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A laboratory testing program was undertaken to evaluate the feasibility of using digital image
analysis technique to track deformation of geosynthetics during tensile testing. The techniques
developed 1n this study offer great potential to identify localized deformations in geosynthetics.
The technique can be used in understanding the grip efficiency, quality control of manufactured
products or determination of boundary conditions in geosynthetics under tensile loads, which
may further be used in development of constitutive models.

INTRODUCTION AND EXPERIMENTAL PROGRAM

Geosynthetics are expected to offer certain mechanical properties that will provide satisfactory
performance when exposed to field conditions. Among various properties, strength is one of the
most important ones in reinforcement applications, and wide-width tensile test is commonly used
to determine strength (Koerner 1997). Primarily, the stress-strain behavior and strength
properties determined from this test are defined at a particular strain or elongation level and
strains are usually calculated on average basis for the entire specimen. The accurate
determination of the deformation (therefore strain) zones is necessary particularly for quality
control/quality assurance (QC/QA) evaluation of these materials. Due to limitations in the
current test methodologies, these zones usually remain undetected in the wide-with tensile
testing which results in incomplete characterization of mechanical performance.

There are various methods used to measure strains, i.e., extensometers, strain gages, laser beam
and infrared sensors, but with certain shortcomings as they cannot accurately define complete
strain fields. Disruption of yarns or filaments on a geotextile by use of extensometers and strain
gages 1s common, while all devices including the laser beam and infrared sensors, give only
average strain along a selected gage length on specimen surface. Image-based methods, often
termed as optical flow or particle tracking techniques, have the potential to define the strain
zones in a geosynthetic during the tensile testing. As these techniques are non-invasive, they do
not suffer from the shortcomings of the existing strain determination methods and do not disturb
the specimen. Moreover, once the image-based method is developed, the model has the potential
to be used as a QC/QA tool during geotextile manufacturing and beyond.

A laboratory test program was employed in the current study to make automated image-based
measurements of strain in geosynthetics during wide width tensile testing. Specimens were
tested using both roller and pneumatic grips to identify the effects of clamping. The testing plan
included one nonwoven, two low strength woven, and five high strength woven geotextiles. The
woven geotextiles had a range of manufacturing styles including monofilament, multifilament
and yarn filaments (Table 1). The dimensions of the specimens were selected in accordance with
the ASTM D 4595. The selected strain rate was 11%/min for specimens tested in the hydraulic
grips. A strain rate of 12%/min was utilized for the specimens, when roller grips were used for



High Strength

Woven Geotextiles HW3 FY, PP 490 35.1 70.2
HW4 FY, PP 578 439 105.1
HW5 MU, PET 1907 316.0 632

Note: NW = Nonwoven geotextile, W = Low strength woven geotextile, HW = High strength woven geotextile,
NP= Needle-punched, PP = polypropylene, PET = polyester, MF = monofilament, MU = multifilament, FY =
fibrillated yarn, NA = Not analyzed.

were saved onto the hard disk and subsequently used for image analysis of strain distributions
developed within the specimens. Two image-based particle tracking methods, BMAD and
normalized cross-correlation (NCC), were employed to define the time-dependent axial and
lateral strains in geosynthetics. Kutay et al. (2006) describes the detailing of the testing
procedure and image analysis methodology.

RESULTS

Preliminary investigations indicated that both
with cross-head displacements (Figure 1). This
measured by both algorithms were also comparal
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itified localized strains in geosynthetics. One
primary advantage of the image-based methodology was to define the axial as well as lateral
strains. This 1s obviously not available through cross-head displacement determination method
generally used in wide-width testing. Figure 2 presents the lateral versus axial strains in selected
geotextiles. The clear advantage is that an estimate of lateral strain in a geotextile at a given
axial strain (e.g. design strain) can be made through these plots. These lateral strains can be
significant in testing of some geotextile, such as nonwovens. Figure 3 presents the observed
strains as well as displacements for the nonwoven tested in this study.
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leaks/defects after the installation of the geomembrane is completed. Spark testing of an
insulating geomembrane with an underlying conductive layer is the electrical leak survey method
in which this paper will be focused. Conductive Geomembranes typically include a 2 to 3 mil
thick coextruded layer of polyethylene containing a conductive carbon black on the bottom
surface of an insulating geomembrane which allows it to be spark tested for defects. The
advantage of the conductive geomembrane in regards to spark testing is that the conductive layer
1s in intimate contact with the geomembrane, and it allows the geomembrane to be 100% spark
tested 1n the field per ASTM D7240 (Standard Practice for Leak Location using Geomembranes
with an Insulating Layer in Intimate Contact with a Conductive Layer via Electrical Capacitance
Technique). This paper 1s intended to discuss the intricacies of field spark testing a conductive
geomembrane. It will include the equipment used and the calibration of the equipment for site
specific conditions. It will also discuss the process in spark testing the geomembrane and spark
testing underneath the weld flap.

INTRODUCTION

The purpose of geomembranes is to be containm
environmental and industrial applications. The d
and/or chemical properties of a specific geomem
their specific application. Geomembranes can b
subgrade conditions, installation, traffic, and cov
the prime material manufacturing state. Thus, er
alleviate and/or detect any damage to the geomer
geomembrane containment system.

The objective of CQA 1is to ensure that the liner 1

with the best possible workmanship, and within t

does not ensure a perfect lining system. If the lin

poorly designed liner is properly installed. There are several different methods to incorporate
CQA 1n to the post installation of a project to assure the quality of the geomembrane system in
an application. Visual inspection, destructive testing of seams, non-destructive testing of seams,
leak location using electrical potential which is performed with water/soil on top of
geomembrane, and the spark testing of a conductive geomembrane which is performed on an
exposed conductive geomembrane are some different techniques used as CQA of geomembrane
systems. This paper examines the CQA technique of spark testing a conductive geomembrane
using the capacitance effect on the geomembrane panels and the conductive geomembrane
underneath the fusion weld flap.



Geomembrane manufacturers use this type of electrical spark testing of synthetic polyethylene
geomembranes for defects during the manufacturing process. The next logical step was to then
take this proven technology from the factory to the field. This move was accomplished with the
development of a specialty coextruded geomembrane with an integral outer layer of conductive
material. A conductive geomembrane typically comprises of a 2 to 3 mil layer of a special
conductive carbon black (Figure 1) which provides the geomembrane with an intimate
conductive layer.

Figure 1: Coextruded Conductive Geomembrane Cross-section
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Figure 1: Coextruded Conductive Geomembrane Cross-section
SPARK TESTING

The electrical leak location test using the spark test of a conductive geomembrane containment
system can involve the spark test of two areas of the installed geomembrane system. The first
area 1s the spark test of each individual geomembrane panel between the fusion welded seams,
and the second area 1s the spark test underneath the fusion weld flap. The spark tests on each of
these areas are similar, but each test should be setup and calibrated separately. The spark test on
the wide geomembrane panel is typically done with brass brush electrode (Figure 2) that is
typically 4 foot wide. The spark test performed on the conductive layer on bottom of the fusion
weld flap is typically done with a conductive neoprene electrode (Figure 3) which is usually flat
so that it can slide underneath the flap.




One of these 1s that the material being tested — in this case a conductive geomembrane — acts like
a capacitor. A capacitor is an electrical device in which two electrically conductive materials are
separated by an insulating layer (Figure 4). By moving a conductive rubber ground pad with the
spark test electrode, the electrode acts like one side of the capacitor, the grounding pad-to-liner-
to-electrode acts like the insulator of the capacitor, and the ground pad is the opposing side of the
capacitor. A small current will pass through this “capacitor” even when no defect is present in
the geomembrane. This allows the use of a ground pad with a short cable to detect any defects in
the liner material. The spark testers used for leak location on conductive geomembranes
typically range from 15,000 volts to 35,000 volts with a sensitivity adjustment (Figure 5). The
range in voltage and sensitivity allows the operator to adjust the spark tester for the site specific
material and conditions.

— —— Upper Layer

/
/ —— Base Layer
—— Electrically Conductive Layer




until the entire surface of the geomembrane panel has been spark tested. Sometimes
engineers are concerned with potential flaws that may occur underneath the fusion weld
flaps where two different panels have been seamed. Unless the operator is able to get the
electrode within a few millimeters of the flaw it will not be detected. The GSE
conductive layer on the bottom of the flap solves this problem by propagating the high
voltage along the conductive layer beyond just the area directly touched by the electrode.
Because there is a loss in the conductive layer adjusting the sensitivity of the Holiday
Detector will allow the Holiday Detector to detect any flaw as far away as a few meters
or as closely as a few centimeters.

Pipeline Inspection Company’s Holiday Detectors, when used with a GSE conductive
liner, are typically adjusted to maximum voltage (about 35KV) and the sensitivity is
adjusted such that when the electrode is touched to the underside of the top layer of a
seam (the flap) a brief “holiday detected” signal may be received. This is due to the
“capacitor” becoming charged, thus more current is flowing. Once this effect is over the
“holiday detected” signal goes off. The operator now moves the electrode along the flap.
As they get near a flaw the “holiday detected” signal sounds. Once they have moved
beyond this flaw some distance the signal goes off. Midway between the signal first
sounding and then end of it is the location of the flaw. If this distance is too large to
identify the exact location of the flaw, then the sensitivity adjustment may be turned
down (less sensitive) and the area probed again try to find the exact location, or the
operator may just look under flap for a visual detection.



with a third party inspector overseeing the leak detection testing. The entire secondary
and primary liners were spark tested during the construction phase, and the primary liner
was spark tested a second time after all construction was completed. The electrical spark
testing of the pond located approximately 6 to 7 defects per acre in the double lined brine
pond. The defects were primarily on the secondary 40 mil conductive layer.

Spark testing of the individual geomembrane panels was performed using a grid system
agreed upon by the installer and third party CQA representative. Approximately 70% of
defects detected were on the individual panels that were due to dragging 40 mil
conductive liner over subgrade with gravel embedded into the subgrade. As the
geomembrane rolls were dragged over subgrade, the gravel would come loose and
mtroduce indentations in the geomembrane. These indentations were slightly thinner and
would trigger the spark tester audio alarm indicating a potential defect. About half way
during installation of the secondary liner, a protective geotextile was installed underneath
the secondary liner to solve this problem.

Spark testing of the conductive geomembran:
performed. Approximately 30% of the defec
and the defects were due to weld heat separat
the seams. The spark testing underneath the

One hurdle to overcome was the continuous i

spark testers on one end of the pond during s

Investigation was performed on the sensitivit

locations throughout the pond. The author n«

testing underneath the fusion weld flap work:

sensitivity adjustment. However, the author -

the pond the spark tester started producing fa

sensitivity of the spark tester to successfully lu.c et e coiie vmiaian 2 aie van,
explanation that was determined for the increase in sensitivity was the near location of a
high voltage power lines running parallel within 100 feet of the north end side of the
pond (See Figure 6). The conductive geomembrane was successfully installed and spark
tested and after one month of filling the pond with brine at level of 20 feet, no leakage
has been observed in the leak detection layer of this brine pond.



CONCLUBSION

Geomembranes are exposed to all types of ex
of a project. Therefore, a good CQA prograr
quality geomembrane system, and Electrical
post installation tests that help engineers achi
barrier system. The experience with the brin
numerous other projects have shown that spa
proven, successful technique for the location
Based on field experience, the author believe
by designers for all critical containment appls
important.
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Geomembrane leak location surveys using electrical methods have been used commercially for
more than 20 years. Leak location surveys are conducted on bare geomembranes, geomembranes
covered with soil, and geomembranes covered with water. Industry standards have been
developed for all the major electrical methods. Optimum leak detection sensitivity depends not
only on the proper performance of the survey itself, but also on the design of the liner system and
the proper preparation of the liner system prior to testing. The electrical method is used to detect
electrical current flowing through holes in the geomembrane. The liner system design and leak
location preparations should take this into consideration. Certain landfill liner designs can reduce
leak detection sensitivity and hinder the detection of holes. At the same time, the detection of
smaller holes requires special preparations and considerations. This paper discuses a total
approach to geomembrane CQA from design to pre-construction preparation to leak location
field surveys, and makes specific recommendations for enhanced geomembrane leak detection
performance.

GEOMEMBRANE CQA PROBLEM ANALYSIS

More than fifteen years ago, geomembrane construction quality assurance guidelines were
written to perform tests of the material suitability and physical properties of the geomembrane
and to perform destructive testing of geomembrane field seams. These guidelines were
incorporated into regulatory requirements, and the geomembrane industry had their “marching
orders.” Soon after that, the industry realized that landfill leachate had negligible effect on the



suitability are factors to consider, the CQA guidelines have completely disregarded the problem
of holes in the geomembrane. Holes in installed geomembranes have always been a problem.
Geomembrane leak location contractors have found tens of thousands of leaks in geomembranes,
and the contractors have typically tested only a very small percentage of the geomembrane being
installed. Landfills with regulatory CQA had 4.2% of the leachate leaking through the primary
geomembrane before the leachate could be pumped off the geomembrane (Tedder). Construction
damage while emplacing protective earth materials on the geomembranes is the major quality
problem. One leak location contractor reported that 73% of the leaks were caused by
construction activities (Nosko). A momentous consideration for installations where an
underlying geosynthetics clay liner (GCL) is used instead of a thick compacted clay liner is that
construction damage that causes damage to a geomembrane will most likely also breach the
GCL.

Electrical leak location surveys have been used for more than two decades on a variety of single
and double lined facilities — from farm ponds to hazardous waste landfills. The methodology and
results of the methods have been described in the technical literature including Laine (1989),
Laine (1993), and Rollin. The number of leaks found using electrical leak location methods, and
the characteristics of these leaks have been documented in many publications. Colucci reported a
leak density of 15.31 leaks per hectare (6.20 leaks per acre) for geomembranes in Italian
landfills. Laine (1993) reported 22.5 leaks per hectare (9.11 leaks per acre) for impoundments
filled with water in the United States. Rollin reported 2.03 leaks per hectare (0.82 leaks per acre)
for bare geomembranes in Canada and France. These statistics do not convey the variability of
the density of leaks found using electrical leak location methods. No leaks are found during some
leak location surveys, while some surveys find literally hundreds of leaks in a single facility.

Design engineers have been aware of the availability of the technology for use in the event that
problems arise during construction. The experience of the primary author is that electrical leak
location surveys are most common with double lined or double composite lined landfills, where
a defect in the primary geomembrane may readily result in an unacceptable action leakage rate
detected in the secondary collection system. The design of these facilities, while still meeting
federal and state criteria, can be optimized to produce highly sensitive, and therefore accurate,
leak location surveys. As more state regulatory agencies require electrical leak location in their
regulations or as a standard permit condition for lined landfill facilities, the need to design the
multiple-component liner systems to compliment the performance of the electrical leak location
survey becomes more important.

The technical guidelines for geomembrane CQA promulgated years ago were intended as a
starting point, and were never intended to be permanent. Nonetheless, they have been adopted



the lifetime of the lined tacility. 1he best approach to improving our ability to detect detects m
the geomembrane liner is to implement a total approach that incorporates design, construction,
and CQA components.

After two decades of emphasis on destructive testing of seams, the industry has learned that
seams are generally quite reliable; however seams are an ineffective measure of geomembrane
performance. Most protocols for destructive testing of seams may result in more harm than good
(Kerkes) (Koerner) (Theil). Recent suggestions to reduce seam testing based on improved liner
installation performance, while a step in the right direction, still ignores testing the fundamental
function of the geomembrane. Some destructive testing of seams will always be needed to verify
that seaming machines are operating properly and to compel quality workmanship. Making use
of the essentially nondestructive pressure testing of double welded seams is a very effective
measure to test seams for defects. But it does not make sense to spend project resources testing a
problem that rarely arises while ignoring a problem that exists with practically every
geomembrane installation. The emphasis on destructive seam testing has focused attention away
from the most significant problem, which is liquid leakage through holes in the geomembrane
liner.

Within the last few years, regulators and the industry are realizing the need for more effective
geomembrane CQA (Phaneuf). Almost no one is challenging the need to reduce destructive
testing. Many engineers and regulators are realizing that the most relevant test for a component
whose function is to prevent leakage is to test for leaks. Leak location testing technology using
electrical methods was developed at Southwest Research Institute in San Antonio, Texas under
cooperative contracts with the U.S. Environmental Protection Agency. Commercial
geomembrane leak location services using those methods have been available for more than 20
years.

Several states have adopted regulations or guidelines that require electrical leak location testing,
and several other states are considering that measure. Presently there are at least 14 companies in
the United States that offer electrical leak location surveys, and at least that number more
internationally. The typical construction cost for a double composite landfill liner system is
USD$108 per square meter ($10 per square foot), of which $22 per square meter ($2 per square
foot) is spent for CQA (Duffy). It does not make sense to skip a electrical leak location survey
which typically costs less than $0.65 per square meter ($0.06 per square foot).

DESIGN AND CONSTRUCTION PREPARATIONS FOR ELECTRICAL LEAK
LOCATION TESTING

The goals of a total approach to geomembrane CQA are:



geomembrane lined facility must take into account the guidelines for best performing this type of
test. This will improve the quality of the electrical leak signal, the leak detection sensitivity, and
the efficiency of the electrical leak location survey. By accomplishing these goals, we can
enhance the results of the electrical leak location survey and obtain the best value for the CQA
investment.

The design of the geomembrane-lined facility should be considered to facilitate and enhance
electrical leak location surveys to be consistent with the improving performance of the liner
system. In order for electrical current to flow through the leaks, electrical continuity must exist
from the material above the geomembrane, through the leaks, and to a return electrode in contact
with the conducting material below the geomembrane. Therefore, there should not be an
electrically-insulating layer above or below the geomembrane and the defect must have some
conductive material in it. Likewise, the geomembrane must provide an electrically insulating
layer with no electrical conduction paths through the seams or around the geomembrane.

The following factors provide some general guidelines for enhancing the leak detection process.
In many cases it 1s not necessary to require the most optimal design in order to successfully
perform a electrical leak location survey. In less than optimal designs, leak detection sensitivity
might be decreased, but in most cases, larger leaks and construction damage caused by heavy
equipment will be detected. It is important to realize that just because every small leak may not
be found, that does not mean that one does not want to find any leaks. Small leaks are
anticipated, as evidenced by an allowable leakage rate in regulations.

Layers and Conduction

The basic design concept behind a composite liner section consists of a drainage layer overlying
a barrier layer. The barrier layer is further divided into geosynthetic barrier component overlying
a soil barrier component. For double composite liner systems the design of the primary and
secondary composite liner are usually different. In order to enhance the geomembrane CQA
process, the selection of each of these components must keep in mind the conditions required to
improve electrical leak location survey sensitivity.

Barrier Layer. The soil component of the barrier layer of a composite liner system typically
consists of low permeability soil or a geosynthetic clay liner. Either material can successfully be
used in a composite liner system and provide the electrical continuity required. Earth materials
generally meet these requirements if they have some moisture, and some fines or moisture
content above field capacity to enter the defects in the geomembrane. One can imagine that



been no rainfall on the geomembrane or water percolating through the cover materials. In these
cases, the bare geomembrane or material-covered geomembrane must have water added to allow
moisture to penetrate through the leaks. The moisture will penetrate the geotextile component
and hydrate the clay component. The hydrated clay swells into the leak and also provides a larger
contact area with the clay layer to establish sufficient electrical conductivity.

GCLs that include a geomembrane substrate can hinder leak detection. Construction damage
(larger defects) to the geomembrane will most likely also breach the GCL, but smaller holes
caused by small rock punctures or installation activities are more difficult to detect. To a lesser
degree, the woven geotextile side of some GCLs can also insulate a smaller leak. If possible, the
nonwoven side of the GCL should be installed away from the geomembrane if the design will
permit.

Drainage Layer. The drainage component of the liner system provides the greatest variety in
materials of construction and the greatest potential impact to the quality of electrical leak
location surveys. In order to detect a leak, some moisture must be present in the layers above and
below the geomembrane, and within the defect itself. One way to enhance these conditions is to
have water present on the geomembrane surface, creating a small hydrostatic head that allows
water flow through the defects to the layers below. The design intent of drainage layers is to
remove water from above the liner system, reducing the head on the liner and therefore reducing
the action leakage rate. However, with proper design and proper preparations, both functions can
be implemented.

The primary component of many drainage layers is sand or gravel. Although coarse sands may
meet most minimum permeability requirements of 1x10~ cm/sec, many designs utilize an even
higher permeability of up to 1 cm/sec. This permeability can only be met with clean gravel.
Shredded tire material can also be used, but they are a special situation. Gravel in direct contact
with geomembrane might lead directly to holes in the geomembrane. Therefore, a geotextile
cushion layer is often used immediately above the geomembrane to protect it from installation
damage. This cushion geotextile can provide enough water holding capacity to create the small
head required to create the electrical conduit necessary to enhance geomembrane CQA.
Geotextiles are usually installed dry, and if covered with dry earth materials will also create an
insulating layer. Therefore, if rainfall does not wet the geotextile, the geotextile or material
above the geotextile (or both) should be pre-wetted with water to provide electrical continuity
through the smaller defects. Construction damage will likely force earth materials through the
leak, so larger leaks would be detected without the need for added water.



While geomembrane leaks can be detected under geocomposites, the conditions must be
controlled. Another approach for designs with a thin insulating layer above the geomembrane is
to conduct an initial electrical leak location survey on the bare geomembrane to detect small
leaks caused during installation, followed by a second survey with earth materials covering the
geomembrane and the thin insulating layer. Construction damage to the geomembrane would
also breach the thin insulating layer. This approach has also been used for landfills in arid areas
to enhance CQA.

Because slopes drain more quickly than flatter surfaces, the hydrostatic head on slopes cannot be
maintained as well. Therefore, extra measures should be taken to provide moisture on the side
slopes. Fortunately, smaller leaks are not as prevalent on the side slopes because there is less
construction traffic and fewer seaming details on the side slopes. The primary area of concern
with side slopes is near the bottom of the slope where it 1s difficult for equipment operators to
judge where the geomembrane transitions from the flat floor to the slope. However, damage in
these areas is typically more significant and can be detected without the need for additional
moisture.

Leak Detection Layer. Often in a double-geomembrane system, there is only a geonet leak
detection layer placed between the geomembranes. For these installations, the layer between the
geomembranes is typically flooded with water during electrical leak location surveys. However,
a GCL, a sand layer, or other conductive layer will facilitate the leak location survey without
having to flood the leak detection zone with water. Consideration can be given to using the
proprietary conductive geomembrane with the conductive side up for the secondary
geomembrane to create a suitable electrical environment. EPDM geomembranes are electrically
conductive, and they could be used as the secondary geomembrane if otherwise suitable.
Conductive geotextile has been used between geomembranes to provide a conductive layer, but
their cost has been about three times the cost of the leak location survey and is not justified if a
geotextile 1s not otherwise needed. Conductive foil with a substrate such as that used for a
radiant barrier has been used in some installations to provide the electrical path. Measures must
be taken to ensure the conductive sheets are connected together.

If flooding the leak detection layer with water 1s required, this approach can be facilitated
through proper design. For the case of a water-covered geomembrane, flooding the
geomembrane is routine. Measures should be taken to ensure the water level in the leak detection
layer is slightly lower than the water in the impoundment to prevent the geomembrane from
floating. However for the case of a soil-covered geomembrane, the water head pressure in the



must be added above and below the primary geomembrane. Because of the amount of water that
1s needed to flood the leak detection zone and counter balance the effects of liner uplift, only the
floor is surveyed in these situations. Testing this system would be routine if the floor had only
960 mm (3.2 feet) of slope. So reducing the amount of slope on the floor would facilitate leak
location surveys. There are minimum slopes that are required for proper drainage. However, the
total amount of elevation difference on the floor can be minimized if:

* Leak detection sumps are located in the middle of the facility, if feasible;
* The leak detection sumps are located on the longer axis of the facility; and
* Multiple leak detection and leachate collection sumps are used.

When the leak location survey is completed, the water between the geomembranes should be
removed first to prevent floating the geomembrane. This procedure also minimizes “squeeze-
out”, which 1s the flow of residual water into the leak detection sump.

There have been a few liner installations where the leaks were so numerous and closely spaced
that the signals from the individual leaks could not be differentiated. A leak signal occurs over a
distance of several times the depth of the overburden. Therefore, if there are multiple closely-
spaced leaks, the superimposed signals from offset leaks will augment and cancel each other to
produce a signal that cannot be easily recognized as a leak signal. The combined leak signals can
appear to be background noise. Only the signals from the largest leaks can be differentiated from
the mixed signal background. Good practice dictates isolating the leaks that are found and
performing additional surveys to determine if other leaks are nearby. However, if the additional
leaks are numerous, the process must be repeated many times and individual, small leaks may
not be recognized. When there are that many leaks, it is usually more economical and sound
practice to replace the geomembrane and correct the conditions that caused the numerous leaks.

Extraneous Conduction Paths

Darilek (1989), Peggs (1999) and Peggs (2006) ¢
electrical leak location surveys. In order to provi
use of geomembrane rub sheets and protective st
avoided. If there 1s a leak under the rub or protec
edges of the sheet where electrical current is flov
not be located. A geotextile rub sheet can help ax



consider that the water in the plastic pipe may be grounded at a grounded metal valve or pump.
Plastic pipes can be 1solated using a non-conducting plug or by draining the water from behind a
partly-conductive plug.

For lined concrete structures, battens should be covered with geomembrane or cast-in
embedment strips can be used. Columns or stanchions or any other conductive structures should
be booted with geomembrane to a level above the water or earth material. If a leak detection or
leachate collection pipe drains to a wet well, the design should consider how to isolate the water
in the pipe from earth ground. An isolation valve or plug can be incorporated. Underwater
conductive structures such as metal grates or screens should be avoided, if possible.

In the case of a single geomembrane with earth materials placed on the geomembrane, the earth
materials on the geomembrane should be isolated from earth ground by leaving a narrow width
of the geomembrane exposed around the perimeter of the cell during the leak location survey.
This can be accomplished by delaying the complete backfilling of the anchor trenches or leaving
a strip of geomembrane exposed at the inside edge of the trench. Haul roads or earthen ramps
should be designed to allow temporary isolation during the leak location survey. Otherwise, the
road will provide a large interfering signal. To electrically isolate the ramp, a trench can be
excavated down to the bare geomembrane to expose the bare liner. Typically, a geotextile
covered with plywood is placed on the bare liner to protect the liner during the excavation
process. Another approach is to have a vertical flap of sacrificial geomembrane placed on the
bare geomembrane and designed to protrude from the road. The edge of the flap would need to
be excavated and exposed during the leak location survey, or the flap can be welded to a length
of plastic pipe that barely protrudes from the road.

Floating aerators, pumps, or suction barges in water-filled installations must be removed or
insulated from earth ground. Electrical lines and conducting pipes must be disconnected.
Nonconductive mooring lines can be used for electrical isolation in some cases, but if a towed
probe is used to survey the geomembrane covered with deep water, the mooring lines will
probably interfere with the survey.

For double-lined systems, the leak detection sump and layer between the geomembranes should
be electrically isolated from the material on the primary geomembrane. If the materials between
the geomembranes are effectively insulated from earth ground, then the edges of the primary
geomembrane can be covered with earth materials during the leak location survey. The primary
and secondary geomembranes should be welded together, or carefully buried in close contact
with each other, with no GCL or other material between the geomembranes.



earth ground. Likewise, grounded battens can be encapsulated with geomembrane, or a flexible
flap can be installed under the batten to form an isolating barrier to allow a leak location survey
up to the very edge of the geomembrane.

Other Factors

Electrical current cannot flow through the air. The quality of the survey will be impacted if the
subgrade has voids or the geomembrane is bridging at the bottom of the slope. Tire ruts or track
ruts placed in a wet subgrade can also result in air voids under the geomembrane. Therefore, the
subgrade should be smoothly graded to eliminate air gaps.

Water puddle surveys should be conducted with the geomembrane lying flat on the conducting
substrate. In particular, wrinkles are to be avoided during the survey. Wrinkles not only create an
air gap but, depending on their size, may also prevent water from puddling on them. Often the
flexible geomembranes can be flattened during the survey, but stiffer geomembranes, such as
high density polyethylene, cannot be easily flattened. Therefore, water puddle surveys should be
accomplished in the night or early morning before wrinkles form. On the other extreme, water
puddle testing on bridging geomembranes should not be attempted.

For large cells, installing a suitable current electrode between double geomembranes will
enhance the sensitivity of electrical leak location surveys. The number and placement of the
electrodes depends on the design. A qualified leak location contractor should be consulted. The
ends of the wires to the electrodes must remain exposed, and should be protected from burial or
damage. A good design will have the ends of the wires permanently available in case subsequent
operations damage the geomembrane and another leak location survey is needed.

Sandbags, scraps of geosynthetics, and other large debris should be removed from
impoundments for surveys in deep water to allow a probe to be towed across the bottom with no
obstructions. Scraps of metal, particularly wires, can provide false signals that may not be
discerned, particularly in deep water. Vegetation and thatch should be managed to allow
measurements to be made on the underlying earth materials.

The final factor involves project planning. Electrical leak location surveys cannot be conducted
if the water or soil 1s frozen.



EFFECIIVE ELECIRICAL LEAK LOCAT1ION SURVEYS

Specifications

Obviously, as with any technology, perfection can seldom be obtained. It is naive to specify that
the leakage through a primary liner system be zero. Fortunately, the regulations recognize that
and define acceptable performance of the liner system in terms of allowable leakage rates. If we
specify leak detection sensitivity for holes that are too large, the number of smaller defects that
are missed may impact performance. If action leakage rates obtained after the completion of the
electrical leak location are unacceptable, our CQA work becomes largely ineffective, and must
be corrected. The overriding goal of the total approach is to balance the electrical leak location
survey design to focus on the goals of the project.

Leak location surveys must be performed effectively and in accordance with the project
specifications by a qualified electrical leak location contractor. Fortunately, the industry has
established ASTM standards for the various electrical leak location methods. ASTM Standard
Guide D 6747 describes the various implementations and applications of the methods. ASTM D
7002 1s a standard practice for leak surveys on bare geomembranes. ASTM D7007 includes
standard practices for leak location surveys with water on the geomembrane and with earth
materials on the geomembrane.

The ASTM standards are performance-based standards that specify leak detection performance.
Artificial or actual leaks are used to verify the leak detection sensitivity of the equipment and
field procedures. Leak detection sensitivity is defined as the smallest leak that the leak location
equipment can detect. It is not sufficient to be able to detect the leak when the measurements are
made directly on or over the leak. The field procedures must be tailored to meet the leak
detection sensitivity under worst-case measurement spacing conditions. The ASTM standards
recommend leak detection sensitivities that usually can be economically met. When considering
the smallest size leak that one wants to find, the obvious answer is every hole, no matter how
small. While properly performed electrical leak location surveys can produce impressive results,
one must temper the requirements to be realistic, attainable, and economical. Specifying the
ultimate in leak detection sensitivity will require that the site conditions be near perfect and that
the leak location measurements be made at closely-spaced intervals. This mentality will greatly
increase the time for and cost of locating and repairing leaks that may not significantly improve
the performance of the lining system.



Better performance of the liner system should be the goal of everyone on the team.

Having the contractor retain the geomembrane CQA and leak location firms has the disadvantage
of loss of control over qualifications. The construction bidding process typically places a
premium on cost and the lowest cost usually wins. This may result in some contractors searching
out lower cost, but less experienced geomembrane CQA providers. There have been at least 34
companies that have performed electrical leak location surveys in the United States. Twenty of
these no longer offer leak location services or are no longer in existence. Selecting a leak
location contractor with experience in successful geomembrane leak location surveys is
important. The results, performance, and time required to perform a leak location survey is
highly operator dependent and less experienced providers may not produce the same quality field
data. This may result in more time and cost, and damaged reputations in the long run.

Another potential disadvantage of this contractual relationship is that there may be the
appearance of a conflict of interest because the CQA and leak location firms are paid by the
contractor and are therefore not entirely independent. At the same time, by having the contractor
responsible for the entire geomembrane CQA process, the owner and engineer remove
themselves from having to coordinate the process with ongoing construction activities. This 1s
even more important if both the secondary and primary geomembranes are to be tested.

Having the geomembrane CQA implemented though either the engineer or directly by the owner
under the guidance of the engineer allows a more selective process that focuses on experience
and quality. This follows a quality based selection process similar to that used to select
engineering firms. By selecting a geomembrane CQA firm prior to construction, specific design
and construction requirements can be incorporated during the design process, thus improving the
quality of the electrical leak location survey. However, any components of the electrical leak
location system that are required by the geomembrane CQA firm to be installed during
construction must be properly incorporated into the contract documents. The engineer’s field
representative must make sure that electrical leak location system preparations are properly
performed during construction. And, most importantly, the owner and engineer assume the
responsibility for coordinating their subconsultant with the construction activities of the
contractor. Without proper communication and coordination, the contractor may be entitled to
delay claims if the CQA and leak location requirements are not properly incorporated into the
project schedule. Properly specifying the contractor’s obligations and the time allowances during
the geomembrane CQA and the electrical leak location survey should alleviate these problems.



* The number and location of electrodes (location both in plan and within the liner system);

* Routing of electrical lines to the perimeter of the cell for future electrical leak location
survey connections;

* The level of assistance from the general contractor in establishing field control and other
related tasks;

* The need for additional water to wet the liner surface. If the geomembrane and layers
above the geomembrane have not had sufficient rain, one can assume that water
will be needed;

* Whether the leak detection system will need water added to it to improve continuity
below the liner system; and

* Whether the geomembrane installer shou
survey so that repairs can be imm

Electrical Leak Location Field Survey Criteri:

Because the most significant geomembrane dam:
placing earth materials on the geomembrane, it is
survey after earth material is placed on the geom
materials 1s placed on the geomembrane, it is tec
survey after the first layer is installed. However,
capability is usually negated by scheduling requi
installation of multiple layers. Therefore, to perf
would require the leak location contractor to be ¢
location survey to be in the critical path of the project schedule.

As previously mentioned, particularly for installations with a geocomposite above the
geomembrane and at arid sites, the most thorough rationale 1s to perform a leak location survey
of the bare geomembrane to detect smaller leaks, and then perform a leak location survey after
the earth materials are installed to detect construction damage. The water puddle method must be
performed on the bare geomembrane. The geomembrane must remain exposed with no cushion
geotextile, drainage composite, etc. installed. This approach also allows for quick repair of



ould be conducted before the geotextile is
f the leaks.

1fill Expansion provided an excellent example of
CQA (Smith). The Broome County Section IV
>s (12 acres) of double composite liner, 4

of the cell. The base liner section is depicted in

The entire cell drains by gravity through a single, HDPE pipe penetration. The owner-engineer
agreement specified that the engineer would retain the geomembrane CQA firm. Qualifications
and quotes were solicited and the engineer worked directly with the selected geomembrane CQA
firm during design of the cell. The contract documents specified that geomembrane CQA,
including an electrical leak location survey, would be performed on the primary liner and also
incorporated installation of required electrical leak location system components as part of the
contract. The contractor was diligent while placing the drainage material, using a minimum of
0.9-meter (3-foot) thick haul roads for truck traffic and placing material in the morning. The



dropped piece of geomembrane installation equipment. One leak, although identified by the
electrical leak location survey and checked twice during the survey process, was never visually
identified. This may have been a broken needle in the underlying GCL penetrating the
geomembrane from below. Even though this signal may have been weak, it could be detected
because a total approach was used to enhance geomembrane CQA.

The action leakage rate for the primary liner system has been less than 1 liter/hectare/day (less
than 0.1 gallons/acre/day.) The only time that higher leakage rates were observed was when the
liner was purposely flooded with 1.5 to 1.8 meters (5 to 6 feet) of water at the pipe penetration,
even though it is highly unlikely that the leachate head during operations would ever reach this
level. There was a minor defect in the pipe boot, which was repaired, and the system has
performed as designed and well below regulatory limits since.

CONCLUSIONS

The primary function of a geomembrane is as a liquid barrier. Historic CQA practices have
focused on testing geomembrane seams rather than detecting leaks in the sheet. Electrical leak
location surveys are the only commercially proven method to detect leaks through
geomembranes. It 1s time to adopt a total approach to enhancing geomembrane CQA.

A total approach to geomembrane CQA should include electrical leak location surveys and the
process should incorporate liner system design, contracting, leak location survey specifications,
survey system preparation during construction, and the performance of the survey. Specific
measures can be taken to enhance the electrical leak location signal and improve the quality of
the survey. Electrical leak location surveys should be required after the placement of the
overlying earth materials for the primary geomembranes of all landfills. Consideration should
also be given to testing the secondary geomembranes for leaks. In dry areas and for certain
designs, the primary geomembrane should be tested before and after earth materials are
emplaced. Both geomembranes of liquid impoundments should be tested for leaks using
electrical methods.

Several other factors should be considered during the total approach to enhance geomembrane
CQA. These factors are intended to improve leak signal sensitivity so that smaller defects can be
more readily and cost effectively detected. However, regardless of the number of these factors
that can be incorporated into a given design, the benefits of an electrical leak location survey
make it a prudent step for any geomembrane installation.
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Technician and the Approved Installation Contractor programs developed by IAGI to raise the
level of professionalism and improve the quality of geosynthetic installations. IAGI ‘s goal is for
engineers and regulators who work with geosynthetic installers on their job sites to embrace this
program and require that Approved Contractors be used on their job sites. This paper and
presentation will discuss the specifics of each program. IAGI‘s Certified Welding Technicians
program tests the skills and knowledge of the geomembrane welders who put liner into landfills,
landfill caps and wastewater treatment facilities. The second program, currently being launched
by IAGI, is the Approved Installation Contractor program. This voluntary program sets a
minimum level of standards that installation companies must meet to become an Approved
Installer. The purposed of this paper is to inform engineers, owners and regulators about the
advantages of requiring that the contractors who work on the landfill sites employ Certified
Welding Technicians and participate in the Approved Installation Contractor program. The
International Association of Geosynthetic Installers is a group of geosynthetic installers
dedicated to advancing the state of the practice in the industry. We welcome all stake holders as
members of our organization.

OVERVIEW

More than 10 years ago a group of geosynthet
form what became the International Association
of IAGI was to advance the state of the pract
Their first project was to write an installation g
Another project was to test the welding technici:
to do the job. The Certified Welding Technici
Board of Directors then took up the issue of rec
of professionalism in the field. Discussions ab
years to refine. In May of 2006 the Approv
launched.

BACKGROUND

Based upon dialogs with member installers, member suppliers, outside experts in the
containment field, and government officials involved in the geomembrane business, the
International Association of Geosynthetic Installers (IAGI) began developing a new standard of
performance — the Approved Installation Contractor Program (AIC). Industry professionals
involved in AIC program planning had a specific task in mind — to establish a benchmark for
installation contractors.



e Control their own-destiny _ installers have determined what the industry standard
practices should be before it 1s imposed upon the installers by outside organizations and
regulatory bodies.

Companies achieving AIC status prove that they have made a commitment to implementing a
business strategy that strives to get the job done right the first time — from experienced personnel
to training programs for their field and supervisory personnel, to having the financial backing to
overcome the daily challenges that happen on most construction sites. With any construction site
comes Murphy and Mother Nature and they typically have a different set of plans for your job
site than those nice ones drawn up and stamped. The experienced contractor knows how to
handle those challenges — because they have done it many times before.

Why does the AIC program benefit engineers and owners?

e [t gives the user community tools to select experienced professionals for their
projects. In all project specifications, engineers and owners can require
installation companies to have AIC status.

e [t helps get the best installations completed on projects.

e [traises the level of professionalism for installation companies.

REQUIREMENTS

AIC applicants must meet requirements in the following areas: corporate history and business
practices, mnsurance verification, safety training, and professional competence and experience.
Below is a list of information required on the AIC submittal form:

Company history and information

Minimum 500,000 square feet installed annually
Ability to be bonded

General liability insurance

Worker Compensation insurance

Automobile liability

Safety Training

Health and safety orientation pro;

Drug-free work program

Professional competence/experie:

Certified Welding Technicians
certification program for welders



and registration information.

TAGI recognizes that for people who deal prima
amount of liner. IAGI 1s comprised of many diff
small specialty contractors. This square footage
contractors, many of whom are excellent in the
designation. So if an engineer’s job requireme
experience, the engineer’s specification may ha
Installation Contractor — with more than 1,000,0(
what requirement is for the job being conducted.

In relation to the bonding requirements, AIC des

the time of AIC is granted, but they must have a

The bond company will do due diligence on the company’s tinancial status. Those companies
who may be unable to complete a job will not be able to get a bonding letter. This is the
financial component of the AIC designation. Owners and/or engineers may have a minimum
level of bonding needed so they might want to designate an AIC company with a minimum
bonding capability that meets their internal or their client’s minimum standards.

For many owners the idea that some installers would not carry minimal levels of insurance
covering their company seems elementary for anyone running a business. The sad fact 1s that
some “low bidders” do not carry this minimum type of insurance. The AIC Company must
provide evidence of general liability insurance, worker’s compensation and automobile liability
insurance. The information that is provided is verified by the accounting firm.

CWT REQUIREMENT

The Certified Welding Program along with safety training requirements is the training
component of the AIC program. The CWT program was designed to test the skill and training of
those welders who work on geomembrane installations. There are hundreds of CWTs in the
industry. Engineers and owners should feel confident specifying that CWTs be on their job site.

Dr. Robert Koerner did a lot of work early on to qualify and quantify what a good geomembrane
material would look like. Once industry professionals had good material in the field and a way to
determine what was good and what wasn’t — the natural progression was to next determine
whether this excellent material was properly installed.



The CWT test consists of two components, a written exam and hands on welding exam. The
hands on component require that the welder test a variety of geomembranes. The welds are sent
to third party labs to be tested. The test results are then sent to IAGI’s office for grading. The
written exam is 77 multiple choice questions.

Laurie Honnigford, IAGI’s managing director, is often asked if the CWT test 1s easy — and her
answer 1s always the same. “IF you have a person who knows what he or she is doing in the
field, has experience welding, understands the parameters that can influence the quality of the
seam and cares about his or her work — the test will not be difficult for the welder. If you have
someone who doesn’t meet the above parameters — he or she will likely fail.” IAGI has set up
guidelines for administering the tests verbally if reading is problematic for the welder. The CWT
test 1s currently available in Spanish, English and French. IAGI has begun working with contacts
in Asian countries to get the test translated into other languages.

Early in this program, some geomembrane installers were naturally concerned about spending
lots of money to get their welders tested due to the transient nature of some of the crews. It is an
expensive proposition to accomplish this certification. These companies figured they would send
their supervisors to get their CWT and the companies then could represent that a CWT was on
the job site. Over time, IAGI has learned that the group of people most often failing this test is
the supervisors. Supervisors tend to pass the written portion of the test with no problem.
However, generally they cannot get through the challenges of the hands on component. The
practice of testing only supervisors largely has ended — it became too expensive to test folks who
weren’t going to make the grade.

MEETING ALL REQUIREMENTS

Independently, just one of the above requirements alone does not make an installer a good one,
but when taken together, they are the basis for a company who strives to complete a job on time,
accurately and with superior quality as demanded by the engineer or designer. A company can
claim to have installed 500,000 square feet, but this claim doesn’t clarify whether the material
was installed well. Each required component of the AIC program serves as a check on another.
When a company meets all of the parameters of the AIC program, the industry can be sure that
this company is committed to doing a good job — in every aspect of its business.

WHAT AIC IS NOT

TIAGI’s AIC is not a certification program, and it is not a substitute for engineers and owners
doing their own due diligence. The AIC program gives engineers and owners the ability to
specify companies that meet and exceed requirements set by the program, thus ensuring an
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It does not make sense to cut holes in geomembrane seams every 150 m so that destructive tests
can be performed to ensure there are no holes in the seams! In 1994 Peggs et al reported on
work funded by the Electric Power Research Institute on the use of infrared thermography (IRT)
for the nondestructive evaluation of seam bond quality every millimeter lengthwise and
widthwise of both extrusion and fusion seams, and with the ability to make a hard copy of the
data. This preliminary work has recently been renewed with the financial support of the USEPA
Office of Research and Development.

Six test welds, some with intended flaws, were made with 1.5 mm thick smooth HDPE
geomembrane as follows:

1. “Good” extrusion seam

2. “Good” fusion seam

3. Fusion seam made at speeds of 8.5 fpm, 14 fpm, then 8.5 fpm

4. Fusion seam with water, soil, water, soil sections before welding

5. Extrusion seam with water, soil, moisture, soil sections before welding
6. Fusion seam made at “high” roll pressure.

These samples were subjected to an instantaneous flash of thermal energy using a halogen flash
tube which raised the surface temperature about 10°C. The surface temperature along 180 mm
of seam was then monitored for up to 30 seconds by an indium/antimony IR camera and
analysed using EchoTherm™ software (Shepard, 2006). At locations where the thermal energy
could diffuse through the top geomembrane or weld bead and across a well-bonded weld
interface the surface temperature dropped significantly. When the weld interface was not well
bonded, or when there were voids or particulates on the interface that would provide resistance to
heat flow, the surface temperature remained high. Thus, the thermal contours along and across
the weld reflect the quality of the weld bead and interface at that location.

Pinholes at the edge of a weld, voids in the weld bead and on the weld interface, dirt in the
interface, cuts along the edge of the weld in the bottom liner, and sections removed from the
bottom edge flap, could all be seen on the thermogram. Many of these features were marked on
the seams for subsequent evaluation by conventional peel testing and cross-sectional microscopy.

Although there were variations and discrete features in the thermograms of both “good” welds
none of the peel specimens showed any separation. And even though the welds made at
different speeds generated significantly different thermograms there were no differences in peel



differences that are quite clear in the thermograms are not necessarily matched by conventional
peel testing. Therefore IRT facilitates a more sensitive assessment of seam quality.

When the “good” seams that did not peel were sectioned at thermogram locations that implied
lower weld quality (white areas), there were particulates on the interface to a degree that was
consistent with the size and whiteness of the area on the thermogram. It was noted that the weld
bead was not centered over the edge of the top sheet which was possibly reflected in the
thermogram. A gap between the two geomembranes at the edge of the upper sheet was evident

in the thermogram compared to adjacent areas where the two surfaces were in contact (but not
welded).

Lighter and darker areas in the thermograms could be related to differences in the width and
intensity of the weld interface and heat-affected zones in thin slice microsections viewed by light
transmission microscopy. This was evident in both the “good” fusion weld and the welds
performed at different speeds. The faster speed appeared to generate a better looking weld, but
this 1s a little inconsistent with the thermograms and peel performance. A more comprehensive
study is required. It would be expected that a weld that is less well-defined and that blends
smoothly into the two geomembrane microstructures would be the better weld.

A very small but discrete spot was sectioned but no flaw could at first be found. The microtome
was progressively advanced until a small oval pocket of dirt (about 1 mm by 0.3 mm) was found
on the interface.

It 1s clear that IRT will nondestructively provide detailed information on the nature and quality
of both extrusion and fusion welds, including information that may not impact the ability of the
weld to practically perform its function. Work still remains to relate thermogram features to
microstructural characteristics of the welds and to identify those microstructural characteristics
that critically affect the mechanical performance of the weld, for all flaws will not be critical.

There 1s no question that IRT has the potential to nondestructively confirm or deny the
acceptance of extrusion and fusion geomembrane welds. It remains to properly evaluate the
thermograms generated.
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ABSTRACT

Several publications have addressed equiva
(GCLs) utilized in basal liner systems fo
examines a case history of utilizing one
implementation of a geosynthetic clay line:
Queens Municipality Waste Management Fa
near the landfill consist of silty sand to sai
values well in excess of regulatory requirem
avold excessive costs of importing compac
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1. INTRODUCTION

approximately 3m to 20m. This surficial soil is underlain by fractured quartzite bedrock.
Based on the hydrogeological study performed for the landfill (AMEC, 2005), it was
established that a continuous groundwater surface exists approximately 3 m below the ground
surface. Subsequent test-pit excavations and borehole investigations performed to evaluate
borrow material for the construction of the barrier system established laboratory hydraulic
conductivities of the compacted material could range from 5x10” nv/s to 1x10™° m/s. As will
be discussed in a later section, these values are well in excess of the 1x10® m/s specification
established by provincial environmental guidelines (NSDEL, 1997). For this particular
landfill, the lack of economically available clay in the area presented only two feasible



Existing municipal solid waste landfill guidelines in Nova Scotia (NSDEL, 1997) require the
base of landfills to be lined with a double liner system, as shown in Figure 1. The double
liner system consists of a primary leachate collection system overlying a primary GM/CCL
composite system, a secondary leachate collection system and secondary geomembrane.
Geotextiles are to be used as required for protection of the geomembranes placed in the
landfill. As stated in the regulations, “all of the components of the landfill should be designed
to function over the lifespan of the facility” (NSDEL, 1997). Lifespan is defined in the
guidelines as “the period of time in which a facility will produce contaminants at levels
which could have an adverse effect if discharged to the surrounding environment”. This
design philosophy is similar to the contaminating lifespan concept discussed by Rowe et al
(2004) and Ontario provincial municipal solid waste guidelines (MOE, 1998).

In the Nova Scotia guidelines, the CCL used as part of the primary composite liner system
must be a minimum of 1 m thick with a hydraulic conductivity of less than 1x10”° m/s.
“Alternate technologies”, such as low hydraulic conductivity geosynthetic clay liners (GCLs)
or sand-bentonite liners (SBLs) can be proposed within the framework of the guidelines to
achieve an “equivalent” barrier system to that specified. As discussed in the Nova Scotia
regulatory documents, it is the duty of the designer to demonstrate that the proposed alternate
system is “equivalent” to the low hydraulic conductivity (1x10” m/s) CCL it is replacing.
“Equivalency” with respect to GCLs is a topic that has been discussed from several different
viewpoints in the technical literature (Koerner and Daniel, 1993; Rowe, 1998; Foose et al.
1999). However, since the primary function of a bottom liner system is to mitigate
contaminant migration from the landfill, equivalency comparisons should, as a minimum,
include a contaminant migration assessment. As discussed by Rowe et al (1997b) and Rowe
(1998) a proper equivalency assessment of a bottom liner system should include all relevant
factors influencing contaminant migration through the barrier system such as diffusion,
advection (including leakage between the geomembrane and liner contact), sorption (if
present), biodegradation (if present), and finite service lives of engineered components.
When each of these factors are considered in conjunction with the landfill characteristics (i.e.
size and leachate characteristics) and the hydrogeological setting, a proper comparison of
equivalency between a CCL and GCL barrier system can be made.
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analyses and hence to perform a rationale assessment, general recommendations set forth by
the Ministry of Environment of Ontario (MOE, 1998) were used in this contaminant transport
assessment. Other parameters necessary for modelling were obtained from the noted
literature sources of Table 1.

Two different contaminants were examined in the assessment; chloride and dichloromethane
(DCM). Chloride is a relatively conservative contaminant while DCM is an organic
contaminant that has been found in low concentrations in MSW leachate (Rowe, 1995).
These two contaminants are also suggested critical contaminants to examine for barrier
assessments, as specified by the Ministry of Environment of Ontario (MOE, 1998). As
shown in Table 1, the DCM half-life in the leachate was assumed to be 10 years. A
conservative DCM half-life of 50 years was assumed for the soil based on the results of
Rowe et al (1997a). No sorption of DCM to the soil layers was considered in the analysis (a
conservative assumption). Other pertinent parameters for the GMs, CCLs, GCL, and site soils
are provided in Table 2.

For this equivalency assessment, finite ser
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(calculated using the methods outlined by Rowe, 1998) for the three cases considered is
shown in Table 3. These times to failure were selected based on suggested service lives of
primary and secondary geomembranes put forth by the Ministry of Environment of Ontario
(MOE, 1998). The province of Nova Scotia does not provide such recommendations in the
provincial guidelines. Although there may be some debate as to actual service lives of
geomembrane components, Rowe (2005) suggests that primary geomembranes may last for
as long as 160 years and secondary geomembranes as long as 600 years. However, it was
decided to be consistent with the Ontario guidelines for the purposes of the regulatory



Proportion of DCM in waste

Initial chloride concentration in leachate
Initial DCM concentration in leachate
Percolation rate through waste

Half life of chloride in landfill

Half life of DCM in landfill

Aquifer thickness

Aquifer porosity

Base Darcy Flux (horizontal)

References: Rowe (1998), Lake and Ro
Ministry of Environment (1998)

Table 2. Landfill layer properties.

- CCL CSL GCL Subbase
(NSDEL) (Site Soil)
1.0 1.0 0.01 3.0
6x10™° 7x10™° 2x10"  9x10™°
6x107° 7x107° 2x10"°  9x107™"°
1x10” 1x10°° 1x10"  1x10°
1.6x10°  7.3x10° 2x10"°  1x107
L_)UJ.PLIUJJ. - - 0 0 0 0
Porosity - 0.35 0.35 0.7 0.3
Table 3. Leakage rates for systems considered.
Time Period Leakage Through Primary Liner Leakage Through Secondary Liner

[m/yr] [m/yr]




discussed by Lake and Rowe (1999), mass transport of inorganic contaminants such as
chloride across HDPE geomembranes will be governed by leakage through a few small holes
in the geomembrane. This concept is illustrated by the results shown in Figure 3, where even
for a 10 m high leachate mound above the barrier systems examined, the chloride impact in
the aquifer prior to 350 years (secondary geomembrane failure) was approximately zero for
each of the three cases. After secondary geomembrane “failure”, flushing of leachate from
the landfill occurs, causing a maximum chloride aquifer concentration of approximately 4
mg/L for each case to occur at approximately 360 years. Based on the results shown for
chloride, it appears as if for the conditions examined herein, the proposed GCL/CSL
proposed alternative to the regulatory specified liner system is equivalent.
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Figure 3. Chloride modelling results, GCL/CSL liner system compared to Nova Scotia
regulatory liner system.

4.2 Dichloromethane (DCM) Modelling

Volatile organic compounds such as DCM are often present at low levels in municipal solid
waste leachate (Rowe, 1995). Small VOC molecules such as DCM will migrate more readily
through HDPE GMs than chloride (Sangam & Rowe, 2001) and hence are important to
consider for design of municipal solid waste barrier systems. Contaminant migration of
DCM through the double lined systems of the cases considered in Figures 1 and 2 will not be
controlled by leakage through GMs, as for chloride, but by diffusion and degradation of the
compound as it migrates through the barrier system (Lake and Rowe, 1999).

Figure 4 shows results for DCM. Relative to the chloride results in Figure 3, it can be seen
that peak DCM impact in the aquifer occurs relatively quickly (approximately 100 years) for
each case examined. The regulated barrier system results in DCM peak concentrations of 10
ug/L, which are much lower than the typical Maximum Acceptable Concentration (MAC)
value of 50 ug/L specified by many drinking water guidelines. Figure 4 also shows the
GCL/CSL system performs slightly better than the regulated system, indicating that for all
practical purposes, the alternative GCL lined barrier system is equivalent to that of the
regulated case for DCM (and chloride).
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Figure 4. DCM modelling results, GCL/CSL liner system compared to Nova Scotia
regulatory liner system.

The main reason for similar DCM aquifer concentrations for the two different liner systems is
that the total thickness of the double lined system is the same. Although there are variations
in the two liner contaminant transport properties, the diffusion and degradation of DCM by
the total soil thickness is essentially controlling the contaminant migration through the liner
system. The majority of its migration is controlled by the soil thickness separating the landfill
from the aquifer. If the thickness of the primary CSL was reduced to 0.7 m, there would be
more diffusive flux through the liner and less biodegradation in the soil. Practically speaking,
even though chloride results would suggest a thinner barrier system (lower cost) would be
adequate at preventing chloride impacts, the same hypothesis will not hold true for DCM.

It 1s important to recognise that the theoretical aquifer concentrations shown in Figures 3 and
4 represent concentrations at the down-gradient edge of the landfill. Since the down-gradient
edge of the landfill will be at least 100 m away from the property boundary, further
attenuation of concentration levels in the aquifer due to other physical, chemical and
biological processes will most likely occur.



main difference between the RQM facility and that of the other landfills utilizing GCLs in the
base is the lack of any clay fraction as part of the primary compacted soil layer.

Construction began in mid 2005 of the liner system. The RQM public works staff acted as
general earthworks contractor for the project, with Atlantic Poly Liners Inc. acting as a
subcontractor to install the GCL, geomembranes, geotextiles, and geonet components of the
barrier system. Construction proceeded well, with only “typical” problems associated with
wet weather delaying the projects at various points in time. Most of the delays involved
anticipated problems associated with the silty compacted soil liner (CSL) during wet weather
events.

6. SUMMARY AND CONCLUSIONS

Based on the assumptions adopted for this comparison, a GCL/CSL system was shown to
provide similar protection to that specified by the NSDEL regulated liner system, albeit at an
estimated cost savings in excess of $3,000,000 over a 30 year period. Concentrations of
chloride and DCM at the downgradient edge of the aquifer were below typical drinking water
guidelines throughout the contaminating lifespan of the proposed landfill. For practical
purposes, it could be said that the two liner systems examined are “equivalent” with respect
to contaminant transport. Additional analyses performed using the methods described in this
paper can also assess other alternative liner systems provided sufficient information is
available for modelling the systems.
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septic tank effluent treatment. The important design parameters are hydraulic loading rate
(HLR), local temperature, five-day biochemical oxygen demand (BODs), NHs and TSS (total
suspended solids) concentrations, and, most importantly, selected geotextile properties such as
AOS (Apparent Opening Size), fabric weight, and the geotextile type, woven or nonwoven.

1. INTRODUCTION

In a labarotory study by using nonwoven geotextile filters, over 90% of TSS, BODs and NH;3
were removed from a wastewater sample (Yaman, 2003), in which HLR of 365 L/m*day (9.0
gal/ft*/day) was applied in dose and drain cycles to the geotextile biofilter. The result was a little
loss in permeability, and ammonia (NHs) and nitrate (NOs) concentrations in the effluent were
reduced to below 5 mg/l and 10 mg/1, respectively.

2. BACKGROUND

The premise of this study was that the common observation that microorganisms colonize
geotextiles in subsurface drain filters presented an opportunity for treatment. The goal was to
develop a compact system with a high sustainable hydraulic capacity that would produce effluent
suitable for groundwater discharge. One likely application is to onsite wastewater treatment and
disposal systems, which serve about 25% of the nation.



and disposal is the only available solution, producing more “non-point” pollution sources.
Suburban expansion (“sprawl”) often extends beyond practical reach of sewer systems,
increasing the number of unsewered homes and other occupied sites. Consequently, the projected
need for improved wastewater treatment techniques is now directed to single houses and small
communities. As a class, this 1s now called decentralized wastewater management (DWM), the
collection, treatment, and disposal/reuse of wastewater from single houses, groups of homes, and
industries, commercial facilities and institutions (Tchobanoglous, 1998). The flow rate
determines the appropriate type of treatment system, including decisions on mechanical
complexity, operator attention, and detention time and space requirements. The objectives of
improved small treatment facilities are to protect public health and receiving environments, and
to reduce the costs of treatment. Many existing onsite wastewater disposal systems now perform
poorly for one or both of two basic reasons:

1- Inadequate hydraulic capacity, often a result of increased living standards and water use
2- Incomplete treatment and resulting surface or groundwater pollution

Regulatory standards are increasingly more stringent to address both problems. A high-sustained
hydraulic loading rate, the primary interest of the owner, is no longer the sole design criteria. It is
increasingly required that the quality of the effluent that reaches the water table not degrade the
community water resource. The key issues are NHs, NOs™ and, more recently, viruses. Because
the practical amount and sophistication of testing and analysis is limited on the onsite scale
compared to community level projects, even dilution usually cannot be demonstrated. Hence,
regulations include assuring a 4 ft unsaturated treatment zone above the seasonal high water
table, and often, a clay content in the subgrade or sand filter to assist denitrification.

Many sophisticated onsite treatment and disposal systems have been developed, but the standard,
from the viewpoint of user economy, is the basic septic system. The two basic components are
shown on Figure 1 along with other features; a septic tank and soil absorption or leaching field or
bed. A rectangular infiltration bed is shown, but trench systems are also used (Yaman et al,
2005). Gravity flow 1s used where topography and water table depth allow.
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4. PROCESS ANALYSIS

Figure 1 also shows the increasingly more comn

infiltration surface to provide the required water table clearance. 1he additional components are
a pump placed in a wetwell that accumulates tank effluent between pump cycles. The pumping
system is often designed to distribute effluent in controlled volumes that not only assure uniform
distribution, but also flood the coarse aggregate distribution layer to a known depth in each dose.
This forces substrate and biomass to distribute vertically, and draws air into the subgrade at each
drainage cycle, 1.e., a pressure dosing system.

Septic tank effluent has low dissolved oxygen (DO). Thus, it 1s difficult to reach secondary
treatment levels in the leaching field unless the HLR is low and oxygen can be supplied. With
continuous flow, the model for a gravity septic system, the subgrade below the infiltration
system re-aerates only by diffusion. This requires that the soil be unsaturated and have access to
the atmosphere. In buried filters, the covering topsoil can reduce air diffusion into the aggregate
layer, especially during wet or freezing weather conditions. Filter surfaces exposed to air
circulation, as in buried chambers, offer better oxygen supply. However, when flooding
continues for several hours, air diffusion stops (Schwager et al, 1997). Allowable flow rates and
application intervals are thus limited to maintain a low degree of saturation under the infiltration
surface. When the subgrade has high capillary retention (i.e., “field capacity”), or where a higher
strength effluent would overload biological treatment capacity, an intermittent sand filter may be
inserted between the septic tank and the infiltration surface. Thus, when an elevated surface such
as that in Figure 1 1s required, the infiltration bed is usually constructed as a sand bed anyway.

As self cleaning (sludge digestion) biological treatment units, as opposed to just being a means to
dispose of liquid by infiltration, the organic loading rate is as important as the hydraulic loading
rate. Increasingly, septic systems are being designed and installed as intermittent sand filters. A



concentration of 260 mg/L in the wastewater delivered to the septic tank, and 40% TSS removal
in the septic tank, the tank effluent would have a TSS = 156 mg/L. This 1s actually well above
the average for modern tanks. Adopting 13 g SS/m*day as a maximum load, the maximum
hydraulic loading rate on the filter would be 83 L/m”/day (8.3 cm/day). As noted earlier,
intermittent loading provides better oxygen transfer than continuous loading. Boller (1997)
calculated a maximum O, flux into the filter of 55 g O,/m*/day for a sand of 0.85 mm effective
size. USEPA recommends a maximum organic load on sand filters of 24 g BODs/m?/day.
Assuming typical BODs and TKN concentrations (Leak et al., 1981) in primary effluent of 270
mg/L and 60 mg/L, respectively, the total oxygen demand (TOD) can be calculated as:

TOD = (BODs) + 4.5 (TKN)

Therefore, the TOD value would be around 540 mg/L. Considering a maximum oxygenation
capacity of 55 g O,/m*day, the maximum hydraulic loading rate would be around 100 L/m*/day
(10 cm/day).

The two issues that will confront any effluent recharge system in the future are nitrogenous
materials and viruses.

Luanmanee et al. (2001) investigated the use of a multi soil layering system for treatment of
domestic wastewater treatment. The multi soil layering (MSL) system enhanced the natural
subgrade soil’s performance in wastewater treatment. The efficiency of MSL system varies with
the operational parameters. For example, aeration can enhance BODs, COD, TSS, TN, and TP
removal rates. Special materials may be added to accelerate treatment processes, such as zeolite
for NH, adsorption, organic material as a denitrification process carbon source, and iron particles
for phosphate fixation/adsorption.

Reliance on downstream aquifer processes to provide biological denitrification is referred to a
soil-aquifer treatment (SAT). Such systems require anaerobic conditions and an organic carbon
source for growth of the denitrifying microorganisms. This amount is about 2.5 mg/L. BOD for
each mg/L of NOs™ removed. Most secondary effluents have 15 to 20 mg/L nitrogen, mostly as
NH;. Pressure dosing in septic systems uses hydraulic control, i.e., dose and drain, to cycle
between aerobic and anaerobic conditions to encourage nitrification/denitrification. However,
removals above 50% cannot generally be assured. Converting NH; to NOs', and then N, gas may
require several cycles. The point of the pressure dosing is to create a thin biofilm, which rapidly
degrades organics. Intermediate decomposition products such as NO;~ can be washed out of the
upper layers. However, the flooding that delivers fresh NH; temporarily depletes oxygen and
encourages NH; sorption on any clay particles that are present. As the percolate drains, air enters



cm’ air/em’ soils. This study suggested a potential for using RI porous media reactors for
nitrification of NH; concentrations between 20 and 80 mg/L.

S. MICORBIAL ISSUES

Bacterial populations in effluent have both positive (treatment) and negative (pathogens)
implications. Craun (1985) reported that contaminated groundwater causes almost half of the
recorded waterborne disease outbreaks, often by subsurface cross-connections between onsite
wastewater disposal and wells. Pell et al (1989) monitored the development of bacterial
populations in a sand-filter system using a three-chambered septic tank, a sand filter, and eight
columns. After steady state conditions were reached, it was found that the wastewater contained
over two orders of magnitude higher more aerobic bacteria in the third chamber compared to the
first chamber of the septic tank. On the 10™ day, the bacterial population on the surface of the
sand filter increased significantly, and reached a peak on day 24. As anaerobic conditions
developed, the number of aerobic bacteria decreased and sulfate-reducing bacteria increased. In
the sand filter surface layer both aerobic and denitrifying bacteria increased in numbers until
days 65 to 75, thereafter remaining in a steady state at around 10° bacteria/gr-dry sand. The
populations of NH4 and NO,™ oxidizing bacteria both started at low levels, but increased to 10° to
107/gr-dry sand until days 70 to 95. At steady state, the bacterial population occupied 8 % of the
pore volume in the sand surface layer.

Pathogens in the wastewater are degraded or scavenged by naturally occurring soil
microorganisms (Kadlec et al, 1996). Scandura et al (1997) studied the survival and transport of
a model enterovirus (BE-1) and fecal coliform bacteria in the sandy soils treating effluent from
four septic treatment systems. The systems were seeded seasonally with known amounts of BE-
1. The fate of BE-1, fecal coliform and other wastewater parameters were monitored for three
months in the seeded wastewaters and groundwater monitoring wells. BE-1 levels in seeded
wastewater decreased exponentially with a 3-day hydraulic residence time, but it was detected in
monitoring wells as early as 1 day after seeding, persisting for two months. Virus detection was
higher in winter than in summer. It was associated with soils having the lowest clay content,
elevated groundwater pH and shallower vadose zone. Under optimum conditions, virus
reductions were as high as 9 logl0, but in systems with the most coarse (sand) soils and higher
water tables (most shallow vadose zones); there was extensive groundwater contamination by
viruses and other wastewater parameters.

Ausland et al. (2002) monitored the removal of fecal coliforms and fecal streptococci over a
period of 13 months in 14 buried pilot scale filters that treated septic tank effluent. The effects of



Retention times longer than 50 h produced almost complete removal of fecal coliforms.
6. DESIGN OF THE GEOTEXTILE BIOFILTER

This section provides information on design criteria if the geotextile biofilters were used to treat
septic effluent of a single house with three bedrooms. The design flowrate for septic effluents is
based on either the number of people living in the house or the number of bedrooms. As
described earlier, in most states it i1s common to use a design flowrate of 150 gal/day/bedroom.
Therefore, a design flowrate of 450 gal/day/bedroom will be selected. The geotextile treatment
unit for this single house will resemble Figures 2, 3, 4, 5, and 6, which show different details of a
mounded geotextile septic system. The reasons for using a mounded system can be explained as
follows:

[1]

Groumdvatar

Figure 2 Cross Section of a Mounded Geotextile Septic System
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COD 400 300
TSS 85 30
NH; 35 35
TKN 31 31
Organic N 66 66
Total P 16 16
01l and Grease 30 20

Table 1 shows typical parameters for septic tank effluent with and without effluent filter. As
shown, the septic tank effluent filter provides 25 % reduction in BODs and 65 % in TSS.
However, dissolved parameters such as NHy4, organic N and total P are not reduced with the use
of septic tank effluent filter. Typical BODs value of the septic tank with effluent filter 1s 140
mg/l. In order to achieve good BODs removal, a HLR of 5 gallon/day/ft*> would be used. This
HLR value is still much higher than the HLR values used in typical septic sand filters. The
minimum HLR used in Yaman’s (2003) laboratory study was 9 gallon/day/ft* (365 /m*/day).
Reducing the HLR in half would eliminate the problem that higher BODs (140 mg/l) would
create. The effluent filter is designed mainly to capture the particles and delay the clogging in the
septic sand filter. It is also assumed that a kitchen food-waste grinder is installed to the sink. The
influent concentrations for the geotextile biofilter are taken from Table 1. The design parameters
are selected as follows:

Q (flow rate) = 450 gal/day

BODs = 140 mg/1

TSS =30 mg/l

NH; =35 mg/l

Organic N = 31 mg/1

TKN = 66 mg/l

Oil and grease = 20 mg/I

HLR = 5 gallon/day/ ft*

Dosing cycle = 4 dose/day

Q for each dose = 450/4=112.5 gal/dose

Pump capacity (PC) = 100 gal/min (Tchobanoglc
Dosing duration = 112.5 gal/dose / 100 gal/min =
minutes to carry 112.5 gal wastewater to the geo
Total head for the pump (TH) =12 ft

Pump capacity = TH (ft).PC (gal/min) . dyater (1
=12 ft. 100 gal/day . 62.43 Ib/f x 1 ft*/7.48 gal



; removal rates, the final effluent concentrations

These values are below the discharge standards for surface and groundwater. However, NO;™ that
1s produced from nitrification in the geotextile biofilter has to be handled in an anaerobic
denitrification system. Therefore, it i1s suggested that a proper amount of carbon source along
with sufficient detention time have to be maintained in order to have complete nitrogen removal.

7. PROPERTIES OF GEOTEXTILES SELECTED

Geotextiles are manufactured from polypropylene (PP) or polyester (PET) in many types
(woven, needle punched, heat set, etc.) to serve filtration, separation, transmission and
reinforcement functions in infrastructure projects (Koerner, 2005). One method of designing
with geosynthetics involves determining the product characteristics required for that function. In
addition to having measurable hydraulic and mechanical properties that are used in analytical
expressions, available products have internal structures and surface textures that have been
empirically correlated with behavior in service.

Design of a geotextile biofilter illustrates the s
Geotextile biofilters are developed based on thy
which investigated landfill filter clogging using :
conditions. Leachate was percolated through co
geotextile, and sand. The filters appeared to prc
ecosystem”. The premise that geotextiles atti
supported by Corcoran and Bhatia (1996). In 1!



The intent in Yaman’s study (2003) was to take advantage of microorganisms’ attraction to
geotextile. What is a problem in soil and landfill drainage is an opportunity to protect receiving
waters from pollution discharges. However, the feasibility of using geotextile filters to treat
wastewater or weather generated flows requires high hydraulic capacity.

Unlike conventional sand filters, which eventually clog and are then replaced, a geotextile
biofilter must remain permeable. The clogging potential of the geotextile filter must be carefully
evaluated. Then the hydraulic function must be satisfied by selecting a geotextile filter that
provides the required cross- plane permeability or permittivity.

An abridged list of the properties reported by manufacturers of the geotextiles used is shown in
Table 2. While it is customary to use permeability or hydraulic conductivity (k, in cm/sec), as the
property characterizing the fluid flow resistance of a porous media to flow, it is customary to use
permittivity (in sec-1 units) in geotextiles.

In Yaman’s study (2003), nonwoven geotextiles
the best results compared to woven geotextiles
retained biomass without dramatic change in ps
products having an interior porosity. NWGT3
manufacturer, with similar permittivity and AO
textures as a result of the fabrication method (sta

As noted earlier, Koerner (1993) also showx

displayed the highest residual permeability,
displayed the lowest, and wovens were intermed:

Table 2 Published Properties of the Geotextiles ¢

Product, Apparent -
Polymer, Opening Size Permg?
Type (AOS), mm
WGT1 PP 0.600 0.0:
WGT2 PP 0.212 0.2¢
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8. DISCUSSION

Biological activity in this proposed geotextile biofilter can be affected by several environmental
factors such as temperature and oxygen supply. Most biological wastewater treatment systems
operate in the temperature range of 20-40°C. The rate of biological activity doubles for every 10-
15°C temperature rise (Tchobanoglous, 2003). Therefore, the temperature effect on microbial
activity is of concern. The geotextile biofilter system must be insulated to minimize the low
temperature effects on biological activity.

The proposed geotextile biofilter focused on a pattern of dose and drain methods for numerous
reasons. One of which was the need to provide opportunities for air to reach the biomass and
prevent the system from going anaerobic. Therefore, to increase the biological activity of the
geotextile biofilter, the influent wastewater needs to be aerated in the wetwell (Figure 5).

It is also suggested that periodic filter performance should be monitored by performing
permeability tests on the geotextile biofilter. If the residual permeability of the system indicates

severe clogging, the geotextile should be either replaced with a fresh one or the system should be
backwashed.

Tests were run with successively more favorable operating conditions in terms of producing the
desired effluent quality and minimizing the potential for clogging by biomass accumulation. In
effect, the latter involves finding the substrate (food) to biomass ratio (F/M ratio) that would
maintain active microorganisms in an endogenous, near starvation condition, and thus minimize
accumulation of undecomposed organic material. The geotextile biofilter design, shown in
Figure 6, is such that it is very easy to replace the geotextile filter if it fails to perform in the
system. As mentioned above, another alternative for clogged geotextile biofilers is to backwash
the system.

The geotextile biofilter system can also be modified to investigate the alternative operating
modes. For instance, the geotextile treatment unit can be dosed continuously rather than
intermittently. In both cases, continuous and dose and drain modes, the influent wastewater
should be aerated before application to the treatment unit. Further research is needed to
investigate the possible modifications of the geotextile treatment system.



gallon/ft*/day).

LIST OF ABBREVIATIONS

HLR Hydraulic Loading Rate

BODs 5-day Biochemical Oxygen Demand
TSS Total Suspended Solids

AOS Apparent Opening Size

NPDES National Pollutant Discharge Elimination System
DWM Decentralized Wastewater Management
DO Dissolved Oxygen

COD Chemical Oxygen Demand

TN Total Nitrogen

TP Total Phosphorous

SS Suspended Solids

USEPA United State Environmental Protection Agency
TKN Total Kjeldahl Nitrogen

TOD Total Oxygen Demand

MSL Multi Soil Layering

SAT Soil Aquifer Treatment

RI Rapid Infiltration

PP Polypropylene

PET Polyester

GT Geotextile

NW Nonwoven

W Woven
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decreases significantly beyond compression strength, in some cases by as much as two orders of
magnitude. Current design methods based on transmissivity - even if the testing is carried out to
100 hours as required by GRI GC-8 and even when a reduction factor for creep is used - do not
fully capture the time-dependent behavior of geocomposites. In fact, the GRI procedure GC-8 is
invalid at certain stresses as related to compression strength of geocomposites. This paper
presents a design method that explicitly considers compression strength and creep failure, i.e,
time-dependent failure, of geocomposites. When used in conjunction with current methods of
hydraulic design, the suggested design method ensures that the geocomposite would not fail
throughout the design life of a project. Because the current design methods do not accomplish
this very important design objective, the proposed design method is a significant improvement
over the current state of practice. The design method proposes the following equation:

Where FSstr is factor of safety for strength, s i1s compression strength and p is overburden
pressure.

An important contribution of this paper is the u
safety of 2 in the above equation. The author pt
are loaded beyond 50% of their compression str
a material failure in compression mode invaria
GC-8 are based on a linear relationship betwee1
GRI GCS8 is inappropriate at stresses below a fac

1. INTRODUCTION

Drainage geocomposites consist of a polymeric

both sides. The polymeric core forms the main 1

depending on the boundary conditions, acts a:
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limited influence of other factors, including geotextile and manufacturing process. Two types of
geonet drainage cores are used in landfills in the US: biplanar and triplanar. Figure 1 shows a
photograph of a typical biplanar geonet. There are four major manufacturers of biplanar geonets
in the US with the same overall structure as indicated in Figure 1. The details of the ribs, such as
rib shape, junction, spacing and orientation vary from manufacturer to manufacturer, and
therefore, no two products have exactly the same performance.



the other hand, the depth ot waste over a landfill leachate collection layer at the base ot a landfill
can be as high as 150 meters (500 ft.) with a much higher compressive stress. At such stresses,
the long-term structural integrity of the core of the drainage geocomposite can be a concern.
Many types of geonets can have strengths lower than overburden stress in some of the landfills.

The selection of geocomposite drainage layers is currently based entirely on hydraulic

requirements expressed in GRI procedure GC8 as:

_ 6100
" RF_xRF. xRF,,
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where:

0100 = 100-hour transmissivity from a lab test
RF.. = reduction factor for creep

RF.. = reduction factor for chemical clogging
RFp = reduction factor for biological clogging
0.1 = allowable transmissivity

Breq = required transmissivity

FS = factor of safety for drainage
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method D 1621. This test method requires applying compressive stress on a circular or square
specimen at the rate of 2.5 mm/minute. The result for a typical biplanar geonet is a curve of the
type presented in Figure 2. The curves indicate a peak value for each of the products after which
there is stress-softening in the material. The peak value is referred to as compression strength or
lay-over strength of the geonet.

Geonets are polymeric, and hence, visco-elastic in their compressive mechanical behavior. The
values of crush strength indicated would change depending on the rate of application of the
compressive stress — being higher for higher rate and lower for the lower rate. One way to
consider the effect of time on compression strength of a geonet is to perform compression creep
tests. The first step in performing a compression creep test is to obtain compression strength of
the geonet according to ASTM D 1621. For example, products A, B, C and D in Figure 2 have
compression strengths of approximately 18000 psf, 20000 psf, 31000 psf and 40000 psf,
respectively. Obviously, different geonet would have different types of stress-strain behavior and
the test must be performed on a representative sample of the product which is to be tested for
compressive creep.

Detailed description of compression creep tests on geonets have been provided by Thornton, et.
al. (2000) and Narejo & Allen (2004). The tests are performed in a controlled environment at
ambient or elevated temperature. When performed at elevated temperature, the tests are referred
to as “accelerated creep tests”, of which stepped isothermal method (SIM) is but one variety. A
contact stress, equal to a certain fraction of compression strength, say 25%, 50% or 75%, is
applied on a test specimen and maintained over a desired time. During this time, the thickness of
the specimen is recorded at regular intervals while ensuring that the temperature remains
constant. Whether a conventional creep test is used or an accelerated one, the final output of the
test 1s a plot of change in thickness, or thickness retained, with time. Such a plot of a product
with a compressive strength of 10,000 psf (478 kPa) is provided in Figure 3. The reader may
note that the rate of decrease of thickness (i.e., decrease in thickness per unit time) increases as
stress on the specimen is increased. At 1000 psf (47.9 kPa), which is equal to about 10% of
strength, the decrease in thickness is the least and the relationship between retained thickness and
time 1s linear. This linear behavior can be extrapolated to obtain thickness at desired project life,
say 30 years. The next stress increment shown in the figure i1s 5000 psf (239 kPa), which equals
to 50% of short term strength of the geonet. Again, the response with time is linear. However, at
a stress of 7500 psf (359 kPa), the response is linear up to a certain time at which the specimen
fails, as indicated by sudden drop in the curve. There is a significant scatter in the data at 7500
psf indicating variability in the material among different test specimen. The material represented
in Figure 3, with a compressive strength of 10,000 psf, is not capable of sustaining stress beyond
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Figure 2 — Compressive Stress-Strain Behavior of Geonets.
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Figure 3 — Compression Creep Response of a Geonet with a Nominal Compression Strength of
10,000 pst (478 kPa).

The creep curves of the type shown in Figure 3 were developed for products with compression
strengths ranging from 10,000 psf (478 kPa) to 50,000 psf (2394 kPa). These plots are generally
of the type indicated in Figure 3 with the response being linear up to a certain stress beyond
which the material failure takes place at some time before 10,000 hours. All tests show that the
response between thickness retained and time is linear as long as stress 1s kept below 50% of
strength. However, as soon as the 50% stress limit is exceeded, the geonet fails by creep at some
time between the start of the test and 10,000 hours.

A plot of failure time vs. stress as a percentage of strength 1s presented in Figure 4 based on tests
performed on many biplanar geonets. The plot shows the curve becoming asymptotic to the x-
axis at a stress of approximately 50% of strength below which failure time can be very long (i.e,
much longer than the scale on x-axis). There is a considerable scatter in the data which can be
attributed to the nature of the compression tests and variability of the test specimen. Certainly,
more testing 1s necessary to obtain a better representation of this very important relationship.
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tress and Failure Time of Biplanar Geonets.

3. DESIGN METHOD

The test data shown graphically in Figure 2 and
other tests, can be presented in the form of an e

S
F‘szr :E> 2

Where, FSy = factor of safety for strength of
(ASTM D 1621) and P is stress on a geocompos

layer, P = yh, where y = density of waste and h 1s

Equation 3 can have significant implication

geocomposites. It states that the geonet must ha

stress 1t is expected to resist in the field. For example, for a landfill with overburden stress ot
10,000 psf over the liner system, the geonet must have compression strength of 20,000 psf. That
certainly makes sense based on our understanding of other visco-elastic materials such as
geogrids. These materials are never used close to their strength since that would indicate failure
due to creep rupture within a short time after construction.

The above design method for strength can be used in association with hydraulic design of
drainage geocomposites, according to GRI method GCS8, to select a geocomposite for a project.
Many different types of geonet cores are available from manufacturers and the one that has



creep curve is available, one can calculate creep reduction factors as detailed in the GRI
procedure.

4. BENEFITS TO THE END USER

Geocomposite Manufacturers — Drainage geocomposite manufacturers currently price their
products according to weight, 1.e., the amount of polymer used in a product per unit area. Thus, a
product having strength of 50,000 psf is sold at the same price per unit weight as the one that has
strength of 10,000 psf. That said, manufacturers do not see the benefit of putting in the extra time
and cost into producing high strength materials. A geonet that has a better structural
performance, 1.e., one that can withstand a higher load can and should be sold at a higher price
than the one that can be used at a relatively lower stress. Since the structural performance
depends on the manufacturing process, including die design and manufacturing process speed, a
premium is justified for products that require more investment in the manufacturing process. The
design method proposed in this paper offers a basis for specifying strength of geonets.
Manufacturers can use this basis to price their products differently as is done currently, for
example, for plastic pipe.

Engineers and Owners — The overriding concern for engineers and owners is to ensure that the
geonet will perform its intended function over the life of a project. The design method presented
in this paper ensures that the selected product would be structurally adequate throughout the life
of a project. In the absence of the proposed method, engineers and owners currently rely on the
hydraulic design of geocomposite. Although important in its own right, this does not prevent the
failure of the geonet due to crushing from overburden stress. Using the approach presented in
this paper, owners can demonstrate adequate long-term performance of their proposed design
and gain regulatory approval relatively quickly.

Regulators — The structural integrity of drainage geocomposites is often questioned by regulators
during the design approval phase. Using this approach, regulators can ascertain whether the
geocomposite being proposed for project does indeed have adequate strength to provide the
required hydraulic performance over the life of a project. In the absence of this approach, one has
to guess or rely on “fudge factors” to ensure that the geonet has sufficient strength. This
approach provides a logical basis for comparing alternative materials being proposed for
approval. In certain cases, it can reduce cost to the taxpayer by showing acceptable products
from more than one manufacturer.
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designs and applications. While transmissivity testing is the standard test procedure for
measuring planar flow performance, the procedure often involves a minimum of 100 hours of
test duration, eliminating the ability for immediate and final performance evaluation. In addition
to transmissivity testing, several other product properties are relevant to subsequent performance
including strand inclination, thickness, density, short-term compression strength and long-term
creep properties.

While it is generally recognized that a geonet’s structure is related to its performance, certain
structural features such as strand inclination are generally not measured or specified. Yet, it is
this structure, or geometry, that gives a drainage product its performance capacity and
limitations, contributing to both time-dependent response under compressive load and related
flow properties. Of specific importance is the nature of the junction between the upper and
lower planar ribs in the geonet structure. The angle of inclination of individual strands as well as
the relative angle between the upper and lower ribs may be measured.

manufacturing, shipping, and material approval test schedules have been compressed to assure
timely project construction. In addition to the time requirement for performance of this test, site
specific materials are often required for use during performance tests. These project-specific
superstratum and substratum may involve typical landfill construction materials such as
compacted clay, cover soils, geomembranes and GCLs. Test specimens as part of designed
drainage profiles, increased costs for longer term flow testing and the increased time requirement
for final results, have often resulted in reduced test specimens used to secure a measurement of
flow. Many performance tests are performed using only a single test specimen, usually secured
from the center of the roll width.



These challenges of time duration, specimen number and representation all argue for finding a
way to predict product performance in the shorter term. There has been an ongoing effort to find
shorter term indicators of expected flow that lend themselves to confident acceptance/rejection
criteria. Various attempts and associated challenges in this regard have focused on short-term
transmissivity testing, thickness-dependent transmissivity testing, compression strength and
strain, and accelerated (SIM) creep testing.

Short-Term Transmissivity Testing

When a history of product testing has suggested a consistent flow vs. time relationship, the
testing community has often used early flow measurements to predict longer term flow results.
Indeed, because of the immediate nature of primary compression response, early flow tests at 1
to 24 hours can often serve to identify a poor or compliant product with regard to the required
flow.

The challenge in this approach is the still cumbs
test even when a product is failing in the ¢
relationship is not always consistent and can b
structural differences, adjacent site-specific mate

Thickness-Dependent Transmissivity Testing

If a strong thickness vs time relationship is |
transmissivity testing may be accomplished thron
to an agreed upon retained thickness correspond:
flow testing can commence to affect the equivale

The challenges with this approach are NUMETOUS ... . civ cicit o commiieiie s —scrasniag
drain to a desired thickness yields the same result as a time dependent process. One must also
know what the thickness of the drain is throughout loading and testing and this is quite difficult
when the drain is surrounded by project specific materials including soils that contribute
significantly to total realized system compression. Finally, the uncertainty associated with
product thickness vs time behavior requires establishing this relationship for each product style if
not each product roll tested.
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Figure 1: Ramp and Hold Compression Tests at ’

While this test is believed to be wvaluable, it i
acceptance testing. Early implementation may ov vauwssvagew vy suvn vi uswe. o, winse o
directly measuring flow, the test may be a good indicator of product behavior.

Accelerated (SIM) Creep Testing

The variability suggested in short term compression tests may also be expected in the longer
term and measured via longer term creep tests. Although conventional creep tests are not
reasonable to perform during construction related material verification efforts, accelerated testing
via the Stepped Isothermal Method (SIM) may be. This test may predict a final product



leading to very different results for creep reduction factors, an important feature of design flow
of planar drains.

While the approaches above have not yet answered the call for quick and ready measures of
product performance, they have served to define and investigate sources of observed variability.
Observations of product features have led to a new effort of define the governing structures of
planar drains.

IN SEARCH OF STRUCTURE

Though not always measured, it has long been recognized that several structural and physical
properties of geonets contribute to flow capacity and thus performance. Among these are geonet
density, height and width of ribs, rib junction integrity, load supporting surface area, aperture
dimensions and corner angles. All these parameters vary during geonet production and can
impact resulting performance.

One new approach to defining the governin
observations. The first dealt with the substantial
hold strain responses between products, even wt
observation related to the observed structural dif
routinely described by thickness and mass per un
the structural details yet exists. Yet, we routinel
planar strands, the magnitude of the junction b
the shape of the apertures. While we understa
affect resulting product performance, we do no
experience and vocabulary for describing them.

Typical compressive strength testing looks for
curve that corresponds to a transition. TYPICAl s coicie o cie meaion v e e s aessnnaag
more load through increased strain rather than load resistance. Well pronounced features
meeting these criteria are called yield points and often correspond to what we term “roll-over”
strength or compressive strength of the product.

Under increasing compressive load, a geonet may crush or “pancake” with the top strand driven
into and crushed on top of the bottom strand. Or, typically, it yields by displacing the upper
strand downward and to the sides of the bottom strands, referred to as “roll-over” behavior.
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Feature Test Method Result
Density ASTM D 1505 0.954 g/cm3
Mass per Unit Area ASTM D 5261 0.89 kg/m2
Thickness ASTM D 5199 5.95 mm

The product roll width was divided into five equivalent widths excluding the outer 300 mm edge.
Next, a single 300 mm square specimen was cut from the center of each width for measurement
of strand inclination angles.

Strand inclination angles were measured using a CalTex System 3D Digital Video Inspection
Measurement System equipped with AVM1 Version 3.00 data acquisition software. This same
equipment is sometimes used to measure the critical angle between liquids and test surfaces to

determine the surface tension of materials.




Each specimen was cut at the location of measurement using a sharp cutting blade. The
inclination angles defined by the lower of the measured 1) and 2), and 3) and 4), were recorded.
That 1s, the lower of the upper and lower strand related angles was recorded for each specimen.

Poor images and associated ambiguous angle measurements were rejected. The following
presents the measured inclination angles.
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4 5.89 0.820 615

5 5.94 0.918 700

Table 2: Section physical and mechanical properties

The average and minimum strand inclination angle measurements were determined and plotted
vs the measured compression strength. Finally, the mass per unit area and thickness of each
width were plotted vs. compression strength. The relevant results of these determinations and
associated plots are presented in the following table and plots.
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Figure 5: Compressive Strength vs. Thickness
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OBSERVATIONS

e While variability in strand inclinations o1
inclination angle test populations all demo:
percent.

e The correlation between all measured
compressive strengths were not well defir
apertures did not govern compression behavi

e The correlation between all minimum angle
strengths were not well defined. It is bel:
present, do not represent a given sample acc
not uncommon for most geosynthetic test poj

e It was believed that thicker, heavier zones in a product roll width would exhibit increased
resistance to loading. This was not the case, demonstrated by the poorly defined correlation
between mass per unit area, thickness and compressive strength. This re-emphasizes the
need for additional tools for short term test measurements that are relevant to performance.

e The correlation between average intersection strand inclination angles and corresponding
compression strengths was excellent demonstrating a regression coefficient of 0.936. This
strong correlation was attributed to the significance of the intersection between upper and



leading to increased or decreased flow performance.
CONCLUSION

It 1s acknowledged that while geonet manufacturers control various processing parameters that
impact geonet angles and other structural features, the authors are not aware that current
processing technologies are always able to directly control the actual features. Thus, there is
much more work to accomplish both in measurement and processing before one could attempt to
specify or establish limits for these important features.

Still, the work described in this paper suggests that a procedure to determine a geonet’s strand
inclination angle is possible and may lead to a predictive tool for studying performance under
load. The measurement presents an opportunity to develop protocols for describing visually
observed features of geonets, and a reasonable candidate for future specification. While
correlation to compression strength was established for only a limited use of strand inclination
angle measurement, the authors believe that increases in specimen populations may prove
additional correlation is possible. Further, additional work 1s needed to refine the procedure,
employ the test on a variety of materials and expand correlation efforts to short term flow and
long term compression results. Work continues in this regard.
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aiming at determining the chemical-physical, mechanical and hydraulic properties of the different
types of geomembranes and their evolution vs. time. The results of the tests allowed to establish
some preliminary conclusions on the long-time behaviour of the different types of geomembranes in
direct contact with diesel fuel.

INTRODUCTION

A major component in minimising pollution sources is in providing proper liquid waste collection
and disposal facilities. Secondary containment 1s defined as a means of surrounding one or more
primary storage containers or articles, providing additional storage capacity to collect any
hazardous material spillage in the event of loss of integrity or container failure (SLAC, 1997).
The leakage of potentially harmful liquids, like oil-filled equipment, chemicals and hazardous
wastes, could due also to overfilling or improper draining of the primary storage. Therefore, to
prevent any release to the environment, all containers used to store waste oils and other such
potentially dangerous substances should have a form of secondary containment, which provides an
essential line of defence in the event of a failure of a primary containment (such as a bulk storage
container, a mobile or portable container, pipes or flow-lines, or other oil-filled operational
equipment). The system provides temporary containment of spilled oil until the appropriate
response actions are taken to abate the source of the discharge and remove oil from areas where it
has accumulated before the oil reaches the surrounding environment (EPA, 2005). Secondary
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to all grades of jet fuel, was installed on about 80,000 m2 of the dike liners and left exposed, also to
eliminate the need for maintenance crews to cut the grass and to reduce the clean-up costs in case of
a fuel spill (no expense for removal of contaminated soil). Another example of permanent
secondary containment with geomembrane liners 1s given by the concrete walls and containment
area floors of the Denver International Airport tank farm, that were overlaid with about 50,000 m2
of reinforced ethylene copolymer alloy geomembrane. This type of geomembrane was previously
tested in constant contact with Jet A (commercial jet fuel) for six-and-a-half years, with no
substantial damage or loss of strength (www.xr-5.com).

The purpose of the experimental activity developed at CESI in Milano and presented in this paper is
to study the behaviour of different types of geomembranes, commonly available on the European
market, when in contact with diesel fuel for a prolonged period of time.

design of a geomembrane liner for secondary containment

As already described above, geomembranes are flexible membranes extensively used as secondary
containment as spill protection on chemical storage tanks surrounding areas. Geomembranes are
made by combining one or more thermoplastic polymers with additives, like plasticizers, carbon
black, processing aids, anti-oxidants. A wide range of thermoplastics resins are used for
geomembranes, including high density polyethylene (HDPE), very low density polyethylene
geomembrane (VLDPE), polyvinyl chloride (PVC), polypropylene (PP).

First of all, when selecting the type of secondary containment to use, it should be considered the
compatibility with the type of substance or waste to be contained, its durability and resistance to
fire, heat and sunlight. Therefore mechanical properties (as tensile behaviour and tear resistance)
and durability properties (as heat resistance) are properties of the geomembranes that should be
examined to determine the most appropriate material in relation to the final use. The tensile
properties refer to the tensile strength of a geomembrane and to the ability to elongate under stress
and must be sufficient to satisfy the stresses (for example self-weight) and the strains (for example
not exceeding the yield strain for HDPE) anticipated during its service life. Geomembrane liners
can also be subjected to tearing during installation due to high winds or handling. Exposure to
atmosphere and temperature changes can cause degradation in the geomembrane if it is exposed for
a prolonged period of time. Not only the geomembrane capacity to withstand long term contact with
whatever the secondary containment hold must be investigated, but also the capacity to meet the



i B e A

EXPERIMENTAL STUDY

The experimental activity described in this paper interested seven types of geomembranes that were
exposed to diesel fuel for eight months. The selected geomembranes, of different types and made of
different polymers, were the following:

HDPE-1 and HDPE-2 (high density polyethylene, manufactured by two different companies);
CHD (modified high density polyethylene);

MP-G (modified polyethylene reinforced with glass fibres);

VLDPE (very low density polyethylene);

PVC (polyvinilchloride);

PVC-P (plasticised polyvinilchloride).

All the considered geomembranes were 2.00 mm in nominal thickness, with the exclusion of the
two made of PVC, that were 1.50 mm in nominal thickness.

Different specimens of 700 mm x 700 mm were cut from the seven geomembrane samples
subjected to the experimental activity at the Geosynthetics and Environmental Geotechnics
Laboratory at CESI in Milano. The edges of the specimens were wrapped in such a manner to
obtain containers in which the diesel fuel was poured and than retained without leakages (Figure 1).
The geomembrane specimens were left in contact with the diesel fuel at 20 °C for a maximum of
eight months and, during this time period, the level of the diesel fuel was kept equal to 40 mm:
therefore, regular additions were made in order to compensate the lowering of the diesel fuel level
due to evaporation. No agitation was foreseen in the immersion tank.

Gepmembrane
/0 Diesel fuel /BOX
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geomembranes; therefore, specific tests valid only for some types of geomembranes, as HP-OIT
tests for PE materials and plasticizer content for PVC materials, were not performed in this study.
The results of the following tests are illustrated: nominal thickness, thermo-gravimetric analysis,
tensile stress and strain, tear strength. In fact, as far as the chemical-physical properties are
concerned, density and cold bending of all tested materials don’t effectively change. Moreover, the
Shore A hardness related to all types of geomembranes decreases, if compared to the virgin sample
value, more quickly during the first two months, more slowly later; in particular, after eight months
of exposure to diesel fuel, the VLDPE geomembrane is subjected to the highest decrease (about
16%), while the hardness of the other six types of geomembranes decreases in the range of 10%.
As far as thickness behaviour is concerned, Figure 2 illustrates the percent variation of nominal
thickness vs. exposure time to diesel fuel. As it can be seen, HDPE 2 maintains the same thickness
after eigth months and PVC, PVC-P and HDPE 1 are subjected to an increase of about 3-4%, while
| by a prolonged contact with diesel fuel, because
'0% respectively: these ranges of increase are

i 1ged period.

—u

4 5 6 7 8

osure time [months]
'E 2 g MP-G == PV C-P =9 PVC VLDPE

yminal thickness vs. exposure time.
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soak up a minimal amount of diesel fuel (about 4.5% for HDPE and about 2% for PVC). In fact,
MP-G, VLDPE and CHD geomembranes are subjected to higher increases in thickness, if compared
to HDPE and PVC geomembranes: this correspond to a larger quantity of diesel fuel absorbed.

The structure of the polymer matrix could explain the behaviour of the different polymers in
presence of solvents. Polymers are large molecules built through addition (polymerisation) of small
repetitive molecules called monomers. A small amount of unfilled volume is associated with the
end of polymer chain.

20
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Using this interpretation, solvents, like diesel fue
phenomenon observed) thanks to the volume of't
molecules.
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Figure 4. Free volume associated to the end OW__

Thus, the solvent
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1 chain

molecules,
when penetrate into the material through the free volume, break weak inter-chain interactions,
increasing the distance between polymer chains and reducing their cohesion: this typically leads to
an mcrease in dimensions (swell) and to a loss of stiffness, as described by Kay et al., 2004.
As illustrated in Figure 3, where the fuel soaked percentage M is plotted vs. the square root of the
time, data related to all geomembranes, except CHD and VLDPE, fit a linear interpolation of the
Fick’s law, as suggested by Weitsman (1986):

M)+ /% (1)

where:
M= fuel soaked; t = exposure time; D = diffusivity coefficient.
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Figure 6. Percent variation of tensile strength in transversal direction vs. exposure time.

In Figures 5 and 6 the percent variations of tensile strength in longitudinal and transversal directions
are illustrated, while in Figures 7 and 8 the percent variations of tensile elongation at break in
longitudinal and transversal directions are shown. The geomembranes can be subdivided in two
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months of contact with diesel fuel. Variations in tensile strength occur within the first two months
of contact with diesel fuel, as it is the case also of the tensile elongation at break, both in
longitudinal direction (Figure 7) and in transversal direction (Figure 8). As it was expected (Kay et
al., 2004), all types of geomembranes exhibit a decrease in the stiffness values, due to the
penetration of solvent molecules into the material.
In particular, both types of PVC geomembranes exhibit a reduction in stiffness values due to a
reduction in the tensile strength and to a contemporary increment in the strain. On the contrary, the
other types of geomembranes show a decrease in the stiffness values, due to the combined effect of
a reduction in the tensile strength and of a corresponding smaller reduction in the tensile strain.
Figures 9 and 10 show tear strength behaviour in longitudinal and transversal directions
respectively. Also in the case of tear, as for tensile tests, the geomembranes can be subdivided in
two groups: HDPE 1, HDPE 2, PVC and PVC-P 1n the first group, CHD, MP-G and VLDPE in the
decrease of tear strength (about 30% in both

~
+ —
T 20
=1
=
o
5
9 0
0 1 2 3 4 5 6 7 8

Fuel exposure time [months]
8 CHD =g HDPE 1 e HDPE 2 e MP-G —==PVCP ——PVC VLDPE

directions). Figure 7. Percent variation of elongation at break in longitudinal direction vs. exposure time.
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CONCLUSIONS

In order to determine the evolution vs. time of ch

properties of seven different types of geomembra

CHD, MP-G and VLDPE were kept in contact w

months. Laboratory tests were performed on the

respectively after one, two, four and eight month:

allow to define how diesel fuel affects the geome

considerations could be settled:

the increase in nominal thickness, due to a swelli

diesel fuel adsorption, is particularly relevant (ab

and important (about 10%) for CHD geomembra

high density polyethylene (HDPE) and polyVInilC..virue s v «) mevsmvassos s,
correspondingly, the action of the diesel fuel on high density polyethylene (HDPE) and
polyvinilchloride (PVC) causes negligible alterations of mechanical properties both in tensile and
tear tests, while the tensile and tear characteristics of CHD, VLDPE and MP-G geomembranes are
subjected to a more marked reduction.

According to the obtained results it can be said that MP-G, VLDPE and CHD geomembranes are
the most affectédBy 9 TORSH R RO AL SRA M el fgppsversal direction vs. exposure time.
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period of time, i.e. during cleaning-up and reparation operations.

Therefore the good compatibility between geomembranes and diesel fuel should be assured
primarily in the short term: from the obtained results, considering the tests performed after one and
two months of exposure, PVC and HDPE geomembranes appear to be the most suitable for the
considered application.

However, it should be considered also the long term behaviour of geomembranes permanently
installed as secondary containment. In fact geomembranes should be chosen based on their capacity
to withstand working conditions even in the long term: therefore the selected geomembranes should
exhibit not only good compatibility with diesel fuel, but also resistance to UV degradation (in
particular for exposed working conditions), excellent behaviour vs. puncture, hold up to thermal
expansion and contraction, resistance to environmental stress cracking (for PE materials) and finally
withstand long term contact with whatever the tanks hold, from unrefined oil to jet fuel.

and Materials Centre, Texas A&M University, College Station, TX, USA.
www.xr-5.com : XR-5 lines jet fuel tank farm at Denver Airport, Case histories, Case study 2.

CONTACT:
Dr. Daniele Cazzufti, PhD
CESISp.A.
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the release of landfill gases to the atmosphere. This paper examines the diffusive migration of
four volatile organic compounds (benzene, toluene, ethylbenzene and xylenes) through samples
of a 0.76 mm (30 mil) thick flexible PVC geomembrane. Sorption and diffusion tests were
performed to estimate the parameters controlling diffusive migration, including the partitioning,
diffusion and permeation coefficients of the geomembrane.

INTRODUCTION

Volatile organic compounds (VOCs) found in landfill gas can contribute to contamination of
both the air and groundwater in the vicinity of a municipal solid waste (MSW) landfill.
Migration of landfill leachate through the composite liner system has been the primary focus of
past research into contaminant transport of VOCs. However, migration of VOCs through the
landfill cover and around the barrier system can also contribute to both atmospheric and
groundwater contamination.

Thus this paper focuses on assessing the diffusion characteristics poly-vinyl chloride (PVC)
geomembranes with respect to VOCs dissolved in water. The alternative case of diffusion form
gas phase through the geomembrane will be considered in a subsequent paper.



Environmental Protection Agency (EPA).

Typical concentrations of compounds found in la
listed in Table 1 along with the lowest and highe
VOCs found in the gaseous phase in landfills are
xylenes and are known HAPs (U.S. EPA, 2003).
in the environment. Often, the concentrations of
exceed the Ambient Air Quality Guidelines set b
Regulation 346, Schedule 2 (MOE, 2004). Cont:
potential risks to human health and the environm
of potential transport of these VOCs from the ga:
system.

There are two transport mechanisms: advective a

form a build up of pressure in the landfill provides the driving torce for advective flow through
tears or holes in the geomembrane (Stark and Choi, 2005). Contaminants are carried or moved
with the flowing medium (Benson, 2000). Proper installation of the final cover system
minimizes defects in the liner. However, even if the geomembrane is free from defects,
contaminants can migrate through the non-porous membrane by molecular diffusion (Haxo,
1990.)

For a well constructed geomembrane with minimal holes, diffusion is the dominate mode of
transport for organic contaminants, including VOCs (Edil, 2003, Rowe, 2005). Research has
shown that VOCs can diffuse through high-density polyethylene (HDPE) geomembranes (Park
and Nibras, 1993; Mueller et al., 1998; Sangam and Rowe, 2001b). There is also been one study
of sorption and permeation of organic contaminants through poly-vinyl chloride (PVC)
geomembranes (Xiao et al., 1997). Further research is needed to examine diffusive migration
through PVC geomembranes.

Diffusion of vapour or liquid permeants through geomembranes occurs in three steps;
adsorption, diffusion and desorption. This has been examined for dilute organic contamination
in aqueous solutions (Park and Nibras, 1993; Prasad ef al. 1994; Sangam and Rowe, 2001).
Several researchers (Pierson and Barroso, 2002 Stark and Choi, 2005) have reported that the
transport of gases and vapours through non-porous geomembranes can also be estimated by this
three step mechanism.

Table 1
Typical concentrations of compounds found in landfill gas at different sites®.
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Styrenes 1.50 0.002 87.0

Tetrachloroethene (PCE) 4.07 0.002 180.0
Toluene 44.66 0.005 758.0
Trichloroethene (TCE) 3.16 0.003 34.0
Vinyl chloride 452 0.051 48.1
Xylenes 64.13 0.002 664.0

3Compiled by the author from different landfill sites: Challa ef al. (1997); Hodgson (1992); Lee and Jones-Lee
(1994); Soltani-Ahmadi (2000); Tchobanoglous ef al. (1993).

Firstly, the contaminant partitions between the source medium and adjacent surface of the
geomembrane. Secondly, the compound diffuses through the geomembrane driven by chemical
potential. Finally, the compound partitions between the outer geomembrane surface and the
receiving medium (Sangam and Rowe, 2001). After a period of time, equilibrium is reached
between the concentration in the geomembrane and the concentration in either the source or
receptor media (Rowe, 1998). The equilibrium between geomembrane and the source medium
can be related by Henry’s Law:

cg = Sgrcy, (1)

where ¢, 1s the concentration in the geomembrane [ML"], ¢z, 1s the concentration in the source
fluid (either gas or liquid) [ML"], and Ser1s the partitioning coefficient [-].

In the second step, the diffusion of the penetrant through the geomembrane 1s described by
Fick’s first law:

dc

f=-D;—*. @)

where fis the mass flux [ML?T™]. The diffusion coefficient, D, [L*T™] is specific to the
geomembrane and contaminant of interest. cg 1s the concentration of the compound in the
geomembrane [ML?] and = represents the distance parallel to the direction of transport. When
the diffusion coefficient is constant, the change in penetrant concentration in the geomembrane
with time 7, 1s expressed by Fick’s second law:

2
6cg _D d c,
ot £ 52

€)
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Equations 1 and 3 are rearranged to give a relationship for the change in concentration in the
geomembrane. When the source and receptor media are alike the relationship is as follows:

de, de,
S e ®

The equation can further be simplified in terms of a permeation coefficient, Py [L’T™], which
represents the mass transfer across the boundaries (Sangam and Rowe, 2001), where:

P,=S.D, (6)

This paper focuses on the transport of VOC contaminants in dilute aqueous concentrations
through PVC geomembranes exposed to water above and below the liner. Geomembranes in
direct contact with contaminants from landfill gas in the vapour phase is addressed in a
subsequent paper.

EXPERIMENTAL INVESTIGATATIONS

3.1 Material and Methods

The study examined a 0.76 mm (30 mil) thick flexible polyvinyl chloride (PVC) geomembrane
supplied by Canadian General-Tower Limited (Cambridge, Ontario, Canada). Table 2
summarizes its relevant properties. Four aromatic hydrocarbons (benzene, toluene, ethylbenzene
and xylenes) that are common volatile organic compounds existing in landfill leachate and gases
were examined (U.S. EPA, 2003). The significant properties of these laboratory grade chemicals
(purchased from Sigma-Aldrich, Mississauga, Ontario, Canada and Chromatographic Specialties
Inc, Brockville, Ontario, Canada.) are presented in Table 3.

Tests were carried out using purchased BTEX standards and injecting known amounts into vials
and cells filled with organic-free distilled deionized water (DD water). Care was taken to ensure
that VOCs from the testing environment did not contaminate the water source. Concentrations in
cells reflected typical levels of VOCs found in landfill gas.

Table 2
Properties of PVC geomembranes
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From the sorption and control cell vials, 5 ml liq
Trap syringe. In diffusion tests, 100 pl liquid sa
directly injected into the 5 ml Purge & Trap syrut
20 pg/ml surrogates fluorobenzene and 1,4-dichl

3.2 Analytical Methods

Samples were analyzed by Purge and Trap Gas C

GC/MS. The procedure used a Hewlett Packard

selective detector (MS). Samples purged for 111

0.9 m/min. The temperature was then raised to 2

desorbed off the VOCARB trap inside the Purge and Trap apparatus for 4 minutes. Desorbed
compounds travel to the VOCOL column (60 m x 0.32 mm x 2.0 pl) in the GC. Chromatographs
were quantified using selective 1on monitoring (SIM). This method 1s based on EPA method
8240.

A certified BTEX reference standard of known concentration was analyzed regularly throughout
the testing. Sample concentrations were quantified based on this standard’s area. The efficiency
was calculated by using the recovery of the surrogate. Samples were rejected if the efficiency
was outside the 80-120% range. The efficiency was predominantly between 95-100%



3.3.2

Control tests were performed to establish the mass losses of contaminants due to sampling
procedures, leaks in the cells, or sorption to the cell materials: stainless steel, glass, viton o-rings.
Control tests were performed in both the 40 ml glass serum vials used for sorption testing and
stainless steel double compartment diffusion cells (Fig. 1). In the sorption vials, BTEX
concentrations were prepared using a high concentration standard diluted in DD water. Vials
were sampled in duplicate throughout the sorption testing period.

Control tests in the diffusion cells did not contain geomembrane samples. However, the viton o-
rings and septums were used to mimic the diffusion cell tests. The source and receptor
compartments were filled with DD water and sealed. Chemical were added to the source water
to create concentrations similar to those in the diffusion tests. Samples were taken from the
source and receptor at regular intervals during the diffusion cell testing period.

$

Fig. 1. Schematic of Diffusion Cell

Sorption tests



3.3.3

Msg = MsF + Mgp; (7)

where M, 1s the initial mass of the contaminant in solution [M]; M;r 1s the final mass of the
contaminant in solution [M] and M, 1s the mass contained in the geomembrane [M]. When the
Eq. 6 1s rearranged in terms of concentrations and volumes, it becomes:

M,
CrVio=CuVp+ > Cer » )]
g

where ¢y 1s the initial contaminant concentration in solution [ML" 3; Vp1s the initial solution
volume [L ]; C‘ﬂ:lS the final contaminant concentration in solution [ML *): Vir1s the final solution
volume [L]; M 1s the 1nitial mass of the geomembrane sample [M]: p, is the geomembrane
density [ML"] and cgr 1s the final concentration of the contaminant m the geomembrane at
equilibrium [ML?]. The partitioning equation can be expressed by substituting Eq. 8 into Eq. 1
as shown below:

g = lchV.fO —Ca Vi J/Dg
g Mgch

©)

Diffusion tests

In the diffusion tests, a stainless steel double compartment cell (source and receptor) were
divided by a 30 mil PVC geomembrane sample. The receptor cell was filled with DD water.
The source cell was filled with a dilute aqueous chemical solution at concentrations levels
similar to contaminant concentrations in landfill leachate. The liquid phase was sampled to
measure the initial concentration in the source. Diffusion cells were maintained at a constant
temperature of 22°C. Samples were taken from the source and receptor at regular time intervals.
The concentrations in the source and receptor were plotted as normalized concentrations relative
to the initial concentration in the source.

The experiments used concepts and theory developed by Rowe et al. (1998) for clayey soils and
by Rowe et al. (1995, 1996) for geomembranes. Sangam and Rowe (2001) reported diffusion
and partition coefficients for dilute organic contaminants in the liquid phase through high-density
polyethylene geomembranes using this approach.
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contaminant concentration in the source [ML>]; Hi; is the reference height of the source resevoir
[L]; fis(7) is the mass flux of contaminant into the geomembrane with time  [ML>T"]. The
decrease in contaminant concentrations in the source are modeled using Eq (10). To model the
increase in concentrations in the receptor as contaminants partition out of the geomembrane, a
similar equation is used:

T AL an

where ¢,5(1) 1s the contaminant concentration in the receptor at time ¢ [ML'3]_; ¢y 1s the initial
contaminant concentration in the receptor [ML>]; Hys is the reference height of the receptor
solution [L]; f;s(7) is the mass flux of contaminant into the geomembrane with time 7 [ML>T™].

The diffusion (D), partition (Sgy and permeation (Pg) coefficients of contaminants through PVC
geomembranes were inferred by fitting theoretical results of the diffusion equations to the source
and receptor concentration data from diffusion tests. The boundary conditions given by Eq. 10
and Eq. 11 were used. Analysis of experimental data followed the procedure outlined by Rowe
et al. (1995) using the finite layer analysis program POLLUTE® v.7 (Rowe and Booker, 2004).

RESULTS AND DISCUSSIONS
41 Control tests

Results of the sorption control tests are shown in Fig. 2. Benzene did not experience any
significant mass loss as the concentration decreased 0.6% from the initial concentration. The
decrease in concentration of toluene, ethylbenzene, m&p-xylenes and o-xylenes from the initial
concentration were 6.7, 10, 12 and 9.0% respectively. The decrease in concentration may be
attributed to their sorption onto the walls of the glass vials. Since there was no significant
change in the concentration of benzene, losses associated with sampling events can be
considered negligible. Therefore, the dominant form of mass loss of the other contaminants is
sorption to the testing material. Analysis of the sorption and diffusion tests using the
geomembrane takes into consideration the mass loss of contaminants due to sorption onto the
testing material (glass vials or cells).
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4.2 Sorption tests

Fig. 3 shows the decrease in contaminant concen
using PVC geomembrane samples. The changes
concentrations relative to the initial concentration
after 2 days. Benzene concentrations decreased |
decrease 1n initial contaminant concentration was
Ethylbensene and xylenes showed the greatest d¢
concentration decrease of 93%.



The partitioning coefficients Sgz; for the geomembrane were calculated using Eq. 9 and are
presented in Table 4. A non-corrected Sgrwas calculated assuming that there was no significant
mass loss of contaminants. This case assumes that the sorption of contaminants to the testing
material (glass vials or cells) 1s negligible in comparison to their attraction to the geomembrane.
The corrected Sgrtook into consideration the mass loss of contaminants to the testing material
even in the presence of the geomembrane. The extent of mass loss of contaminants was
approximated using results from the control tests. The actual values for the partitioning
coefficients are expected to lie between the non-corrected and corrected values.

The highest non-corrected Sg=1536 for the geomembrane was md&p-xylenes, followed by o-
xylene (Sg~=1425), ethylbenzene (Sg=1335), toluene (Sg=450) and benzene (S;~=135).

Table 4
Estimated partitioning coefficients from sorption tests



Concentrations in the source decreased with time as the contaminants diffused through the
geomembrane. Concentrations for m&p-xylenes in the source decreased the greatest. The
partitioning coefficient controls the decrease in source concentration; therefore the higher values
of Sgr for m&p-xylenes would predict this trend. Following md&p-xylenes, o-xylene
concentrations decreased the greatest in the source, followed by ethylbenzene, toluene and
benzene. Benzene had the fastest rate and amount of increase in the receptor, followed by
toluene. Ethylbenzene, md&p-xylenes and o-xylene increased at slower rates. The increase in
contaminant concentration in the receptor is controlled by the permeation coefficient.

1.2

0.0 T T

Time (days)

Fig. 4. Contaminant concentration changes in the source with time during diffusion tests using 30 mil PVC
geomembrane.
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285 1.8 0.5
205-347 0.6-1.7 0.1-0.6
180-240 0.4-1.5 0.1-0.4




ethylbenzene than toluene and benzene. Results from this study can be used to predict the rates
of diffusion of gas-phase VOC contaminants through the final covers in landfills.
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Airport involves several innovative geosynthetic applications. Historically, airplane deicing
operations at the airport have taken place at the individual airline gates, resulting in an increased
potential for uncontrolled releases of aircraft deicing fluids, such as propylene glycol. In
response to the threat of discharges to the nearby Rocky River and its tributary, Abram Creek,
the Ohio EPA mandated a new centralized deicing facility, where deicing fluid could be applied
and collected in a fully controlled manner. The new deicing facility, which covers
approximately 40 acres, was sized to allow deicing fluid to be applied to eight airplanes at one
time, allowing up to 30 aircraft depart in each peak operation, thus minimizing departure delays.
The 38-inch pavement section at the facility consists of (from top to bottom): 16 inches of
Portland Cement Concrete; 8 inches of econocrete; 8 inches of crushed aggregate; a hydraulic
barrier layer; 6 inches of aggregate-filled geoweb; and existing subgrade. To control the deicing
fluids, a geosynthetic clay liner (GCL) was selected as the barrier layer, the most critical
environmental component of the design. A plastic-laminated GCL was selected to mimic a
composite liner design. A geoweb with aggregate infill was placed beneath the GCL to provide
a drainage layer, frost protection, and structural support. To provide separation and filtration in
the underdrain system, nonwoven geotextiles were incorporated into the design. The facility
design also includes a 1.6 million gallon pre-cast concrete underground storage tank, 4 million
gallons of aboveground spent deicing fluid storage, a pump station, an elaborate system of flow
diversion valves, and over fifty-seven thousand feet of welded HDPE pipe, up to 54 inches in
diameter. Construction of the new deicing facility began in the autumn of 2005, and was
completed in September 2006.

INTRODUCTION

The design and construction of a new centralized deicing facility at the Cleveland Hopkins
International Airport (CLE) involved several geosynthetic applications, including a plastic-
laminated geosynthetic clay liner (GCL), a cellular confinement system (geoweb), nonwoven
geotextiles, and HDPE pipe. This paper presents a discussion of the project background, design,
and construction, with a particular focus on the geosynthetic elements. To the authors’
knowledge, this is the first use of either GCLs or geoweb materials at an airport deicing facility.

BACKGROUND

Ice, frost, or snow present significant concerns for airports in temperate and cold-weather
climates. Even small amounts of these materials on aircraft surfaces can pose serious safety
concerns. To address this concern, deicing fluids (such as ethylene glycol, propylene glycol, and
urea) are typically sprayed on aircraft before takeoff. Historically, airplane deicing operations at
CLE have taken place at the individual airline gates (Photograph 1). In the past, individual
planes were sprayed with deicing fluids while passengers were boarding, with any drippings and
overspray collected by vacuum trucks. For the 2004 to 2005 deicing season, a total of



Rocky River, which empties into Lake Erie), the Ohio EPA mandated a centralized deicing
operations at CLE, where deicing fluid could be applied and collected in a fully controlled
manner. The City of Cleveland Department of Port Control contracted R.W. Armstrong and
Associates, Inc. to design a new centralized deicing facility and oversee its construction. The
design is discussed in the following section.

DESIGN OVERVIEW

The CLE centralized aircraft deicing facility (CDF) covers a total area of 76 acres, which
includes Deice Pad 1, Deice Pad 2, associated taxiways, Site A and Site B (Figure 1). Since the
primary deicing operations will take place at the two CDF Pads and their associated taxiways,
these areas were sized to allow deicing fluid to be applied to eight commercial airplanes at one
time (30 planes/hub movement). Site A will provide a staging and storage area for deicing
applicator equipment, while Site B will contain two 2-million gallon aboveground storage tanks
for either onsite recycling or discharge to the Northeast Ohio Regional Sewer District
(NEORSD) sanitary system.

As shown in Figure 2, the typical 38 inch thick C
top to bottom): 16 inches of Portland Cement Co
crushed aggregate; a hydraulic barrier layer; 6 in
subgrade. The geoweb with aggregate infill was
frost protection, and structural support. Nonwov
for subgrade separation and on top of the geowet
Nonwoven geotextiles were also incorporated 1nt
and filtration.

The CDF has a total fluid capture capacity of 5.6

aboveground storage tanks (ASTs) at Site B, and

(UST) beneath Site A. The underground tank we

structural sections — the first of its kind for this ty .

beneath the UST as secondary containment in case of tank leakage, with a separate underdrain
system installed between the tank bottom and the GCL. A network of HDPE pipes will collect
runoff from the pads and transport it by gravity to the UST for retention, then either directly to
the stormwater system (clean run-off from the entire airport during the summer), or to the
collection system (glycol-laden water during the winter). Based on the glycol concentrations,
runoff will be segregated and managed through the use of five diversion vaults. One of the
vaults will divert the highest concentration flows from the primary glycol application area to an
1solated section of the UST. High concentrate runoff that accumulates in this 150,000 gallon
vault will be pumped into trucks for further processing, recycling, or off-site disposal. The



TABLE 1 - NEORSD DISCHARGE LIMITS

Parameter | Daily Ma:

COD 650 mg/L
BOD 406 mg/L

Ammonia |72 mg/L

Flow 2,700 gpm

The specific geosynthetic elements of the (
success, are discussed in the following section.

GEOSYNTHETIC ELEMENTS

Geosynthetic Clay Liner

Successful completion of the CLE deicing facilit

civil engineering specializations (transportation,

Since the major design objective is to prevent lea

environmental component of the project is the pa

needlepunch reinforced, plastic-laminated GCL y

2.1 million square feet of GCL were used to line

A and B. The GCL consisted of 0.75 lbs/ft2 of s

and nonwoven geotextiles. A 4-mil HDPE plasti

geotextile for improved hydraulic performance and chemical resistance. An additional
nonwoven geotextile was laminated to the HDPE geofilm to provide increased durability and
puncture protection. The GCL was selected for the following reasons:

e Low hydraulic conductivity. The plastic-laminated GCL product is certified by
the manufacturer to have a maximum hydraulic conductivity of 5 x 10™° cm/sec
when permeated with distilled water. Because the plastic geofilm is virtually
impermeable, the actual hydraulic conductivity of the plastic-laminated GCL is
expected to be lower.



consideration in selecting a GCL as the hydraulic barrier layer. The swelling and
sealing properties of bentonite give a GCL the unique ability to recover from
punctures. Studies performed by Shan and Daniel (1991) on GCL samples that
were deliberately punctured found that the GCL was able to self-heal holes up to 1
inch in diameter, and still maintain a low hydraulic conductivity. This self-sealing
ability allowed for rapid installation around penetrations, such as inlet structures,
pipes, and manholes.

Protection against ion exchange. Since the CDF pavement includes crushed
limestone aggregate (AASHTO #57 stone), a plastic laminate was incorporated into
the GCL to reduce the risk of ion exchange in the sodium bentonite posed by
dissolved calcium leaching from the aggregate.

Schedule. A major project driver was schedule — the Ohio EPA had mandated that
the new facility be operational by the Fall of 2006. Due to the amount of time
involved in getting funding in place, agreement from the airlines, and receiving
OEPA approval of the Permit To Install, the construction duration was compressed
to one year. This aggressive schedule required construction through the winter
months of late-2005 and early-2006. After evaluating various materials, the
decision was made to install GCL in lieu of geomembrane or compacted clay. At
low ambient temperatures, it would have been extremely difficult to control clay
temperature, moisture content, and hydraulic conductivity. Geomembrane panels
should only be installed and seamed when ambient temperatures are greater than
40°F, while GCLs have been successfully installed in many cold weather settings.
Cold weather delays related to either geomembrane or clay could have pushed the
project completion date into 2007, resulting in significant fines.

Simplicity of installation. Another benefit of using a GCL as the hydraulic barrier
1s ease of installation. While geomembranes require thermal seaming methods,
djacent panels and applying supplemental
ea. In addition, a pneumatically-powered
s used to deploy the GCL. The installation
acity tractor, as shown in Photograph 2. As the
ound operator used a control cable to unroll the
uipment, several acres of GCL per day were
on.



which 1s compatible with glycol, was selected instead of RCP, to limit glycol exfiltration and
groundwater infiltration potential. The HDPE collection system for all anticipated glycol flows
was provided from the inlets, through the diversion valves, and downstream to the disposal
facilities. The pipe diameters range from 24 to 54 inches, with motor-actuated gate valves.
Because of their size, both the piping and valves were specially fabricated for this project, and
required a long lead time (the lead time and pipe cost unexpectedly escalated in the fall of 2005
due to the Hurricane Katrina’s impact on manufacturing plants along the Gulf Coast). The
collection pipes draining the CDF area were sized to accommodate a 10-year summer storm
event. To evaluate expected winter flows and storage requirements, a model was developed
using the past 50 years of rainfall data, the existing fleet of aircraft, assumed glycol application
rates, and estimates of glycol drippage and overspray. This resulted in sizing the total project
storage at 5.6 million gallons — consisting of the ASTs, the UST, and storage in the pipe system.
The designers also worked with the HDPE pipe manufacturer to determine the minimum pipe
thicknesses needed to withstand the expected loading associated with the pavement and the
design aircraft.

Drainage Layer/Underdrain System

The native soils at CLE consist of glacial tills (p1

geotechnical properties. The 38-inch thick paver

subgrade California Bearing Ratio (CBR) of fou

encountered with CBR values under four, the sut

drying; adding cement or lime treatment; or remc

stabilization aggregate. However, even when ad:

construction, the relatively shallow water table ir

likelihood of saturated soils, which would furthe;

The water table has been found to rise up to with

the wet seasons in northeast Ohio. To address th

was incorporated into the pavement design. The drainage layer was placed directly on subgrade
which was sloped to allow groundwater to move up into the drainage layer and flow to the
perforated underdrain system that runs along all edges of the airfield pavement. The intent of the
drainage layer and underdrain is to collect shallow groundwater, thus preventing saturated soil
conditions, as well as providing structural support and frost heave protection. The underdrain
system includes two geosynthetic components: a geoweb and nonwoven geotextiles.

In addition to the “standard” groundwater underdrain system addressed above, the CDF also
must provide a drainage path for the glycol-laden water that makes its way down through the top



As discussed previously, the glacial till soils present on the CLE airfield are subject to great
variability. While the soil typically performs well when near optimum moisture levels, saturated
soils are not satisfactory for pavement subgrade. This problem was exacerbated when working
during the winter months. In order to bridge some of the softer areas of subgrade, a flexible,
three-dimensional polyethylene cellular confinement system (also known as a geoweb) was
placed over the subgrade. The geoweb used at CLE is shown in Photograph 4 - over 1.3 million
square feet of geoweb were used.

Historically, the drainage layer design consisted of combining a poorly graded aggregate
(AASHTO #57 stone) with an asphalt or concrete binder. The layer would then be placed on
subgrade with an asphalt or concrete paver. After hardening, the drainage course would form a
porous and flexible slab. However, since asphalt plants are not in operation during the winter,
and cold winter temperatures would prevent cure of cement binder, a geoweb was chosen to
bridge the soft spots as the drainage course. A secondary benefit was that the geoweb drainage
layer became a structural layer. During design it was determined that the 6 inch geoweb layer
would improve subgrade soils with a CBR value of two, up to the required design CBR of four.
The aggregate-filled geoweb produced a stable structural base that distributed loads laterally, and
reduced subgrade contact pressures. This was not only beneficial in terms of the overall
pavement stability, but also in terms of a stable interim construction platform. By spanning
weak soils that would otherwise need to be dug up and moisture conditioned, construction was
allowed to proceed uninterrupted through the winter months.

Geotextiles

Since the geoweb was placed directly on top of fine-grained soils, an 8 0z/yd2 nonwoven
polypropylene geotextile was used as a separation layer between the two distinct soil types.
Separation was needed in this application to prevent contamination of the granular infill (and
consequently, loss of shear strength) and to prevent punching or migration of the infill material
into the subgrade. An additional 8 0z/yd2 nonwoven geotextile was placed between the top of
the geoweb and the bottom of the GCL for puncture protection. The puncture risks posed by
both the aggregate-filled geoweb (below the GCL) and the crushed aggregate concrete subbase
(above the GCL) were evaluated during the early stages of construction by building a field test
pad. The test pad was constructed using 8 0z/yd2 nonwoven geotextiles on either side of the
geoweb. Various heavy construction vehicles (loaded dump trucks, graders, etc.) were driven
repeatedly across the pad, simulating worst-case construction conditions. The GCL was then
exposed and mspected for signs of damage. Since no significant damage was observed in the
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TEMPERATURE OF SECONDARY LINERS IN MUNICIPAL SOLID
WASTE LANDFILLS

R. Kerry Rowe, GeoEngineering Centre at Queen's-RMC, Department of Civil Engineering,
Queen's University, Canada; A. Hoor, GeoEngineering Centre at Queen's-RMC, Department of
Civil Engineering, Queen's University, Canada

ABSTRACT

Heat generated by biodegradation of waste and by other chemical processes can potentially
affect the long-term performance of liner system by causing desiccation of clay liner and rapid
aging of geomembranes. Recognizing that primary liners are susceptible to the effects of
elevated temperature the question then arises as to how much less susceptible is the secondary
liner to temperature? This paper examines heat flow in the barrier system befow municipal solid
waste (MSW) and examines the likely temperature of the secondary liner for a number of
different liner configurations and modes of landfill operation. It is shown that the temperature
on the secondary liner may be significantly elevated and suggested that this should be considered
in design.

INTRODUCTION

Modern landfill barriers systems are expected to control contaminant migration into the
surrounding ground and surface water systems for decades to centuries. Often these systems
involve a double composite liner comprised of a primary geomembrane and either compacted
clay liner (CCL) or geosynthetic clay liner (GCL), a leak detection/ secondary leachate collection
system and a secondary geomembrane and CCL or GCL. The geomembrane provides the main
resistance to leakage while the CCL or GCL reduces the potential for leakage through holes in
the geomembrane. In order to provide good long-term protection the geomembrane (especially
the secondary geomembrane) will need to have a long service life and the CCL or GCL should
not desiccate.

Heat is generated in landfills as a result of biodegradation of waste and hydration of ash (Rowe
2005). High temperatures are reported in the body of landfill and in landfill liners. At the base of
landfills temperatures up to 50°C to 60°C have been reported (Collins 1993; Yoshida et al. 1997)
for cases where there is no leachate collection system. With an operating collection systems
temperatures of 30-400C have been reported (Rowe 2005) and with the operation of the landfill
as a bio-reactor temperatures of 450C have been reported (Koemner and Koemer 2006). The
temperature of an underlying aquifer is typically in the range 5 to 20°C. Thus there will usually
be a temperature gradient between the base of the waste down to the aquifer. This temperature
gradient can cause water vapor to flow from the base of landfill to underlying layers. There can
also be a counteracting movement of water due to the development of high matric suction in the
upper, dryer soil. The net effect of these mechanisms may be desiccation of the clay liner. In
addition the higher the temperature of the geomembrane, the shorter will be its service life
(Hsuan and Koermner, 1998; Rowe and Sangam 2002; Rowe 2005).

Hanson et al. (2005) performed numerical studies and field measurements to examine the
temperature profile in a landfill liner. A landfill with single composite liner system was studied



and the effect of seasonal variations of temperature before and after waste placement was
imvestigated. '

The potential for desiccation cracking of clay liners due to thermal gradients has attracted a
limited amount of attention. Holzlohner (1990), Gottheil and Brauns (1995) and Philip et al.
(2002) performed experimental studies on clay liners in basal lining systems. These studies
focused on thermally induced moisture movement in liners. These tests have also been
numerically simulated by several investigators (D61l 1997; Zhou and Rowe 2003). Similarly
Southen (2005) and Southen and Rowe (2004, 2005a and 2005b) examined composite liners with
a GCL and reported both experimental studies from small scale and Jarge scale laboratory tests
as well as the results of numerical simulations of coupled heat and moisture transfer in single
liner landfill barriers.

Although, as noted above, there has now been a2 modest amount of research dealing with the
temperature, and effects of temperature for primary liners, there is a paucity of data relating to
secondary liners. Thus the objective of this paper is to report on a preliminary examination of the
potential temperature on secondary liners for different Jiner configurations and different modes
of landfill operation.

HEAT CONDUCTION

Fourier’s law gives the basic equation for defining heat transfer under steady condition:
q = —AVT (I)

where q 18 heat flux, A is thermal conductivity, and VT is temperature gradient in the direction
of heat flow.
Transient heat conduction can be derived by performing energy balance for a control volume
and, for a heterogeneous material, is given by:
2 2 2
A,a T+Ara {+}Lza T+q=pc-££
Ox 5% 0z ot 2)

where ’1‘, A, and “: are thermal conductivity in X, y and z directions. In this equation 4 is
volume energy addition, p is density of the material, ¢ is specific heat (the product 2 is called
heat capacity) and t is time.

Assuming that the problem is one-dimensional and no energy is added or taken out of the
system, equation 2 can be rewritten as:

aT_ or
o - ot 3)
or, on rearranging terms, as:
A o'T _or
ocxl o )
A

where the term ~° is called thermal diffusivity and denoted by & .



MODEL PARAMETERS AND MODELING PROCEDURE

In order to model heat transfer in barrier system, thermal properties of soil and geosynthetic
materials are required. Typically one requires the thermal conductivity, thermal diffusivity
and/or the heat capacity (when any two of these parameters are defined, the third one can be
calculated) to model heat conduction. In this study the thermal properties of soil were selected
based on data published in the literature.

The thermal conductivity of soil depends on many parameters. The soil structure and the number
and nature of contacts between soil particles play a key role in thermal conductivity values
(Farouki 1981). The dry density and porosity of soil are also important factors affecting thermal
conductivity. An increase in porosity results in a decrease in density. In dry soils this means that
there is more air in the soil. Therefore thermal conductivity of dry soil decreases with an increase
in porosity. However in wet soils the relationship between thermal conductivity and porosity is
more complex. In a saturated soil, the thermal conductivity decreases with an increase in porosity
only if thermal conductivity of soil particles is greater than that of water (Farouki 1981). The soil
moisture content has a great impact on thermal conductivity. An increase in moisture content
results in increase in thermal conductivity (Salomone et al. 1984a, 1984b, 1989; Becker et al.
1992). The mineral composition of the soil is another important factor with quartz based soils
having a higher thermal conductivity than soils comprised of other minerals. Particle shape and
grain-size distribution may also affect thermal conductivity. Figure | shows the typical range of
thermal conductivities for different types of soil based on published data.

A few researchers have measured specific heat of soil (e.g. Kersten 1949; Ghuman and Lal 1985;
Bilskie 1994). However, most investigators have assumed that heat capacity of soil is the
weighted sum of heat capacities of soil constituents (i.e. soil grains, water and air). This latter
method is used for calculating heat capacity herein.

A number of studies have measured thermal diffusivity (Mickley 1951; Ghuman and Lal 1985;
Hopmans and Dane 1986; Bilskie 1994). Thermal diffusivity usually increases with water
content, however experimental studies carried out by Ghuman and Lal (1985) suggested that in
some types of soil (sandy and loamy soils in these tests) the thermal diffusivity reached a peak at
a moisture content below saturation and decreased for higher water contents .
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Figure 1 - Thermal conductivity , A ,of soils versus degree of saturation, Sr (Data is collected
from: TM 5-852-6/ AFR 88-19; Sepaskhah and Boersma 1979; Mclnnes 1981; Ghuman and Lal
1985; Hopmans and Dane 1986; Sorour et al. 1990; Bristow 1998; Tarnawski et al. 2000;
Tarnawski and Leong 2000; Ochsner et al. 2001; Bristow et al. 2001; Coté and Konard 20052,
2005b)

Thete is a paucity of data regarding the thermal properties of geosynthetic materials. Thus for
this paper, the thermal conductivity and heat capacity of the geosyuthetics of interest are
calculated based on their components. Since high density polyethylene (HDPE) geomembranes
are primarily comprised (~97%) of HDPE, the thermal properties of geomembranes were taken
to be within the range of thermal properties of HDPE. The same approach was used for
geotextiles. For GCLs the properties were calculated based on the properties of a layer of clay
(the bentonite) and two layers of geotextile.

Given the large area of a barrier system compared with its thickness, a one-dimensional model
was adopted to simulate heat flow in the vertical direction. Heat conduction can be modeled
either by equation 1 (steady state) or equation 4 (transient). In this paper, the computer program
POLLUTE v.7 was used to solve equation 4. The barrier system was modeled as several layers
of materials with different thermal properties. The temperature was specified at the upper
boundary (top of top liner) and lower boundary (top of aquifer).

Different liner configurations were modeled to estimate the Jikely temperature of the secondary
liner. Table 1 shows different liner configurations simulated in this study. The distance from the
thermal boundaries to the secondary liner may be an important factor influencing the secondary
liner temperature. Thus the distance between primary and secondary geomembrane (i.e.
thickness of the primary CCL or foundation layer below a primary GCL and the thickness of the
leak detection/ secondary leachate collection system) and the distance between the bottom of the
secondary liner and the aquifer (i.e. thickness of the attenuation layer) was examined for second,
third and forth barrier systems.



Table 1- Configurations of barrier systems examined (* base case; see text for other cases

examined)
Barrier System Layers Thickness
(mm)

I Geomembrane | 2
GCL 14
Geonet 5
Geomembrane | 2
GCL 14
Attenuation 3000
Layer

2 Geomembrane | 2
CCL 750*
Gravel 300
Geomembrane | 2
CCL 750
Attenuation 3000
Layer

3 Geomembrane | 2
GCL 14
Foundation 500*
Layer
Gravel 300
Geomembrane | 2
GCL 14
Attenuation 3750
Layer

4 Geomembrane | 2
GCL 14
Foundation 500
Layer
Gravel 300
Geomembrane | 2
CCL 750
Attenuation 1000*
Layer




RESULTS

As a base case, consideration was given to a 400C difference in temperature between the aquifer
and the top of uppermost geomembrane (e.g. an aquifer temperature of 10 oC and top of hiner
temperature of 500C) and the increase in temperature throughout the profile was calculated
relative to the aquifer temperature. For a given profile the problem is linear with respect to
temperature and thus the results for an increase in temperature could be used to calculate the
increase in temperature for any combination of aquifer and top liner temperature combination.
For example, if the aquifer temperature were really 10 oC and the top liner was 40 oC giving a
temperature difference of 30 oC, the increase in temperature at any point would be 30/40=0.75
time that shown below for a 40 oC difference.

Given that there is variability in the published thermal properties being used for the layers of soil
and geosynthetics an initial series of analyses were performed to examine the sensitivity of the
results to these properties. Figures 2 and 3 show the temperature profile for the first barrier
system (all geosynthetic above the attenuation layer). In these simulations the thermal diffusivity
(@) of the geosynthetic and soil layers was chosen to be at the upper end of the published range
for one case (denoted “maximum & ™) and at the lower end of the published range (denoted
“minimum @ ). Given the thin profile of this “all geosynthetic™ barrier system, Figure 2 is
dominated by the temperature gradient in the soil attenuation layer. Figure 3 therefore focuses
on the temperature changes within the geosynthetic components of the barrier system.

rd
S ——————  Maximum ¢ -1 day
A7 e Maximum a- 70 days (Steady State)
25 ¢ R Minmum « - 1 day
_/‘/ —s=—-— Minimum a - 70 days
s — — — - Minimum & -180 days ( Steady State)

3.0 & . . )
0 10 20 30 4D

increase in Temperature (°C)
Figure 2- Effect of thermal diffusivity on temperature profile- 1st barrier system shown in Table
1 (geonet 1s used for leak detection/secondary leachate collection system)
Figures 2 and 3 show that while an increase in thermal diffusivity affects the time it takes to
reach the steady state temperature profile, it does not significantly affect the final profile. This is
because the thermal properties of liner materials do not differ from each other sufficiently to



have a significant effect on final heat flow. For the range of thermal diffusivities considered, it
only takes between 70 and 180 days to come to a thermal equilibrium. These times are quite
short. It is also noted that at equilibrium the temperature of the secondary geomembrane is within
1oC of that of the primary geomembrane. This is consistent with the (albeit very limited) field
data (Rowe 2005). Thus while the secondary geomembrane has the advantage of not being
directly exposed to leachate (which should increase the service life of the geomembrane) the
similarity in temperature will mean that the service life of the secondary geomembrane is likely
to be of a similar order of magnitude as the primary geomembrane (see Rowe 2005).

Figure 4 provides a similar examination of the effect of uncertainty regarding the thermal
propertics of the geosynthetics and sotl for the second barrier system shown in Table 1. In this
case the GCL has been replaced by 0.75m thick compacted clay liners and 0.3m of gravel is used
for the leak detection/ secondary leachate collection system. For this thicker profile it took
between 200-550 days to reach steady state depending on the parameters.

Figure 5 shows calculated increase in temperature versus time at the secondary geomembrane for
both barrier systems examined above (Systems 1 and 2 in Table 1). It can be seen that
uncertainty regarding thermal properties does not have a significant effect on the result but that
the geometry of the barrier system does. At steady state, for a 40°C increase in temperature on
the primary geomembrane, there would be a 30.2°C to 39.4°C increase on the secondary liner for
systems 2 and 1 respectively (for maximum o). This difference is significant since a 0.60C
difference between primary and secondary will have little effect on service life but a 9.80C
difference could have a significant effect on the difference in service life of the primary and
secondary geomembrane.
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Figure 3- Temperature profile within the geosynthetic components of Figure 2
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Recognizing the important role played by the primary compacted clay liner and grave] leak
secondary leachate collection system on the increase in temperature on the secondary
geomembrane for in the comparison of barrier systems 1 and 2 above, the effect of varying the
thickness of CCL underlying primary geomembrane was examined. Figure 6 shows results for
CCLs with thicknesses 0f 0.5, 0.75 and 1 m (all other parameters held constant, minimum
thermal diffusivity was used). The increase in temperature in secondary geomembrane for CCL
thicknesses of 0.5, 0.75 and 1 m was 32.5, 30.2 and 28.1, respectively. Figure 7 shows a similar
examination of the effect of the foundation thickness for the third barrier system shown in Table
1, where as primary liner a GCL is combined with a soil foundation layer assumed to be 0.5,
0.75, 1 m thick and the increase in temperature in the second geomembrane is 31.7, 29.3 and
27.2, respectively. Both Figures 6 and 7 show that the thicker the CCL or GCL and foundation
layer, the lower the temperature in secondary liner.
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Figure 5 - Effect of thermal diffusivity on temperature in secondary liner
The distance to the aquifer can also have an impact on the increase in temperature at the
secondary geomembrane and the thermal gradient through the liner system. To illustrate this,
calculations were performed for barrier system 4 in Table 1 considering attenuation layer
thicknesses of 1, 1.75, 3.75 and 10 m. The results are shown in Figure 8. The increase in
temperature on the secondary geomembrane was 22.1, 25, 29.5, and 34.6 for attenuation layer
thicknesses of 1, 1.75, 3.75 and 10 m respectively. Thus the hydrogeology of the site can have
an impact on the liner temperatures and consequently on the service life of liners.
To illustrate the effect of the barrier system for a number of different temperature on the primary
geomembrane, analyses were performed for barrier systems 1 and 2 (Table 1) assuming an
aquifer temperature of 100C and top of primary liner temperature of 30, 40 and 500C. The
results are given in Figures 9 and 10 for the first and the second barrier systems respectively. It
can be seen that for the fully geosynthetic system the temperature on the secondary
geomembrane is very close to that of the primary liner for a typical system. For the system with
CCLs (and similar results could be obtained for a GCL and foundation layer of similar total
thickness as the CCL) the temperature on the secondary geomembrane 1s 5-10 oC less than on
the primary liner — and this could have a significant impact on the service life of the secondary
geomembrane relative to the primary. This also highlights the importance of the design of the
barrier system to accommodate temperature if the landfill is to be operated as a bioreactor.
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CONCLUSION

The effect of geometry and material properties of barrier system on temperature at secondary
liner has been examined.. For the cases considered, the following may be concluded:

Since thermal properties of liner materials do not significantly vary from each other, they did not
significantly influence final temperature profile. However, thermal diffusivity affected the time
required to reach steady state.

The temperature at secondary geomembrane liner for the all geosynthetic barrier systems was
higher than in systems involving both soil and geosynthetic materials. Moreover, the thicker the
primary liner the lower the temperature in the secondary geomembrane.

The hydrogeology of the site (depth of the aquifer layer) influences the liner temperature and its
service life.

The studies presented in this paper give some insight into temperatures that might be expected on
a secondary line in a double lined landfill. It is shown that temperature in secondary liner is high
enough to impact on the service life of the secondary liner for typical liner configurations and
this should be considered in the design of these facilities.
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Exposed Geomembranes



membrane to the elements. In particular, careful consideration in the design and installation
process must be given to wind and sunlight effects to ensure that the material can withstand the
associated stresses.

This paper discusses the design, installation and recommended maintenance of a 1.5 mm thick
HDPE synthetic liner for a 1.13 hectare, 22.7 million liter domestic wastewater equalization
basin for the Henry County Public Service Authority (HCPSA) in southwest Virginia. Since
during dry weather the basin might be empty for long periods, the liner had to be designed as
though it was permanently exposed and fluids could not be relied on to hold the liner in place. In
addition, the HCPSA requested that the finished surface be smooth and free of surface
obstructions to facilitate cleaning. To satisfy these criteria, an anchorage method was devised
that presented a smooth surface to the wastewater and avoided inducing stress at the welds. The
liner anchors were designed to withstand significant wind uplift forces (based on analysis
methods by J.P. Giroud er al. 1995) but allow enough slack in the liner to avoid contraction
stresses during cold weather.

The installation required the contractor to methc
establish the liner anchorages and to avoid ai
equalization basin has been in operation since
guidelines for inspection and maintenance of th
equipment of any kind to come in contact with tt

2. SYSTEM DESCRIPTION

The basin was constructed by retrofitting an ex

basin shown in Figure 1. As shown in Figure 2,

4.3 meters deep. It has a 1.2 meter high center 1

operation during low flow events. The side sl

wastewater flow rate to the site pump statlol vaviius wie 1U,UUV RLIVIIILID pPul udy \Buuy
permitted pumping limit, the excess i1s pumped to the basin through a 41 centimeter diameter
wastewater pipe discharging at one corner of the basin. When the flow drops back down below
15,000 kl/d, wastewater stored in the basin can be drained through the two sump drains back to
the site pump station by opening a valve on the basin discharge line. Lining the basin with a
geomembrane minimizes the risk of ground water contamination from waste water that would
seep into the ground through a soil liner.
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Three types of HDPE materials were specified including standard black liner, a co-extruded liner
with a white surface, and a liner with an electrically conductive bottom surface. With a white
surfaced liner, pinholes or tears will expose the underlying black HDPE, providing a more
visible indication of damage during construction as well as during the service life of the basin.
The white surface of the liner also stays cooler than black HDPE, reducing wrinkles in the liner.
Liner material that has a bottom layer of electrically conductive HDPE offers enhanced detection
of liner defects through spark testing with an electric current. All three types of liner were
included in the project bid documents. Primarily for budget reasons, the less expensive standard
black HDPE liner was ultimately selected by the HCPSA.

4. LINER SYSTEM DESIGN

In order to accommodate the HCPSA’s request for a cleanable finished surface, the liner
anchorage was designed as shown in Figure 3. The liner anchor trench is sealed over with a
welded HDPE cap strip to present a smooth surface that prevents the anchor trench from
snagging or accumulating solids. The cap strip was designed to be wider than the anchor trench
so that the welds for the cap strips would not be located at the points of maximum tension near
the edge of the anchor trench. At the request of the construction contractor, the anchor trench
was filled with gravel-sized stone in lieu of the originally specified grout. The contractor was
able to sequence the geomembrane installation so that stone could be placed in the anchor
trenches without having to put equipment on the liner. The geocomposite below the anchor
trench in Figure 3 was installed to provide an outlet for ground water below the liner.

Henry County is located in the foothills of Virginia’s Piedmont physiographic region, an area
that 1s less exposed to the extreme wind conditions sometimes encountered along the Virginia
coastline. However, the area 1s subjected to occasional high winds from the remnants of passing
hurricanes and infrequent tornado activity. Based on the characteristic intensity and duration of
winds in the area, a Category 3 hurricane maximum wind speed (Saffir-Simpson Scale) of 209
kilometers per hour was selected as an appropriate design criterion for the exposed liner.
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A portion of the windward slope and a portion of the reservoir bottom nearest the windward
slope are actually subjected to increased pressure forcing the geomembrane down onto the
subgrade. The rest of the reservoir experiences negative pressure tending to lift the
geomembrane off the subgrade. To accommodate shifting wind direction, the entire basin must
be designed so that each slope can withstand the wind uplift loads associated with leeward
slopes.

Noting the variation in pressures in a leeward slope, Giroud er al. (1995) developed suction
factors corresponding to the bottom, side, and crest of a slope as shown in Figure 6. At the crest
of the slope, where the maximum suction pressure is located, the suction factor, A 1s equal to
1.00. At the bottom of the slope, where the suction pressure 1s lower, the suction factor is 0.40.
In the calculation of wind uplift forces, applying the suction factor will appropriately decrease
those forces as one moves from the crest of the slope down.



Z = Elevation above mean sea level = 219 meters
Inserting site specific values in equation (1) yields:
S = (0.05)(0.7)(209)% e ~(1252x LOEOD Q19) _ g 8] (1.41) cos 18.4
Se = 1,474 N/m’
The next step in the design is to calculate the normalized allowable tension, which 1s defined as:
Tan” = Tan/(Se L) 2
where 1, 1s the allowable tension for the selected geomembrane based on its tension-strain curve
and L 1s the length of the geomembrane between anchor points. The tension-strain curve for the
1.5 mm thick HDPE liner used in the HCPSA basin is shown in Figure 7, and indicates that the

stress at an acceptable 13% strain is 1,910 psi (13,169 kN/m?). Multiplying by the geomembrane
thickness (0.0015 m) converts this value to the allowable tension per meter:

Tan= 13,169 x 0.0015 = 19.75 kN/m
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acting to lift the geomembrane off the subgrade. The Table 1 values are also represented
graphically in Figure 8.
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The resulting anchor plan for the basin liner is shown in Figure 9, and includes anchor trenches
at the crest and toe of the side slopes and four anchor trenches in the basin bottom.
maximum separation distance between any two anchor trenches is 22.86 meters, thereby
achieving at least the designed 1.22 factor of safety. Figure 10 is a photograph of the completed

basin liner installation.

The
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tired vehicle with a rubber-tired trailer attachment may also be used to load out solids from the
basin without causing undue stress on the geomembrane. The liner is inspected regularly for
damage and the mspections may be conducted by walking inside the basin or with binoculars to
avoid foot traffic on the geomembrane.



1s driven down into the lagoon, the tires must be free of all mud, dirt and debris and
the liner surface must be checked to make sure it is clean of all debris where the
vehicle will travel. The vehicle should enter and exit the lagoon via the ramp in the
southwest corner. The vehicle must be operated at slow speeds and avoiding any
sharp or sudden turns.

e A protective mat should be placed over the liner in any area where work or
maintenance is conducted.

e Ifthe grates in the sump manholes are removed, care should be taken to avoid
damaging the liner with the grates.

¢ During cold weather the liner will be in tension in some areas and especially
vulnerable to puncture damage. Getting out on the liner (even walking) should be
avoilded when the liner is tight during cold weather.

e Liner inspections can be effectively conducted using binoculars to avoid traffic on the
liner.

papers and tor development ot the methodologies that allowed for a practical and systematic
approach to the design of the project. Appreciation is also extended to Mike Ward of the
HCPSA for his support of this paper and the information he provided.



27-952.

>es Exposed to Wind. —II. Reservoirs,”



landfill covers containing a geomembrane have inherent problems with the overlying protective
soil layer. A relatively weak interface shear strength between the soil cover and underlying
geosynthetics and the build-up of seepage forces or gas pressures have led to veneer slope
stability failures at a number of landfills. Even soil layers that remain “stable” slowly slough and
erode away, creating long-term maintenance issues and potential corrective action. EGCs have
no overlying soil; therefore, stability and erosion problems do not exist. In addition, EGCs have
the benefits of lower construction costs; improved water quality (clean run-off); and easier
quality control, inspection, and maintenance. The absence of soil cover, however, does present
new design concerns, including protecting the geomembrane from mechanical and ultraviolet
light degradation and restraining the cover against wind loads and landfill gas build-up.

ECGs for intermediate landfill covers have an excellent track record to date. Applications have
survived hurricane-force winds, have not presented problems from landfill gas build-up, and
have largely retained their original mechanical properties over a number of years. In moving
forward, the solid waste industry needs to take advantage of lessons learned while keeping an
eye on long-term performance. This paper focuses on how design considerations specific to
EGCs are addressed, what lessons can be learned from existing applications, and how issues
raised during the permit process of several final cover applications are being addressed.

INTRODUCTION

Geomembranes without an overlying layer of soil have been used successfully as “temporary”
landfill covers in certain situations, typically bioreactors. Owners and operators of landfills from
Delaware to Florida have used EGCs and have quickly become advocates for extending the use
to final cover applications. Conversations with regulators in Florida in this regard have been
positive and the regulatory community is now open to the concept. The process of moving
forward, however, must be a team effort that includes several groups:

e Regulators who are open-minded and understand the intent of regulations.

e Owners and operators who recognize the advantages of EGCs and are willing to pursue
the opportunity by presenting project-specific proposals to the regulators.

e Engineers who can identify the unique design aspects of EGCs and provide the
appropriate supporting calculations and details.



Subtitle D regulations, which took effect in 1993, made a great leap in eliminating “dumps™ and
creating sanitary solid waste landfills. These regulations, the basis for all state regulations, are
predicated on technology from the 1980s, however, and do not reflect advances made over the
subsequent two decades. Concepts such as the dry tomb are being challenged by bioreactors, as
are the prescriptive landfill cover with evaporative soil covers and now EGCs.

With some foresight, many State regulations include provisions for alternatives to the
prescriptive standard. The State of Florida, for example, allows for alternative procedures that
demonstrate an equal degree of protection for the public and the environment (FAC Section 62-
701.310). More specific passages, such as FAC 62-701.600(5)(g) that requires alternatives to
have substantially equivalent rates of storm water infiltration, are also written into the
regulations. California requires a demonstration that the prescriptive standards are unnecessarily
burdensome and New York is revising its regulations to allow for temporary cover applications.
While regulations vary, most will allow for alternatives and more specific provisions are being
added as regulations are periodically reviewed and updated.

The most difficult task is to convince the specific regulator responsible for a project to be the
first to allow an alternative. Understandably, most regulators would be more comfortable with
citing a precedent when approving an alternative procedure. Many regulators have been
generally positive, but they cannot issue a “blanket” approval and must judge each project on its
specific merits. Their concerns—predominantly long-term performance, repair, and
maintenance—must be addressed. Each project seeking to incorporate an alternative procedure
must, therefore, make a formal request and demonstrate equal protection.

OWNERS AND OPERATORS

We are currently discussing alternative procedures with owners in three Florida districts. In each
case, the owner recognizes the success of previous “temporary” applications and advantages to
be gained from EGCs in final cover applications.

CURRENT APPLICATIONS

Current applications of EGCs are limited, but they have proven successful (Table 1). The EGC
constructed by the Delaware Solid Waste Authority (DSWA) in 1997 was one of the first and
nearly a decade later the system has withstood wind gusts exceeding 100 mph and is still
performing as designed (Vasuki, 2006). The three ECGs constructed in central and north-central
Florida have been performing beyond expectations (Figure 1). The EGC at Polk County
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to 25 years was predicted. Keep in mind that these polyethylenes were formulated at least 15

years ago and that advancements in polymer science should extend the service life of today’s
geomembranes even farther.

Advantages

The move to permit EGCs i1s the result of the distinct advantages they offer over traditional soil-
covered geomembranes.



maintenance and clean-out of storm water control structure, and no turbid stormwater runoff.

Slope stability. Covering geomembrane slopes with soil can be a problem, as evidenced by
numerous cover failures. Low interface shear strengths inherent in geosynthetic systems, along
with the build-up of seepage forces, pose a geotechnical challenge. EGCs simply avoid this
problem.

Repairs and Maintenance. Damage to an EGC may be more likely than for prescriptive
covers, but the damage is also easily seen and repaired. Routine inspection and repair is less
expensive than mowing, re-grading, vegetating, and maintaining the stormwater control system.

Flexibility. EGCs allow for more flexibility in operating the landfill in the future, including
landfill mining, cover replacement, and possible cover removal and post-closure development
once the landfill 1s determined not to pose a threat to the environment.

Savvy owners are aware of these precedents and advantages and are ready to move forward.
ENGINEERS

While the advantages are the impetus for moving forward, the engineer must be prepared for the
unique design challenges. A review of the literature (Thiel, 2003; Gleason, 1998; Richardson,
1994) on previous designs and our experiences in Florida reveal the following potential
disadvantages with leaving the landfill final cover geomembrane exposed:

Damage due to uplift forces resulting from wind or landfill gas.
Damage from falling objects including hail.

Increased volume and velocity of stormwater runoff.

Limited roadway access.

Vectors and vandalism.

Poor aesthetics.

Limited design life.

Limited regulatory approval.

As we move forward with EGCs as final cover
be addressed.
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trenching up and down the slope (Figure 2.d) which performed well at Polk County and resists
downward creep of the geomembrane. Screw anchors (Figure 2.¢)

have been proposed (Richardson, 1994), but to the author’s knowledge have not been applied.






Increased Volume and Velocity of Stormwater Runoff

Calculating potential stormwater runoff from an ECG is a very simple process. Conservatively
assuming 100-percent runoff and instantaneous time of concentration, runoff is basically equal to
the design storm. Without the concern of soil erosion, sheet flow is suggested so downdrains and
bench drains are not required. Perimeter drainage channels will be larger, with capacities of
about 50 percent more than a typical cover, but do not have to be designed to accept flow from
downdrains. Depending on the channel design, energy dissipators may be required at the toe of
slope, but sites in Florida are operating well simply with properly sized perimeter channels. In
short, increased stormwater flows are easily designed for with minimal increase (about 20
percent more for stormwater improvements) to the overall closure cost.

Limited Roadway Access

Vehicles cannot drive over the exposed geomembrane so traffic is limited to an access road
constructed over the landfill. As with traditional landfills, the access road can be constructed
along a ramp formed as part of the original solid waste fill. A typical paved road with asphalt
over aggregate can be constructed as long as sufficient protection (typically layers of
geosynthetics) 1s first placed over the EGC. A stable road over moderate (less than 10-percent
slopes) can be built if textured geomembrane is used as the EGC. Textured geomembrane also
allows for better traction for those who must walk over the EGC. While access roads can be
constructed over EGC, the limited access must be considered during construction and for long-
term maintenance.

Vectors and Vandalism

Without soil cover, the geomembrane is susceptible to damage from a variety of animals.
Vandalism from the human population is controllable by limiting site access, which is already a
condition for landfills. Accidental damage is also something to consider, but this is no different
than accidental damage to gas wells or piezometers which seem to be targets at most landfills.
Thiel (2003) reports birds being a nuisance at the Yolo County facility in California as they seem
to like picking at the ends of seams, but no such damage has been recorded at Florida sites.
Birds picking at the scrim reinforcement in the EGC have also been noted in Delaware (Vasuki,
2006). On the positive side, burrowing animals and root penetration, potential problems for soil-
covered geomembranes, are not a concern for EGCs.

Poor Aesthetics



Limited Design Life

While geomembranes in any application have a
shorter life because of exposure to the elements
but Iimited design life usually refers to the deter
light degradation. Geomembranes typically

antioxidants to combat degradation, but the a
eventually become depleted.

Design life is not strictly defined, but is gener

depleted and physical properties (elongation at |

50 percent. For geomembrane final covers, cov

the post-closure period (30 years or more), -

thought to last 15 to 20 years while exposed. M

color (black is best), and the additive package (a propriety blend ot antioxidants and processing
aids) all have major impacts on design life.

MANUFACTURERS

EGC applications have been either polyethylene or a reinforced polypropylene. Polyethylene
was not initially the material of choice because of its high thermal expansion, creep properties,
lower modulus, and tensile strength. Reinforced polypropylene addresses these issues and
seemed to be well positioned for this application. However, experience with unreinforced
polyethylene in landfill applications and its lower costs led to its use in some EGCs, and
polyethylene proved successful. Tensile strength can be handled by placing more restraints and
a system of vertical trenches seems to have alleviated the concerns with downward creep. HDPE
does require specialized seaming equipment and more extrusion welding than is normally
required for a cover, not only because of pipe penetrations typical in bioreactor covers but also
because of the various methods of restraint.

Other materials may still play a significant role
more expensive but can reduce the number of
warranted here. An odd concern with reinforce
the woven scrim particularly attractive and tend 1

Ideally we are looking for the following properti
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ways by working with engineers to:

e Predict design life using methods based on measurable chemical properties such as
oxidative induction time.

e Establish a testing program for exposed samples of the geomembrane to monitor changes
in chemical and physical properties.

e Establish an inspection and maintenance program as part of post-closure.
e Promote research and development of geomembranes for this application.
e Provide an extended warranty.

The manufacturer providing the best combination of properties and research will be well
positioned in an emerging application.

MOVING FORWARD

With the positive experiences to date, the solid waste industry is ready to move forward with
EGCs. Regulators are open to considering the possibilities and owners, who see the advantages,
are ready to present site-specific requests for alternatives. Tested design procedures are in place
and successful applications can be cited. With the opportunity at hand, it is now time for the
manufacturers to step up with geomembranes specifically intended for EGC applications.
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waste disposed of within a landfill’s footprint. This often means lengthening (e.g removing
benches) and steepening exterior waste slopes. The final cover system must then have sufficient
drainage to reduce seepage forces and sufficient interface shear strength capabilities to provide a
stable cover system. An integrated drainage “net” and textured geomembrane product may be
able to do both. One particular product has been successfully used on over a dozen final cover
projects where its textured underside provides interface shear strength with the underlying soil or
GCL and studded top surface (when covered with a geotextile) provides the necessary drainage
layer.

Jones Edmunds designed and permitted a final cover system for the Astatula Phase II Landfill in
Lake County, Florida using the integrated drainage net and textured geomembrane product. The
modified closure design included: increasing side slopes to 3:1, removing the side slope
stormwater benches, and reducing the thickness of the final cover materials. The result was a
cost-effective final cover design that provided a 30-percent increase in the available airspace
within the current landfill footprint and gave Lake County 1.5 years of additional lifespan.

This paper / presentation will provide valuable information for solid waste professionals on
methods and geosynthetic materials available for optimizing available air space by increasing
side slopes. This paper / presentation will provide practical details regarding minimum
requirements for geosynthetics used for landfill final covers and demonstrate the effectiveness of
a integrated drainage net and geombrane cover system.

INTRODUCTION

Our client in central Florida was in immediate need of additional landfill airspace within the
current landfill footprint while the owner was in the process of designing and permitting a new
landfill. Jones Edmunds’ proposal included steepening the side slopes and removing the
proposed stormwater benches. These approaches introduce stability issues, in particular a
reduction of the veneer slope stability. Jones Edmunds investigated various landfill cover
materials and found a product that provides an effective barrier layer with sufficient veneer
stability and drainage capabilities.

This paper will present the proposed design for the landfill vertical expansion, the results of the
stability analyses showing the minimum requirements for the cover materials, and interviews
with owners and engineers describing the successful use of this product in the final cover design.



The steepened slopes and the removal of the benches decreases the factor of safety against
veneer slope failure. The factor of safety against veneer slope failure is calculated using an
infinite slope method presented by Giroud, Bacchus, and Bonaparte (1995). The infinite slope
method is appropriate because cover soil veneer is so thin compared to the long continuous 3:1
slopes so that there is little influence from the toe buttress, and the cover soil is modeled as a
purely frictional material. The proposed cover soil for this landfill will be sandy soil, which is
readily available on-site.

We looked at the minimum interface friction requirements for the barrier layer for conditions
without seepage forces and with seepage forces. The method for calculating the factor of safety
against veneer slope failure without seepage forces is the simplified infinite slope equation. The
method for calculating the factor of safety against veneer slope failure with seepage forces is the
infinite slope equation, but including seepage forces. Both methods are based on Giroud,
Bacchus, and Bonaparte (1995).

Infinite Slope Without Seepage Forces

The simplified infinite slope method used for cal
failure without seepage forces is shown in Figure

The Factor of Safety (FS) for the simplified infin

FS = tan(



This analysis applies to the interface above the barrier layer (cover soil to the barrier layer) and
below the barrier layer (subgrade soil to barrier layer), not including seepage forces.

Infinite Slope With Seepage Forces

If we include seepage forces due to stormwater infiltration, we use an infinite slope model that
with seepage forces parallel to the barrier layer. A diagram of the cover soil and the model of the
parallel seepage forces is shown in Figure 3. In Figure 3, as in the calculation of the seepage
forces, the total height of the cover soil is represented by ‘h’, and the height of the zone of
saturated soil is represented by ‘hy’. The actual phreatic surface in the cover soil (shown as the
thinner dashed line in Figure 3) is not uniform, but increases in height toward the toe of the slope
(Giroud, Bacchus, and Bonaparte, 1995). A parallel seepage model is a conservative
approximation, where the height of the saturated soil (hy) i1s approximately the height of the
phreatic surface.
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To check this assumption, we analyzed the veneer slope stability of a 3:1 slope using the block
failure method for both a phreatic surface and a parallel seepage surface. The sliding block
analysis including a phreatic surface resulted in a factor of safety greater than the analysis with a
parallel seepage surface. Thus, the parallel seepage model results in a lower factor of safety, and
1s more conservative. Figure 4 presents the results and a diagram of the failure surface.

Figure 4

Comparison of Sliding Block Veneer Slope Stability Analyses for Phreatic Surface and
Parallel Seepage Surface

Phreatic Surface Model Diagram A

T — % 1
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Figure 5 shows the relationship between the factor of safety against veneer slope failure and the
interface friction angle between the cover soil and the barrier layer for various thicknesses of the
saturated soil (or varying average height of the phreatic surface). This calculation is based on an
infinite slope with seepage forces parallel to the cover soil and barrier layer interface, as
presented by Giroud, Bacchus, and Bonaparte (1995). Note that the seepage forces are modeled
in the cover soil above the barrier layer. There are no seepage forces below the barrier layer.

The Factor of Safety (FS) for the parallel seepage infinite slope method is calculated:

B = Slope Angle = 18.4° for 3:1 slope.

The parallel seepage forces are calculated based on thickness of the saturated soil above the
barrier layer, conservatively modeled as a constant thickness above the barrier layer. The
saturated soil thickness is shown as hy, = S*h. ‘S’ equals the percentage of the cover soil that is
saturated, and ‘h’ equals the total height of the cover soil (see Figure 3). S = 100% for a
saturated soil thickness equal to the total thickness of the cover soil, S = 50% for the saturated
soil thickness equal to half of the total thickness of the cover soil, and S = 0% for no seepage
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Please note that the calculations shown here are for purely frictional barrier layer and cover soil
and do not include an interface adhesion. The use of an adhesion term will increase the factor of
safety relative to the assumed percentage of soil saturation. The applicability of the use of an
adhesion term is an important topic that has been addressed by others. We do not use adhesion
unless there 1s a compelling physical reason.

Also note that the interface friction angle for the barrier layer is determined by laboratory direct
shear tests, and is highly dependent on testing method and the cover soil materials. Thus,
establishing the interface shear strength for a final cover design should be based on laboratory
tests using materials and loads comparable to those specific to the design.

REQUIRED MINIMUM INTERFACE FRICTION ANGLE

The purpose of the veneer slope stability analyses is to determine the required minimum
interface friction angle for the final cover design. The required minimum interface friction angle
will be used to evaluate an appropriate final cover design. The required minimum interface
friction angle for our 3:1 slopes is dependent on the required (1) factor of safety and (2) the
assumed percentage of saturated cover soil.

To establish the required factor of safety we need to consider the failure mode and the interface
that is being evaluated. For a final cover system, not all modes of failures are equal. In a very
simple final cover design consisting of a barrier layer over compacted subgrade and protective
cover soil over the barrier layer, two distinct failure interfaces should be evaluated:



local permitting requirements. Figure 2 and Figure 5 indicate that a factor of safety of 1.5 is
achievable with an interface friction angle of 27 degrees.

The interface above the barrier layer is dependent on the saturation of the cover soil. If the full
thickness of the cover soil is saturated (S = 100% and hw = h), to achieve a factor of safety of
1.5, the interface friction angle of the cover soil and barrier layer must be at least 45°. This
interface friction angle 1s not realistic for typical final cover designs. Consider also that a factor
of safety of 1.5 may not be appropriate for saturated soil conditions since this is a temporary
condition, and a factor of safety of 1.0 or 1.05 may be more appropriate. For our final cover
design, we established a required factor of safety of 1.0 for the interface above the barrier layer
with fully saturated cover soil. Table 1 lists the required minimum factor of safety and the
established conditions required for the specified factor of safety.

Table 1 — Required Minimum Interface Friction Angle

. . Conditions
Required Minimum Reauired Facior of
Interface Friction Angle Interface equured ractor o Saturation
Safety
27° Below the Barrier Layer 1.5 0%
34° Above the Barrier Layer 1.0 100%
34° Above the Barrier Layer 1.5 50%

Using a factor of safety of 1.0 for the condition with 100% saturated cover soil is appropriate
because the infinite slope model is conservative, and thus, has some built-in factor of safety.




angle of approximately 34° (Figure 5). A factor of safety of 1.5 is appropriate for 50% of the
soil saturated. Figure 5 also shows that with 50% of the soil saturated, a factor of safety of 1.3 1s
achievable with an interface friction angle of 30°. This interface friction angle is more typical of
conventional final cover designs.

Thus, if we are to achieve a factor of safety against veneer slope failure of 1.5 with 50% of the
cover soil saturated, our interface friction angle between the cover soil and the barrier layer
should be 34°, and the mterface between the subgrade soil and the barrier layer should be 27°.

FINAL COVER ALTERNATIVES
The traditional final cover alternatives we investigated are:

Compacted clay

Textured 40-mil High Density Polyethylene (HDPE) geomembrane
Geosynthetic Clay Liner (GCL)

Textured 40-mil HDPE geomembrane with double-sided geocomposite

The interface friction shear strengths of these materials were investigated and the results are
shown in Table 2.

Table 2 — Final Cover Alternatives Interface Friction and Factors of Safety

. : Interface Friction | Factor of Safe Factor of Safe
Final Cover Altemative Angle 100% Saturate?dyl 50% Saturate(?{
Compacted clay’ 28° 0.8 1.2
Textured 40-mil HDPE geomembrane” 28° 0.8 1.2
Textured 40-mil HDPE geomembrane o
with double-sided geocomposite’ 21 0.6 0.8
GcL? 34° 1.0 1.5

1 — The height of the saturated soil hy is reduced by a factor of 3, resulting in a much lower equivalent saturation.
2 — Interface shear test with Ottawa Sand reported by Poly-Flex.(1996)

3 — Interface shear test reported by Tenax (2003)

4 — Internal shear strength of reinforced Bentomat SDN reported by CETCO (2005)

Compacted clay can vary greatly in shear strength properties and is a cohesive material that does
not strictly apply to the infinite slope models. As shown here, using the internal shear strength
alone does not achieve an adequate factor of safety. Another consideration for the compacted




Placement of a double-sided geocomposite over the textured geomembrane to reduce the seepage
forces was considered. However, the interface between the texture geomembrane and the
geotextile of the double-sided geocomposite did not meet the minimum interface shear strength
required by the infinite slope model. Thus, the textured geomembrane with a double-sided
geocomposite was not considered for this final closure design.

The GCL meets the minimum interface friction requirements. The GCL was investigated
further, and the material was found to be incompatible with the waste. The waste at this landfill
includes 70% waste-to-energy bottom ash commingled with the municipal solid waste. A swell
test was performed using the leachate from the site and the GCL did not meet minimum free
swell requirements. A soil buffer between the waste and the GCL was considered to prevent any
possible contact with the leachate, but this would further reduce the valuable landfill air space.
Thus, the GCL was not considered for this final closure design.

INTEGRATED DRAINAGE NET AND GEOMEMBRANE PRODUCT

An mnovative barrier layer was proposed that includes a textured 40-mill LLDPE geomembrane
with integrated drainage net studs above the geomembrane and integrated bottom spikes for
increased friction. The drainage net studs are covered with a non-woven geotextile to create an
integrated drainage net and geomembrane barrier material. A diagram of the product cross-
section 1s shown in Figure 6.

Figure 6
Integrated Drainage Net and Geomembrane Product

« Non-Woven Geotextile

Geomembrane Intecrated Drainage Studs

Intecrated Soikes

Laboratory shear strength tests on this product resulted in high interface shear strengths of 35°
between the saturated cover soil and the non-woven geotextile and 36° between the bottom
spikes and the underlying subgrade soil (TRI, 2006). In-plane flow rate of the integrated
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to integrated drainage 35° 1.7 1.9 2.1
net/geomembrane’
Integrated drainage
net/geomembrane and 36° 1.8 2.0 2.2
subgrade soil®

1 — The height of the saturated soil hy, is reduced by a factor of 3, because of the increased drainage through the
drainage net, resulting in a much lower equivalent saturation.

2 — Laboratory direct shear tests reported by TRI (2006) on site specific material for the three layers of material (1)
cover soil, (2) geotextile, and (3) integrated drainage net and geomembrane product.

3 - Laboratory direct shear tests reported by TRI (2006) on site specific material for the two layers of material (1)
subgrade soil, and (2) integrated drainage net and geomembrane product with bottom spikes up into soil.

Our analyses show that the integrated drainage net and geomembrane product, because of its
high interface friction angle with the cover soil and subgrade soil, will provide a high factor of
safety against veneer failure, because of the high interface shear strength and the reduction in the
thickness of the saturated cover soil by increased drainage through the integrated drainage net.
The drainage capabilities are sufficient to reduce the seepage forces in the cover soil by a factor
of 3. But, even without these increased drainage capabilities, the high interface shear strength
provides appropriate factors of safety against veneer failure for 100% saturated cover soils.

RELIABILITY AND CONSTRUCTIBILITY

We wanted to present this product to our client, but first we needed to determine if this product is
reliable and if there are potential construction problems. The manufacturer provided us with a
list of landfills that used this product in their final cover systems. We then interviewed owners,
operators, and engineers to determine the response to this product.

The engineers described the product as very efficient and economical. This product is placed in
a similar manner to other textured geomembranes, utilizing the same equipment and same man-
power. This product has smooth edges for thermal seaming, so that seaming procedures are the
same as those for other textured geomembranes.

Thus, placement and seaming are very similar to conventional geomembrane products, except
that this product is more difficult to adjust or remove once the product is placed, because of the
high frictional characteristics. Difficulties with in-place material adjustments results in a higher
material waste percentage, typically due to more trimming. Additional time is also required for




interviewed indicated that there were no problems with walking over the studs during geotextile
placement.

The procedures for cover soil placement are the same as those for conventional barrier layers.
The soil is placed ahead of the vehicles going up the slope so that the vehicles do not drive
directly over the geotextile. It was recommended that the maximum thickness of cover soil be
placed at one lift to provide the greatest buffer over the product.

The results of the investigation indicate that the procedures for installation of this product are
similar to those for conventional barrier layers. This product has also proven to be reliable and
has been recommended by those interviewed.

CONCLUSION

The purpose of this investigation was to determine the minimum requirements for a final cover
design based on an infinite slope analysis with parallel seepage forces to achieve appropriate
factors of safety against veneer slope failure. If 100% of the cover soil is saturated, the
minimum required interface friction angle between the cover soil and the barrier layer, assuming
a purely frictional interface, is 45° (see Figure 5). This interface friction requirement is not
practical, thus it is necessary to reduce the seepage forces or reduce the required factor of safety.
The seepage forces are reduced by adding a drainage net to the barrier layer. With a drainage net
that reduces the seepage forces - at a minimum by a factor of 2 (50% saturated soil), the
minimum required interface friction angle needed to achieve a factor of safety of 1.5 is 34°. This
interface friction angle is practical, and can be achieved with an product that includes a drainage
net integrated with a highly textured geomembrane.

This product has been incorporated into a final cover design for a landfill in Florida, with long,
continuous 3:1 slopes. This product comes highly recommended by owners and engineers
interviewed. This product 1s thus recommended for final covers on steep slopes to provide high
interface friction and reduce seepage forces.
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methods to avoid slope failures. Many of these failures occur at interfaces with the geosynthetics
— most notably at the geomembrane/geotextile interface or geomembrane/soil interface. Early
failures in the 1980’s prompted manufacturers to develop and provide an alternative
geomembrane with a “textured” surface that increases frictional characteristics and thus
increases the factor of safety against sliding failures. However, the most common type of
“texturing” manufactured by the blown film co-extrusion process (HDPE and LLDPE) has
proven to be less than acceptable in both surface frictional values and quality of sheet
(inconsistency in asperity height, textured surface and cross roll friction values). Deficiencies in
quality and lower than expected asperity height have led to recent slope failures (Sieracke, 2005).

Structured or embossed HDPE and LLDPE geomembranes have been available to the civil
engineering community and MSW landfill owners and designers for over 10 years. Their use in
final closure designs has been steadily increasing, especially over the past 5 years as owners and
designers discover and demand the consistently high quality texture and/or structured
characteristics of this type of geomembrane due to the unique manufacturing process which
incorporates flat die extrusion and embossed calendars.

This paper will focus on the structured or embossed geomembrane concept and manufacturing
process as well as present comparative properties for consideration in design.

SURFACE TEXTURING METHODS FOR HDPE AND LLDPE

The following paragraphs will briefly describe and discuss the two primary surface texture
methods in use today in North America. Other methods such as surface impingement are
available mostly outside of North America and will not be discussed in this paper.

Structured (Embossed) Geomembrane Texture. During the flat die manufacturing process for
geomembranes, hot extruded polymer sheet is run between two counter-rotating hot embossing
rollers that contain uniform structural die shapes to form a molded or “embossed” structured or
textured surface that is an integral part of the sheet without affecting the core thickness. This
method has been in use for over 20 years and was designed to overcome problems of non-
uniformity, variable area coverage, variable peaks and valleys, variable thickness and reduction
in mechanical properties that 1s commonly found with the co-extrusion process. Figure 1 is a
photo illustratng the production method and Figures 2 and 3 provide examples of the surface
texture generated by the flat die molded surface manufacturing process. A major advantage of
structuring 1s the ability to create very different surface textures on the upper and lower






Coextrusion Geomembrane Texture. During the blown film co-extrusion process, molten
polymer is extruded in 2 or 3 layers through concentric ring dies that are up to 10 m in
circumference. The outer and inner dies are used to produce layers that can be “textured” or
roughened by introducing and allowing nitrogen gas to escape. The texture is formed by the
shearing action of the extruder breaking bubbles formed by the cooling of the blowing agent
(nitrogen gas) as it expands. This process 1s known to be highly variable from manufacturer to
manufacturer and even within a single roll or across a roll width. Although the texture can not
be separated or peeled off, the critical mechanical characteristics of the sheet (ie, tensile stress,
strain, tear and multiaxial response) are substantially reduced due to the introduction of peaks
and valleys or surface imperfections that are not found on smooth sheet. Additionally, non
uniformity of core thickness and even the method used to determine thickness has been
questionable and 1s often a debate in CQA acceptance testing. Figures 4 and 5 provide examples
of the surface texture generated by the process.






the long term where increasing stresses due to subsidence or localized settlements will occur and
affect the out-of-plane (multiaxial) response as well as seam strengths under stress. Reduced
tensile strength and strain to rupture under load will also occur due to increased susceptibility to
environmental stress cracking again due to the introduction of notches or imperfections caused
by the co-extrusion process. Using the flat die extrusion process, the geomembrane mechanical
tensile, elongation and other properties are closer to the values of smooth sheet and do not
change from roll to roll as imperfections or thickness variations are not introduced during
manufacture.

Interaction at the Shear Surface. Depending on the project design requirements (ie., steep
slopes, seismic response, construction and service loading, etc) the peak and large displacement
(post peak) interface strengths must be taken into consideration. For example, according to Stark
and Richardson (2000) and Richardson and Theil (2001), coextruded textured geomembranes
exhibit large post peak strength loss against geotextiles due to geotextile fiber tearing, pullout
and shear orientation. In addition to geotextile fiber / texture interaction, the texture itself may
comb (lay over) causing greatly reduced post peak shear strength (Stark and Richardson, 2000).
Embossed surface textures, on the other hand, exhibit higher interface shear strength and lower
post peak strength loss at lower normal stresses commonly found in landfill closure designs.

Constructability with Geotextile Surfaces. Some designs require the field placement of a
textured geomembrane directly on a geosynthetic clay liner (GCL) or placement of a geonet
composite or geotextile directly over the textured geomembrane surface. This requires
interfacing a nonwoven geotextile with the textured surface. The “velcro” effect or “hook and
loop” adhesion to a co-extruded textured surface is often problematic during field placement and
requires very careful positioning or the use of a slip sheet. Embossed geomembrane surfaces, on
the other hand, allow positioning of geotextiles and geocomposites without major difficulty.
Quantifying of the “hook and loop” phenomenon has been the subject of extensive testing and in
particular the effects on interface shear and the textured surface during shear (Hebeler, G. L.,
et.al., 2005; Giroud, J. P., 2004; Frost,J. D, et. al., 2002).

Geomembranes manufactured with textured surfaces by embossing provide consistent uniform
quality texture that will supply the requisite interface shear strength without the detrimental
effects of the co-extrusion blown film manufacturing process. Additionally, as regards CQA
field testing and laboratory conformance testing, structured or embossed textured geomembranes
will provide a consistent value from roll to roll and across the roll width, thus providing requisite
design reliability. This is not the case for co-extruded blown film textured geomembranes where
“the consistency of the texturing both across the roll and roll to roll should be a concern to the
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Quality Measurements. In order to properly determine the quality and specification
conformance of a blown film coextruded texture, multiple locations of discrete measurements
must be made using two mechanical test methods, namely ASTM D 5994 “Test Method for
Measuring the Core Thickness of a Textured Geomembrane” and GRI Test Method GM 12
“Asperity Measurement of Textured Geomembranes Using a Depth Gage”. Due to the non
uniform surface, many discrete locations across a full roll width must be tested and averaged
with max and min values. The testing technician tries to obtain the lowest core thickness and the
highest asperity height by adjusting measurement locations primarily based on observation.
Both methods have proven to be problematic and have led to numerous conflicts between
manufacturer and specifier” (Koerner, G. R. and R. M. Koerner, 2005) Alternative methods to
determine these elusive properties have been the subject of several studies and papers (Koerner,
G. R. and R. M. Koerner, 2005; Yesiller, N.,2005). Structured or Embossed geomembrane
surfaces (textures), on the other hand, are consistent in both core thickness and asperity height
due to the manufacturing process. Thus, multiple measurements to determine average or
minimum values are not necessary in QC and CQA testing for structured geomembranes.

Large Scale Direct Shear Performance Testing. The interface strength of contact surfaces and
in particular interface frictional strength must be determined for the geomembrane / geotextile
and geomembrane / soil combinations using project specific geosynthetics, site specific soils
materials, expected loading conditions, moisture / density conditions, etc. Mostly, these surface
friction determinations are made by experienced personnel in an accredited geosynthetics
laboratory using a large scale direct shear box in general accordance with ASTM D 5321
“Standard Test Method for Determining the Coefficient of Soil and Geosynthetic or



Asperity Height. Additional to the requirement for a consistent textured surface, the minimum
value of asperity height must be considered (assuming it can be accurately measured). Current
specification requirements call for a minimum of 10 mils and reflects GRI Standard GM 13 and
17. However, 10 mils may be considered insufficient for many applications and should be
increased to a minimum of at least 15 mils in order to compensate for known lower values that
will be encountered in the co-extruded manufacturing process. Both co-extruded and structured
geomembranes can meet the 15 mil minimum.

TYPES OF STRUCTURES OR EMBOSSED TEXTURES

There are generally three types of structured surfaces available to the design engineer for MSW
closure applications:

General Slope Applications against soils and geotextiles - 25 mil Asperity Ht.
Aggressive Slope Applications with Integral Drainage — 175 mil Asperity Ht.

For general slope applications on slopes of 3H:1V or less, the embossed textured material (refer
to previous figure 2.) provides consistent interface shear values against a variety of soil types.
Table 2 illustrates the interface shear values that can be expected with various soil types as well
as a non woven geotextile. As with all slope designs, large scale performance testing is
encouraged using site specific soils and moisture/loading parameters. Aggressive or steeper
slope applications are possible with the structured spike (bottom) surface as shown in figure 6.



placed on a cap prior to geotextile and soil cover placement. Based on project specific
laboratory conformance testing incorporating site soils, transmissivity values of the drain stud
profile with a non woven geotextile and soil/cap loading conditions range from 1.1E-03 to 3.6E-
03 m?s at a gradient of 0.33. Table 3 illustrates transmissivity test values for a cap loading
condition after 100 hours testing under load. The non woven geotextile intitially intrudes into
the drain structure during increasing normal load similar to geonet composites.

Table 3
100 Hour Transmissivity Test Results
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developed by the primary author in conjunction with Drs. Robert Koerner and Ragui Wilson-
Fahmy. This paper presents a parallel design method for geotextile-based geosynthetic clay
liners (GCLs). Similar to the geotextile test method, the current design procedure is based on
quasi-performance and performance tests using hydrostatic puncture method.

Geotextile-based GCLs consist of a clay layer sandwiched between woven and/or nonwoven
needlepunched geotextiles. It 1s assumed that mass per unit area of the geotextile and the clay are
the GCL properties of interest with regard to protection performance of GCLs. These two GCL
properties are systematically varied over a range of protrusion conditions to develop an empirical
relationship between GCL mass per unit area and its protection performance for 60 mil HDPE
geomembranes. This relationship shows the influence of both geotextile and clay components to
the combined protection performance of GCLs.

1. INTRODUCTION

Composite liners for waste containment facilities typically consist of a high density polyethylene
(HDPE) geomembrane underlain by either a compacted clay liner (CCL) or an alternative
geosynthetic clay liner (GCL). When under load, HDPE geomembranes are sensitive to point
stresses from objects on which they are placed, whether installed with or without an underlying
protection material. Much guidance i1s available regarding proper preparation of the
geomembrane subgrade and removal of large soil particles or other sharp protrusions. This is less
of a concern for geomembrane/GCL composite liners given the geomembrane is cushioned by
the underlying GCL.

A CCL, on the other hand, 1s typically roller-compacted to “hide” any large-size particles by
pushing them below the surface. Even then it is sometimes not possible to meet the subgrade
surface requirements for geomembranes. A nonwoven needlepunched geotextile cushion is
certainly a viable option to protect the geomembrane from puncture in such cases. Alternatively,
a GCL can be placed over the CCL or other soil subgrade to provide necessary protection to the
geomembrane. The GCL option has the added advantage of improving the overall quality of the
liner system by functioning not only as a protection layer but also as an additional barrier layer.

Construction quality assurance (CQA) of liner systems through leak location survey is becoming
increasingly popular and more commonly specified. Published statistics on leak location surveys
show that most of the damage to geomembranes occurs during placement of the overlying soil
drainage or protection layer. In applications where a geotextile or drainage geocomposite
protection layer is placed above the geomembrane, some if not most of the damage to the
geomembrane during installation may result from isolated protrusions from objects in the



geomembrane 1s protected by an underlying reinforced fabric encased GCL. This information
should be useful for project owners and engineers in evaluating the cost of various lining system
options and associated subgrade preparation. The data generated in this paper will also help
alleviate some of the ambiguity that currently exists on this topic of acceptable subgrade.

2. TECHNICAL APPROACH

The subgrade is commonly compacted and the surface smooth drum rolled prior to placement of

geosynthetics. This essentially has the effect of pushing coarse particles into the subgrade and
smoothing the surface so as to blend them in the upper layer of the soil surface. In subgrades
with coarse particles, however, it is often not possible to remove all the undesirable larger
particles from the surface except by sieving or scarifying the soil followed by re-compaction.
Even after scarifying the subgrade surface, however, the surface may be disturbed by equipment
or crew traffic during installation whereby freeing additional particles that may potentially
damage a geomembrane. Therefore, isolated individual protrusions before or during
geomembrane installation is a crucial CQA concern.

Such a hypothetical protrusion is shown in Figure 1(a). As shown in Figure 1(b), when a GCL 1s
installed below the membrane over a subgrade protrusion, the GCL acts as a protective cushion
for the geomembrane so as to resist point stresses and greatly decrease potential geomembrane
puncture.

Protrusion Protrusion

Height

Geomembrane

S g

(a) Isolated Protrusion on a Prepared Subgrade




(b) Protection of the Geomembrane with a GCL

Figure 1 — Illustration of an Isolated Protrusion and Protection using a GCL.

A protrusion can consist of a stone, soil clod, stick or any other sharp or angular object extending
above the surface and may generally be greater than 7 mm length or diameter. As shown in
Figure 1, with a point overburden stress placed on the geomembrane, the geomembrane is
challenged and may ultimately puncture and fail. Given there are limitless varieties of stone
shapes and sizes in the field, it would take prohibitively large number of tests to model all the
different shapes of protrusions a liner may encounter. Previous research (Hullings & Koerner,
1991; Narejo, et. al., 1996) has shown that a sharp angular stone can be modeled as a truncated
cone in a laboratory puncture test. Hullings and Koerner (1991) demonstrated that a truncated
cone-shaped protrusion can be used to determine a critical protrusion size below which a
geomembrane puncture will not occur, even at very high overburden stresses. Therefore, this
same approach for puncture testing was used in this paper to identify the maximum protrusion
size that should be allowed below a GCL/HDPE geomembrane composite liner.

Figure 2(a) shows schematics of a truncated cone along with the test setup in accordance with
ASTM test method D 5514. A photograph of the test setup prior to placement of a geosynthetic
1s shown in Figure 2(b). The test procedure is described in detail in the ASTM test method as
well as by Hullings & Koerner (1991), and Narejo, et al. (1996). A brief description of the test
procedure followed for this testing is provided here for the sake of completeness; however, the
reader 1s encouraged to consult the references for detailed description of the test method.
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heights of the cones were varied by adjusting the bedding sand around the cones. All GCLs were
tested 1n as-manufactured moisture content of approximately 10%.

3. GCL AND GEOMEMBRANE PRODUCTS

All tests were performed with a 1.5 mm smooth HDPE geomembrane. The seven GCLs chosen
for testing were geotextile-encased reinforced products with a composite structure consisting of a
cap nonwoven geotextile, a bentonite clay layer, and a carrier nonwoven or scrim-nonwoven
geotextile. The bentonite loading of the samples was varied from 2,470 g/m” up to 4,940 g/m” to
evaluate the effect of bentonite mass. All GCL cap/carrier geotextiles were standard 200 g/m*
mass for consistency. The specific structure of each of the seven GCLs evaluated is described in
Table 1 below.

The structure and mass of the geotextile is expected to influence the protection performance of a
GCL. GCLs with bulkier nonwoven needlepunched geotextiles are expected to offer better
cushion performance than those with lighter or woven geotextiles. Of the two geotextiles, one
facing the protrusion is expected to have a greater influence on protection than the one on the
opposite side of the protrusion. As such, protection performance of GCLs is expected to be
specific to a particular product unless generic performance criteria covering all the materials are
developed through extensive testing.

The use of GCLs as cushion materials should not be confused with their application as low
permeability barrier materials. When a GCL 1is to be used as a cushion for a geomembrane, it
may or may not satisfy hydraulic conductivity requirements of a hydraulic barrier. Specifically,
the effect of large-size protrusions on hydraulic conductivity of the GCL must be considered.
The benefit of a GCL when used as a protection layer is to improve the overall quality of the
geomembrane installation by reducing or eliminating puncture of the geomembrane.

Table 1 — Various GCT. Products Tested

GCL Top Geotextile Type Bottom Geotex
Designation

A PP, NW-NP PP, NW-NP, Sc
Heat Trez

B1 PP, NW-NP PP, NW-NP, Sc
Heat Trez

B2 PP, NW-NP PP, NW-NP, Sc
Heat Trez

Cl PP, NW-NP PP, NW-NP, Sc




Hydrostatic truncated cone puncture tests, as outlined in the previous section, has been used in
the past to develop design recommendations for protection of HDPE geomembranes from
protrusions with nonwoven needlepunched geotextiles (Narejo, et al., 1996). Consistent with this
approach, puncture behavior of an unprotected 1.5 mm smooth HDPE geomembrane is presented
in Figure 3. This includes data from this study as well as from Hullings and Koerner (1991) and
from Narejo, et al. (1996). The data indicate that as the cone height is decreased, overburden
hydrostatic pressure required for puncturing the geomembrane increases. With continued
decrease in the cone height, a point is reached below which the geomembrane puncture is not
possible at the maximum test pressure (700 kPa for this study).

This point is indicated where the curve becomes asymptotic to the y-axis at a cone height of 10
mm. This is an indication that the maximum size protrusion that should be allowed in the
subgrade surface to prevent puncture of the geomembrane should not exceed 10 mm. Applying a
typical factor of safety of 1.5 to this value, which includes the uncertainties associated with the
protrusion shape, this equates to a maximum allowable protrusion size of 7 mm for a 1.5 mm
HDPE geomembrane without any protection. When it is not possible or realistic to ensure that
there are protrusions which exceed this value, the geomembrane should be protected by utilizing
either a nonwoven needlepunched geotextile, a GCL, or any other suitable cushion material.

The protection behavior of a 1.5 mm smooth HDPE geomembrane with nonwoven
needlepunched geotextiles is presented in Figure 4. The nonwoven geotextiles include mass per
unit area ranging from 540 g/m’ to 680 g/m” which are commonly used as protective cushions.
With the added geotextile cushion, the critical cone height has increased from 7 mm to 20 mm.
Applying a factor of safety of 1.5, this indicates a maximum protrusion size of 13 mm to prevent
geomembrane puncture.

From the data above, if a 1.5 mm smooth HDPE geomembrane is protected by a 540 g/m’
nonwoven geotextile, it is very unlikely that the geomembrane will fail due to puncture from
subgrade protrusions up to 13 mm. Certainly the use of needlepunched geotextiles is a viable
option to protect HDPE geomembranes from puncture from subgrade soils with a certain amount
of rocks and protrusions. In some applications, however, such a design is not desirable due to
the wicking action of needlepunched geotextiles and increased potential leakage of a geotextile
underlying a geomembrane adjacent to a geomembrane puncture. Therefore, the use of an
underlying GCL would be a more effective protection option given the sealing and proven
hydraulic performance of GCLs underlying geomembranes.
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performance between the GCLs tested. No clear advantage of the increased bentonite mass per
unit area of the GCL was indicated at the 38 mm cone height. A relatively light GCL with a total
mass of 2,541 g/m” indicated comparable protection for the geomembrane as a GCL with twice
it’s mass of 5,130 g/m” This came as somewhat of a surprise as the authors were expecting an
increase in protection performance with an increase in mass per unit area of the GCLs. Thus,
more testing is required to confirm the significance of fabric GCL mass and implications with
regard to protection layers. It is evident that bentonite migration and thinning associated with the
encapsulated bentonite occurred thus negatively affecting the GCL cushioning.

Figure 5 indicates a lower-bound critical cone height of 26 mm for a 1.5 mm smooth HDPE
protected by commercially available GCLs with standard cap and carrier 200 g/m”* nonwoven
and scrim nonwoven geotextiles. Applying a factor of safety of 1.5 to this value, thus accounting
for variability in GCL manufacturing and protrusion shapes, a critical cone height and protrusion
size of 17 mm 1s derived.
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Not only would GCLs reduce potential geomembrane punctures thereby improving CQA of the
lining system, but would greatly improve the integrity of the lining system and reduced leakage
due to the inclusion of a GCL in intimate contact with the overlying geomembrane and
underlying soil subgrade. In geomembrane only applications where it is not possible to achieve
the maximum protrusion size of 7 mm extending from the surface of the subgrade, inclusion of a
GCL certainly provides a viable alternative by increasing allowable protrusions up to 17 mm



The use of a GCL with existing subgrade with relatively poor quality (e.g. high percentage of
particles >7 mm) provides flexibility to designers and project owners to comply with project
requirements faster and at a lower cost. The puncture test data demonstrates that a GCL with
mass as low as 2,541 g/m” can be utilized to provide adequate protection requirements as long as
the maximum protrusion size does not exceed 17 mm

S. SUMMARY AND CONCLUSIONS

The test data presented in this paper shows that commercially available fabric encased GCLs can
be effectively used to protect HDPE geomembranes from puncture for a protrusion size up to 17
mm. This compares to a maximum size of 7 mm when a geomembrane is not protected by a
cushion layer. It is also shown that effective geomembrane protection can be achieved by a GCL
with a mass almost 50% less than typical GCLs (e.g. bentonite loading of 2,470 g/m” vs. 4,440
g/m?). Thus, GCLs provide a mechanism for complying with subgrade preparation requirements
for projects where this is not possible through other means. The additional cost of utilizing GCLs
as protection layers can be partially offset by lower CQA costs and greatly improved leakage
performance of the lining system.
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Distressed secondary riser pipes were discovered at a hazardous waste disposal facility during
routine sampling. The riser pipes extended from a secondary sump, up a 10-foot high (vertical)
intracell berm, turn 45 degrees through the primary clay and 80 mil geomembrane liner, and
extend vertically through approximately 120 feet of hazardous waste to the surface. Video
inspection of the 8-inch to 12-inch diameter riser pipes revealed that at four riser locations, the
field-fabricated elbows had partially buckled. At one riser location, the vertical portion of the
pipe buckled at two points. Investigation of the distressed riser pipes led to a unique and
challenging repair approach.

INTRODUCTION

Wayne Disposal, Inc., a subsidiary of EQ The Environmental Quality Company, owns and
operates the Site No.2 disposal facility in Belleville, Michigan. The site comprises
approximately 400 acres and has landfilled municipal solid waste, industrial hazardous waste,
and commingled waste. Current operations include disposal of hazardous waste and waste
regulated by the Toxic Substances Control Act (TSCA). The balance of the disposal areas is
closed. The facility is currently licensed to landfill 11 mullion cubic yards of hazardous/TSCA
waste.

Master Cell VI 1s the current active disposal area. The 34-acre cell consists of five subcells
designated as A-North, A-South, B, C and D. These cells were constructed during the late
1980’s and early 1990’s with a typical double composite liner system that includes from the
bottom up: a 60 mil secondary HDPE geomembrane liner, one to three layers of secondary
drainage net, geotextile, a 5-foot compacted clay liner, an 80 mil primary HDPE geomembrane
liner, 12-inch peastone leachate storage layer, geotextile, 12-inch granular drainage layer and a
geotextile separation layer.

A network of perforated 6-inch diameter DR 7.3 HDPE pipe comprises the primary leachate
collection system.

The secondary leak detection system for subcell
that extends along, and 1s fully supported by, the
the remaining subcells incorporates a secondary
extends approximately 10 vertical feet along a 2
the primary compacted clay layer and extend:s
waste.
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Figure 2. - Protective outer sleeve for riser pipe

In 2002, a vertical expansion of Master Cell VI was constructed. The vertical expansion,
designated as subcell E, overfills the existing subcells and extends to the north over the adjacent

closed Master Cell V.
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would loose the ability to demonstrate that the liner system has no leaks. Compliance and
regulatory constraints could force the facility to severely limit or cease operations.

EVALUATION OF DISTRESSED PIPE

Evaluation of the secondary leak detection riser pipes in Master Cell VI was initiated. The
evaluation included a detailed survey of the damaged risers, collection of record photographs,
survey notes, inspection reports and other data, as well as structural analysis of the pipe to
determine the cause of failure.

The survey included measurements of the depths to each deformation and comparison to record

Fig. 4 — Vertical riser at A-North

survey data. Original construction reports, photographs and surveys were reviewed and collated
with measured data and original design calculations. In most cases historic survey data
indicated that the horizontal location of the riser pipe at the current waste surface varied from the
location of the initial dike penetration significantly, in some cases as much as 50 horizontal feet
through the entire 120 foot depth. An observation of the inspection videotapes confirmed sweeps
and angular offsets from vertical throughout the lengths of pipes, particularly at welded joints.

Historical photographs from the project records revealed a construction sequence that included
fabrication of the HDPE riser pipe from the sloped section of the intra-cell berm, through the
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buckle from waste down drag forces alone at depths of about 50 feet or greater. Load transfer to
the mner pipe can occur because the outer sleeve deforms downward from down drag forces and
come in contact with the inner pipe at points of angular offset from vertical.

Axial buckling of the inner riser pipe was evaluated for the condition where down drag forces are
transferred to the inner pipe installed at an angular offset of 30 degrees from vertical. This
condition imposed both an axial load component and a bending load component on the inner
pipe. The axial load component was evaluated using ASTM F1759 and the bending component
was analyzed using a solution for a beam on an elastic foundation (Hetenyi, 1946). The results
showed that the inner riser pipes could fail in axial buckling if down drag forces were transferred
to them.

In general, the results of the evaluation concluded that possible poor backfilling below the elbow,
lack of sand bedding around the pipe and angular offsets from wvertical likely contributed to
transfer of down drag forces to the inner pipe causing buckling failure. Other installation defects,
such as equipment impact damage or poor waste placement techniques, may have caused or
contributed to the observed distress in the pipe.

EVALUATION OF REPAIR METHODS

How do you repair a distressed pipe that terminates in a sump over 120 feet below the surface of
a hazardous waste landfill? To answer this, numerous methods were thoroughly evaluated,
including:

Open excavation;

Sliplining with a smaller pipe and use of micro pumps;
Pipe bursting technologies;

Braced excavations;

Micro-tunneling;

Directional drilling;

Conventional tunneling below the landfill

Internal re-rounding of the pipe followed by !

Drilled access shafts to the sump with compls

The evaluation of the repair methods considered
by the Michigan Department of Environmenta



was there insufficient permitted area to relocate the waste to, but also would potentially expose
the environment to airborne contaminants and undesirable odors. Further, this method would
nearly completely disrupt regular site operations.

Cost and risk analysis was completed for most of the options. Three options were considered
viable; insertion of a smaller diameter “slipline” pipe with reinforcement of the damaged
sections, internal re-rounding with structural reinforcement, and drilling of access shafts for a
direct replacement of the damaged sections.

Preliminary evaluation of the slipline option determined that the configuration of the damaged
elbow sections combined with length, diameter and capacity of available pumps, prevented this
option. Further, the damaged vertical section of the riser at subcell A-North eventually closed
completely, preventing even a 1-inch diameter camera to pass. Internal rerounding technology
had never been attempted in this application and would require redesign of conventional
rerounding equipment and modifications to normal procedures. Drilled access shafts would
allow complete replacement of the damaged risers, but required breaching the primary synthetic
and clay liners. The owner elected to proceed with development of the rerounding option to
occur concurrently with the design of drilled access shafts.

Internal pipe re-rounding is a technology typically applied to horizontal PVC pipe with two-way
access. That is, the equipment is inserted into a manhole and is pulled through a length of pipe
from a second manhole. To apply this technology to rerounding of the HDPE riser pipes in a
vertical orientation with only one-way access limited use of this technology. A contractor was
located who had successfully applied rerounding techniques to vertically oriented HDPE pipes.

After several months of research, bench scale trials and equipment modifications, field trials
were begun in early 2004 (Fig.7). Field trials successfully rerounded one of the upper
deformations of the riser pipe at sub-cell A-North, but failed to make the turn through the
deformed elbow section. After numerous unsuccessful attempts at rerounding, the technology
was ultimately abandoned.

The shaft accessed repair method became the focus of the repair design effort.



¢ Drilling through over 120 feet of hazardous waste;

Accurately excavating to the end of the secondary riser pipes that terminate within a 3-foot
by 5-foot sump;

Put personnel in the shaft to hand excavate through the last 5-feet of hazardous waste;

Breach the primary 80 mil HDPE geomembrane liner;

Hand excavate through 5-feet of compacted clay liner;

Complete the above work at the lowest point in the cell;

Control leachate and secondary consolidation water;

Prevent contamination of the secondary leak detection system.

Additional challenges with logistics also needed to be addressed. Regulatory approval was
needed to cut a 7-foot diameter hole in the primary containment liner near the low points of the
subcells. Drilling a shaft would also require a crane with over 120 feet of boom to be in place on
top of the landfill. Because of the proximity to an adjacent major airport, the crane would
infringe on FAA and airport management airspace, thereby requiring FAA approvals. And
finally, we needed to identify an appropriate contractor to implement the work.

After several meetings with the Environmental Protection Agency, the Michigan Department of
Environmental Quality and airport management staff, the draft work plan and conceptual design
was approved. With regulatory approval in place, the project team moved forward with
addressing the remaining challenges.
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Figure 10. — Leachate collection pipe within shaft at D-14

During the shaft design process and even through the start of construction, the design team,
including the contractor, had continued to explore options that would avoid the need for
penetration of the primary synthetic and clay liners with a shaft. The team had worked
extensively with several pump manufacturers to develop or modify a pump that could fit within a
small diameter “slipline” pipe and was short enough to extend past the deformed elbows and
capable of lifting liquid over 130 feet (air lift pumps could not be used since sampling of the
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Figure 12 —Access shaft plan at sub-cell A-North

The 9-foot diameter shaft was extended to the collapsed section of the existing riser (Fig. 13), the
damaged pipe was removed, and the new vertical riser pipe was installed to waste surface.
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could be inserted full depth into the secondary sump. Since the piston pump casing was 1%-inch
diameter without a “slipline” pipe, a further redesign of the pumping system was needed.

The pump manufacturer fitted the pump foot valve with a Y-inch diameter suction tube and
tested the modified pumping system. Trials showed that the liquid could be lifted through the
suction tube the expected 26 vertical feet to the pump foot valve where it was ultimately pumped
to the waste surface.

To “slipline” the secondary riser at A-North, a 3-inch diameter DR11 pipe was used. The lower
50 feet was reduced to a 1-inch diameter DR11 pipe with the lower 5-feet perforated section.
This allowed the 3-inch diameter pipe to be supported above the deformed elbow and the 1-inch
diameter pipe to extend full depth into the sump. The 1%4-inch diameter piston pump with 49 feet
of suction tube was then threaded into the “slipline” assembly. As with the other slipline repairs,
the annular space between the existing 8-inch diameter secondary pipe and the 1-inch diameter
“slipline” pipe was filled with filter sand. The deformed elbow was then reinforced with high
strength grout. The assemblies as constructed are shown in Figure 14. Upon completion,
pumping capability was restored at the secondary sump at a rate of approximately one gallon per
minute. This rate is sufficient to pump the secondary sump dry in a single shift and restored
sampling capability at sub-cell A-North.
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Figure 14 — “Slipline” at sub-cell A-North secondary riser pipe Conclusion

Failure of riser pipes extending vertically from secondary leak detection sumps could be
disastrous to a landfill owner/operator. This paper has presented a case study of a project that
restored pumping and sampling capability to a hazardous waste landfill with four distressed
secondary risers and one distressed leachate collection system cleanout riser under over 120 feet
of hazardous waste. The authors have presented a condensed progression of events that lead to a
comprehensive repair design that included excavation through the primary geomembrane and
primary clay liners of a hazardous waste landfill.

Diligence on the part of the owner to continue to explore and develop all available options, even
as construction began, lead to a non-intrusive repair solution that was preferable to all parties,
including the regulatory agencies involved.
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The sampling and testing strategies are governed by the spatially-linked variability
characteristics typical of geosynthetics. Noticeable repeating patterns of the material properties
as a function of location along the width and length of a roll of material dictate where the
individual test specimens are obtained from the source and how they are grouped together to
comprise a test sample. Then the necessary sample uniformity is generated without artificially
homogenizing the geosynthetic under test. The resulting precision and uncertainty values will
then be realistic and applicable to routine conformance test evaluations.

The measurement uncertainty assessment process is demonstrated with a geotextile source
material and three test methods: mass per unit area, thickness and grab strength. The geotextile is
sampled and tested in accordance with the test methods. Then the results are analyzed with
rudimentary control chart statistics in order to calculate and monitor test method precision and
uncertainty.

INTRODUCTION

Uncertainty in Geosynthetic Testing encompasse
uncertainty that we have when we compare a tesf
specification value. The other is the uncertainty
themselves, that is, the uncertainty in the process

Since I just confused myself, I thought it would t
phenomenon with a Lab Man’s approach. If Me:
of test results, then all we need to do is run some
right there in the data. We just have to extract it.

As it turns out, this extraction process is fairly st

several times, while intelligently controlling the iayourt o1 tne specimens ana tne conaituons o1
the tests. The test results are plotted with standard deviation and means control charts to
estimate precision and uncertainty.

The precision is the repeatability of the test method. It answers the question, “If I have a test
result for a sample, what is the range of values that would result the test were performed again on
the same sample?” The uncertainty, on the other hand, is the potential scatter of any individual
test result, regardless of the result you might already have on the sample. The uncertainty was in
the first test performed, and will be in the second and third tests, etc.



testing a nonwoven geotextile for Mass per Unit Area in accordance with ASTM D 5261,
Thickness per D 5199, and Grab Strength per D 4632.

In order to calculate the precision of the test method, the Source sample is tested three
consecutive times under repeatability conditions, that is, single operator, single apparatus in a
single day. Each of these sets of three test results is referred to as a repeatability unit, or RU. The
layout of the test specimens on the Source sample are shown on Figure 1. The tests for the
repeatability units were performed on triplicates in the cross machine direction as shown, with
Test Results 1, 2 and 3 taken from RU 1, Test Results 4, 5 and 6 from RU 2, etc.

Figure 1
TEST SPECIMEN LAYOUT

RUAL1 23123123123 [1)2|3|1|2|3|1|[2]3|1]2|3|[1]|2|3]|1]2]3
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RU4[10 11| 12]10 (11| 12| 1011121011 [12[10| 11| 12| 10|11 |12|10 (1112|1011 |12|10{11[12|10]|11|12

Mass per Unit Area
The mass measurements are tabulated in Figure M1 and plotted in Figure M2. A
standard deviations control chart is constructed in M3, with the standard deviation of each RU

plotted against the RU number. The average of the standard deviations, S, is calculated (p units):

§=%s/p=0.049
The upper control limit is:

UCLs=B4 * s =2.568 * 0.049 =0.125

The standard deviations chart does not in
variations. An estimate of the repeatability stand:
precision, is computed from the average s as:

st=5/c4=0.049/0.8862 =0.055




1260 | 1297 | 1262 | 1235 | 1242 | 1239 | 1271 | 1241 | 1306 | 13.05 | 1266
1356 | 1335 | 1195 | 1254 | 1199 | 1298 | 1241 | 1244 | 1214 | 1348 | 1268
RU2 | 1349 ]| 1316 | 1223 | 1230 | 1208 | 1307 [ 1254 | 1235 | 1250 | 1383 | 1276 | 1273 | 0.038
1336 | 1261 | 1281 | 1233 | 1228 | 1267 | 1299 | 1253 | 1311 | 4467 | 12.74
1368 | 1317 | 1258 | 1304 | 1256 | 1334 | 1268 | 1218 | 1185 | 1223 | 1273
RU3 | 1309 | 1277 | 1284 | 1286 | 1326 | 1298 | 1266 | 1164 | 1238 [ 1211 | 1266 | 1272 | 0.050
1336 | 1241 | 1317 [ 1315 | 1279 | 1266 | 1301 | 1198 [ 1207 | 1296 | 12.76
1296 | 1300 | 1269 | 1338 | 1213 | 1265 | 1258 | 1236 | 1278 | 1286 | 12.74
RU4 | 1273 ] 1292 | 1247 | 1296 | 1281 | 1256 [ 1215 ]| 1205 | 1239 [ 1345 | 1265 ] 1267 | 0.057
1430 ] 1270 ] 1305 ] 1276 | 1233 | 1192 | 1274 | 1231 | 12.49 | 1340 | 12.63
AVERAGE: 12.68 0.049
14.0 Figure M2
L 2 MASS TEST RESULTS
135 L ® —
[ | . |
13.0 ‘
125 ¢
$ . 0
12.0 - ¢ B
*
L 4
115 T T T T T T T T
0 1 3 5 6 7 8 9 10 1 12 13
0.14 Figure M3
o2 == == STANDARD DEVIATIONS CONTROLCHART|] = === =
MASS
0.10
0.08
0.06 /’4![”-
D_m.\__.__
0.02
0.00
2 3 4
13.0 Figure M4
XBAR CONTROL CHART
MASS

128




The averages between repeatability units are examined next. First, the grand average of
the four units 1s calculated, which is 12.68. The 3-sigma control limits then are:

UCL=12.68+3 *0.049=12.78
LCL=12.68 -3 *0.049=12.58

The uncertainty standard deviation is estimated with the standard deviation of the RU
averages, that 1s, the standard deviation of the means control chart, which 1s 0.057.

Summary of Mass per Unit Area Variability

Condition Stdev %CV
Test Method Repeatability  0.055 0.44%
Test Result Uncertainty 0.057 0.45%

Thickness Test Results
The thickness measurements are tabulate
standard deviations control chart is constructed 1

deviations,” | is:
S =>s/p=1.09

The upper control limit for the standard d

UCLs=B4* S =2568*1.09=2.79

Again, the standard deviations chart does not me
estimate of the repeatability standard deviation, 1
deviations, s as:

st=5 /c4=1.09/0.8862=1.39
The grand average of the four units is 19

UCL=12.68+3 *195.7=1994
LCL=12.68- 3*195.7=192.0

The uncertainty standard deviation is the
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JD VARIABILITY

1%
1%

Incidentally, the test method repeatability of 0.71% compares well with the precision
statement published in ASTM D 5199, where the lowest repeatability listed of the four materials
included in the inter-laboratory study is 3 %.

Grab Strength Test Results

The test data for grab strength is shown in Figures G1 and G2. The standard deviation
control chart is presented in Figure G3, and the means control chart in Figure G4.

The repeatability standard deviation for the grab strength results is:

st=5/c4=82/0.8862=9.2
The grand average of the units is 405.7. The 3-sigma control limits are:

UCL=4057+3%92=4333
LCL=405.7-3*92=378.0

The uncertainty standard deviation for grab strength test results is 5.6.

The individual test result plot as well as the standard deviations control chart show that
there might be some change developing in the source sample at RU4. If we are continuing to
take samples in the machine direction from the source roll, we should watch for this trend to
continue.

Summary of Grab Strength Test Method Variability

Condition Stdev %CV
Test Method Repeatability 9.2  2.3%
Test Result Uncertainty 5.6 1.4%
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Influence factors may cause increases or decreases, or “shifts”, in the test results, without
affecting their variance. These shifts are referred to as “systematic effects”. The influence
factors also may cause changes in the variability of the test results. These are referred to as
“random effects”. Our experience is that the most dominant factors are systematic and cause
discrete shifts in the data. An example of a systematic factor would be using excessive grip
pressure while performing grab strength tests. This shifts the mean value of the data down due to
premature grip-edge ruptures. On the other hand, too low of a grip pressure allows the stronger
test specimens to slip in the grips, then gather and snag on the edges of the grips, while the
weaker ones behave normally, causing an increase in the overall variance of the data.

Improvements in the quality of the results within a lab will depend on the sensitivity of the
individual test method, on the experience and expertise of the personnel, and their proficiency
with the measurement uncertainty assessment process.

REPRODCIBILITY, SHIFT AND DRIFT

In order to determine the variability of test result
extended in scope. One lab is the designated “B:
consecutive roll width Repeatability Units of the
The Baseline Laboratory retains several bracketu
distributed.

Then with each lab following the MUAP proced
reproducibility of the test method as well as the t
The interstitial BL results are plotted vs the macl
Source properties across the samples distributed.

The magnitude of discrete “shifts’ of the data bet.. co.. .o cor, covv g cor wrr) ccmnreaaaen
material property drift, can then be quantified relative to the Baseline Lab as the “reference”.

The test method uncertainty of a particular Lab X in the Interlaboratory study would be their
uncertainty plus their specific “shift with sign” relative to the BL Lab. This information would be
invaluable for resolving Interlaboratory discrepancy issues and would ultimately minimize
uncertainty in geosynthetic test results.



dispute resolution.
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ABSTRACT

A low altitude air photo system has been devel
(GM) wrinkles at a large scale. Wrinkles w
expansion are of particular interest for high-den
important to improve wrinkle quantification t
through the geomembrane if a hole is at or near
tensile strains in the geomembrane.

A low altitude aerial photogrammetry technique
The system consists of a Digital Single Lens

shutter control mounted on a tethered helium bl____

 —

clear, accurate near-vertical air photos.

The wrinkle geometry is analyzed from the I
processing capabilities and custom functions in
correct images; stitch images of parts of a sit
quantify wrinkle geometry from the image of
connectivity and frequency of wrinkles are prese

INTRODUCTION

Calculations commonly used to estimate leakags
there i1s intimate contact between the geome
geosynthetic clay liner beneath it. This contact
the two barriers in a low transmissivity interfa

i e

B e

substantially increase the potential leakage though a hole in the geomembrane when it coincided
with a wrinkle (Rowe, 2005). They also increase the tensile strains in the geomembrane when
covered and buried beneath waste (Gudina and Brachman, 2006). The wrinkles in high-density-
polyethylene (HDPE) geomembranes predominantly form due to material expansion by heating

from the sun.

Rowe et al. (2004) reported the distribution of wrinkles on the base of one particular landfill cell
during construction. These wrinkles were randomly distributed with no discernable patterns,
thus making it challenging to quantify their length and spacing. Wrinkles developed at, and



geomembrane overlying clay in a 30 m by 30 m cell in a landfill in France. They observed that
major wrinkles occurred parallel to the length of the geomembrane roll at the location of seams,
and also perpendicular to the seam direction. They reported large wrinkles between 0.05 to 0.1
m high and 0.2 to 0.3 m wide, and had a spacing of 4 to 5 m and appeared to extend across a
significant width of the cell. They also noticed small wrinkles (less than 0.05 m high and 0.2 m
wide) occurred perpendicular to the seams.

Touze-Foltz et al. (2001) quantified wrinkles in a 2 mm thick HDPE geomembrane over
compacted clay using a photogrammetric technique. Wrinkle heights varied between 0.05 and
0.13 m, wrinkle widths between 0.1 and 0.8 m, spacing between wrinkles from 0.3 and 1.6 m,
while the length of wrinkles was less than 4 m with most wrinkles 1-2 m long. The size of
installation was only 7.5 m by 7.5 m, and consequently most likely limited the length of wrinkle
that could form. However, the technique of Touze-Foltz et al. (2001) represents a very useful
way of quantifying wrinkles at larger sites.

The objective of this paper is to present the details of the development of a low altitude air
photogrammetry system to quantify the geometry of geomembrane (GM) wrinkles at a large
scale. Details of the equipment used for obtaining the photos, the method of acquiring the photos,
digital wrinkle analysis and the photo calibration are presented. Preliminary results from a large
geomembrane installation are presented.

LOW ALTITUDE AERIAL PHOTOGRAPHY EQUIPMENT

The system consists of a Digital Single Lens Reflex (DSLR) camera with remote infrared shutter
control, attached to a tethered helium blimp (Figures 1 and 2). A Canon 5D DSLR camera is
used for this application. It has a 13.3 megapixel complementary metal oxide semiconductor
(CMOS) that measures 35.8 mm by 23.9 mm. The high density of pixels allows a greater
resolution than cameras with a lower pixel count. The area of the CMOS is very close to the
format of a film 35 mm SLR camera, which permits the use of the full focal length of a lens,
unlike most DSLR cameras.

The blimp stability is a function of both the blimp size and wind speed. The blimp is 6.4 m long
by 2.1 m diameter, which optimizes platform stability and ease of handling on the ground. The
wind speed at ground level is greater and less predictable because there are many localized
currents due to uneven ground surface and differential heating. At an elevation of about 60 m,
the wind speed i1s more constant. Thus a flying elevation of approximately 60 m is used in this
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of the image, field of view (or gmund coverage) and number of images required to capture the
site.

The altitude of the camera is controlled by the length of the blimp tether. The control over the
altitude of the camera using this method should be considered nominal, as the true height of the
blimp, and therefore the camera, 1s ultimately controlled by the wind speed and direction. The
wind direction affects the direction of the blimp, because the blimp will always point into the
wind, and a greater wind speed will push the blimp downwind, and decrease the altitude. If the
blimp moves in the air with gusts of wind, then the angle of the camera with respect to the



take wider angle photos and enable greater land coverage, this will be at the expense of the
object-space resolution of the image and increased lens distortion. The resolution and image
quality of the photo is very important, because the system must have sufficient resolution to
define wrinkles of a few centimetres in height at a camera elevation of 60 m. For image
collection, a 50 mm lens 1s the optimal size to maximize land coverage per photo (19.1m x
28.6m) while still maintaining the precision needed to detect small wrinkles. The 50 mm lens at
60 m above the ground results in a theoretical resolution of 1 pixel = 5 mm on the ground. This
can commonly be achieved in the field under good conditions. Photos for analysis are taken as



XY PLANE WRINGLE GEOMETRY ANALYSIS

The black GM reflects enough light that the wrinkles are easily delineated by the contrast
difference between the wrinkle reflecting the sunlight and the flat black of the non-reflecting flat
portions. The wrinkles are linear white features on the black geomembrane (Figure 3).

The wrinkle geometry is determined by manipulating and analyzing the low altitude air photos
with the image processing features and custom functions developed with Matlab. For this
analysis, a single large image of the GM area is created from a selection of photos that cover the
entire area to allow the analysis of the full area.

The wrinkles are subsequently located and quantified. The user digitally selects the wrinkles and
the continuity of the linear features. The vectors created are located by a Matlab function which
determines the geometric wrinkle properties of interest: length, connectivity and frequency, as
well as the hydraulic connectivity.



10 mm on the ground, which is a lower resolution than the original photo with one pixel
representing 5 mm on the ground. This reduces the file size of the large image, and simplifies
further measurements and quantification.

To develop an image of the entire GM area, a grid of labelled CPs every 10 m were drawn and
labelled on the geomembrane. The spacing of 10 m ensures that there will always be many CPs
in each picture. Each CP is marked on the GM by an “X” and is labelled with a grid coordinate.
These ground control points are surveyed using a total station, and are visible in the photos. By
connecting the grid locations of the CPs to the markings in the photos, the user can determine the
orientation and scale of the objects in the photo in real world units. This also allows the user to
further quantify the images.

Geometrically corrected images are created from the original photographs, using the known
locations of the CPs. The individual images are then digitally stitched together to create one
large image of the site, once again by utilizing the actual surveyed location of the CPs.

In a vertical air photo, there is geometric distortion due to three dimensional objects being
projected on a two dimensional plane. This distortion results in a change in scale between the
centre of the photo and the edges. In a geometrically corrected image, this distortion is
eliminated by determining the three dimensional coordinates of objects of several points in each
photo. This correction is completed by the user manually choosing the points on the digital
photo and inputting relative coordinates into a custom Matlab function.

After photos have been geometrically corrected, the grid of CPs can be used to stitch all of the
geometrically corrected images of the field site. This creates one large image with a scale of 1
pixel represents 1 cm.

PRELIMINARY RESULTS

The air photo shown in Figure 3 was obtained during installation of a 1.5 mm thick, smooth
HDPE geomembrane. The site was at a latitude 43°16" N and the image was captured at 4:09 pm
on August 17, when the air temperature was 24°C. The camera was at an elevation of 60 m.

Wrinkles parallel, perpendicular and inclined to the geomembrane panels are visible in Figure 3.
There were at least 76 wrinkle features identified over the 1172 m? area capture in this image. If
extrapolated, this represents nearly 650 wrinkles per hectare. The minimum wrinkle length was
0.5 m, maximum wrinkle length was 29 m. Sixty-eight percent of the wrinkles had lengths



of wrinkles over large areas. The wrinkles are analyzed using the image processing toolbox in
Matlab, as well as custom functions. The photos are calibrated and connected together to create
one large image of a GM installation. Work is currently ongoing to gather and analyse wrinkle
image data from different field installations to better quantify the process of wrinkle formation in
geomembrane liners.
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interface between a compacted clay layer and a geosynthetic drainage layer. To highlight the
importance of this issue in practice, field monitoring data from a vegetated landfill test cover 1s
presented showing how the behavior of the cover was altered by the capillary break effect. The
landfill cover, consisting of a 1.17-m thick low plasticity clay layer over a geosynthetic drainage
layer, experienced an increase in available moisture storage due to the capillary barrier effect.
Negligible amounts of water were observed to flow from the soil into the geosynthetic drainage
layer during a six year period. To interpret this behavior, two infiltration/evaporation column
tests were performed on compacted clay underlain by geosynthetic drainage layers. A 1.35 m-
long soil column was used to infer moisture and suction profiles during wetting and drying from
the surface. The results indicate formation of a capillary break during infiltration and limited
moisture removal during evaporation. A 0.125 m-long soil column was used to investigate the
influence of wet-dry cycles on the formation of a capillary break. The capillary break effect was
observed to occur during repeated wetting cycles, with breakthrough occurring at the same
suction value on each cycle. These results indicate that a capillary break effect can be used in
landfill covers to provide an increase in moisture storage during wet seasons if adequate moisture
1s removed from the interface during dry seasons.

INTRODUCTION

Geosynthetic drainage layers consisting of a geonet sandwiched between two nonwoven
geotextiles are often used to provide drainage of water from soil profiles. Geotechnical
applications involving geosynthetic drainage layers include leachate collection and leak detection
systems in landfills, drainage components of lysimeters for performance evaluation of alternative
landfill covers, sub-base separation systems in roadways, and drainage systems for mechanically
stabilized earth walls. When saturated, the permittivity and transmissivity of geosynthetic
drainage layers are typically higher than that of the soil being drained, and do not have a
significant impact on the flow of water through the system. The behavior of a saturated system
can be characterized using only the hydraulic conductivity values of the soil and geosynthetic
drainage layer. When the system is slightly unsaturated (e.g., when suction value at the interface
1s between 1 kPa and 10 kPa), geosynthetic layers are practically non-conductive to water while
in this range most fine-grained soils have hydraulic conductivity close to their saturated value.
Depending on the soil, the geosynthetic drainage layer may have a significant impact on the flow
of water through an unsaturated system.

Hydraulic properties that are useful to interpret the interaction between unsaturated soils and
geosynthetics include the water retention curve (WRC) and the hydraulic conductivity function
(K-function). Due to their uniform and relatively large pore size, nonwoven geotextiles will
retain water at saturation until the suction applied to a boundary of the geotextile increases to



The contrast in hydraulic conductivity between nonwoven geotextiles and unsaturated clay has
been shown to cause a capillary barrier effect (Henry and Holtz 2001; McCartney et al. 2005;
Iryo and Rowe 2005). A capillary break effect occurs when water will not flow across the
interface between a fine grained material (e.g., clay) and an underlying dry, coarse grained
material (e.g., a nonwoven geotextile). The water in the small pores of the fine-grained material
must increase in pressure in order to displace air in the larger pores of the coarse-grained
material. This effect prevents a measurable amount of water from flowing from a clay layer into
a geotextile until the suction at their interface is reduced to a critical value. This critical suction is
referred to as the water entry or breakthrough suction. The capillary barrier effect also causes an
increase in moisture storage of the clay, in excess of the volume that would be stored during flow
under a unit hydraulic gradient (i.e., water flow driven by self-weight).

This study investigates the hydraulic interaction between unsaturated, low plasticity, compacted
clay and a geosynthetic drainage layer. To highlight the motivation of this research, monitoring
results are presented from an evapotranspirative landfill test cover in which the interaction
between a geosynthetic drainage layer and an unsaturated soil played an important role in the
behavior of the cover. An experimental study in the laboratory was conducted to interpret the
capillary break effect in soil-geosynthetic columns during cycles of infiltration and evaporation.
The results from the column tests are used to interpret the behavior noted in the field monitoring
results under controlled conditions, and provide guidance on the use (or prevention) of the
capillary break in unsaturated soils and geosynthetic drainage layers.

MOTIVATION: GEOSYNTHETICS IN EVAPOTRANSPIRATIVE COVERS

An evapotranspirative landfill cover consists of a hydraulic barrier consisting of a vegetated,
compacted clay layer placed atop waste. The cover functions by storing infiltrated water in the
soil until it may be subsequently removed by evapotranspiration, which prevents percolation of
water into underlying waste (Zornberg and McCartney 2006). An evapotranspirative landfill test
cover, consisting of a 1.17-m-thick monolithic layer of low plasticity clay atop a geosynthetic
drainage layer, was constructed in 1997 to investigate the behavior of this system under
atmospheric boundary conditions. The system is underlain by a 60-mil geomembrane placed on
a 3% grade in order to collect the water that passes through the system (referred to as
percolation). The combination of a geosynthetic drainage layer and geomembrane is referred to
as a lysimeter. The soil was vegetated with Cheatgrass, a local plant with a rooting length of 0.5
m (less than the thickness of the cover). A schematic of the cover is shown in Figure 1. The
cover was instrumented with a weather station to measure precipitation, air temperature, and
wind speed. The cover also has a vertical nest of 6 horizontally-oriented water content



profiles shown in Figure 2(a) illustrate the migration of a wetting front through the cover during
a particularly wet spring season. The infiltration front progressed through the cover at a moisture
content of 20%, but after reaching the base the moisture content near the geosynthetic drainage
layer increased to approximately 28%. This observation indicates that ponding of water occurred
about the geosynthetic drainage layer, which is evidence of a capillary break effect. Also, a
small volume of percolation was collected at the end of May 1999, indicating that breakthrough
occurred after ponding was observed. The original intent of the geosynthetic drainage layer was
to facilitate collection of the percolation, not to impact the hydraulic performance of the cover.
However, the final design of the cover incorporated a geosynthetic drainage layer to cause a
capillary break and to provide separation of the cover soil from the waste. Another important
finding from the moisture profiles is that the cover “recovered” after ponding occurred.
Specifically, the soil dried over the course of six months due to a combination of
evapotranspiration and lateral drainage, as shown in Figure 2(b). More importantly, ponding and
recovery trends were observed to occur on two other occasions during the monitoring period.
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Figure 2: Moisture content profiles: (a) Wet season; (¢) Dry season
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kg/m’, and a fiber density pr of 910 kg/m’. The porosity of the nonwoven geotextile was
calculated to be 0.99 using the following expression (Koerner 2005):

n-1--+ M
tp;

Compacted Clay

The low plasticity clay (CL) used in this study has a specific gravity of 2.71, an average
plasticity index of 12, and an average liquid limit of 27. The same soil used in the field study
was used in the laboratory tests. The specified range of relative compaction in the field was 70
to 80% of the maximum standard proctor dry density (1902 kg/m’). In the laboratory and field,
the clay was compacted at the optimum water content of 11.5%. The compaction energy was
controlled in the field using a lightweight roller, and was controlled in the laboratory using a
piston compactor.

Hydraulic Properties

The hanging column and pressure plate method
drying-path WRCs for the nonwoven geotextile
and for specimens of the clay at relative compac
in Figure 3(a) indicate that the nonwoven geotex
at a suction value of 0.2 kPa, while the clay d
impact on the WRC of the clay. The hydraulic
drainage layer specimens was assessed using a {
back-pressure saturated with tap water as the pe;
used, along with an average hydraulic gradient ¢
the different materials were predicted from the
(1980). The hydraulic conductivity of the ge¢
saturated, but is lower for suction values greater than 2 kPa.
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Figure 2: Hydraulic properties; (a) Water retention curves and porosities; (b) Predicted K-functions
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Volumetric moisture content profiles in the columns were inferred using time domain
reflectometry (TDR) and capacitance probes. The MiniTRASE® TDR system, developed by
SoilMoisture, Inc. was used in Profile A, while ECH,0-TE® capacitance probes, developed by
Decagon, Inc., were used in Profile B. The ECH,0-TE® probes also measure temperature and
electrical conductivity. For calibration, the probes were embedded horizontally in clay
specimens having a range of compaction moisture contents. The calibration relationships for two
relative compactions obtained at room temperature are presented in Table 1. Linear relationships
were obtained between the inferred quantities (dielectric permittivity for TDR and raw moisture
content for the ECH,0-TE®) and actual volumetric moisture content values for the range of
compaction conditions in the calibration program.

Table 1: Calibration equations for moisture content monitoring systems

Relative Moisture
System compaction content range Equation
(&) (&)
70 10 to 49 9,= 149K, -23.4
TRASE TDR 05
80 8to44 6,=12.0K,  -17.0
70 10 to 49 6,=1.16,- 3.9
ECH,0-TE
80 8to44 6,=10.96;-0.3

0, = Actual volumetric moisture content
0; = Inferred volumetric moisture content
K. = Inferred dielectric permittivity

Suction was measured using heat dissipation units (HDUs) in Profile A and using flushing
tensiometers in Profile B. HDUs infer suction by measuring the change in temperature of a low-
air entry ceramic in contact with the clay during an imposed heat pulse (Flint et al. 1999). For
the same heat pulse, the temperature change for a dry ceramic will be greater than for a wet
ceramic because of variation in the ceramic’s thermal conductivity with water content. As the
suction between the soil and ceramic is continuous, the temperature response can be correlated
with the suction in the ceramic, providing a soil-independent calibration. The HDUs were
calibrated using the method described by Flint et al. (1999), and the same calibration equation
used in that study was used in this study. The HDUs were found to be useful for measurement of
suction values greater than 20 kPa. Tensiometers are a commonly used approach to directly
measure suction. A miniature pore pressure transducer is used to monitor changes in pressure
inside a water reservoir in hydraulic contact with the soil through a high-air entry ceramic
(Ridley and Burland 1995). As a soil dries, water is drawn from the reservoir through the
ceramic, causing a negative pressure in the reservoir. The tensiometers used in this study were



Figflre 5: (a) Soil profile A duriné compaction; (b) Soil profile B after calpaction

Test Procedures. The infiltration stages involved imposing a steady flow rate, measuring the
volumetric moisture content and suction changes with time as the wetting front progresses
through the soil. An infiltration stage was completed when the outflow discharge velocity was
the same as the inflow discharge velocity. The soil surface was covered to maintain a constant
relative humidity (~96%) during infiltration. The evaporation stages involved measurement of
the surface temperature and relative humidity as well as internal profiles of temperature,
moisture content, and suction. The geometry, soil conditions, stage duration, and boundary
conditions are summarized in Table 2. The stage names include the profile name, the cycle
number, and the stage type (i for infiltration or e for evaporation). The infiltration rates were
selected to be less than the hydraulic conductivity of the clay when saturated. The suction at the
soil surface was inferred from the relative humidity using the equation in Table 2.

Table 2: Details of the laboratory column testing program
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Figure 6: Profile A: (a) Cumulative inflow and outflow; (b) Initial wetting front

The suction time series for Profile A are shown in Figure 7(a). The HDUs were responsive to
changes in suction during the initial infiltration stage. During this stage, HDU A1l shows a drop
in suction from a value of approximately 100 kPa to 30 kPa. As the infiltration passes through
the soil profile, the other HDUs showed subsequent drops in suction to approximately 20 kPa.
The HDUs are not able to measure suction values less than 20 kPa, so the suction in the bottom
portion of the profile after 2000 hrs is not certain. However, the upper HDU shows a decrease in
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Figure 7: Profile A: (a) Suction; (b) Moisture content; (¢) Moisture content profiles

The moisture content time series shown in Figure 7(b) indicate progression of the infiltration
front through the soil profile during Stage Al1(i-1) at a moisture content of 24%. Unlike the
suction time series, the moisture content data allows closer investigation of the behavior of the
soil profile after the infiltration front reaches the base of the profile. Specifically, an increase in
moisture content from 24% to 47% occurred after the wetting front reached the base of the
profile (TDR A4, z=50 mm). TDR A3 (z= 250 mm) and TDR A2 (z = 500 mm) also showed
increases in moisture content (although less significant), while TDR Al (z = 1250 mm) did not
show an increase in moisture content. The moisture content at the base of the profile was close
to saturation when capillary breakthrough occurred at t = 1824 hrs. The moisture profiles with
depth during Stage A1(i-1), shown in Figure 7(c), indicate that ponding occurred in the profile.
The shapes of these profiles are similar to those from the field study shown in Figure 2(a). The
moisture content profiles during Stage A1(i-1) indicate that the capillary break effect was the
cause of the accumulation of water at the base of the covers observed in Figure 2(a).

During the first evaporation stage (t = 3100 hrs), the moisture content near the surface of the
profile (z = 1250 mm) decreases from 24% to 20% during the first 100 hrs of evaporation,
followed by a more gradual decrease to 16% over 3 months. HDU Al indicates that the suction
at this depth also increased to 49 kPa during this stage. Slight decreases in moisture content
were also noted at the depths of the other TDR waveguides during this stage. However, these
decreases were most likely due to gravity drainage, not evaporation. Measurements of moisture
content obtained by gravimetric sampling indicate that the drying front progressed only 700 mm
into the cover (i.e., z= 650 mm) during the 3 month-long Stage Al(e). The field data in
Figure 2(b) showed a uniform decrease in moisture content throughout the depth of the cover
during 7 months. Differences in the rates and depths of drying in the field and laboratory are due
to differences in the energy supplied to the soil to cause evaporation, as well as due to the added
contributions of transpiration and lateral drainage to moisture removal in the field.
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passed their locations. Although they had not fully equilibrated with the initial suction after
about 25-45 hours, the tensiometers showed a smooth decrease in suction that is consistent with
trends in moisture content measured using the capacitance sensors. The initiation of outflow
(i.e., capillary breakthrough) for each infiltration stage is denoted in Figure 10(a) with arrows.
Breakthrough occurred in Stage B1(1) after 104 hrs, at a suction of 3.64 kPa. After breakthrough,
the tensiometers showed further decreases in suction. After reaching steady state outflow,
evaporation was started. Suction increased asymptotically with time during Stage B1(e), and
Tensiometer B-1 approached the suction value measured before the first infiltration front passed
through the profile. After this point, infiltration was started again. Despite different durations of
the evaporation stages evaluated for this profile (and corresponding differences in moisture
removal), breakthrough occurred at approximately the same suction.

The moisture content time series for Profile B are shown in Figure 10(b). In general, the trends
in moisture content measured using the capacitance sensors are consistent with the trends in
suction measured using the tensiometers. The moisture content of the wetting front is indicated
by the first bend in the moisture content time series after infiltration starts (point A). The
moisture content at the wetting front is approximately 24% for each infiltration stage. Unlike the
moisture content time series for Profile A, the upper portion of the profile did not remain at the
moisture content of the wetting front due to the shorter height of this column. Instead, the
moisture content of the entire profile increased. This is because ponding of water above the
geosynthetic drainage layer affected the entire height of the profile. Capillary breakthrough
occurred at a moisture content of 40%, slightly after the second bend in the moisture content
time series (point B). A significant decrease in moisture content from 43% to 25% occurred
during the first 20 hrs of drying in Stage B1(e). A less significant decrease in moisture content
from 25% to 21% was observed over the next 80 hrs of drying. The imposed suction boundary
condition caused a gradient in moisture content (and suction) with height in the specimen. Based
on the value of moisture content at z = 50 mm after 240 hrs of testing, it is likely that the
moisture content at the soil-geosynthetic interface did not return to its original value. However,
after subsequent wetting in Stages B2(1) and B3(1), the moisture content at breakthrough was
similar to that observed during Stage B1(1).
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effects. These temperature effects altered both the suction and moisture content measurements,
and tended to be more relevant during the evaporation stages (under a surface temperature of 40
°C). A third evaporation stage was conducted for Profile B (outside the scope of this study) to
help shed light into the temperature dependence of the sensors. During this extra stage, the
temperature was cycled with time by shutting the infrared lamp on and off, as shown in Figure
11(a). The corresponding changes in suction and moisture content are shown in Figure 11(b).

At high temperatures, the suction is 8% greater than at room temperature, and moisture content is
5% smaller than at room temperature. Nonetheless, as the main interest of this study is the
behavior of the soil near the interface during infiltration (i.e., capillary breakthrough), the



difterences 1n density and length. 1'he moisture content and suction at the infiltration front are
similar (24% and 20 to 30 kPa, respectively) as the inflow rates applied to the profiles are
similar. Also, breakthrough occurred at a similar degree of saturation (94%) for both profiles.
The breakthrough suction for each wet/dry cycle in Profile B is approximately 3.7 kPa. These
values are consistent with the transition of the geotextile WCR from residual conditions to
saturated conditions [Figure 3(a)]. This signifies that the WCRs can be used to estimate the
breakthrough suction for unsaturated soil-geosynthetic system. The speed of the wetting fronts
tended to increase with time because the profiles had not returned to their original moisture
content after the end of each evaporation stage. Similar conclusions can be made about the time
required to reach steady-state infiltration. The speed of the evaporation front in Profile B was
calculated from the difference between times at which the capacitance sensors responded to the
evaporation boundary condition. The calculated speeds were similar for both evaporation stages
in Profile B. The evaporation fronts in Profile A only passed 500 to 700 mm into the profile, so a
speed was not calculated. A capillary break effect was not obvious during Stage A2 in Profile A.



Figure 12: Transient WRCs for Profile B: (a) Cycle 1; (b) Cycle 2
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stability and deformations. Comparison of the results from Profiles A and B indicate that the
repeated effectiveness of a capillary break relies on removal of water from the soil-geosynthetic
interface. Landfill covers with a capillary break should be designed to either promote lateral
drainage from the base of the cover, or to facilitate evapotranspiration through the use of plants.
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