilation and imper-
meable barrier systems are completely noise free. The natural ventila-
tion systems conceivably can contribute more maladorous Bases along the

barrier by providing freer venting access than can the impermeable barrier
system.

From the point of view of options for final use of the disposal
si‘;:e, the forced-ventilation systems are favored over the others due
to the fact that such systems would more readily enable beneflcial uses
of areas on and adjacent to the completed disposal sites due to their
greater effectiveness. Such uses include public parks and recrestion
sites and other facilities which may be developed upon the completed
f1il1 arcas.

y Aesthetically, the impermeable barrier system is completely innocuous
after construction is completed, whercas the natural ventilation system
will have some protruding vent pipes. The forced-ventilation systems,
on the other hand, pose structural unsightliness in proportion to the
magnitude of pumpage and su-face sealing. To the extent that these
features detract from the natural open-space setting, the forced
ventilation systems would be gesthetically more objectionable. The rating

scores given each alternative barrier system with respect to eanvironmental
effects are presented in Table 5.

Disturbance Due to Construction

In the course of constructing new zas wigration barrier systems, a
certain amount of earth excavation, well drilliing, pipeline installation
and other activities are ceriain to disturb the site for the duration of
constiuction work. Placement of either a natural ventilation system or
ar impermeable membrane will require a large amount of excavation and
bsckfiiling work with the attendant stockpiling of fill material as well as
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disposal of excavated socil. These disruptions are monumental relative to
well drilling and surface seal application required in the forced-ventila-
tion systems. The assigned scores for disruprion due to construction of
the alternative systems are presented in Tahle 6.

Table 5. RECLATIVLC ENVIRONMENTAL IMPACT OF ALTERNATIVE GAS BARRIER SYSTE!S

Rank /Score
Final use
Alternative system Noise Odor options Aesthetics

Forced ventilation

a. High flow 1 1 3 2

b. Low flow with seal 3 3 5 2

c. Low flow without secal 2 2 & 3
Natural ventilation 5 4 2 4
Impermeable barrier 5 5 1 5

Table 6. RELATIVE DISRUPTIO: DURING CONSTRUCTION
OF ALTERNATIVE GAS BARRIER SYSTE!NS

Alternative system Rank/Score

Forced ventilation

a. High flow 5
b. Low flow with seal 4
c¢. Low flow without seal 5
Natural vencilation 1
imperceable barrier 1
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Experimentdation and Innovation

Because of the paucity of information presently available on the
entire problem of gas migration control, it is deemed important to
ewphasize innovation and experimentatior in this field. Furthermore, a
system with built-in flexibility, allowing variation of the independent
parameters (pumpage rate, strip width, etc.), 1s considered to be a
great advantage. The advantages are twofold. First it allows the system
to be "tuned" to the particular peculiarities of the site, and secondly
it provides data for use in design and operation of similar gas migration
barriers at other locations. The innovative character of each system
and its flexivility are judged on the basis of past experience or lack
thereof with the respective systems. The impermeable barrier system is
one of the oldest concepts, followed closely by the natural ventilation
alternative. On the contrary, application of a surface seal and a low-
flow, forced-ventilation barrier is the most novel concept in gas mipra-
tion control. High-flow, forced-ventilation systems have been in use in
several locations for some time and are thus ranked intermediate among the
other alternative systems insofar as experimentation and innovation are
concerned. The ranking and scoring of the alternative systems from this

respect are summarized in Table 7.

Table 7. RELATIVE NOVELTY OF ALTERNATIVE GAS BARRIER SYSTEMS

Alternative system Novelty feature Rank /Score

Forced ventilation

a. High flow None 3
b. Low flow with seal Low fiow, surface seal 5
¢. Low flow without seal Low flow 4
Natural ventilation None 2
Impermeable barrier None 1
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SELECTION OF THE GAS BARRIER SYSTEM

A summary of the scores assigned each alternative gas control svstem
is presented in Table 8. The low-flow, forced-ventilation system with
a surface seal received the highest cumulative score, followed by the
low-flow sysiem without the surface seal. The high-flow, forced-ventli-
lation system has the next highest score, followed by the impermeable
barrier system. The natural ventilation system has the lowest total

score.

Un the basis of these scores, the low-flow, forced-ventilation
system with surface seal was selected for design to provide a barrier
against migrating gases from the Link Road landfill.

THEORETICAL CONSIDERATIONS

Laminar flow of fluids through porous media is governed by Darcy’s
law. In order to be able to use analytic tools to describe the movement
of landfill gases towaxd outlying areas, it is necessary to make certain
justifiable simplifving assumptions concerning the fluids (air-methane
mixture), the porous media (refuse, fill and undisturbed soils adjacent
to the landfill) and the flow process. These assumptions and the justi-
fications therefor are given, in some length, before a presentation of
the theoretical considerations ror the design of a low-flow, forced-venti~-

lation system with surface seal.

Asgsumptions

Laminar Flow--

Darcy's law has been experimentally found valid for all flows in
the laminar range, i.e., with Reynold's numbers below unity. Because
the kinematic visocity of air is about 10 times greater than that of
water, the law allows an air flow 10 times that of water within the
appiicability of Darcy's law. Therefore, inasmuch as Darcy's law is
universally used successfully to describe groundwater movement under
most conditions, laminar flow should prevail for all gas movement pro—

blems encountered in barrier system design and related analyses.
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Table 8.

SUMMARY OF RELATIVE SCORES FOR ALTERNATIVE GAS BARRIER SYSTEMS

Total Con Environ- Experimen-
Alternative annual Effec- Maintain- Control- struction mental tation & Total
systems cost tiveness ability lability disturbance effects innovation score
Forced ventilation
a. High flow 2 15 1 3 5 ? 3 36
b. Low flow
with seal L 12 2 5 4 13 S 42
¢. Low flow
without seal 4 11 k)
Natural ventilation 15 3
Impermeable barrier 1 16 34




Isotropic Media~-

Mechanics of fluid flow in porous media almost universally assume
isotropicity of the medium. Flows occurring in a well-type barrier systenm
are In fact three-dimensional, ewven though the principal direction of
movement of gas is perpendicular to the barrier. The only anisotropicity
of significance may be due to the various horizons developed durimg the
soil-forming process. As long as flow along the vertical dimension is
minimasl and differentiation of soil horfzons is not highly exaggerated,
the assumptrion of isotropicity is not expected to limit the applicabllity
of Darcy's law to flow situvations under consideration. GCenerally, the
effects of anisotropic medla upon flow tonditlions are only of theoretical
significance. In practical applications these effects are subordinated

by the scale of the flow parameters.

Homogeneous Media—

The assumption of homogeneity of solls along and in the vicinity
of the gas migration barrier led to the use of a single representative
permeability factor for the entire length of the gas barrier. The super—
ficial Fallacy of this assumption is evident in the range of permeabilities
measuved for the alr-dried saumples taken from various points in the vicie-
ity of the barrier. Soil permeability varlations are so common within
relatively short distances that unless a great number of samples are
cbtained, it is not safe to assign the results of one test to the zone
of influence vf a numbeyr of wells. Thus a single representative per—
meablility valve was judiclously selected for use in the design of the
entire barrier system., Natural soil variations will generally be averaped
out for the entire system, as well as for each well, resulting fn flows
close Lo theoretizal derivstions. The problem of lack of homogenelty

is similarly handled in groundwster flow analyses successfully.

Steady-5State Flow——

At the beglaaing of the op.ratien of the gas migration barrier sys-
tem, & transient flow condition will exdst with complex flow and pressure
distribution patcerns in the vicinity of the barrier. This time-variant
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condition will last until streamlines and the pressure distribution net-
work finally become stabilized in a steady-state pattern closelv resem-
bling those predicted by the equations. During periods of wetrting and
drying of the soil surfaces {such as at the cnset of the wet and the
dry seasons) nonsteady-state gas flow will prevail due to changing snil
perweability in those periods. A long-term decrease in gas peneration
rate in the disposal area will impose an additional transitory character

to the gas fluw parameters.

The effects thart the nonsteady character of flow are liahle to exert
upan flow condicions are all such that design based upon a steadv-state
assumption is biased toward providing a conservative system.

Constant Cas Density--

In the range of negutive pressures produced by the pumping equinment
proposcd for the barrier system (less than 0.01 atm), gas densities should
not vary by more than one percent. Small variations will not affect the

accuracy of predicted flows to a significant or measurable degree.

Analytical Relationships

For the condition under consideration, namely the presence of a
lower confinement to gaseous flow in the forum of the groundwater table
which is relatively {mpermeable compared to the overlying unsaturated
soll and an upper confinement in th2 form of paving or other appropriate
seal, the flow of gas toward any well in the barrier is given by the
Thiem equation for radial flow of fluids in a confined aquifer {(an
adaptation of Darcy's law); wiz.,

-2 7w hk AP
u In (re/ry) (1)

= flow to each well {cfs)
depth Lo groundwater table (ft)
= {ntrinsic soil permeability (ftz)

Ap = imposcd pressurc differential between well and limic
of influence, ro (psf)

qH

where:

x> a
8

u = average gas viscosity (lb-sec/ft?)
r,/ry = ratio of radius of influence of well to radius of well
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In order to intercept all gases moving toward the protected area,
wells should be spaced along the barrier so that pumpage from all wells
in the barrier equals gas movement toward the barrier. Flow from each
side of the barrier may be calculated by using Darcy‘'s equation Jdirectly,

i.e.,

-k AP 2)
Q= -;'(h L) =

where: Q = total gas flow from each side to the gas barrier (cfs)

L = iength of barrier (ft)

AP = averuige pressure differential between the barrier and
an orithogonal distance &6X away (psf)

4X = distance over which AP acts (ft)

Accurate estimation of the pressure gradlent, AP/AX, is the key to the
usefulness of Equation 2. Because the negative pressure along the barrier,
indicated by 4p, will vary from a maxima at the wells to a minima at mid-
points between the wells, the effective negative pressure at the barrier
1s assumed to be about 0.5 sp. Therefore,

AP = Q.5 Ap (3)

The total system flow is equal to 2Q and the number of wells along
the barrier, n, may be determined by dividing the total flow from both
sides of the barrier by pumpage rate from each well; viz.,

n .lq_‘l (%)

Spacing brtween wells, S, is obtained by dividing the length of the
barrier system by the number of required wells; i.e.,

s=L

n (5)

Spacing between wells can also be determined Independently cf most system
variables by sudbstituting Equations 1, 2, 3 ami 4 into Equation 5; viz.,

2u AX

5§ o

1In (t‘,rv )
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To assure confined aquifer conditions, the width of seal along the
barrier, W, must be only sufficient to provide the pressure gradient
AP/AX. Therefore,

W= 2 aX (7

Cost Minimization

The economic trade offs between the width of the sealed barrier and

the number of wells along the barrier can be evaluated using the relation:

C=Ch+C +C, (8)

where: C = total cost of thc barrier

Cpo = costs independent of number of wells and spacing

€y = costs assoclated with the number of wells in the
system = K; n

Kj = cost of each well and appurtenances thereto

Cy = costs assoclated with the sealed strip = 2 Ky L 4X

K, = cost of paving a unit width along the entire length of
the strip

A minimum total cost solution can be obtalned if C is related to
4X by substituting Equations 1, 2, 3 and 4 into Equation 8; i.e.,
L 1n (ro/r,) Ky

Ce= Co + 3 A% + 2 Kz L AX (5)

Differentiating C with respect to AX gives:

L In (r_ /ry) K
dc e ¥ 142k

a4 T T T 21 an? 2 L

Setting dC  equal tc zero to obtain the minimum cost solution gives:
d(ax)

8% = /1n (r/x )/en -y /K /R, (10)

The first multiplicand is a physical constant for a given system and the
second can be determined from prevailing unit coste of the various

elements of the barrier system.
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GAS BARRILR DESIGN

Widtn of Surface Seal

The uwost economical AX is detcrmined from Equation 10. Tor z well

radius, T of one foot and an assumed radius of influence, Tas of 100 feet:

AX = \Vlin (100/1)/4n -/ KIIKZ
= o.eosx/xllxz (r1)

Choice of an appropriate numerical value for r, depends, to a certain
extent, upon the expected final value of the width, W, of the sealed
strip along the barricr. The width of seal will determine the approxi-
mate radius of influence of the well by imposing a iuwwer 1limit of AX
feet upon the path that the air stream will traver-e horizontally before
arriving at the intakc perforztions of the wells., Thi: assignment,
arbitrary as it may appear, is not too critical in the solution of Equa-
tion 10, because of the logarithmic and square root function in which

r, appears. (A 50 or 100 percent error in estimation of T, will result

in only a 4.6 or 8.4 percent error, respectively, in the value of 4X.)

The unit cost of wells, Kl' is comprised of the costs of drilling,
piping, gravel placenent and monitoring and control devices for each

well. These cost3, under the existing conditions, and for & 30-feet well
depth are:

DPrilling G $20/ft a $600/well
Piping @ 3/ft a 90 /well
Gravel @ 2/ft - 60/well
Monitoring (orifice meter) - 350/well
Control (butterfly valve) = 150 /well

TOTAL Kl = $1,250/well

The unit cost of sealing the barrier strip, Kz. is the unit cost of

placing scalant on each square foot of the barrier. Cost of sealant is
’
estimated to be $0.18/ft".
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Replacing Kl and Kz in Equation 11 gives:

axX = 0.605 v 1,250/0.18 = 50 ft

This value of AX 1s then used as a basis for the computation of flow
toward wells, spacing of wells and actual strip width.

The resulting width of the paved strip along the line of well is:

W= 24X =100 f¢c

Flow Rate and Capacity

An ifmportant parameter in the computation of flow toward the barrier
and into the wells is soil permeabilitv, k. Thirteen soil samples from
eight diffcrent locations along the proposed barrier and at two denths
in five locations were analyzed in the laboratory. A nonsteady-stare air
perneability test (Reference 2B) was utilized to determine the permea-
bility of the air-dried and uniformly repacked soil samples. The results
are presented in Table 9, and locations of samples are shown in Fipure 9.
Evidently, soils in the vicinicy of the Link Road disposal site are
highly permeable. For the purposes of this parcticu .r development, the
deeper strata are of greater significance because the perforations in the
pipes will be placed atL these depths and not near the surface. Therefore,
the average value of intrinsic permeabilicrles, viz., 6%9.9 x 10-12 ftz
observed along the barrier at the deeper (14 to 19 feet) levels, was se~-
lected for use in Equations 1 and 2. The depth to groundwater along the
barrier varies between 25 to 30 feet, so that the 14 to 19 feet deep
samples should be the most representative of average conditions throughout
the depth of soil along the barrier and in the region of well perforations.
Selection of the permeability parameter is a rather critical function re~
quiring fam{ ‘arity with the laboratory test procedures on the disturbed
sanples as well as an apprecilation of the vagaries of sample site selection.
The selection of the untformly-applied permeability value was influenced
in part by the part:cle-size distribution analysis performed on the samples
whick yielded the permeability values reported irn Table 9. The particle-
size distribution data for these soill samples are also shown in Table 9.
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Table 9. PARTICLE-SIZE DISTRIBUTION AND PERMEABILITY OF SOILS IN VICINITY OF PROPOSED BARRIER

Sieve analysis of soils,

::mg;e percentage passing sieve P
Peobed Location® Pthe  Wo. & No. 10 Mo, 40 No, 200 'ormeaviliey,
4760y 20005 417 74y 1007 fe
1 Southwesi of Armory supply roon® 6 86.5 59.5  21.7 5.3 425
2 South of Armory supply roomb 5 100.0 100.0 62.4 15.9 37.8
3 Southeast of Armory supply rooa’ 6 99.3 94,2  54.6 9.8 160
8 South of Armory building® 4 to 6 98.4  95.6 63.1 22,5 126
14 to 16 99.4  97.8 68.8  28.6 61.2
25 West of Armory building® 4 to 6 99.6  95.8 66.8  19.5 33.4
' 14 to 16 97.1  88.6 60.6  18.5 43.2
33 East of Armory building® 4 to 6 98.7  95.2 73.2  37.4 95.5
14 to 16 99.4  97.5 69.0  35.1 110
54 South of truck park area® 4 to b 97.0  93.0 69.2  33.1 76.5
14 to 16 97.9  93.6 68.9  35.4 54.0
55 South of metal shed® 4 to 6 85.3  76.9 53.7 2.3 2.16
17 to 19 98.4  95.1 80.6  35.0 81.0

¢ Figure 9 shows location of probes in the waste disposal site and vicinity.
b Samples were collected from the bottom of a trench dug along the southern wall of the supply room.
€ Core samples were obtained from the given depths using standard sampling techniques (Reference 28),
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The choice of a viscosity value for gases flowing in the vicinity
of the proposed barrier was made with full cognizance of pressure and
temperature influences, as well as metnane concentration, upon the gas
mixture. The pressure dependence of the gas-mixture viscosity, in the
pressure ranges encountered, is negligible. The value chosen for vis-
cosity of the gas mixture allows for the most conservative corputation
of flows in the temperature snd methane concentration ranges expected

to be experienced under various operating circumstances.

Gas viscosity decreases with decreasing temperature and with increas-
ing pethane concentratisn. The lowest probable soil-air temperature is
about 10°C at the depths where gas flow under forced ventilation will
occur. The estimated methane concentration of the gas being generated
in the landfill is expected to be about 29 percent in 1973, the time
that the barricr system will become operational (see Figure 11). Linear
interpolation of reported values for viscosity of air and of methane at

standard tempcratures results in a design value for the methane-aivr nix-

ture of 157 micropoises.

Using T'quation 1 to calculate flow toward each well, and using the
following data:

h = 30 {t, as measured in the field from ground surface
to the groundwater tablec along the proposed barrier

69.9 x 10'_12 ftz, selected representative intrinsic

=
a

permeability based upon laboratory tests
Ap = 0.01 atmosphere (21.2 psf), selected vacuum to be imposed

by pump
u = 157 micropoises (3.28 10~ lb-sec/ft?)
LA 100 ft, assumed radius of influence of a well

r_ =1 ft, a design parameter

the flow to each well will be:
g 2" (30)(6.99-10712
3.28-1077 (4.61)

67

)(21.2)

= 0,185 cfs = 11.! cfm



Using Equation 2 to compute the total flow from each orthogonal
direction toward the gas migration barrier, and the additional appropriate

data:

L-= 1,000 ft, the length of the main legs of the barrier
AP = 0,54p = 0,005 atm (10.6 psf)
AX = 50 ft, as determined from cost analysis

the total flow from one side of the barrier will be:

_ =6.99-10"1(30)(1,000) (-10.6)
3.28:1077 (50)

Q = 1.36 ¢fs = 81,3 cfm

Flow toward the barrier from both directions will be:
2Q = 163 cfm
Number of wells required is:

2 .Q _ 2(81.3)

P = 1.1 = 15 wells

n =
and required spacing Letwecn wells is:

5-1‘.-&-67 ft
n 15

It should be noted that the flow, given above, is for the main east-
west legs of the gas barrier. The short north-south leg on the west side
of the Armory includes three wells with 3(11.1) = 33.3 cfm total flow.

Therefore:

Total system flow = 163 + 33 = 196 cfm

Estimated Gas Generation Rate

The state of knowledge about gas generation rates and quantities is
relatively primitive. Some qualitative correlations between gas genera-—
zion rate and climatic/hydrologic factors have been expressed indicating
that warm and/or wet conditions promote larger oversll biochemical de-~

gradation of the refuse and volumetric rates of gas generation.

63



It is logical to presume that combustible gas peneration rate is
in some direct fashion related to combustible gas concentration in the
surrounding areas to the disposal site. Such a relation would exist
whether gas transport were by diffusion or advection. Although com
bustible gas generatiun data are not available, combustible gas concen-
trat{ion values have been obtained at the Link Road disposal site over
the past three years at several sampling locations. Individual sampling
data were plotted and smoothed to eliminate the day-to—day variafions
in the concentration of the combustible gases. A plot of combustible
gas concentrations for one typical sampling station is presented in
Figure 10. To obtain a reasonable estimate of cthe pseudo-equilibrium
gas generation rate suggested by Figure 10, a few logical assumptions
are required regarding the quantitative nature of the events and con-
diéions at the Link Road disposal site,

It has been reported (Reference 10) that a pound of refuse will
ultimately produce 3.9 ft3 of methane gas upon complete biochemical
decouposition. For conservative desipn purposes, this value of refuse
conversion to methane is assumed to apply at the Link Road disposal site.

The density of compacted refuse at the Link Road disposal site is

estimated to average about 26 lblftJ.

The volume of the entire disposal site was estimated from cross-
sectional profiles of the filled area determined by field surveys. A
total volume of abcut 1.4 x 106 y63 has been filled with refuse and cover
material. The refuse:cover ratio was estimated at 4:1 to be conservative
in the design (the City has indicated a ratio of 2:1). The perimecter of
the disposal site was measured at about 5,600 ft and the average fill

depth was determined from actual borings to be about 35 ft.

A semi-~logarithmic plot of combustible gas concentrations at
Station 7 (see Figure 5 for location) versus time, which is shown in
Pigure 11, indicates the following relationship:
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C = co c-0.288 t a2}
where Co and C are combustihle pas concentrations initially (¢t = Q) and

at time, t, respectively. Figure 11 was based on onlv one sampling

station because it provided the largest numher of data and, of all
sampling stations, 1t fs located in the closest proximity of the Armory
supply room where the flash fire occurred.

Assuming that gas generation rate is proportional to gas concentra~
tion at the periphery of the land£ill during the decomposition period,
Equation 12 can be rewritten for gas gencration rates; viz.,

Fef o ~0-288¢

o (13)

where FO and F are gas generation rates during the initial year and at

some later year, t, after completion of the disposal operation. The
value of F can be computed by integrating gas generation rate over the

life of the landfill and cquating it to total gas productlon expected
from a pound of refuse; {i.e.,

Fdt = 3.9 f:311b (14)

This procedure yields Fo = 1.082 ft3 Cﬂhllb in the initial year after

disposal operaLions have been completed, Thus, Equation 13 becomes:

F=1.082 c0:288 ¢

In wid-1973, when the barrier presumably will become operational, the
annual gas generation will amount to 0.222 ft3 Cnhllb.

On this basis, the average CH“ flow rate during 1973 across a 1,000
feet long vertical cross-section of the landfill periphery will he:

3 3
A 2.ax10% ya® x 26 2B 5 27 £5 0,222 £E 5,256 x 10° Zif
5 ft3 yd3 Ib-yr yr

1000
X S600 ° 59.5 cfm
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The various simplifying assumptions made to arrive at this value are of
such & nature as to make it a conservatively high estimate, particularly
since no allowance was given to vertical venting through the surface of
the disposal site, which may only be approached during periods when the

-disposal sfte surface 1s made nearly impermeable to upward gas movement
due to precipitation, confining it to lateral migration. The 59 cfm
maximum gas migration rate computed above is far below the design value
of 163 cfr for the main branch (1,000 feet) of the low-flow, forced-

ventilation system, which provides for a reasonable factor of safety.

Pipe Sizes

For a maximum allowable total dynamic head (friction) loss ain the
system of 10 inches of water column and a design total flow rate of 196
scfm, the suction header pipe should be four inches in diameter. A con-

stant diameter suction header is provided throughout the system to simplify
procurement and installation.

For the reasons discussed in the next section, the underground
piping, consisting of the welis and suction header, was sized to accom~
modate a high-flow system, should it be required. In this case, for the
same maximum allowable total dynamic head loss in the system of 10 inches
of water column and a desipn total flow rate of about 1,800 scfm, the
suction header pipe should be eight inches ir diameter throughout.
Because the flow in each shor:z-seccion of well pipe will be relatively
small and the concomitant head loss negligible, the well pipes were

sized at four inches in diameter to allow for greater ease of perfora-
tion in the field.

CONSTRUCTION STRATEGY
Due to the relatively high estimated cost of the surface seal
(about 45 percent of the total system cost) and the possibility that

the existing surface may provide an adequate seal, a step-wise con-
atruction strategy was employed.
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Because any of the three forced-ventilation systems are considered
to be acceptable for controlling gas migration from the Link Road dis-
posal site, the two low-flow, forced-ventilation systems can be designed
to provide a backup capability by sizing the pipelines for maximum flows

required in a high-flow, forced-ventilation system.

Preferred System: Low-Flow, Forced-Ventilation Without Surfaca Seal

Low~-flow operation without surface seal was rated next-to-highest
in total score in Table 8. lowever, because it is the least expensive
of the forced-ventilation alternatives, it was chosen as the first system
to be tested, and to be used if proven effective. Should the testing
program indicate that satisfactory gas migration control is achieved
with the low-flow system without a surface seal, no further construction--—

and additional expenses--would be necessary.

Contingency Plan 1: Low-Flow, Forced-Ventilaticn With Surface Seal

If the low-flow system without a seal does not prove effective during
the test period, a surface scal would be applied along the barrier,
with width and other parameters specified in later sections. The pro-
vision of surface seal should assure gas migration control with the low

flows predicated in the theoretical considerations.

Contingency Plan II: High-Flow, Forced-Ventilation

In the unlikelv event that the testing program reveals gas migration
beyond the barrier system while the low-flow, forced-ventilation system
is in operation, flows can be increased by installation of much larger
punping capacity so that adequate protection is provided.

The inftial design of the pinelines and pumpage facilities for the
preposed barrier are carried cut with the necessary provisions for con-
version to high-flow pumpage rates of the magnitude already proved effec-
ctive in other areas clouse to solid waste disposal sites., Thus, 1f the
low flows prove not to be wholly effective (as julged by the testing
program}, pumpage rates can be increased without incurring excessive

pipeline head losses.
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CHAPTER VIi

DESCRIPTION OF PROTOTYPE GAS BARRIER

PLANS AND SPECIFICATIONS

Detailed plans and specifications were prepared prior to construc-
tion of the gas barrier system. A brief description of the various
components of the barrier system is presented hercin in order to maintain

adequate reference for the evaluation of the system performance, given
in Chapter VIII,

The gas migration barrier is essentially a curtain of negative
pressures, in relation to the atmosphere, maintained indefinitely by
pumpage of gascs from a series of wells along the curtain. Continuous
maintenance of negative pressure at cvery point along the barrier— placed
between the refuse disposal area and the Armory--is the key to provision
of protection to the occupants. The line of wells, in relation to the
landfill and the building, is presented in Figure 12,

BARRIER WELLS

Barrier wells, which provide the means for creation of negative
relative pressure, are all similar to the one showu on Figure 13.
The wells are all interconnected through an eight-inch diamecter polyvinyl
chloride header pipe, laid underground along the entire length of the
barrier. A butterfly valve, installed between each wall head and the
header, controls flow from each well, This provision is important for
balancing system flow and equalizing pressure drop along the barrier.
VWell heads are also equipped with quick-disconnect assemblics for field

weasurement of vacuum created in each well during operation. The valve
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and pressure gauge connection are located in accessible manholes. The
wells consist of slotted four-inch diameter polyvinvl chloride pipes
surrounded by coarse gravel. A 15-foot length of the unslotted scction
is immediately below the ground surface and at least 10 feet of the
slotted section is above the groundwater table.

VACUUM PUMP

In order to produce a continuous relative negative pressure along
the barrier, a positive-displacement, lobe-type vacuum pump, capable
of pumping 25U scfm (the nearvst available to design capacity of 196 ecfm)
of air-methane mixture at a vacuum of 10 inches of water column was
provided. The pump was installed on the northwest cormer of the Armory,
and fts suction pipe was connected to the northern leg of the barrier,
as shown on Figure 12. A variable-spced drive system, consisting of
a varfiable-type sheawc, companion pulley and belt, was provided in erder
to afford a capabillity for testing system performance undor different

flow conditions.
GAS MONITORING AND SIGNALLING SYSTEM

The purpose of the monitoring and signalling system is twofold:
(1) to provide the occupants of thc National Guard Armory with an early
warning of intrusion of refuse-generated combustible pas into the space
between the Armory and the barrier and into the building and (2) to
deternine the long-term effectiveness of the gas migraticn bacrier.

Because failure in a combustible gas barrier system could result
in a threat to human life and property, it is ilmpevative that the gas
control system be provided with a fail-safe monitoring and signalling
system designed to detect dangerous gas bulld-up in the building and
to warn the occupants. Data obtained from the long~term monitoring
program will supplement intensive test data which were obtained at the
beginning of the operation of the barricer system. Valuable additlioral
data, pertaining to the effectiveness of the selected system, can thus
be scquired while at the same time ensuring the safety of the building's
occupants.

78



Selected System Desipgn Criteria and Characteristics

Components of the monitoring and signalling system must meet
certoin functional requirements to satisfy the system objectives. These
components include the sampling network, the detection system and the

signalling system.

Sampling Network--

Sampling point locations were selected to ensura that gas will not
accumulate unnoticed in the Armory. The network consists of probes
located within the building and in the ground between the building
and the gas migration barrier. Probes within the Armory provide a direct
measurencnt of the parameter of concern, namely the presence of minute
amounts of combustible gas in the Armory. Prcbes located in the ground
between the Armory and the barrier provide a warmning of the presence
of gas passing the barrier toward the Armory. Such an event will
allow implementatior. of remedial measures prior to detection of any
explosive gas within the Armory.

Sampling points between the Armory and the gas migration barrier
are located in such a manner as to intercept the most probable pathways
for gas movement, namely midway btetween the gas extraction wells. The
saupling points within the ground are located adequately remote from
the Armory so that early warning of gas migration toward the Armory will
allow remedial action, {f deemed necessary. Gas samples are withdrawm
at a depth which will provide an indication of maximum prevalent com-
bustible gas concentrations.

Gas sampling points within the Armory are installed in locations
vhere landfill gas might be cxpected to infiltrate or accumulate in the
building. Possible danger points are deformation cracks in the below-
grade structure of the building and unventilated high points in rooms
or confined spaces.

The selected sampling network consists of four interior sampling
points and six exteri~ sampling wells. Locations of sampling points
dre shown fn Figure 14. Choice of locations of sample probes was based
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on the results of the sampling program conducted during four years
(1970 to 1974) and the predicted impact of the control mecasures on gas
migration.

Interior gas sarpling points are located near the ceiling in the
supply room, vault, wool room and at the grownd floor of the Police
Academy in the southwest portion of the Armory. The exterior sampling
wells will provide gas concentration data from 10 feet ieep probes
located approximately hilfway between the gas control barrier and the
Armory and spaced about midway between the gas extraction wells. This
configuration and sampling depth will ensure best interception of the
most probable pathways of gas migration, should any gases cross the
barrier and provide adequate warning of increasing pas concentrations

before hazardous levels are reached near any potential entry point.

Detection System~--

The combustible gas unalyzer selected for use in the gas monitoring
system is relatively simple and robust and of a type common to mining and
other gas detection applications. Extreme accuracy in analysis is
of less importance than derendability of service. The selected system
is designed to function reliably with minimal attendance, because techni-
cal staff is not expected to be available for frequent maintenance or

testing of the equipment after the initial cvaluation program.

Most of the available combustible gas detection devices have been
developed for the mining industry. They conrist of an clectrically heated
coil (sensor), the resistance of which varie: in proportion to the heat
of combustion generated by the burning of a gas nixture ignited by the
cofl, and a device for mesasuring the coll resistance. Where several
locations are to be sampled and analyzed, it i{s both economical and
convenient from the point of view of operation to centralize measurement
and recording. In Lhe selected system, samples are pumped from the

various probe sources to @ single sensor located at a central monitor-~
ing station.
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The detection system, includes a MSA Model F gas analyzer, a 10-
point recorder, sample pump and visual and audible alarms, mounted in a
console located within the Armory (Figure 14). A continuously pumped
sampling system with a centrally located gas sensor was considered pre-
ferential to individual sensors at every sampling well because pumping
of the sample assures positive displacement of gas across the sensor.
Each exterior sawpling well is provided with an access point for com-
bustible gas injection Lo test the function of the system, whereby known
concentrations of test gas may be introduced into the well and monitored

&t the gas monitoring console.

Samples are withdrawn continuously from each interior and exterior
sampling point and monitored sequentially in a step~wise manner, GCas
from each interior sampling point is passed sequentially across the
probe for a three-ninute period; thus the interval between routine
measurcments of combustible gas from a particular point within the
Armory is 12 pinutes. This sequence s interrupted every two hours
wvhen gases withdrawn from the exterior sampling points are passed
sequentially across the probe for a three-minute period. This lapse of
time between cxterior samplings is decmed adequate in light of the
results of the evaluation program presented in Chsoter VIII. Thus,
wonitoring of interior samples is interrupted for a period of 18 minutes
wvhile exterior sanples are being measured. Analyzed gas samples and
surplus by~pass gas are vented to the atmosphere bove the roof of the
Armory.

Measurements of percent of lower explosive limit of combustible
gas are made and recorded on a 10-point recorder located in the ronitoring
console,

Signalling System..

The signalling system was designed to warn immediately all occupants
of the Armory should cxplosive gas concentrations be approached within
the confines of the building. An alarm, audible in all parts of the
Armory, is provided, .ogether with visual signals at the central monitoring



station. In addition, visual signals are provided at the central

measuring station 1f combustible gas is detected at any exterior sam
pling probe.

The detection system is also provided with 2udible and visual alarms

to warn Armory occupants of electrical or mechanical failure of any of
the system components.

The visual and audible alarms are activated at a pre-set combustible
gas concentration of 25 percent nf the lower explosive limit (LEL). This
level s well within the analyzer's capability for accurate analysis and

sufficiently below the LEL to fllow necessary action long before the LEL
is approached.

OPLRATING PROCEDURES

Based upon preliminary results of the evaluation propram, a set
of operating procedures has been developed for usc by field personnel
during the active life of the landfill and the beneficial occupancy of the
Armory. These procedures are divided into routine procedures, system tests
and maintenance. It is crucial to the safety of the Armory premises that
these procedures »e followed regularly and precisely, and that any irregu-
larities be prompLly and properly corrected.

Routine Procedures

The pump is to be operated continuously at the lowest speed practi-
cable (about 600 rpm} with the drive system provided. This speed of
rotation should provide the necessary protection with minimal equipment
wear. The regular operation of the system will, in the long term, re-
sult in breakdowns and failure of parts. Replacement parts and repalr
facilities must be readily available to minimize down time and prevent

the possibility of gas movement into the vicinity of the Armory during
these perlods.

The recorder charts must be carefully reviewed by operating person-
nel at the time that they are changed. Any time that readings above zero
percent lower explosive limit are obtained, time, date and concentcration
should be permanently recorded in a special book. This will allow ready
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veference and appropriate decision on the necessity for changing opera-
tional mode of the system. Although pressure readings need not be ob~-
tained as part of the routine procedures, it is important that access to
and operation of the pressure probes (Ml through M10, Figure 15) be main-
tained and their destruction be avoided. Should future testing become
necessary, existence of these probes will be of vital importance.

System Tests

Periodic tests of the integrity of the various svstem components
are necessary to minimize repair and down time as well as to maximize
religbility of the monitoring and signalling system. For major equip-
®ent, such as pump, motor, analyzer, recorder, etc., the instructions
specified by the manufacturers should be followed carefully and strictly.

Once every six months, test gas with a known concentration of
methane shouldibe injected into the exterior sampling wells through the
access points provided, while the system is placed on manual control for
testing ‘samples from.a particular well. The volume of injected gas
should be sufficient to ff11 the well casing and the volume immediately
adjacent to it, or at least enough to effec* a response a: the monitoring
panel. .This quantity will be ascertained “ field persomnel through
experience. Response of the analyzer to these tests should be noted
in :the special monitoring book kept near the analyzer panel.

After .every shutdown (for repair, replacements, etc.), the record
of -the analyzer should be critically viewed for possible gas intrusion.
System Maintenance

All manufacturers' recommended maintenance procedures must be
followed for pump, motor, analyzer, recorder and other equipment used
for the Link Road landfill gas barrier system. Breakdewms and failures
uwust be immediately attended and repaired.

SAFETY FEATURES
There are a number of safety features incorporated in the design,

operational procedures and contingency provisions of the gas migration
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barrier system. The design of the barrier involves gas-well spacing and
flow specification which together iiclude provisions amounting to a very
high factor of safety. While this margin may appear excessive, it should
be noted that gas migration barrier design is still evolving and that
human 1life may be jeopardized without provision of excess capability.

The pump as well as the analyzer sampling units are designed to be ex-
plosion-proof, and excess combustible gases are vented to the atmosphere

at a level above the roof of the Armory.

Operational procedures, described above, also include ample safetv
features which, 1f followed faithfully, should prevent any possibility of
failure or danger to or.cupants.

Any mechanical system upon which safety of humans 1s based needs
back-up contingency provisions. The gas barrier 1s no exception. There-
fore, a seriecs of back-up safety provisions are available for implementa-
tion upon indication of need. These provisions--none of which will

probably ever be needed--are:

(1) If at any time the lowest speed of pump operation fails to
intercept gas movement across the barrier, pump speed can be increased
gradually until gas concentrations at the exterior probes (Probes 5
through 10, Figure 14) drop to zero.

{2) 1f provision (1) does not provide the necessary protection, all
butterfly valves on Wells 9 through 15 (western leg of the barrier, shown
on Figure 12) should be shut off. This action will almost double the flow
from the wells immediately surrounding the building and should inter-

cept any gas movement across the barrier,

(3) 1If both provisions (1) and (2) fail to provide protection, a
surface seal (asbestos-cement, concrete, asphalt, bentonite, plastic
sheeting, etc. as may be determined when and if the need arises) should be
placed to a width of 100 feet along the barrier. This provision will
prevent movement of atmospheric air along the barrier into the wells.

The net effect will be the creation of a substantially greater vacuum
midway between wells and hence a far greater assurance of interception

of gases moving toward the building.
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(4) Ultimately, if all the above provisions fail, the vacuum pump
should be replaced with a larger pump with higher capacity. The wells
and headers are sized such that the pumpage rates can be increased to
as high as 10 to 20 times the rate which 1s expected to be satisfactory.
Thus, there is no conceivable possibility that any provisions beyond
this step need be implemented.

86



CHAPTER VIII

PERFORMANCE EVALUATION OF PROTOTYPE GAS BARRIER

INTRODUCTION

Protection of huran life, property and the environment in and around
the facilities near the Link Road waste disposal site has been the prin-
cipal objective of constructing the gas migration barrier system. An
indisputable assurance of its reliable and safe operation-—over extended
periods of rime--1s necessary before there can be safe occupancy and
regular use of the buildings. A carefully planned, systematic and
rigorous testing program Las been conducted, and the results thoroughly
examined and evaluated. These results were favorable, and indicate
that, if the system continues to operate at the tested level, safe
occupancy of the Armory permises can be anticipated in the relatively
near future.

The primary objective of the testing and evaluation program was
to aid in the selection of the most cost-effective mode of operation
for the barrier system. The test sequence was planned to permit evelua-
tion of each mode of operation independently and under similar conditions,
insofar as prevailing constraints allowed. The program was designed
to test and evaluate least-cost methods at the outset and to progress
to mure costly modes of operation only i1f the lover—cost methods failed

to provide the necessary protection.

A secondary objective was to accumulate data and experience for
better understanding of gas-flow ohenomena near solid waste land disposal

sices under the influence of the forced-ventilation gas barrier system.
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The information will aid in designing other gas harrier systems in

similar circumstances.

Mecasuring the zone of influence of individual wells and of the
whole barrier under actual operating conditions was a key element in
the program. This parameter helps determine the maximum well spacing
which assures pressure reduction along barriers in future systems. Other
parameters determined include noise levels at the pumps and flow dis-

tribution among the wells under different pumpage rates.
TEST EQUIPMENT AND INSTRUMENTATION

Some of the equipment used in the test program was similar to or
identical with equipment installed for the continuous monitoring and
signalling system. In addition, gas concentrations were determined
using portable combustible gas analyzers. Soil-air pressures were
deternined from probes placed near the barrier. Atmospheric pressure
was obtained from the meteorological station at the Greensboro, North

Carolina, Airport approximately 35 miles from the Armory.

Flow Meter

A cumulative flow meter was installed on the discharge manifold of
the vacuum pump. Cumulative flow over a known period of time was read
and recorded, including the date and time at which readings were
obtained.

Gas Probes

The ultimate purpose of the gas barrier is to reduce gas concentra-
tions in the immediate vicinity of the protected facilities sufficiently
below the lower explosive limit to assure their safe use. This para-
meter is a primary criterion for the barrier svstem's success under each
mode of operation. Measurements of explosive gas concentration can be
corrclated with such independent variables as flow rate, duration of

flow and weather conditions for the purposes of future design considera-

tions.



It is not sufficient to measure gas concentrations in terms of
percentage of the lower explosive limit. Concentrations may exceed LFEL
at the beginning of barrier operation or when test flow rates are too
low to reduce all concentrations below the explosive limit. A portable
gas analyzer unit (J-W Gas Kit, Model HPK) was used to determine explosive
gas concentrations, in percent by volume. When gas concentrations in
probes not connected to the barrier monitoring and signalling system
fell below the lower explosive limit, readings in terms of percent lowver
explosive limit were taken wath the portable unit., This allowed more
sensitivity to variations of concentration at the lower ranges of con-
centration. The installed gas monitoring and signalling system (con-
sisting of a sampling system, combustible gas analyzer, programmer,
control and signal devices and a 10-point recorder) were used to deter-
mine gas concentrations (in terms of LEL) from the probe locations
serving the system. Locations of probes serving the nonitoring and
signalling systew, as well as those for supplemental evaluations, are
shown in Figure 15, Subterranean Probes 5 through 10 (see Figure 1l4)
consist of standard w.ll points driven 10 feet below grade, connected
permanently by copper sample lines to the gas analyzer. Access is pro-

vided through water-meter~type enclosures.

Pressure Probes

Maintenance of a ubiquitous negative pressure in the vicinity of
the barrier is an essential requirement; consequently, it is important
to verify the ubiquity of the negative pressure and to measure its varia-
tions. Relations between pressure distribution and pressure variation
in the soil and with system flow rate and atmospheric conditions help
describe the effects of soil properties and gas movement at the Link
Road site. Probes wvere installed to permit pressure determinations at

10- and 20-foot depths at locations shown in Figure 15.

Specially constructed U-tube manometers were used to measure sub-
terranean soil-air pressures at each pressure probe. A schematic drawing

of a typical pressure probe installation and manometer is shown in
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Figure 16, 1In this instance, manometer assemblies were fabricated locally
and permanently mounted on plyboard. The manometer assembly was mounted

on a cart for transport to each sampling point.

Vacuua Gauges and Taps

Each well is equipped with a vacuum gauge tap so that flow among
the barrier wells may be equalized (uniform vacuum) by use of butterfly
throttling valves. Consistent recording of vac'um readings and of valve
settinps at each well are required to provide information for operational
and test regimes.

TEST PROCEDURES

Ease levels of gas concentration and pressures in the soils were
established before any pumping (even for equipment testing) took place.
These tests were performed regularly for approximately one month prior
to the first activation and operation of the pump. The on-going gas
monitoring program continued uninterrupted and readings were obtained
on a regular, daily (5 day/wk) schedule, coinciding with gas concentra-
tion readings throughout the test period.

Mode 1: Low-Flow Pumpage without Surface Seal

The vacuum pump was operated at the lowest flow rate of 160 scfm
{(corresponding to lowest available speed setting of 585 rpm) for about
two weeks. This period was not enough to produce an equilibrium pres-
sure distribution in the soils along the barrier; however, most para-
meters were approaching steady-state, as shown later under discussion
of results. During this period, gas concentration, pressure, flow rate

and cumulative volume of gases removed were recorded.

Modes I1l, 111 and 1IV: Varying Flow Pumpage without Surface Seal

After it was ascertained that the system was satisfactorily effective
at the minimum pumpage rate, pump speeds were increased for a similar
length of time. This seqguence could be repeated, Lf necessary, by step
increases in the pump spee’ (745, 905 and 1,065 rpm) until the pump's
ultimate capacity is reached. System flow rates at these pump settings
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were 168, 210 and 250 scfm, respectively. Throughout each test sequence,

all paramcters werce mecasured and recorded,

Maintenance of a ubiquitous negative pressure and no passape of
landfill gas to the protected side of the barrier (when the barrier is
operating at low flow with no sealants) was used as a positive criterion

of successful performance.

Mode V: Contingency Tests for Surface Seal with Varying Flow

An ultimate back-up provisian, the necessity for which appears
highly unlikely, is applicatior of the designed surface seal along the
barricer. Application of the surface seal will make it possible to effect
confined flow conditions, with no flow of atmospheric gases into or
between wells along the barrier. Standard asphalt paving is considered
wost appropriate as a seal, but application of a seal was not required

or tested in the evaluations conducted and reported herein,

The test program for such a contingency condition was designed to
give the maximum amount of data for future design purposes as well as
tc effcctively evaluate this unique feature, not comron to existiag
barriers. Whlle the scal is being installed, pumping should continue
at the lowest design rate and complete data collection should be con-
ducted. A chronicle ot the progress of seal applications should be kept
to correlate the time of seal placement with the reductions in gas con-

centrations or increascs in negative pressurc.

The scal can be placed in successively increasing widths and lengths
{e.g., exclude western leg), allowing sufficient time between dimensional
increments to permit equilibration of the flow and pressures. Incremental
seal application and concurrent lapses of time will be dependent on

available test results, equipment availabllity and logistics.

In the highly unlikely event that the low-flow and surface-seal
combination system proves unsatisfactory (under some severe corbination
of conditions, certainly not expected at the Link Road site), high-flow
pumps may be installed and their performance tested in much the same

general pattern #s prescribed above for the low-flow system. The success
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of high-flow ventilation barriers has already been demonstrated else-
where (Reference- 27).

Noise Survey

Noise levels resulting from operation of the vacuum pump equipment
installed for gas evacuation were measured by R. J. Reynolds Tobacco
Company personnel on 15 May 1974 for the City of Winston-Salem. The
objectives of the survey were to determine if the vacuum pump preduced
nolise levels which would be annoying and generate objectionable complaints
and to determine if the noise levels during operation were hazardous to
human hearing. On that basis, the procedure used was to measure the
noise levels produccd by the vacuum puwp and to measure the prevailing
daytime background noisc levels with the vacuum pump off.,

The following instruments werc used during the nolse survey: General
Ralio Octave-Band Noifse Analyzer, Type 1558-BP, Serial No. 2155; and
General Radio Piezoclectric Microphone Assembly, Type 1560-P6, Serial
No. 1614,

The A-weighted sound level and octave-band sound pressure levels
were measured at two positions. The pump speed was 1,065 rpm (motor
speed 1,750 rpm}. All measurements were taken at a height of four feet
above the ground, The first measurement was taken close to the pump.
The microphone was located three feet north of the vacuum pump gearbox.
The second measurcment was taken 10 feet north of the vacuum pump gear-
box at the sidewalk. With the vacuum pump off, background noise levels
were ale2 measured three feet north of the vacuum punp pearbox durdng
normal and peak traffic conditions on Silas Creek Parkway.

The A~weighted sound levels obtained were used to evaluate noise in-
duced hearing hazard. The A~weighting network has a frequency character-
istic similar to that of the human ear, i.ec., both arc more sensitive
to niddle frequencics than very high or very low frequencies. The. octave-
band frequency analysis, i.e., the distribution of sound pressure level
in the nine preferred octave bands with center frequencies from 31.5 to
8,000 Nz provides additional information concerning the character of
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the noise and for estimating subjective annoyance effects such as

spcech interfercnce.

RESULTS

A large volume of data on gas concentrations and pressures was
generated durfng the course of system testing and evaluation, under
two modes of operation, lasting about three months. These data
firmly corroborate the theoretical computations which were used as
a basis for the conceptual design of the gas migration barrier.
Because most data are confirmatorv, only representative samgles of
data showing trends over time and space are presented in this sectfon.
The remainder of the data are not graphicallv presented in order to
maintain simpllicity and prevent repetition and confusion of the pre-

sentation.

Records obtained from {low rate meters, gas concentration probes
and pressurc probes, and thosce obtained less frequently from other instru—
ments were analyzed and evaluated promptly. Because many decisions re-
garding additional construction and operation of the barrier system had
to be based upon thesc results, prompt and proper analysis and carecful
evaluation of data were conducted as the data werc collected and as system
operation continued during the test period. Overall evaluation criteria

on each of the parancters are outlined below.

Combustible Gas Concentrations

The most ImportanlL parameter, from the point of view of human safety
from explosion hazards, Is concentration of explosive gases on the protected
side of the barrier. Early results, after initiation of pumping, indica-
ted a definitive trend, with gas concentrations in the protected areas
rapidly falling with time., The trends continucd at all probe locations
with a firm trend toward zero readings throughout the monitoring period.
Trends of average combustible ga. concentrations are shown on Figure 17
for shallow (10 feet) probes and decp (15 feet} probes on hoth sides of the

barrier. In order to maintain comparability of the two scts of data, only
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those data obtained from Probes 11, 13, 16 and 17 (Armory side) and 12, 14,
15 and 18 (landfill side) were utilized to obtain the avcrages plotted on
Figure 17. Other data present a simflar picture. From probes located
inside the huildings, readings of percent of the lower explosive limit
(i.e., percentage of five percent methane by volume in air), recorded

with automatic equipment, were obtained and plotted as shown on Figure

18. Pecrcent lower explosive iimit (LEL) is a very sensitive and highly
refined measure of safety or lack of it in an occupied space. (For example,
25 percent of LEL, at which point alarm systems are activated, corresponds

to a methane concentration in air of only 1.25 percent by volume.)

Cas chromatographic analyses of combustible and othe. gases sampled
at the pump discharge and at selected probes provided additionil data
during the evaluation peviod. Concentrations of oxygen, nitrogen, methane
and carbon d oxide in these samples were measured. Table 10 shows the
chromatographic analysis for the pump discharge and Table 11 for other
selected probes from the deep (15 feet) access points. As expected, the
gas mixture pumped from the volume of soil on both sides of the barrier
was rich in methane and carbon dioxide at the beginning of the operation.
As pumping continued, evacuation of combustible gas from the protected
side of the barrier and admission of atmospheric air from both sides caused
a gradual decline of CH4 and coz concentrations with a simultancous in-
crease in O2 and N2 ccncentrations. A similar trend from cas chromatograph
concentrations at the selected probes was not as evident during the brief
time and limited extent of gas chromatographic analyses, in the early
period of barrier operation, but pronounced reduction in concentrations
at probes near thz barrier were verified by gas analyzer rcadings as
pumping continued. Concentrations at most probes had declined to or near
zero levels, with lowered gas concentrations persisting at a few deep
probes, primarily on the landfill side.

Flow from Individual Wells

A primary parameter in the operation of the barrier system at the
Link Road site is rate of flow of the gas mixture. It is imperative
that flow from individuel wells be maintained uniform along the entire

97



DAYS AFTER START OF PUMPING

100

o
ABOVE 100——

- 90 PERCENT 0
& PROBES 5,6,78,9,0 & | |
% (EXTERIOR) TR —
S |=— BaCKGROUND [l MOOE I —eme——— MODE T ——————==
T o S N s ot
Z gol— Vb -
w % 19N NOTE - PRCBE NUMBERS
e \ N REFER TO LOCATIONS
S s0)— Yiv i SHOWN ON FIGURE 14 —
o AT .
o wlod
;—'E”— \ ' ‘\ \=—PROBE 5 =
= i: %t 4 —PROBE 9
-
3 proses 12,36 |1
g o= (INTERIOR) |

(=)

20 25 0 10 15 20 2 S 10 15 20 25 30
MARCH APRIL MAY

DATE-1974

Figure 18: Percentage of lower explosive limit at individual probes in and
near buildings prior to and during barrier operational modes.



Table 10. GAS CHROMATOGRAPHIC ANALYSIS

OF BARRIER PUMP DISCHARGE GASES

Gas composition, ¥ by volume

DATE 02 N2 CH6 CO2

16 Apr 74 7.6 44.7 24.4 23.0
18 Apr 74 3.4 43,4 3.1 24.7
19 Apr 74 7.4  47.4 20.3 24.6
22 Apr 74 9.0 48.5 20.6 29.5
23 Apr 74 7.6  51.2 19.8 20,7
24 Apr 74 5.1 54.3 20.6 2.0

25 Apr 74 5.5 54.5 19.8 20.8
26 Apr 74 5.8 50.0 22,8 22,2
29 Apr 74 3.1  61.0 14.4 20.6
30 Apr 74 15.2 63.0 11.2 8.8
1 May 74 12.5 62.9 7.5 17.0
2 May 74 10,7 72.6 8.1 10.0
3 May 74 21 78 Trace Trace
6 May 24 20.4 76.8 1,2 1.0
8 May 74 18.4 76 2.6 2.4
10 May 74 19.4 75 2.6 2.2
13 Muy 74 8.6 68 11.8 11.1
15 May 74 9.0 67 11.3 11.9
17 May 76 13.5 74 7.0 6.7




Table 11. GAS CHROMATOGRAPHIC ANALYSIS
OF SAMPLES FROM SELECTED PROBE LOCATIONS*

Gas composition, % by volume
DATE (o] N2 Cﬂa co

2 2
Probe 11D

24 Apr 74 9.2 30.2 37.0 22,8

30 Apr 74 2.8 18.7 45,1 33.0
2 May 74 6.3 35.2 30.5 28.0
.Probe 12D

3 May 74 4.1 10.6 53.1  31.3
-6 May 74 5.1 20 43.8  30.7

Probe 24D

18 Apr 74 4.0 13.9 53.8 25.6
19 Apr 74 5.2 9.1 55.0 0.4
22 Apr 74 1.2 10.1 62.8 26.0
23 Apr 74 8.6 35.0 35.7 20..2
25 Apr 74 3.0 20.4 52,9 24.7
26 Apr 74 4.5 26.8 46.5 21.6

1 May 74 3.8 33.1 36.4 26.1

®Probe .locations 12 and .24 are on the landfill side of the barrier,
Probe 11 is in the gravel-surfaced parking lot, inside the barrier
and west of the .Armory. See Figure 15.
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barrier for the duration of its operation. An unusually high flow in

a well usually indicates leakage of air or a relatively high-permeability
medium surrounding the well. In such cases, the valve at the well head
was partially or totally throttled so that the well would not interfere
with the operation of other wells. An unusually low flow may indicate

a low permeability medium around the well. Such an obserxrvation was not

recorded during the conduct of the test procedure.

Direct flow measurement on each well head was not practical. How-
ever, an indirect, though accurate, measure of flrw was obtained from
relative vacuum readings. A portable vacuum gauge was used on quick-con-
nect nipples provided on each well head. Excessively low vacuum readings
were encountered on three wells (Wells 11, 12 and 13, Pigurh 12) located
in an area where higher soil permeabilities were suspected from earlier
soil tests. The rushing sound of ailr moving through these particular
well heads emphatically corroborated that excessive flows were taking
place from those wells. Therefore, in order to maintain as high a vacuum
as possible and to preserve the uniformity of flow from other wells, the
valves on the three wells were closed. While this modification may reduce
effectiveness of the barrier in the vicinity of the wells, flow at the
remaining wells is increased thereby. No potential for hazardous gas
accumulation existed nearby so further modification, such as application

of a surface seal, was not attempted.

Flow rates from the entire system were 160 and 250 scfr during op-
erational Modes I and II, respectively. These flows correspond to aver-
aga flows per well of 11 and 17 scfm, respectively. It should be noted
that the flow rates found satisfactory in the tests are far lower than

those reported for other existing forced-ventilation operating systems.

Pressure Distribution

All pressure measurements were made relative to the atmosphere,
It was found that atmospheriec pressure variations were experienced almost
immediately at the depths manometer probes were installed. In view of
the wide atmospheric pressure variations encountered, as shown in Figure

19, and because flow, in a given area, occurs In direct response to
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gradients of relative pressure, use of absolute pressures was avoided.
Typical draw-down curves between wells were obtained beforz and during the
test period as pumping progressed. Pressure distributions at 20-foot depth
between Wells 5 and 6 at selected points in time are shown on Figure 20.

It is noteworthy that a ubiquitous negative pressure at all points along
the barrier wvas obtained immediately after r--—ing began at the 160-scfm
rate and that the negative pressures at all puints between wells, partic-
ularly midway, continued to increase significantly, particularly at the
250-scfm rate.

The increases in negative pressure with time at the deep probe level
at the M6 through M10 stations at a point midway between wells and at
increassing distances from the line of wells are illustrated in Figures
21 and 22, respectively. The significance of the drop in pressure over
time is dramatically exhibited in a statistical test of the differences
between average pressure before pumping and that during each mode of
operation of the barrier system. The range, average, standard deviation
and statistical significance test of the differences for each mode of
operation throughout its duration are shown on Table 12. It is noted
that the influence of the barrier significantly extends to a distance
of at least 18 meters (about 60 feet) from the barrier in both operating
modes (160 and 250 scfm).

Noise Levels

The Federal Occupational Safety and Health Act of 1970 (OSHA),
using the Walsh-Healy Public Contracts Act, paragraph 50.204.10, Safety
and Health Standards for Federal Supply Contracts, specifice the maxioum
number of hours per day an employee may be exposed as a function of the
A-weighted sound level when measured with the A-network of a standard

sound level meter at slow response.

According to the regulation, the noise level limit is 90 dB(A)} for
an eight hour per day exposure over a working lifetime. For noise levels
lower than 90 dB(A), longer exposure times are permitted. The converse
is also true.
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By way of comparison, the A-weighted sound level: measured at three
and 10 feet from the vacuum pump gearbox operating at maximum speed (1,065
(1,065 rpm) were 86 dB(A) and 75 dB(A), respectively. Results of the
noise analysis are presented in Figures 23 and 24. Thus, operation of
the vacuum pump does not present a serious hazard to human hearing.
Since the pump operator is not required to spend a considerable length
of time near the unit, personal ear protective devices, such as ear plugs
and ear muffs, are not required.

A further evaluation of the pump noise levels at the sidewalk was
made due to the possibility of annoyance when the vacuum pump noise
interferes wlth speech intelligibility. The Preferred Speech Inter-
ference Level (PSIL) is a good guide to the interfering effect of an
intruding noise on speech.

The extent to which a steady continuous noise interferes with
speech communication depends upon the distance between the speaker and
ligtener at various levels of voice effort. The PSIL is the arithmetic
average of the sound pressure levels in the three octave bands, with
center frequencies at 500, 1,000 and 2,000 Hz. The interference levels
are for average male voices with speaker and listener facing eachn
other, using unexpected word material. It is assumed there are no

nearby reflecting surfaces thét aid the speech sounds.

The PSIL of the noise produced by the vacuum pump at the sidewalk
is 70 dB. The average person would need to shout to make himself under-
stood at a distance of six feet with the vacuum pump in operation. A
comparison of the PSIL produced by the vacuum pump (70 dB) and the PSIL
of the prevailing background noise in the area during normal traffic con-
ditions (54 dB) indicates that the average person would be understood
at a distance up to about six feet using a normal conversational voice

level with the vacuum pump off, as shown in Figure 25.
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EVALUATION OF RESULTS

Safety for Occupancy

The combustible gas concentration profiles, presented iu Figures 17
and 18, show conclusively that the system is providing and maintaining gas
concentrations at or near zero inside the barrier and in occupied spaces
under the least intensive operating mode. If careful monitoring confirms
that these conditions continue to obtain over a period of months, the
Aroory should then be free from explosion hazards and suitable for normal
occupancy and use. That adequate protection is apparently provided
1s best evidenced by the plot of percent lower explosive limit at all
inside monitoring probe locations before and after the start of the
system, as showm on Figure 18. Probes loceted inside the Armory (Probes
1, 2, 3 and 4) consistently recorded zero LEL readings throughout the
test period. Whereas combustible gas concentrations were uniformly above
100 percent LEL before the start of the system at all probes ocutside the
Armory, they dropped precipitously upor. start of the pumping process.

The sharp, but ephemeral, resurgence of gas conceniLrations at two outside
probes (Probes 5 and 9) after the initial drop, is attributed to the
arrival of gases that had previously moved under and beyond the Armory.
1t is expected that after all the exploesive gas on the protected side

is extracted there will be no more source of supply of gas, north of the
barrier, to give rise to any further such peaks. With the pumpage rates
of 160 to 250 scfm used, it is estimated that complete removal was accom-
plished in the duration of the test period.

A comparison of average combustible gas concentrations on both sides
of the barrfer at two depths, as shown in Figure 17, i{s revealing. Whfle
combustible gas concentrations at both depths (10 and 15 feet from the sur-
face) declined to zero on the protected side of the barrier, those on
the landfill side declined to values above zero. This trend is wholly
expected due to the continuous generation of combustible gas in the land-
f111l. The decline in concentration is due to admixture of propressively
greater amounts of air entering from the surface. This phenomenon also
explains the fastcr rate of decline of combustible gas concentration from
the shallower probes than {rom the deeper ones on both sides of the
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barrier. After several months, when equilibrium conditions are fully
establishcd, the average concentration of combustible gas from the probes
on the landfill side of the barrier-—-at any given pumpage rate—may be
used as an index to the approximate gas generation rates in the fill.

Barricer Effectiveness

While pgas concentration data help estarlish the cffective operation of
the system, pressure distributions reveal the degree of success of the
barrier, its extent of influence and the need, 1f any, for its improvement.
The "draw-down" curves in Figure 20 show the gradual lowering of pressure
(increasing negative pressures) at all points between wella, While a
minimal pressure drop of a few millimeters of water at the midpoint be-
tween wells would be sufficient to ascertain protection, 1.egative pressutes
of above 100 millimeters water obtained under Mod: Il operation of iLhe
barrier provide a very high factor of safety. The pressure decline over
the test period at the critical midpoint between wells is fllustrated
on Figure 21, The high negative pressures obtained virtually guarantee
existence of ubiquitous negative pressures throughout the length and devnth

of the construction barrier.

Extent of Influence of Barrier

A very significant question in the design of new burrier systems
is the radius of influence or wells along the barrier. Thic parameter
helps establish maximum spacing of wells, flow rates to be employed and,
in some cases, the need for a surface seal along the barrier. The extent
of influence of the barrier can be readily visualized from Figure 22 in
vhich declines in pressure are 1llustrated as a function of time from
the start of operations and distance from the barrier. Although only
the pressure readings at the deeper (20 feet) probe locations are shown,
the trends are the same for the shallow probes, albei. more pronounced.
It is evident from Figure 22 and from statistical analysis presented in
Table 12 that the influcnce of the barrier extends to at least Station
M8, approximatery 60 fcet from thc barrier. Thus, it may be rfurmised
that under existing flow conditions, a well spacing greater than the
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existing 67-foot interval may be permissible. Conversely, it is evident
that lower flow rates can be effective in providing the necessary pro-
tection with the existing spacing.

Noige levels

The pump motor does not present a8 hearing hazard and does not con—
tribute any additional neighborhood nolse at the property line, located
more than 50 iset from the pump., There 1s some noise at the sidewalk
directly in front of the pump, However, this should not present a pudblic
hazard because people are not expected to be working for long pexiods
in that area. The only person who would be clc e to the pump at any time
1 the operarcor. That person is not required to spend a considerable
length of time near the equipment during normal operation.

Power Requirement and Cost

The major component of the barrier system requiring power 1s the
motor driving the vacuum pump via the variable-speed sheave and pulley
system. PFower requirement for the pump was computed directly, using
actual wvoltage and curvent measurements during operation at the two extremes
of the pump spced range. Power reguirement for the gas analyzer sampling
pump is relatively minor. It was calculated using a similar procedure.
Unit power cost at the time of these computations was $0.0251/kw-hr.
The power required aud its cost at the two speed extremes are presented
fn Table 13.

Table 13. POWER REQUIREMENTS AND COSTS FOR GAS MIGRATION RARRIER SYSTEM

Puop speed, rpm

700 1050
Power, Cost, Power, Cost,
Unit kw $iyr kw $/yr
Motor 3.229 697 4.835 1,044
Analyzer 0.918 198 0.918 198
Totel 4.147 895 5.753 1,242
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Barrier System Cost

The total construction cost for the barrier system was $88,100,
vhich consisted of $64,400 for the barrier and $23,700 for the monitoring
equipment.

The itemized costs for various elements of the gas barrier system,
as constructed, are presented in Table 14, which also indicates the

corresponding estimated costs used in the evaluation of alternatives.

Table 14. COMPARISON OF ACTUAL AND ESTIMATED CONSTRUCTION COSTS OF
GAS BARRIER SYSTEM

Cost, dollars

Element Actual _________ Estimated
Gas wells 19,800 17,000
Manholes 7,380 6,100
Suction header, 8 in. 24,970 8,900
Vacuum pump 12,250 8,000
Monitoring system (23,700) -

Total barrier 64,400 40,000

The greatest discrepancy between actual and estimated costs is the
much higher (more than twofold) actual cost of the eight-inch dia-
meter polyvinyl chloride suction header. The higher actual costs in
all other elements of the system can be attributed to the high rate
of inflation that occurred between the time of estimation and the time
of procurement and constructilon.
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CHAPTER IX
TECHNIQUES FOR EVALUATING SOLID WASTE LANDFILLS

WITH REGARD TO GAS HIGRATION

MININIZING ADVERSE EFFECTS OF GAS PRODUCTION AND MIGRATIOR

Decomposition gases are a normal, expected consequence of land dis-
posal of solid wastes., Sanitary landfill procedures will necessarily
establish anaercbic conditions: consequently, provisions should be made
to control the mipration of the gases, particularly methane. Certain
precautions or provisions can be taken to minimize adverse effects by
proper site selection and by the design, construction and operation of
the sanitary landfili. In general, open burning dumps pose lesser pro—
blems from gas production and migration then do sanitary landfills since
dumps usually afford ample ventilation and organic content is reduced by
burning. lowevar, any buried refuse whether in a dump or landfill may
Pproduce gases which may migrate to and accumilate in structures.

Site Selection

To minimize gas production from landfilled wastes, they should be
kept as dry as possible. Consequently, the site for a sanitary landfill
should be selected so as to minimize entry of surface water or groundwater.
Locations with high elevation, low water table and adequate natural sur-
face drainage features are preferable, Sites should be selected so as
to be least affected by nearby development which would increase surface
runoff onto the landfill. To minimize effects of migrating gases, sites
should be chosen which are remote from neardby existing structures or from
likely future development on nearby land, The determination of proper
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separation between landfill sites and nearby development should be based

on engineering evaluations, including gas permeability of soils. Sites

in areas designated for open-space, recreational or similar nonconstruction
uses are generally perferable, although adequate barrfers can be constructed
to permit on-site or nearby development in some cases. Sites should be
selected so that the soil cover obtained on site will be sufficiently
permeable to allow venting of gases through the cover, yet not so permeable
that gases will easily migrate from the landfill periphery. Sandy solls
and those with voids and rocks, etc. are likely to have high permeability
for gas. Clay and similar soils would have low permeability. 1In general,
sites should be selected which require a minimal amount of construction
(such as surface drainage, barriers for gas controls, etc.) in order to
minimize costs.

Landfill Desi

A number of design features are important for the control of gases.
If natural surface~drainage features are minimal, the landfill design
should include a permanent surface drainage system to divert surface water
away from the landffll. If groundwater levels are high, a membrane or
other impermeable barrier should be required to exclude groundwater,
or wastes should be deposited above ground. The landfill's final grade
should be at least one percent to drain surface water without erosion
of landfill soil cover. Landfill-edge slopes should also be protected
against erosion. The operational plan should require adequate daily
compaction and covering of incoming wastes so that voids are reduced and
wvater entry during deposition is minimized. The area of solid wastes
exposed to precipitation should be minimized by limiting the size of the
working face. The design may also include installation of gravel-filled
trenches, membranes or other permeable barriers or areas of undisturbed
goil between waste deposits as natural barriers or vents (depending on
s0il permeability). The design should also stipulate the ultimate antic-
ipated use of the completed landfill. If construction is to be pernitted
on site or nearby, developers should follow construction precautions to

winimize potential for gas accumulation, Undisturbed areas of soil may
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be left for future building sites, utility conduits and roads. If soil
permeability permits extensive lateral gas migration, it may be necessary
to leave undisturbed an extensive peripheral area around each area where

wastes are buried, within which building will be prohibited or restricted.

Landfill Construction and Operation

It is fmportant that design and operational plans be closely follaurd
during operation r{ the landfill and that any deviations therefrum be
undertaken with caution and be recorded. In developing the landiill, it
is important to minimize the proportion of the site which will be subject
to receiving precipitation runoff and to conduct operations so that proper
grade and cover will be restored as soon as possible. Natural cover and
beneficial runoff characteristics should be retained as long as possible.
Every effort should be made to insure prompt, maximum compaction and
covering of the wastes within a minimal space. The highest and dryest
portion of the site should be reserved for the placement of 1liquid and
highly organic wastes, and thcy should be disposed so that surface drainape
will be awvay from the main body of the deposited wastes. Absorption
of liquids by spreading such wastes over the main body of drier wastes
will serve only to accelerate gas production therein, over a wider area.
Records should be kept on the location and character of special-waste
deposition areas such as animal carcasses, sludges, etc., so that unusual
gas-migration suspect areas will be demarcated. Such special-waste areas
should be located in those parts of the landfill where on-site or nearby
construction is least likely to occur. Such areas may be enclosed bv
impermeable or other gas migration barriers. Use of water for dust con-
trol should be kept to a minimum, and water should not be added to the
wastes to aid in compaction. Pre-construction of trenches and stock-
piling of cover materials should be minimized in order to reduce ponding
of water and interference with proper drainage. Portable pumps should
be used to drain ponded water rapidly, and finished areas of the landfill
should be regraded and additional cover applied as necessary to eliminate

ponding due to settlement and to restore cover integrity. TFinished areas
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of the landfill should be revegetated as soon as possible in order to

restore proper runoff, retain cover and stabilize slopes.

Ultimate Use

Development of the completed site should follow the designed plan.
The finished site should be recorded in property records with a proper
description of its conversion from prior condition to finished landfill,
its intended use, zoning and use restrictions. Until ultimate—use plans
are implemented, the finished site should be maintained so as to minimize
wvater entry. Such maintenance will possibly include regrading, filling
or revegetation of the site and the maintenance of surface or subsurface
drainage.

GAS MONITORING PRACTICE

It has not been common practice to design or install svstems at
solid waste land disposal sites to detect or to measure the concentration
of decomposition gases escaping from the surface of the landfill or
migrating into adjacent areas. It has been shown that for landfills where
initial or subsequent moisture in the wastes is limited, production and
migration of gases will be relatively low and the need for monitoring
gas migration will be minimal. Many landfills, particularly those con-
structed wholly or partially above original ground level, will have one
or more edges, plus the landfill surface, exposed to the atmosphere,
and monitoring will be required only where migration through adjacent
soils will likely occur,

NEED FOR GAS MONITORING

For landfills where peripheral venting systems or barricrs (active
or passive) have been installed, monitoring needs will be minrimal, and
consist primarily of checking the effectiveness of the venting system

or barriers. The principal need for monitoring will be at those landfills
vhere:

(1) field saturation of the landfilled wastes occurs or is expected
to occur at any time,
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(2) subterranean utilities are installed nearby,

(3) buildings or other structures are constructed on or near the

landf11]l (dependent on gas permeability of the soil),

(4) permit requirements or regulations require monitoring for

migrating gases, ov

(5) the landfill surface cover permeability iIs reduced by paving
or other sealants, either during operation or following land-
fill closure.

Monitoring would not generally be required for landfills where
ultimate use will be for open space, agriculture or other uses where
utilities or enclosed structures will not be required. Suitable pre-
cautions should be taken, however, when and if utilities or structures
are installed and in any instance where site-use plans are modified to

uses which require on-site or nearby construction.

Those landfills whose cover materials are of high permeability will
likely have high permeability so0ils adjacent, 1f the cover material was
obtained on site. Hewirtheless those landfills where adlacent solls are
highly permeable to gas flow are most in need of monitoring. Even
though the landfill will likely vent gases rapidly through the permeable
cover, surface water may easily infiltrate the cover to expedite pas
production. Periodic saturation of the soil cover will at least period-
ically reduce cover permeability for brief periods, possibly resulting
in brief subsequent episodes of lateral gas migration. Consequently, pas
wonitoring will likely be most important following heavy precipitation
episodes,

In those instances where landfills have highly permeable soil cover
but relatively impermeable surrounding soils cr impermeable barriers,
there will bSe winimal need for gas monitoring.

It has been noted that landfills will produce decomposition gases,
particularly methanc, for 30 to 40 years. Also if conditions change,
such as introduction of groundwater or surface water, so that moisture

increases occur in a formerly dry landfill, gas productiocn may be
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reinitiated. Consequently, it cannot be safely assumed that a vintagpe
landfill will no longer produce gas, and some form of monitoring or sur-

veillance may be required indefinitely.

PHYSICAL OESLRVATIONS

The operator or manager of a solid waste land disposal facility, or
those examining a site with regard to ultimatc use or nearby construction
can, through observation of some physical features, sometimes gauge the
potential for gas migration or detect signs of gas migration occurring.
Recording of such observations during the active lifetime of a sanitarv
landfill will provide some guidance to future development of gas migra-
tion problems. Physical observations, performed without dependence on
expensive instruments, may serve as an early warning of potential problems
from gas migration which can be followed up with instrumented surveil-
lance. Early warning signs of potentlal prohlems include cbservation
of unusual settlement, effects on vegetation, occurrence of gas in severs
or other subterranean structures (which may require instrumented sur-
veillance), odors or gas bubbles in water accumulations. Observations
on these phenomena at the Link Road facility, as related to gas production

and migration, are notad in the following sections.

Settlement

¥hereas the surface of the Link Road landfill is generally flat,
a number of random undulations occur throughout, indicating that local
settlement has occurred. Over most of the landfill, the settlement
observed was similar to that occurring In most landfills of its type (i.e.,
moderate but not extensive). Two specific areas of extensive and dramatic
settlement were in the area just back of the Armory where wastes were
deposited along a steep natural bank and in the fire training area. The
peripheral rocad is undulating, indicative of settlement throughout. Just
above the lower peripheral road, large depressions were overgrown with
cattails (a water-loving plant) and after rains, all depressions held
water for long periods of time. Similar cattall and water-filled areas
were noted just north of the concrete slab back of the Armory. Extensive
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cracking of the soll cover was noted in the fire training area and in
8 line paralleling the bank crest back of the Armory, indicative of

settlement and local Infiltration of surface water.

After new cover was applied in the summer of 1973, it was noted that
rapid settlement was continuing back of the Armory and that a erack was
re-established along the bank crest.

Settlement plates placed throughout the £ill were lost when the new
cover vas placed, and only a minimal amount of settlement was noted for
the fev months they were in place. The landfill is settling slowly in
general, but rapidly in a few locations, The settlement areas are gencr-
ally characterized by relatively nigh comb_gtible gas concentrations.
The rate of settlement immediately prior to the Armory explosion and the
effect of settlement in increasing gas migration at that time could not
be established. Obviously, the rate of settlement in the fire training
area and in the area back of the Armmory is much faster than nearby areas
of the landfill.

As at Link Road, rapid-settlement areas in most landfills are often
thogse where the highest gas concentrations occur. Where settlement is
the result of rapid decomposition of wastes in the immediate area, rapid
gas evolution is to be expected and its migration through nearby solls
results both from internal pressures caused by shifting of the mass and
from increasing gas pressure, Additionally, channels may be created
through disruption of cell integrity, soil~cover displacement and erosion
processes by surface water entry through which gas escapes readily. These
processes are likely all combined in the Link Road landfill's Eire train-

ing area.

In the settlement area back of the Armory, the deposited wastes are
not likely to produce gas at as high a rate as those in the fire training
area because the wastes placed near the Armory were less putrescible.
Consequently, the settlcment ig likely due to physical causes, primarily
the sliding of the wastes down the natural slgpe, hastened by the entry
of water from ponding and cracking and the weight of additional cover
material. From these observations, it can be confirmed that settlement

122



arcas in landfills arc likely locations where gas is rapidly being gen-
erated or gas migration is being hastened and abetted by physical pro—
cesses, In cither situation, observations of settlement are a means of

discerning locations of high gas migration potential for further observa-
tion.

Visual features associated with settlement areas include, in addition
to the differences in elevation, which may not be apparent for moderate
settlement, specific types of vegetation and surface cracking. Water-
loving vegetation such as cattails may grow in settlement areas which
frequently hold water. In grassy areas, grass docs not grow in the
immediate vicinity of the crack so that cracks in the soil cover are
readily visible when the grass is short and dormant but are less visible

when the grass is long or growing vigorously.

Vegetation

A preliminary assessment was made at the Link Road landfill of the
potential for visual effccls of gas damage to vegetation serving as a
monitoring aid for detection of gas migration. A report of this assess-
ment is included in Appendix B.

Vegetative growth at the Link Road landfill was heterogeneous but
had no apparent correlation with areas of high or low gas concentration
(neither was tliere a discernable pattern of gas concentration at the land-
£111 surface indicating consistently high and low pas concentration
areas). Vegetation at other landfills in the area was either too sparse
or too recently established to permit meaningful observations.

Arecas peripheral to the Link Road landfill where gas data were avail-

able were not vegetated, being covercd with either asphalt or crushed stone.

The one area where visible effects on vegetation were noted was in
the fire training area. It appears that in the immediate vicinity (one
to two inches) of a crack from which pas is emerging, vegetation does
noi grow. This effect may be due to the drying effect of the gases in
the grass' root zone. On either side of the bare area along the cracks,
the grass appeared to be growing well, with no gradation in color or
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growth rate being observable., Grass (fescue) at the Link Road landfill
is apparently not a sensitive vegetative indicator of gas migration.
Nevertheless, plantings of grass on the perimeter of a landfill and into
adjoining areas might aid in increasing the visibility of any crdcks or

openings in the surface from which gas may be emerging.

In some areas, it has been reported that certain ornamental plants
have been killed by gas migrating from landfills and that it is difficult
at some landfills to maintain grass cover or plantings because of gas.
The potential for gross observation of effects on vegetation to serve

as an indicator of gas migration remains undefined.
Other

It has been noted in the literature that at some landfills, bubbles
of emerging 2as can be noted in surface-ponded areas after a rain. This
phenomenon was noted by one observer at the Link Road landfill in the
ponded water filling settlement depressions in the fire training area.

In general, occurrence of a local strong concentration of odor might
be taken as an indicator of gas migration, but it would likely be difficult
to distinguish the precise location or to gauge the concentration. Methane
is odorless and could not be detected in this manner. Other gases may
lose a characteristic odor on passage through soil. No localized odor
concentrations were noted in the proximity of high gas concentration areas
at the Link Road landfill, or from cracks where gas was known to be emer-
ging at high concentration.

The detection of gas by physiological response is unreliable. While
a premonition of gas accumulation in the Armory's supply room was evidenced
by occupants' citing "odors" and "choking" sensations, such phenomena

could not be verified by observers.

At some landfills, pipes fitted with burner devices have been in-
serted through the cover and gases have been flared. Such devices in-
stalled in nearby soils might indicate, by ignition, the presence of
relatively high combustible gas concentrations, but a periodic ignition
source would be required. Burning of emerging gas is less effective than
barriers as a means of curtailing gas migration.
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INSTRUMENTED SURVEILLANCE

Gas concentrations at the Link Road landfill vere determined through
instrumented surveillance, taking gas samples from installed probes.

A review of these procedures and findings follows,

Gag Probe Layouts

A series of probes were installed at the Link Road landfill and at
two other landfills in order to determine gas concentrations. The probes
were of the Los Angeles type (Reference 23), consisting of a short length
of perforated plastic tubing attached to small-diameter plastic tubing.
The probes were placed at various depths (1, 10 and 25 feer, normally) in
six-inch diameter holes at varilous sampling locations, and the holes were
back~filled with soil “between probe placements) to the ground surface.
Each probe tubing lead was marked according to probe depth. For the
earlier studies, probes were established around the Armorv. Later, addi-
tional sampling locations vere installed on a grid patter, extending
several hundred feet outward in the landfill. In manv of these locations,
water was encountered uvithin two to three feet of the landfill surface.
Upon installation of the gas barrier, additional sampling locations were
established on either side of the barrier. In addition, well-point-type
probes were established inside the barrier and connected to the gas mon-
itor. Four occupied-space interior probes were connectsd to the monitor
installed inside the Armory. The various probes and their locations are
described in Figures 5, 6, 14 and 15.

In order to determine pressure differentials in the goils along the
barrier and between wells, 10 sampling locations (Figure 15) were estab-
lished along a portion of the barricr back of the Armory supply room.
Probes were established at two depths at each location, and pressure

readings were taken by use of a mobile manameter (Figueve 1€}.

Instrument Use

Two portable coubustibl pgas detectors (J-W Gas Kit, Model HPK) were
uged to determine gas concentrations from the probes at each sampling
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point. This instrument is calibrated to show combustible gas concen-
trations in percent by volume in air. 1In use, the operator inserts

the instrument's metal probe into the probe tubing at the sampling point
and permits the instrument's vacuum pump to evacuate the tubing until

a proper sample is obtained. The steady-state concentration reading is
recorded for each probe and sampling station. During the studies, concen-
trations were .determined daily in some instances, and at weekly intervals
on others. The instrument was calibrated against standard gases and was

checked for "zero'" (atmospheric) readings frequently.

In addition to the gas concentration data obtained by use of the
portable gas detector, samples were also analyzed by gas chromatography.
Samples were cbtained from the probes by using evacuated flasks connected
to the probe tubing, following evacuation of the tubing with the portable

instrument's vacuum pump.
SIGNIFICAKCE OF FILDINGS

Sampling Pattern

The distance between sampling stations ranged from about 10 to
over 100 feet. The original series was dispersed in accordance with
the need to establish gas concentration profiles around the Armory, with
closest spacing nearcst the Armory supply room. Outlying sampling
points were established to determine concentrations in presumed high gas
areas (such as those in the fire training area) or to determine the
boundaries or extent of gas migration potential., Shallow probes of one-
foot depth were established to determine if gas was emerging through the
sofl surface, whereas the decep probes werc established at the approximate
level equivalent zo the base of the landfill.

In general, the concentrations at the lowest probe of a sample loca-
tion were highest while those at mid-depth were somewhat lower, Concen—
trations at the one-foot probes were erratic and are considered unreliable.

Gas Migration

Typical combustible gas concentration profiles are shown in Figures
6, 17 and 18.
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Gas concentrations in the landfill were generally omnly slightly
higher than those in probes between the landfill and the Armory,
indicative of the relative ease with which gas migrates through the
peripheral soil, Concentrations above the LEL were noted in the parking
lot northeast of the Armory at considerable distance from the landfill;

but north of the Armory, concentrations wvere at zerc levels.

The findings indicate that gas migrates readily to the Armory and
at considerable distance from the main landfill across the former incin-
erator-residue area. Where the gas apparentlv encounters undisturbed
soil, as at the northern boundary of the fire training area, the undis-
turbed solls near the front of the Ar.ory and the parking area southeast
of the Armory, it is more rapidly attenuated. These areas, however, are
at considerable distance from the landfill boundary, and attenuation may

be attributed as much to distance as to decreasing soil permeability.

The pas samples consisted primarily of methane, as the gas chromato~

graphic analyses attests (Tables 10 and '1).

Gas production and migration from the Link Road lardfill continues
year-yound at a singificant rate, though it is steadily declining. At
the present rate, significant gas production may continue 10 years or
pore. Seasonal variations in gas production and migration have been
noted, with peaks occurring in February or March and declining th.ough the
summer months to lows in mid-winter. Combustible gas concentrations in
the 40-percent range are still occurring near the landfill boundary, and
explosive-concentration accumulations are a potential for years to conre,
There appears to be a short-range increase in gas migration occurring
after rainfall episodes; consequently, there fs a need to be concerned
wvith gas migration problems at this aite on a relatively continuous basis.

The Link Road landfill seems to have the following characteristics,
wvith regard to gas migration and explesive hazards:
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(1) the landfill is largely saturated and is producing methane gas
steadily with both seasonal peaks and periodic increases

following precipitation episodes;

(2) <as migrates readily through the soil to nearby structures,
due to high gas permeability of the intervening soil;

(3) major structures are in close proximity to the landfill or
are built on site and until recently have had no means to

prevent gas entry;

(4) major settlement is continuing to occur in areas of the
Jdandfill closest to strictures and permeable soil strata; and

{5) ‘gas mizration appears to be attenuated below the LEL within
200 feet of the landfill boundary when passiung through un-
disturbed soil.

It appears likely that despite the high production of gas at this
site and the relatively permeable nature of the soil, normal building
construction could have been followed for structures built om natural
.ground 100 to 200 feet from the landfill boundaries (though not on the
incinerator~residue portion).

GAS DETECTION
Observatfons in Subterranean Structures

In retrospect, the occurrence of the flash fires in sewer drains
and roof gutters could have served ss adv-nced warnings of gas migration.
In fact, the fires in the sewers of the fire training area were assumed
to be associated with the entry of landfill gas. Occurrence of gas in
sanitary sewers, as noted in a later investigation, is less definitive.
Rapid settlement ir both heavy-settlement areas was noted, but its possible
relation to lateral gas migration was not suspected. There were no ob-
served effects on vegetation indicative of gas migration or of gas bubbles
in ponded water.
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Physical Phenomena

At this site, physical phenomena related to gas migration were
either not of sufficient magnitude, could not be properly observed or

were associated with factors nct related to gas migration to the Armory.

Instrumented Surveillance at Shallow Depths

It has been suggested that sampling for gas with a portable instru-
ment at shallow (1 foot) depths in the soil adjacent to a landfill boundary
could serve as an early warning of gas migration. The erratic nature
of data fron the one-foot probes in the initial gas sampling network
indicates that this is an unreliable procedure per se. It was observed
that any sampling from an unclosed system wherein air may be entrained
with the gas sample gives erratic results. Any such system should be
based on the sampling of permanently installed probes installed at least

three feet below the surface.

Sampling Patterns

The placement of sampling stations to monitor gas migration should
be based on some knowledge of the soil permeability. If gas permeability
tests of peripheral soils indicate low permeability, it would probably
suffice to place sampling stations at 100~foot intervals along and 25
to 50 feet from the landfill edge. At landfills adjoined by highly per-
meable soils, stations should be at 50-foot intervals or less with a second
1line of stations 100 feet from the landfill edge. The nature and extent
of the pattern will depend in large measure on the pas permeability of
the soil ard proximity of the facilities to be protected. Intervals
suggested herein are admittedly arbitrary. At landfills where peripheral
soils are relatively impermeable, it might only be necessary to install
monitoring probe networks in the near vicinity of areas of the landfill
where high gas production is anticipated (i.e., wet-waste disposal, sludge
disposal, animal carcass disposal, etc.). In gpeneral, vhere the likelihood
of gas migration is greatest and the resultant hazards are most significant,

the gas monitoring network should be of greater sophisticatio..

129



ROUTINE OBSERVATIONS

Relatively simple observations should be required of landfill oper-
ators. to provide carly warning of potential gas migration. These include
recording:

(1): occurrence of rapid or extensive settlement;

{2) occurrence of extensive cracking in landfill cover or nearby
soils;

(3) occurrence of vegetation browning or die-off in peripheral
areasj.

(4) concentration of odors;
(5): occurrence of. flash fires or minor flares on or off site; and

(6). occurrence of bubbles in ponded water on:landfill periphery.

INSTRUMENTED OESERVATIONS AND RECORDS

If. any of the crude observations or a combination thereof indica‘es
that gas migration may be occurring, landfill supervisors should institute
surveillance based on use of portable gas detectors and relatively shallow,
but’ pernanentilly installed, probes. This should include:

(1) installation of a.suitable probe network in the suspect areas,
probes being established at least three feet deep; and

(2) sampling and recording combustible gas, using a portable gas
detector, according to the following schedule:

(a)! weekly, during spring and early summer;
(b)) daily followir aseavy precipitation; and

{c)} at regular two-week or monthly intervals during winter
and fall months.

FOLLOW-UP GAS:MONITORING

If concentrations are found near the explosive range, additional

probes, placed at 10— to 15-foot depths will aid in determining the extent
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and range of gas migration. The range of probe placement should be ex-
tended 1f gas concentrations continue to occur at the outer edge, in order
to determine extent of migration. If levels continue or are in the high
range, it will be necessary to consider barrier installation or prohibi-~
tion of construction within the near vicinity of the landfill.

GAS MONITORING INSTRUMENTS

Relatively simple, low-cost portable gas detectors are available
which indicate presence of combustible gas and are calibrated to read
gas concentrations in percent of the lower explosive limit (LEL). Gas
readings near or in excess of the LEL (5% by volume of methane in air)
would indicate the possible necessity of follow-up monitoring, using a
wore expensive portable instrument calibrated to read higher combustible
gas concentrations directly in percent by volume.

Instruments of this type are commonly used by utility companies, pub-
lic works departments and fire departments. Arrangements could probably
be made with such agencies for routine wnonitoring and reporting of gas
concentrations in subterranean facilities near landfills.

Gas sanples can be taken from inexpensive subsurface probes in
evacuated flasks for gas chromatographic analysis in commercial labora-
tories. Many water zand sewer department laboratories can perform such

analyses at minimal cost.
SUMMA

In summary, careful selection, design and operation of sanitary land-
fills will usually minimize gas production and migration. Gas production
and emergence through soil cover is to be expected in a sanitary landfill,
but on-site or nearby structures should be protected from gas migration
or accumulation by structural features, distance or by passive or active
gas barriers.

During landfill operation, careful observation and recording of
physical features such as settlement, damage to nearby vegetation, flash

fires, odor occurrences, pas in subterranean facilities, etc. will provide
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early waming of potential pas migration. Use of portable gas detectors
to saople combustible gas concentrations from pemmanently installed probes
can verify gas migration problems, and follow-up monitoring with more
sensitive instruments will aid in the decision to control gas migration

or restrict use of the area of gas migration.

Observations at the Link Road landfill verified the utility of settle-
ment and subterranean-facility gas determinations as indicators of gas
problems but did not afford opportunity to verify utility of vegetation
effects as a gas migration indicator. Shallos sampling of soils with
a portable gas detector is unreliable. Probes three to 10 feet deep
will provide. reliable indication of gas movement. Gas production and
migration at the Link Road site peaked in the spring months, declined

through the summer and increased through the fall months.

Monitoring of landfill gas migration should be based on soil permeabil-
ity, proxinity of nearby structures and knowledge of the location and
extent of high gas production areas. In some landfills, monitoring may

be restricted to known high gas production areas.
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APPERDIX A

COST ESTIMATES FOR FORCED VENTILATION, NATURAL

VENTTLATION AND IMPERMEABLE MEMBRANE GAS CONTROL SYSTEMS
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PRELIMINARY COST ESTIMATES FOR PORCED

VENTILATION GAS CONTROL SYSTEMS

(dollars)
Low-flow Low~flow
High~flow system with- system with
Iten system out seal seal
18 Gas wells”
Construction 13,500 13,500 13,500
Butterfly valves 2,500 2,500 2,500
Fittings 1,000 1,000 1,000
Precast boxes 6,100 6,100 6,100
Suction header
Pipe, fittings, etc. 8,900 2,500 2,500
Vacuum pump & fittings
Pump, valves, electrical
panels, flame traps,
etc, 16,000 8,000 8,000
Surface seal - — 36,000
Contingency 4,000 4,000 4,000
TOTAL 52,000 37,600 73,600

81ncludes 15 wells in the main branch and three wells in the small
branch of the gas control systLem.
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COST CALCULATIONS FOR NATURAL VENTILATION AND

*
IMPERMEABLE MEMBRANE GAS CONTROL SYSTEMS

ASSUMPTIONS

The following assumptions were made for calculating capital costs

of the natural ventilation and impermcable membrane gas control systems:

(1)
(2)

3

(%)

(5)

(6)
N
(8)

A dragline can excavatc 81.6 ydslhr at the rate of $45/hr.

A 20 feet dcep trench 2 feet wide can be cxcavated for the

natural ventilation system.
Gravel.will cost about. $2.25/ton delivercd on site.

A side slopc of 1.5 vertical to 1 horizontal will be re-
quired for impervious membrane trench when clay is used

as the barrier material.

The impervious membrane will consist of a dry core 2' feet
wide and 20 feet dcep.

Clay will cost $4.25/ton declivered on site.
3
Clay tamping will cost about $0.80/yd .

Clay and gravel have a density of 2.20 ton/yds.

COST BREAKDOWN

Natural Ventilation System

Excavatfon cost = ¢ 800
Gravel matcrials = 7,400
Other costs - 1,800

Total cosats. $10,000

* Costs. will. vary somewhat, by locai:i’gn



lmpermeable Membrane

Excavation cost a § 6,200
Clay matcrials = 14,000
Clay tamping - 1,150
Other costs = 3,200

Total costs $24,550

VOLUME CALCUIATIONS

Natural Ventilation

1,000-foot trench x 20 fecet deep x 2 feet wide = 40,000 ft3

3
Trench volume = 1,480 yd

Impermeable Membrane

1,000-foot trench x 20 feet depth x 15.32 fect average width
for side slope of 1.5 vertical to 1 horizontal

Total volume = 306,400 ft> = 11,400 yd>

Clay volume = 40,000 [t3 =- 1,480 yd3
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APPENDIX B

EVALUATION OF EFFECTS ON VEGETATION
REGARDING SANITARY LANDFILLS AT WINSTON-SALEM, NORTH CAROLINA
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Report

to Engincering-Scicence, Inc.
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Derailed Work Plan
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Evaluation Effects on Vegetation
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Winston-Salem, North Carolina

19 April 1973

Cayther L. Plummer, Ph.D.
995 Timothy Road
Athens, Georgia
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The purpose of the work plan was to "Obtain anda Review Data on

Effects cf Gas on Vegetation."

A general _erusal of the work plan gives the initial impression
that the project is well conceived, well organized, having clearly de-
fined objectives, good control characteristics, and the problem to be
solved is simple, straight forward with potentially clear-cut results.
The problem looks challenging partly because the nature of the objec-
tives have an intriguing origin and partly becausz the concept of
identifying sentinel plants to indicate an impact of mankind on the

environment is relatively underfined,

The work plan calls for the derivation »f diversity indices to
relate to gas potentials and to effects on sentincl plants. This part
of the work plan seemed to havc some inherent difficulties built into
it having been designed without first-hand knowledge of the way di-
versity indices are iaterpreted bured upon field conditions. To
devise the indices would be 710 problem, but to relate the meaning of
that information te the objectives of the project are obstacles that

appeared to be difficult to achieve.

A trip to Winston-Salem, North Carolina, and to the landfills
was undertaken in conjunction with a student in the Botany Department
at the University of Georgia to determine the feasibility of completing
the work plan to the satisfaction of Engineering-Science, Inc. We
went on the weekend of 6-8 April 1973. A day and a half were spent
in the field. Both the Link Road site and the Overdale sites were

visited under the guidance of Mr. Robert Davis.

Communications with Engineering-Science, Inc, advised me that
methanc gas was a principal component of those emitted from the old
city dump. A very brief search of the literature revealed also that
carbon dioxide, hydrogen, sulfur dioxide, and hydrogen sulfide were
among the possible kinds. The effects of gas on vegetation would be
complicated, therefore, by mixturcs of gases of unknown composition
and of unknown concentrations. At . he site it was easy to learn that

age of the fill and time differcncc~ in decomposition rates were added

complications. 142



The soil was cracked in placed, sometimes around subsidence pits,
so gases {mmerged from place to place according to the distribuvtion

and kinds of subterranean materials,

Vegetation on the old city dump also varied from place to place.
Some was of the onec-ycar-old abandoned field type, that is crabgrass
and ragweed stems. Others were of the six- to eight-year-old field
type--Colden rods, Asters, ctc. Yet others, wetland Cattails, and
dryland Broomedge grass, grew side by side--an unnatural situation
brought al >ut by physical changes in the level of the land. Diversity
indices related to site quality are not meaningful indicators of effects

of gas on vegetation,

Gas oozed from paols of water in the pits as out body weights
shifted from place to place. It became conclusive, therefore, that
changes in atmospheric pressure of one inch could change the load
factor on gas emission by approximately two tons in a pit covering about
300 squarc feet. This means that cloudy weather and a pressure drop
would probably cause gases to accumulate internally whereas sunny skies

and high pressures wvould cause thesc gases to be forced out.

Soils differed greatly within onc square meter. Some places the
clayey soils were tough cnough to exclude all root penetration; in
other places the sandy soils allowed good plant growth. Chalky alkali
sites evidently excluded some species. High nitrogen places occurred,

as did nitrogen-deficient sites.

Within the chain-linked fence at the Link Road site, the fescue
grass was growing poorly in some places and excellently in others. It
seemes to have been planted uniformly. It also scemed to have been
affected by poor growth in a small area where odors of certain gases
were almost suffocating to us. Bermuda grass, however, grew very well
where fescue did not. The ground was cracked in placed, odors came
from the cracks, and all grassces within four to five inches on each
side of the cracks were dead. This small situation (and there were
scveral lines of such features) was the only place in which vegetation

was obviously affected by something that came apparently from the cracks.
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Otherwise, there was absolutely no doubt that soil textures and fertility
were responsible for most other variations in the vegetation. The cer-
tainty of harmful effects of gas along these cracks cannot be demon-

strated clecarly without further study.

One plant, the Chickweek, was yellowed in certain situations but
not in others. Careful examination showed that the lower leaves were
in fact dead., Other lcaves had yellow spots on them similar to such de-
fects as those caused by sulfur dioxide in other plants. This sign of
yellowness suggests the possibility of a sentinel plant. Because the
manifestations were very localized and not widely spread raises some
doubts about the recal indicator values of such "effects."” There is no
doubt in my wind that other plants can be affected similarly, and
probably are. But the interpretation and meaning of these facts must
be tested under experimental conditions before any useful indicator
values of sentinel plants can be suggested more particularly. To com-
parc these effects with concentrations of gases in the ficld would be
nearly impossible, especially without knowledge of the way in which a
single kind of gas injures a plant species. The hopeful thing about
all this is that detrimental cffects do occur, but they do not seem

to be widely spread.

The assumption all along seems to be that detrimental effects are
the chief manifestations of gas concentrations. Perhaps this stems Erom

Crocker's bood GCrowth of Plants in which the affects of gases on plants

are trcated as extensively as was knowledge about the subject until
1948. On the other hand, beneficial effects could be possible because
methane fumes are known to stim:late the growth of potato buds (sece
Biol. Abst. 1972, item 33720). Marsh gas, of which methane 1if the prime
constituent, is commonly associated with plants. No doubt many plants
have become quite tolerant to methanc. Hydrogen sulfide is not really
very toxic to plants, but it is to animals. A very good possibility
exists that the vegetation on a sanitary landfill, or any old dump,

could be enhanced in places by the totality of the local environment.
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The Overdale site is a marvelous example of what landfills ought
to be. The fescue plantings added acceptability of the site. That
grass did have several unusually green patches growing here and there--
probably from dung piles dropped by stray dogs, perhaps urine spots,
etc. In gcneral, the grass looked nitrogen deficient, but uniformly
so. Obviously, the site was morc homogencous than the old dump. No
detrimental conditions were outstanding. The question was raised:

What sentinel plants would indicate gas at different concentrations
here? The assumption was cither that gases would ooze from the ground
uniformly, or that they would move laterally and come out near some

pre-existing barricr.

A scarch for such a plant is underway. Perhaps one can be found,
such as Chickuvecd, but it is more likely to be an annual rather than
a pecrennial; it would probably be a temporary rather than permanent
resident on the site; and it would be seasonal in its responsive indi-
cator qualities. When that plant, o plants, arc found then growth
responscs arc nceded to indicate scnsitivity to specific concentrations

of a particular gas causing the effects.

In this case a chemical indicator of gas scems to be more feasible
and more rcliable than indicator plants. Plants have more variability
in growth characteristics to be cqually valuable and equally reliable
all year long. Actually, several specles would be necessary to func-

tion as sentinels regularly.

In summary, therc is no doubt that vegectation, or plant species in
particular, can be affected efither detrimentally or beneticially by en-
vironmental conditions within an old city dump. To relate any affects
to the natural gases f.om anacrobic acration within the soil, and to
separate cffects of gases from other cffects induced by soil conditioms,
would be esscntially a major undertaking involving rather rigidly-con-
trolled site conditions. The expense of searching for sentinel plant
specles, followed by the testing of suspect populations, and the actual
use of them in a realistic set of field conditions requires time and
efforts that might wcll be spent in scarch for a cheawnical indicator

whose reliability is more certain, dependable and enduring.
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