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INTRODUCTION

1.1 Purpose and Scope
Cowlitz County is proposing continued use of an alternative liner system for future bottom liner
construction at the Headquarters Landfill (Landfill). This report has been prepared to
demonstrate that the proposed alternative liner system meets or exceeds the functional
performance requirements for a landfill liner system as specified in WAC 173-351.
1.2 Background
The Washington Administrative Code (WAC) 173-351-300(3) provides prescriptive standards
for the design and construction of the liner system for the Landfill. Table 1 compares the bottom
liner system elements required by this regulation to what has actually been constructed at the
landfill to date.
Table 1: Comparison of Regulatory Compliance and Constructed Liner Systems at the
Headquarters Landfill
Prescriptive Liner System Elements
Required by WAC 173-351-300(3) for the
Headquarters Landfill
(bottom to top)

Liner System Elements Used for Past Construction (Cells
1 through 5) at the Headquarters Landfill

Prepared subgrade with drainage slopes no
less than 2%.

Prepared subgrade with drainage slopes no less than 2%.

Two-foot thick layer of compacted soil with a
hydraulic conductivity of no more than 10-7
cm/sec.

Two-foot thick layer of compacted (clay) soil with a
hydraulic conductivity of no more than 1 × 10-7 cm/sec
(Cells 1 and 2); or a geosynthetic clay liner (GCL) having a
hydraulic conductivity of no more than 5 × 10-9 cm/sec when
measured in accordance with ASTM D5887 (Cells 3-5).

60-mil thick high density polyethylene
(HDPE) geomembrane

60-mil thick high-density polyethylene (HDPE)
geomembrane

Leachate collection system to maintain less
than one-foot depth of leachate over the low
point in the liner.

Geotextile cushion to protect the liner, overlain by 12 inches
of crushed drain rock with an embedded pipe network to
maintain less than one-foot depth of leachate over the liner,
overlaid by a geotextile filter to prevent the drain rock from
becoming clogged. Greater head buildup is allowed in the
Cell 1 sump so that the pumps function efficiently. In that
area, a secondary liner and leak detection system is installed.

To date the Headquarters facility has been permitted and operated under the WAC 173-304 and
173-350 “limited purpose” landfill regulations. A previous application for use of a GCLalternative to the bottom liner requirements was submitted (Thiel Engineering, 2003) and
approved. Although the permit requirements for the “limited-purpose” landfill liner system are
different than for an MSW landfill permitted under WAC 173-351, the project owner

1

(Weyerhaeuser Company) has always insisted that the liner system be designed and constructed
so as to meet or exceed the requirements of WAC 173-351.
At this time the new prospective owner, Cowlitz County, is proposing to continue the use of
GCLs as an integral part of the ongoing bottom liner construction at the facility. Alternative
liner designs are allowed under WAC 173-351-300(2)(b). Specifically, WAC 173-351-300(2)(b)
states:
“Alternative designs must ensure that the maximum contaminant levels listed in Table 1 of this
section and the criteria in the water quality standards for ground waters of the state of
Washington, chapter 173-200 WAC, will not be exceeded in the hydrostratigraphic unit(s)
identified in the hydrogeologic characterization/report at the relevant point of compliance as
specified during the permitting process in WAC 173-351-700. Alternative designs must also
sufficiently control methane to meet the criteria in WAC 173-351-200 (4)(a).”
Alternative liner designs incorporating GCLs have been previously approved at other MSW and
ash landfill sites in the Pacific Northwest. Examples include the Cedar Hills Landfill in King
County, WA; the Okanogan County, WA Landfill; the Roosevelt Landfill in Klickitat County;
the Columbia Ridge Landfill near Arlington, OR; the Coffin Butte Landfill near Corvallis, OR;
the Dry Creek Landfill near Medford, OR; and the Marion County Ash Monofill in Woodburn,
OR. Undoubtedly there are many others in the Pacific Northwest that are not mentioned, and
likely hundreds of landfills nationwide that have successfully incorporated GCLs in lieu of a
compacted clay liner.
1.3 Proposed Alternative
The proposed alternative liner system consists of the following elements, from bottom to top:
• Prepared subgrade and hydraulic gradient control system consistent with the design basis
established in the Engineering Report of the current permit application, and requirements
of WAC 173-351-300 (7).
• Geosynthetic clay liner (GCL) with a functional performance equivalent or superior to
that of a two-foot compacted clay liner with a maximum hydraulic conductivity of 10-7
cm/sec, and composite system performance to ensure that ground water quality standards
are maintained.
• 60-mil HDPE geomembrane
• Geotextile cushion and leachate collection system consistent with the previously
established design basis and requirements of WAC 173-351-300 (EMCON, 1992 and
current permit application).
Figure 1 presents a schematic comparing the proposed alternative liner system to the prescriptive
WAC 173-351-300 liner system. The main difference is that a GCL is being proposed in lieu of
a two-foot thick compacted clay liner.
Given that the use of a GCL provides expected hydraulic performance to meet ground water
protection standards, and functional performance at least equivalent to the prescriptive
compacted clay liner (as demonstrated in the literature and in this report), the County’s main
reasons for proposing to stay with the proposed alternative liner system are that it is less variable
in quality than field-constructed compacted clay, more easily available compared to scarce
appropriate onsite clay resources, less weather-dependent during construction, ease of
2

construction and CQA, less total disturbed soil area (borrow area plus construction area), and it
is cost effective. These issues are discussed in more detail in this report.
1.4 Description of GCLs
A GCL is a manufactured roll product whose primary purpose is to allow uniform deployment of
a pure bentonite clay layer. The bentonite is evenly distributed on the GCL product at a nominal
aerial density of 0.75 pound per square foot. The bentonite is generally supported by carrier
geosynthetics such as geotextiles or geomembranes. The bentonite is typically made to adhere to
these carrier geosynthetics by using water-soluble glue, or mechanically by needle-punching
fibers from one geotextile through the bentonite to another geotextile on the opposite side of the
bentonite layer.
The bentonite used in GCLs is called sodium bentonite, which has a hydraulic conductivity
approximately two orders of magnitude lower than the hydraulic conductivity requirements for
compacted clay. That is, the hydraulic conductivity of sodium bentonite is typically 1×10-9 cm/s
or lower, depending of the effective confining pressure. This extremely low hydraulic
conductivity, along with its ability to provide a uniform intimate contact with an overlying
geomembrane, enables a manufactured GCL product to provide a fluid barrier equivalent to two
feet of compacted clay. Detailed calculations supporting this point, as well as other functional
equivalencies, are presented in Section 2. More information regarding general descriptions and
performance of GCLs can be found in Koerner and Daniel (1993) and EPA (1993).
Figure 1: Liner Details
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TECHNICAL EQUIVALENCY AND PERFORMANCE

In order to demonstrate the equivalency and performance of the GCL composite liner alternative,
this report:
1. Formulates the equivalency question in light of composite liner theory.
2. Identifies the technical equivalency issues specific to the Headquarters Landfill.
3. Evaluates the technical equivalency issues, summarizing the results of previous research
and authorship where appropriate.
4. Provides a performance-based contaminant transport evaluation to demonstrate that
potential ground water impacts due to advective leakage and/or diffusion through the
proposed liner system will not cause violation of the regulatory standards referenced in
WAC 173-351-300(2)(b). Advection is the transport of solutes by flowing groundwater,
much as a leaf on a stream.
2.1 The Theory of Composite Liners with Reference to GCLs
Both the WAC 173-351 and the USEPA "Subtitle D" regulations define a prescriptive landfill
liner design that includes the following key elements, from bottom to top:
• two feet of compacted clay having a maximum hydraulic conductivity of 10-7 cm/sec
• geomembrane - typically 60-mil high-density polyethylene (HDPE)
• leachate collection system to maintain a maximum one-foot leachate head over the liner
The first two elements, the two feet of compacted clay and the geomembrane, form what is
called a single “composite liner”. The merits of a composite liner have been well publicized and
substantiated by laboratory testing and field measurements (EPA, 1987).
Soil liners are rarely used alone today because, even with relatively low permeability clays, it
can easily be shown by Darcy's law that a significant amount of leachate would percolate
through a clay liner, even under a relatively low head.
Geomembranes are relatively impermeable compared to natural soils and perform very well in
containing liquids and gases. Their relative thinness, however, makes them susceptible to
punctures or other defects created during installation and covering.
The idea of using a geomembrane over a clay liner to form a composite liner takes advantage of
the beneficial properties of both materials in a synergistic manner. The geomembrane provides
the primary impermeability of the lining system by keeping liquid head off the underlying clay.
The clay limits the spreading and permeation of leakage through holes, thereby reducing the
potential leakage, and thus can mitigate small defects in the geomembrane.
The five primary mechanisms by which the composite liner system limits leakage are:
1.
2.
3.
4.

Good intimate contact between the geomembrane and soil liners.
Reduction to the extent possible of defects in the geomembrane.
Reduction to the extent possible of the head on the geomembrane.
Reduction to the extent possible of the hydraulic conductivity of the soil portion of the
composite liner.
5. Providing a barrier to chemical diffusion.
5

The primary mechanisms affecting leakage that can be controlled by the soil portion of the
composite liner are a) the quality of the intimate contact with the geomembrane and b) the soil
permeability. The thickness of the soil liner plays a secondary role in affecting potential
advective and diffusive leakage rates, as discussed in Section 2.3. Since GCLs are a factorymanufactured bentonite layer, the surface created for intimate contact with a geomembrane is
much more uniform and effective than with a field constructed compacted clay liner. The
bentonite in a GCL, which would ultimately be in contact with a geomembrane to provide the
composite action, is also much lower in permeability than almost all typically available onsite
clays. Theoretically, then, GCLs could actually provide superior environmental containment
compared to almost any standard compacted clay liner. In point of fact this is true in some
respects, however further issues must also be considered, primarily those concerning the relative
thinness of the GCL.
In summary, a theoretical evaluation of a GCL’s ability to provide environmental containment in
a composite liner system indicates they would be at least equal to a compacted clay liner. In fact,
GCL’s have been demonstrated to be superior to CCL’s in practice. To support this general
conclusion, more detailed and specific evaluation criteria are analyzed below.
2.2 Technical Equivalency Issues
Since compacted clay liners have been used for several decades as waste containment liners, the
compacted clay technology and its results are generally accepted. Compacted clay liners are thus
viewed as the standard by which alternatives will be measured for the soil component of a
composite liner. GCLs have also now been used in landfills for about 25 years and have proven
their effectiveness in critical containment facilities.
The specific issues for a technical comparison of GCLs to compacted clay liners are summarized
in Table 2 below. This table is largely adapted from the paper by Koerner and Daniel (1993),
with some changes considered appropriate for the Headquarters Landfill. The issues for
comparison are divided into three broad categories: hydraulic; physical/mechanical; and
construction.
2.3 Hydraulic Issues
2.3.1

Leakage Rates through the Liner due to Defects in the Geomembrane

The primary function of the soil portion of the composite liner is to reduce the leakage rate of
liquids that may pass through defects in the overlying geomembrane. Therefore, a primary
measure of equivalency for GCLs is their ability to perform this function as well as, or better
than, a compacted clay liner.
2.3.1.1

Factors Governing Leakage Rates in Composite Liners

The mechanism by which composite liners reduce the leakage rate is heavily dependent on the
quality of the interface between the geomembrane and the underlying clay. Empirical modeling
and field monitoring (Giroud et al., 1992 and 1997) have demonstrated that leakage through a
hole in the geomembrane is a function of underlying soil permeability, liquid head above the
hole, soil liner thickness, hole size, and degree of intimate contact between the geomembrane
and the soil. The empirical equation derived from these studies takes the following form:
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Table 2. GCL Technical Equivalency Issues (Adapted from Koerner and Daniel, 1993)
Category

Criteria for Evaluation

HYDRAULIC ISSUES

Leakage rates through the liner from defects in the
geomembrane
CHEMICAL RESISTANCE Chemical compatibility; absorption/attenuation
AND ATTENUATION
(diffusion)
Permeability to gases
PHYSICAL /
MECHANICAL ISSUES

CONSTRUCTION ISSUES

Slope stability considerations
Settlement and deformation response
Wet/dry behavior
Bearing capacity
Puncture resistance and resealing
Subgrade preparation
Speed and ease of installation
Construction quality assurance
Water requirements
Material availability
Fugitive air emissions (dust)
Construction weather constraints

Q = C [1 + 0.1(hw / t)0.95 ] a0.1 hw0.9 ks0.74

(1)

where: Q = volumetric rate of leakage through a defect (m3/s); C = a constant related to the
quality of the intimate contact between the geomembrane and underlying clay liner; hw = head of
liquid on top of the geomembrane (m); t = thickness of the soil component of the composite liner
(m); a = area of defect in geomembrane (m2); and ks = hydraulic conuctivity of the underlying
clay liner soil (m/s). This equation can only be used with the dimensional units indicated.
The basis of this equation is referenced in the EPA Technical Manual (1993), written to assist in
interpretation of and compliance with Subtitle D regulations, and is also incorporated into the
latest versions of the HELP computer model (EPA, 1994) used for predicting leachate generation
and leakage.
By inspection of the parameters involved in the above equation, it can be deduced that the
possibilities of reducing potential liner leakage in terms of the soil component of a composite
liner are related to: a) the ability of its surface to create an intimate interface with the overlying
geomembrane; b) its permeability; and c) its thickness.
2.3.1.2

Intimate Contact between Geomembrane and Underlying Soil Liner

The degree of intimate contact between a geomembrane and an underlying soil liner will control
the radius of the wetted area that forms between a geomembrane and the underlying soil liner or
GCL caused by a leak. Harpur et al. (1993) describe experiments performed on five different
GCLs to evaluate the quality of their intimate contact with geomembranes in terms of hydraulic
7

transmissivity along the contact. They present a very revealing graph (Figure 5 in their paper)
that demonstrates the effectiveness of a GCL in limiting the horizontal flow of liquid through a
defect in a geomembrane. The graph indicates that GCLs would be two to three orders of
magnitude more effective in reducing horizontal transmissivity than a compacted clay liner under
theoretically excellent field conditions. This would have a direct impact on the amount of
leakage that would occur through a geomembrane defect.
Rowe (1998) demonstrated the value of having good intimate contact. His calculations show
that, for a hypothetical composite liner having a GCL with a hydraulic conductivity as high as
2×10-6 cm/s, the superior intimate contact achieved with a GCL would result in less advective
leakage than a composite liner having two feet of compacted clay with a hydraulic conductivity
of 1×10-7 cm/s. The reason that a thinner, higher permeability GCL could potentially outperform
a thicker, less permeable compacted clay is that the potential for lateral migration between the
geomembrane and a GCL is much less than that between a geomembrane and compacted clay.
Another affirmation of the reliable success in achieving intimate contact with a GCL is found in
the Engineering Documentation for HELP Version 3 (EPA, 1994, pg. 88). That manual
describes just three conditions in which “excellent” liner contact can be achieved. The first is
with a medium-permeability, cohesionless soil that would readily conform to the geomembrane.
The second is with a very well-prepared, low-permeability soil layer that is typically only
achievable in the laboratory or in small test plots. The third is with a GCL. At best, typical
compacted clay liner installations would only be able to achieve what would be considered a
“good” liner contact rating, resulting in a C value for Equation (1) of 0.21. For “excellent”
contact conditions, the C value in Equation (1) would be approximately 0.05 or less, indicating a
factor of 4 advantage for GCLs compared to compacted clay.
2.3.1.3

Permeability and Chemical Resistance

The hydraulic conductivity of GCLs manufactured with sodium bentonite can be affected by the
effective normal stress and chemical content of the permeating fluid. An increase in confining
stress results in a lower void ratio in the bentonite, which lowers its hydraulic conductivity. At
confining stresses below about 400 pounds per square foot (psf), such as might occur in a landfill
cover system, the hydraulic conductivity of bentonite is typically in the range of 1×10-9 to 1×10-8
cm/s. Under moderate compressive stresses up to 2,000 psf (approximately 30 feet of waste), the
hydraulic conductivity of bentonite is in the range of 1×10-10 to 1×10-9 cm/s. At high
compressive stresses such as 10,000 psf, the hydraulic conductivity of bentonite could be
expected to be at or below 1×10-10 cm/s (Daniel, 1996). The average confining stresses at the
Headquarters Landfill will be in the 7,000 psf range (average waste depth of 109 feet).
Therefore, the average hydraulic conductivity of GCLs under these conditions could
conservatively be taken as 5 ×10-10 cm/s when permeated with water (see Fig. 2; also Giroud et
al, 1997).
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Figure 2. Hydraulic Conductivity as a Function of Effective Confining Stress. (from Thiel et al., 2001)

Leachate chemical interactions with GCLs and their effect on hydraulic conductivity have been
the subject of substantial examination. Egloffstein (1997) reports that calcium, magnesium, and
potassium will preferentially exchange with sodium in bentonite, and reduce its swelling
capability. Ruhl and Daniel (1997) present test data on five different GCL products using seven
different permeant liquids and three different conditions of hydration. The GCLs maintained
low hydraulic conductivity (generally < 2×10-9 cm/s) when permeated with simulated hazardous
waste leachate, real MSW leachate, or simulated fly ash leachate under relatively low confining
pressures (< 5psi). There was no adverse impact to the hydraulic conductivity of the GCL
observed by using real leachate as opposed to tap water. The GCLs had a high hydraulic
conductivity when permeated with a strong calcium solution or strong acids and bases. Rowe
(1998) suggests that the real leachate used by Ruhl and Daniel had a low concentration of
cations, and he reports test values for a synthetic leachate that was modeled so its composition
was very similar to the real leachate from the Keele Valley Landfill near Toronto, Canada. His
results showed that, under a relatively low confining stress of 735 psf (5 psi), the hydraulic
conductivity of the GCL increased by approximately a factor of six when permeated with the
synthetic leachate as opposed to tap water.
One of the more recent references regarding GCL chemical compatibility is by Kolstad et al.
(2004/2006), which reports on the long-term hydraulic conductivity tests involving GCLs in
contact with various salt solutions. Based on these test results the authors proposed a
relationship between the GCLs long-term hydraulic conductivity and the solution’s ionic strength
and ratio of monovalent to divalent (RMD) cations. Two factors that were not evaluated by the
Kolstad et al (2004/2006) studies, however, are the effects of GCL prehydration that occurs after
deployment on a moist subgrade, and the effect of higher confining pressures typical under
landfill bottom liners. All of their studies were performed at very low normal loads (<5 psi, or
9

720 psf). Daniel (2000) has reported data indicating that as the normal load increases, the
hydraulic conductivity of bentonite is less and less affected by chemical interaction. His data
showed that the hydraulic conductivity of bentonite permeated with a concentrated calcium
chloride solution (worst-case scenario) approaches the same hydraulic conductivity as bentonite
permeated with distilled water at 8,600 psf (approximately 120 feet of waste). Work published
by Thiel and Criley (2005) corroborates these findings for a real MSW leachate from a Pacific
Northwest (PNW) landfill , and leachate from a pulp and paper mill (from the Headquarters site),
as discussed in the next subsection below titled “Testing with Actual Leachate from the
Headquarters Landfill”.
Knowing that there are limitations to the relationships proposed by Kolstad et al. (2004/2006),
the relationship that they developed can still be used for relative and preliminary evaluations
regarding GCL compatibility with leachate if the leachate’s ionic strength and RMD can be
estimated. Table 3 presents relevant leachate chemistry data for this evaluation as taken for:
• pulp and paper waste leachate from the current Headquarters Landfill
• leachate from the existing Cowlitz County Tennant Way Landfill,
• leachate from another PNW MSW landfill
• real leachate used by Ruhl and Daniel
• synthetic leachate chemistry used by Rowe
• hypothetical leachate for the proposed Headquarters MSWLF where the waste mix is
27% municipal waste and 73% industrial/commercial waste
The predicted effect of the leachate on the GCL performance is given in the row at the bottom of
the table. The results suggest that, at low normal loads of less than 720 psf, the un-named pulp
and paper and PNW MSW leachates might increase the hydraulic conductivity of the GCL by
factors of approximately 40 and 90, respectively, while the impact of adding MSW leachate from
Tennant Way Landfill to the existing Headquarters Landfill leachate would expected to be even
less significant.
2.3.1.4

Testing with Actual Leachate from the Headquarters and an MSW Landfill

Hydraulic conductivity testing of a typical GCL product with actual pulp and paper mill leachate
from the Headquarters Landfill site, from an MSW landfill in the PNW, and distilled water was
performed by Thiel and Criley (2005) at different normal stresses ranging from 1,000 to 15,000
psf, which are representative of the range of normal loads that will be experienced at the
Headquarters site.
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The samples tested were allowed to partially pre-hydrate on native damp subgrade soils for
several weeks, and were then tested for hydraulic conductivity using the two real leachates under
a variety of effective confining stresses. The samples permeated with MSW leachate were
tested under effective stresses of 5,000, 10,000, and 15,000 psf. The samples permeated with
pulp and paper waste leachate were tested under effective stresses of 3,500, 7,000, and 10,000
psf. All of the results showed decreasing hydraulic conductivity with increasing effective stress.
The hydraulic conductivity of the GCL samples to all of the leachates tended to level off to a
common value of about 2×10-10 cm/s at effective stresses above 10,000 psf (see Figure 3). These
results1.E-07
indicate that the leachates have no serious adverse effects on the performance of the
bentonite for a bottom liner application where confining stresses are at/above about 8,000 psf.
More details on the testing program and results are presented in Thiel and Criley (2005), which
is included in Appendix A.

GCL Hydraulic Conductivity with Leachate

1.E-08

MSW Leachate
Pulp&Paper Mill Leachate

k (cm/s)

Distilled Water (Daniel, 2000)

1.E-09

1.E-10
0

5,000

10,000

15,000

Effective Confining Stress (psf)
Figure 3. Hydraulic Conductivity as a Function of Effective Confining Stress and different leachates. (from
Thiel and Criley 2005 and Appendix A)
2.3.1.5

Effect of Thickness on Hydraulic Equivalency

In regard to leakage, the thickness of the clay underlying a geomembrane is only important
relative to the magnitude of the liquid head. In the worst case, assuming an average one-foot
head buildup (the maximum typically allowed by prescriptive design requirements), the
thickness of a GCL would have to be taken into account. Giroud et al. (1992 and 1997) provide
methods for doing this and present a sample calculation comparing a GCL to a compacted clay
liner. Site-specific calculations, assuming an effective average hydraulic conductivity of 1×10-9
cm/s for a GCL at the Headquarters Landfill, were performed and show a GCL to be over 20
times more effective than compacted clay. This selection for the hydraulic conductivity is
considered conservative because it represents the results for the actual Headquarters leachate
under approximately 40 feet of material on the liner, whereas the average thickness of waste and
12

cover material over the liner for the site will range from approximately 7-260 feet, with an
average of 120 feet. The calculations are provided in Appendix B.
2.3.1.6

Industry Database

Studies were sponsored by the USEPA during the 1990s to quantify the performance of lining
systems by measuring the leakage collected in the leak detection systems of double-lined
landfills and surface impoundments (Othman et al, 1996). Because of these studies, the
measured performance of GCL composite liners could be compared to standard composite liners
constructed with compacted clay. A summary of these studies indicates the following:
• For 11 landfill cells evaluated that had a geomembrane/compacted clay composite liner,
the average in-service leakage rate was 9 gallons/acre/day (gpad) (90 l/ha/d).
• For 19 landfill cells evaluated that had a geomembrane/GCL composite liner, the average
in-service leakage rate was 0.07 gallons/acre/day (gpad) (0.7 l/ha/d).
These results indicate that the field performance of GCL composite liner systems compares very
favorably to that of compacted-clay composite liner systems. While the results of the referenced
EPA studies are still preliminary in nature, they indicate that GCLs are indeed performing very
well.
2.3.2

Chemical Retardation and Diffusion

Liner performance in the context of chemical retardation and resistance to diffusion is another
important criterion to consider. Chemical retardation and diffusion resistance are provided both
by the constructed liner components (geomembrane and clay liner), and also by the soil materials
beneath the liner, both native and embanked. When one considers the overall attenuating
capability of fine-grained natural soils to minimize transport through the bottom liner system,
there may be essentially no difference between a conventional compacted clay liner and a GCL
in the complete system.
Rowe and Lake (1999) demonstrate this principle in their design
example where the performance of a composite liner having a 2.5-foot thick compacted clay
liner (k = 1 × 10-7 cm/s) was compared to a composite liner utilizing a GCL with a hydraulic
conductivity as high as 2×10-8 cm/s. In both cases the geomembrane surface was maintained the
same distance above the ground water table. Because of the excellent intimate contact between
the GCL and the geomembrane and because of the similarity of the attenuation characteristics of
natural soil to those of compacted clay, the composite liner system using the GCL was found to
be equivalent to the conventional composite liner system.
Diffusion is a term used to describe transport of chemical constituents based on a concentration
gradient, rather than a hydraulic pressure gradient. Diffusion occurs through intact material
porosity regardless of whether or not holes exist in the liner system. In general, the concern for
diffusion through liner systems is only of significance for organic constituents, since the
diffusion coefficient for polar compounds such as inorganics through the geomembrane is
practically zero.
The diffusion rate of nonpolar organic compounds vertically through the bottom liner system
continually changes with time (t) and distance from the top of the geomembrane (z). It is also a
function of the effective or porous media diffusion coefficient (De), which has a unique value for
each organic compound. Concentrations very slowly increase at the base of the liner system; the
rate of increase here is diminished by horizontal fluid flow in the underlying aquifer. The
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concentration at any point and time in the bottom liner system is calculated by the standard
transient diffusion equation.
𝜕𝐶
𝜕!𝐶
=    𝐷!    !
𝜕𝑡
𝜕𝑧
Resistance to diffusion of chemical constituents is provided by all of the geosynthetic and soil
materials existing between the top of the liner and the groundwater table. The diffusion
coefficient through different soils typically does not vary significantly between soil types (Rowe
2005, and Rowe et al, 1995b), provided the soils are largely saturated (generally defined as 85%
degree of saturation). All of the native or compacted soils below the liner at the Headquarter
site, with the exception of the HGCS layer, would be expected to meet this criterion, and provide
a diffusion barrier substantially equivalent to a compacted soil liner.
At the Headquarters facility, a primary hydraulic gradient control system (HGCS) is constructed
in the form of a drainage network installed in the original ground swales and groundwater
discharge points below the Landfill to ensure that there will be at least 5 feet of vertical
separation between the bottom of the Landfill liner and estimated high ground water, and at least
7 feet of vertical separation between the primary geomembrane and estimated high ground water.
In fact, the actual average distance between the bottom of the liner system and the estimated high
groundwater levels for the proposed design is 15.2 feet (see Figure 1), which provides excess
attenuative capacity compared to the prescriptive liner design.
As described previously, liner construction with a prescriptive compacted soil liner would
require a minimum separation of 5 feet between the estimated high groundwater level and the
bottom of the liner in conjunction with the HGCS installation. This configuration would place
the top of the liner system (the geomembrane) a total of 7 feet above the estimated high
groundwater. According to Rowe (2005), since the diffusion coefficients and sorption capacity
of a GCL are not substantially better than for a compacted clay, and yet a GCL is 50 to 100 times
thinner than a typical compacted clay liner, it follows that in order to have equivalent
performance as a diffusion barrier a GCL will need to be combined with a foundation soil such
that the total thickness of the GCL and foundation soil (attenuation layer) is similar to the
thickness of the compacted clay layer and its attenuation layer. Therefore, by maintaining the
geomembrane and GCL at a distance of at least 7 feet above estimated high groundwater, a
similar one-dimensional diffusion barrier would be provided. In this case the liner systems
involving a GCL on the one hand, and a CCL on the other, would be considered equivalent.
With the exception of a very small portion of one cell (½ acre in the northeast corner of Cell 5),
the Headquarters subgrade plan has been designed to provide a minimum of 7 feet of native or
compacted soils between the estimated high groundwater and the top of the geomembrane,
regardless of whether the mineral-component of the composite liner is a GCL or a compacted
clay. In the ½ acre corner of Cell 5, the geomembrane approaches within about 6 feet of high
groundwater. Under these conditions, where 99.8% of the designed bottom grades has the top of
the geomembrane at least 7 feet of estimated high groundwater, and where the average
separation is actually over 15 feet (see Figure 1), the one-dimensional diffusion attenuation of
the proposed project alternative liner system is expected to be at least equivalent to or better than
a prescriptive liner system requiring a minimum of 5 feet separation from the bottom of the liner
above high groundwater.
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2.3.3

Site-Specific Leakage Performance Evaluation

The most recent WAC regulation for MSW landfill alternative liner designs requires an
evaluation of the potential site-specific groundwater impacts to demonstrate that under expected
performance conditions certain specific maximum contaminant levels will not be exceeded.
Specifically, WAC 173-351-300(2)(b) states:
“Alternative designs must ensure that the maximum contaminant levels listed in Table 1 of this
section and the criteria in the water quality standards for ground waters of the state of
Washington, chapter 173-200 WAC, will not be exceeded in the hydrostratigraphic unit(s)
identified in the hydrogeologic characterization/report at the relevant point of compliance as
specified during the permitting process in WAC 173-351-700. Alternative designs must also
sufficiently control methane to meet the criteria in WAC 173-351-200 (4)(a).”
To evaluate this criterion, contaminant transport modeling was performed for both advective and
diffusive mechanisms for the proposed liner design in the context of the site-specific
hydrogeologic setting for the anticipated site-specific leachate concentrations. The analysis was
based on contaminant transport estimates provide by Thiel Engineering and is contained in
Appendix C to this document in a memorandum by Thiel dated September 26, 2011.
The study examined both pure diffusive and combined advective-diffusive transport of volatile
organic compounds (VOCs) and inorganic leachate components from the waste, through the
engineered liner system, to the aquifer. Concentrations at the top of the underlying aquifer were
calculated using the expected concentrations in leachate from the Headquarters Landfill while
keeping these concentrations constant in the waste for all time (which is a simplifying but
unrealistically conservative assumption). It is shown that concentrations of both VOC and
inorganic leachate components are expected to remain below the State of Washington ground
water protection standards (WAC 173-200) and the federal maximum contaminant level (MCL)
for the active life of the landfill, closure/post-closure period, and beyond.
2.3.4

Permeability to Gases

The prevention of landfill gas migration is an important function of a landfill liner. In this
respect, the geomembrane provides the first line of defense and is generally superior to any type
of soil liner.
The gas permeability of compacted clay liners and GCLs, discussed by Koerner and Daniel
(1993), is highly dependent on the moisture content of the clay or bentonite. Compacted clay
liners are installed more wet than the optimum moisture content and tend to have a low initial
gas permeability. GCLs are generally installed dry and have a relatively high initial
permeability, but hydrate in a relatively short period of time. Data presented by Thiel and Criley
(2005) show that GCL material tended to hydrate to 80% moisture content within 4 weeks of
being placed on a damp subgrade material. Daniel and Gilbert (1993) have shown, for example,
that within a matter of weeks the bentonite in a GCL will increase in water content to 150%
when placed on a subgrade with a water content of only 10%.
In the long term, however, the relative performance would be approximately the same.
Compacted clay liners may experience a limited amount of desiccation due to subgrade suction.
GCLs, on the other hand, tend to hydrate because of the high suction pressures of bentonite.
Furthermore, landfill gas is generally saturated. If a concentration of landfill gas were to leak
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through a defect in the geomembrane, the underlying soil (or GCL) would tend to become
saturated and provide an effective gas barrier.
It is thus logical to conclude, and Thiel Engineering believes that, relative to gas containment in
a bottom composite liner, GCLs are equivalent to compacted clay liners.
2.4 Physical/Mechanical Issues
2.4.1

Slope Stability Considerations

In general, an equivalency evaluation of a GCL compared to compacted clay cannot be made,
and is not even appropriate, relative to slope stability. Each material, as well as its interface with
adjacent materials, must be considered separately in a liner design. Stability analyses should
then be performed to demonstrate that safety factors are acceptable. If the safety factors are
unacceptably low, then the materials in the critical interface should be modified, or the design
geometry should be changed.
The following paragraphs describe the unique slope stability considerations that must be taken
into account when using a GCL.
2.4.1.1

Description of Proposed GCL

An obvious slope stability concern with GCLs is mid-plane shear through the bentonite layer,
assuming the bentonite is hydrated. Shear-strength values for hydrated bentonite have been
reported as low as 6 degrees.
As described above, even though GCLs are sent to a job site in a relatively dry condition (with
the natural "dry" moisture content of the bentonite on the order of 12% to 20%), they tend to
become hydrated in a matter of weeks if they are placed on subgrade soils. Hydration, in terms
of shear strength, occurs when the bentonite moisture content reaches approximately 45%.
Below about 40% moisture content, the internal shear strength of bentonite is relatively high
(Daniel, 1993a). Above about 45% moisture content, the internal shear strength of bentonite
approaches its hydrated values. For GCLs manufactured with porous geotextiles on the outer
surfaces, it would be necessary to assume that they will become hydrated if placed directly on
the subgrade.
To increase the internal shear strength of these types of GCLs even when the bentonite is
hydrated, GCL manufacturers have created products in which the two outer layers of geotextile
are either needle-punched or stitched together through the bentonite layer. These are often called
“reinforced” GCLs. Tests have proven that the needle-punching and stitching does not reduce
the effectiveness of the GCLs in providing environmental containment, though the internal shear
strength is now controlled by the geotextile needle-punching or stitching.
A reinforced, fabric-encased GCL has been used, and is proposed to continue to be used, for the
construction of cells at the Landfill. The needle-punched fabrics provide a method to
manufacture and install the bentonite in a uniform layer, and also provide the needed structural
reinforcement so that they provide the same integrity as a compacted clay liner.
In addition to the internal shear strength of the GCL, the following potential interfaces must be
evaluated:
• between the lower geotextile of the GCL and the subgrade
• between the upper geotextile of the GCL and the geomembrane
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The weakest of these potential shear planes must then be compared to the shear strength of other
surfaces or interfaces in the composite liner.
2.4.1.2

Slope Stability Approach to Design and Construction Specifications

Thiel Engineering’s approach to designing with GCLs is similar to that employed for any other
components, including compacted clay liners. Typically, slope stability analyses are performed
to determine what minimum shear-strength parameters are required. The required strength
parameters are then checked against the values that would reasonably be obtained using the
anticipated construction materials. Laboratory shear strength testing is often performed during
the design phase to verify that the required parameters can be achieved.
The existing design for the Headquarters Landfill considered mass waste slope stability (included
as a separate appendix in the Engineering Design Report). The critical potential sliding plane
was identified as the interface between the HDPE geomembrane surface and the overlying
geotextile cushion, or between the HDPE geomembrane and the underlying GCL.
The interface shear strength characteristics between the GCL and the textured geomembrane
would be similar to those of the interface shear strength between the textured geomembrane and
overlying geotextile cushion. Both of these interfaces would be more critical than the internal
shear strength of a well-reinforced GCL. From this point of view, whether a GCL or compacted
clay liner is used, the slope stability safety factor would not change since the critical slip plane of
a geotextile against a textured geomembrane would exist in either case.
In terms of writing construction specifications to achieve these goals, the following
specifications are required:
• The GCL should consist of bentonite encapsulated between two non-woven needlepunched geotextiles (commonly referred to as a double-nonwoven GCL).
• The peel strength required to pull apart the two layers of geotextile from each other
should have a minimum average roll value (MARV) of 30 pounds per 4-inch wide
specimen in accordance with the modified ASTM D4632 test method. This specification
is intended to provide that the internal shear strength of the GCL will generally be
stronger than the interface shear strength between the GCL and the geomembrane. These
requirements will be verified with additional project-specific testing that will ultimately
be incorporated in the construction specifications.
• The asperity height of the texturing on the geomembrane surface should have a minimum
average roll value of 22 mils to meet the interface shear strength requirements.
2.4.2

Settlement and Deformation Response

Uniform settlement generally does not impact any components of a liner system. Differential
settlement, on the other hand, could result in separation, cracking, or tearing of various elements
of the liner system. In a related sense, deformation in general, such as might occur in a seismic
event, could cause defects or failures in liner elements in a similar manner to differential
settlement.
Koerner and Daniel (1993) describe reports and tests that document a GCL's ability to withstand
relatively high levels of tensile strain (at least 5%) without developing significant increases in
permeability. Standard compacted clay liners, on the other hand, generally cannot tolerate
strains greater than one percent without cracking. GCLs are generally considered better than
compacted clay liners in terms of their ability to resist damage from deformation.
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At the Headquarters Landfill foundation settlement is not considered a significant issue.
Potential seismic deformation (on the order of 12 inches or less) is within acceptable limits and
in accordance with standard landfill design practices (see slope stability analysis in separate
appendix of Engineering Design Report).
2.4.3

Wet/Dry Behavior

In considering equivalency to the prescriptive CCL, another primary concern is a material's
ability to function as a low permeability layer after experiencing one or more wet/dry cycles.
For example, a compacted clay liner may be installed with a water content greater than the
optimum moisture content for compaction. If left exposed during construction, it may dry and
develop small desiccation cracks during or after construction. If there is a geomembrane defect
in this area, a leachate leak may cause the dried soil to become wet. Natural clays have varying
abilities to self-heal cracks upon rewetting. None, however, can self-heal as well as bentonite.
This has been well documented by Boardman and Daniel (1996). One of the chief characteristics
of bentonite is its ability to swell and heal itself. GCLs are generally superior to compacted clay
liners in this regard.
Another example, related to constructability, is surface desiccation of the compacted clay before
the geomembrane is installed. If desiccation cracks develop in the compacted clay surface, the
composite effectiveness of the liner will be determined by the ability of the clay to self heal
under the geomembrane as it is remoisturized (which naturally occurs when a membrane is
placed over a moist subgrade). With GCLs this would not be a concern. This is also one reason
why the C-value, representing the quality of intimate contact between the geomembrane and
underlying mineral liner, in the Giroud equation (Section 2.3 and Appendix B) is higher for
GCLs than compacted clay.
2.4.4

Bearing Capacity

Koerner and Daniel (1993) point out that bearing capacity may be a concern for hydrated GCLs.
This is only true, however, when there is thin cover soil, the bentonite is hydrated, and a
concentrated load is applied. This would be a unique situation that is not expected to occur in
bottom liner construction at the Headquarters Landfill facility. Koerner's tests demonstrate that
as long as the cover thickness is greater than the footprint of any potential concentrated load
from a vehicle tire there is no cause for concern about bearing capacity even when the bentonite
is hydrated. For track-mounted equipment (e.g. a dozer) there is even less cause for concern.
The leachate collection layer will provide adequate cover during construction in accordance with
the current construction specifications. As solid waste is placed, the concern is reduced even
further. Therefore, bearing capacity is not a significant issue in bottom liner construction with a
GCL.
2.5 Construction Issues
2.5.1

Puncture Resistance and Resealing

The relative thinness of a GCL naturally leads to concern about its puncture resistance and
ability to be repaired or self-heal if a puncture is sustained. This is considered a construction
issue because damage can occur during the installation of geosynthetics and cover materials.
There are three primary mechanisms by which the liner may be damaged during construction:
(1) puncture from below by a protruding object such as a stone; (2) puncture from above through
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the geomembrane; (3) gouging, tearing, or ripping from construction equipment during
deployment or covering.
For small punctures from above or below, the bentonite in a GCL has the swelling capacity to
seal the hole and perform in accordance with the empirical leak equation described in the first
section on hydraulic equivalency. In this respect, a GCL should perform as well or better than a
compacted clay liner.
The situation in which a GCL would perform worse (when compared to a compacted clay liner)
is if there was a large gouge, rip, or tear in the liner from construction equipment during
deployment or covering. In this case, a compacted clay liner probably would not be totally
damaged because of its thickness. This potential problem can be effectively addressed through
good construction practices, proper construction quality assurance monitoring, and an electric
defect-detection survey of the liner system.
After at least one foot of cover material is placed, there is little potential for damage. The one
foot of leachate collection gravel over the geomembrane provides adequate protection for the
geomembrane and should, therefore, be adequate for the GCL as well. After the drainage layer
is placed, the entire installation can be checked by an electric defect-detection survey, as
discussed in the following section.
2.5.2

Electric Defect-Detection Survey

Over the past 30 years, technology has been developed to allow electrical defect-detection
surveys to be conducted over large areas of soil-covered geomembranes with a high degree of
sensitivity and accuracy. This would apply for GCL installations that have a separate welded
geomembrane covering the bentonite. This technique is now commonly available from vendors
in North America, Europe, Asia, and other geosynthetic containment markets. It is an effective
way to locate defects in a soil-covered geomembrane lining system. The technology works by
impressing a voltage difference across the geomembrane liner. Since the geomembrane is an
electrical insulator, current can only flow through defects in the geomembrane. A digital data
recorder is used to measure the differences in electrical potential on the cover material, and
defects are isolated as anomalous readings in these measurements. More detailed information
can be found in Darilek et al. (1999) and Laine and Darilek (1993).
The electrical method can provide a high level of confidence in locating any defects in a
geomembrane that would be of significant concern. This survey is extremely practical in that it
is utilized after the lining system has been exposed to essentially all potential mechanical damage
(i.e. after the geomembrane and GCL liners have been covered with soil).
The sensitivity of this technology depends on site specific factors such as (1) resistivity of the
materials above and below the geomembrane, (2) thickness of the soil overlying the
geomembrane, (3) spacing between measurements, and (4) the experience and expertise of the
personnel performing the survey and interpreting the data. The typical size of the defects that
can be detected through 1 – 2 feet (300-600 mm) of soil cover range between 0.03 inch to 0.3
inch (1 mm to 10 mm), although much smaller defects are often located as well. Defects in a
geomembrane of this size and smaller are easily mitigated by the healing and swelling properties
of the bentonite in the underlying GCL. Defects of a larger magnitude than the referenced sizes,
which are the real defects of concern, are easily located by the electrical detection survey and
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repaired prior to operations. Suggested specifications for performing the defect-detection
procedure are included in Appendix D.
On all cells constructed to date with the alternative GCL liner system (Cells 3-5), construction
has included electric defect-detection surveys as part of the quality control/quality assurance
(QC/QA) program. The County proposes to continue this practice for future cells. Based on
Thiel Engineering’s experience with this technique on several previous projects, including those
on this site, this approach should alleviate any concerns related to the relative thinness of GCLs
and their susceptibility to large construction-related defects.
2.5.3

Subgrade Preparation

Related to the puncture discussion above, it must be noted that a GCL's relative thinness requires
more attention to subgrade preparation (i.e. smoothness of subgrade) than for a compacted clay
liner.
Typically, the most critical subgrade preparation is for the geomembrane. When using a
compacted clay liner, this would refer to the top surface of the clay liner, which requires very
careful finishing.
In the case of GCLs, the subgrade can be smoothed to fit the convenience of the construction
schedule without worrying about moisture loss. Even though nearly the same subgrade
preparation specification would be used for the GCL as would be used for a geomembrane (e.g.
maximum protrusion of approximately 0.5 inch as recommended by ASTM D6102 – Installation
of GCLs), it is actually less critical because of the cushioning effect of a GCL. The top of the
GCL will in turn provide the subgrade for the geomembrane. The surface of the GCL will be far
more ideal for a composite liner than almost any finished compacted clay surface, particularly
with respect to maximizing the all-important intimate contact between the surfaces.
2.5.4

Speed and Ease of Installation

Without doubt, a GCL can be installed much more quickly and easily than a compacted clay
liner. This affects both schedule and quality of the resulting barrier system, with the GCL
generally producing a higher quality barrier.
Once the GCL material is approved through the manufacturer’s certifications, conformance
testing, and on-site inspection, its installation is quick and straightforward. Probably the most
critical inspection item during installation is to make sure it does not become overly hydrated
(mainly from precipitation) before it is covered with the geomembrane. It simply needs to be
unrolled into place with the proper overlap, supplemental bentonite placed along the overlaps,
and the geomembrane installed.
This installation process is simple compared to a compacted clay liner which must be moisture
conditioned, possibly blended with bentonite or other additives, compacted in lifts at controlled
moistures and densities, inspected for good lift bonding and breakdown of clods, tested for
compaction, tested for hydraulic conductivity, and finished to accept a geomembrane. Field
experience in optimizing each of these procedures yields more highly variable final systems than
those employing a GCL.
2.5.5

Construction Quality Assurance

As stated by Koerner and Daniel, "Far fewer things can go wrong with the installation of a GCL
compared to placement and compaction of a compacted clay liner." GCLs are not only much
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easier to monitor during construction but also tend to provide a higher level of assurance that the
installed product meets the design intent uniformly across the composite liner surface.
With a compacted clay liner, the CQA monitor must be concerned with a multitude of variables
including borrow source characterization (involving a whole series of tests, often performed onsite by the monitor); material variability; moisture conditioning; possible admix proportions and
blending; clod breakdown; lift thickness; total thickness; compaction; lift bonding; desiccation;
surface finishing; and permeability testing.
With a GCL there is much less to worry about and the issues are much simpler. They include:
• Sample for conformance testing (actual testing done by a third-party laboratory) to check
peel strength, moisture content, and mass of bentonite per unit area.
• Check that laboratory test results meet specifications.
• Verify that shipping and handling did not result in roll damage.
• Verify subgrade preparation.
• Verify proper overlap during deployment, and the addition of supplemental bentonite
along the overlaps, if required.
• Verify that the GCL seams are heat-tacked together. This is a safety measure
implemented to ensure that the overlapped seams are not displaced during geomembrane
deployment or wind conditions, or that GCL shrinkage (which is rare but known to occur
until the soil cover is placed) does not result in loss of overlap.
• Verify that the GCL material is covered within a reasonable period of time to avoid
geotextile exposure or potential hydration.
• Perform electric defect-detection survey after geomembrane is installed and cover soil is
placed.
The manufactured uniformity of a GCL and the simple and scientific nature of the CQA
monitoring (versus the "art" of compacted clay earthwork) result in greater confidence in the
uniformity of the resulting composite liner system.
2.5.6

Water Requirements

Preparing on-site soils for liner construction requires a large amount of construction water for
moisture conditioning, as well as dust control, for all the construction activities involved in
processing and placing a clay liner.
GCLs require no water for installation, and only incidental amounts would be needed for dust
control.
2.5.7

Material Availability

GCLs are readily available and cost-competitive. On-site clay requires detailed source
investigations and most likely greater intermediate levels of land disturbance at the site, and/or
importation from offsite sources.
2.5.8

Fugitive Air Emissions (Dust)

As described in the above discussion of water requirements, GCLs require only minor dust
control compared to that required by the earthwork activities involved in processing and placing
a compacted clay liner.

21

2.5.9

Weather Constraints

A compacted clay liner may be able to tolerate slightly more precipitation (perhaps a drizzle)
than a GCL. However, during wet, rainy weather neither a GCL nor a compacted clay liner can
be installed. Given the potentially short dry-weather season at the site, speed of installation is a
significant factor to avoid the rains.
During very hot, dry weather, however, a GCL would be superior to a compacted clay liner.
This type of weather is actually advantageous to a GCL, while it tends to desiccate a compacted
clay liner.
In general, both a GCL and a compacted clay liner can be satisfactorily constructed during
normal weather, but a compacted clay liner would require a much longer good-weather season,
which is a significant factor at the Headquarters site.
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3

SUMMARY AND CONCLUSION

As one considers alternative liner designs and construction materials, all materials have their
limitations. When comparing alternative materials, the limitations of each tend to be
emphasized. Many of the limitations of compacted clay liners have been accepted over the years
simply because this was the best available technology, and methods were adapted to work within
its limitations.
As summarized in Table 4 below, GCLs improve upon most of the limitations of standard
compacted clay liners while introducing few limitations of their own. All of the limitations
introduced by GCLs can be addressed either by proper design (e.g. slope stability evaluation) or
by rigorous and enhanced construction quality assurance (e.g. electric defect-detection survey).
GCLs present no limitations that cannot be addressed responsibly to assure equivalent or
superior performance compared to CCLs is achieved.
Numerous GCL alternative liners have been approved and installed nationwide, and in the
Pacific Northwest. U.S. EPA tracking of several of these installations indicates that GCL
composite bottom liner performance has exceeded that of traditional compacted clay composite
liners.
GCLs are an environmentally responsible design alternative. They perform well if properly
installed. The nature of the product and its installation methods provide a high level of assurance
that construction and design goals will be met. For Cowlitz County’s intended purpose at the
Headquarters Landfill, the proposed GCL alternative is requested based on available information
which demonstrates it will provide an equivalent or superior level of effectiveness than the
regulatory prescriptive design for protecting groundwater, and meets the performance standards
prescribed by WAC 173-351-300(2)(b).
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Abstract:
Reinforced GCL samples from three different projects were partially pre-hydrated on
native damp subgrade soils for several weeks, and were then tested for hydraulic
conductivity using three real leachates under a variety of effective confining stresses.
The samples permeated with MSW leachate were tested under effective stresses of
240, 480, and 720 kPa. The samples permeated with MSW-incinerator ash leachate
were tested under effective stresses of 180, 360, and 530 kPa. The samples
permeated with pulp & paper waste leachate were tested under effective stresses of
165, 340, and 475 kPa. All of the results showed decreasing hydraulic conductivity
with increasing effective stress with the ash leachate being the most sensitive to
effective stress, and the pulp& paper leachate being the least sensitive. The hydraulic
conductivity of the GCL samples to all of the leachates tended to level off to a
common value of about 2 10-12 m/s at effective stresses above 475 kPa.
Introduction
The scope of this paper relates to the hydraulic conductivity of geosynthetic clay liner
(GCL) samples obtained from three different projects subjected to relatively high
effective stresses and three different leachates. The significance of this study is that it
provides some preliminary indications of the performance of GCLs to act as a fluid
barrier to real leachates under the effective stresses characteristic of landfill bottom
liners.
Effective stress is a significant variable that controls the behavior of bentonite
(Shackelford et al., 2000), decreasing both hydraulic conductivity and the
susceptibility of bentonite to chemical alterations. Increasing the effective stress on a
GCL decreases the void ratio (or porosity) within the bentonite layer, which tends to
lower its hydraulic conductivity.
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Other Studies
Landfill leachates can alter the hydraulic conductivity of GCLs. Ruhl and Daniel
(1997) present test data on five different GCL products using several different
permeant liquids, three different conditions of hydration, and an effective confining
stress of 35 kPa. These GCLs maintained relatively low hydraulic conductivity
(generally < 2 10-11 m/s) whether they were permeated with simulated hazardous
waste leachate, real MSW leachate, or simulated fly ash leachate. The hydraulic
conductivity of the GCLs was not adversely affected when real leachate was used as
compared to distilled water. The GCLs had a relatively high hydraulic conductivity
when permeated with a strong calcium solution or strong acids and bases.
Rowe (1998) suggests that the real leachate used by Ruhl and Daniel (1997) had a
low concentration of cations, and he reports test values for a synthetic leachate that
was modeled to have a composition quite similar to that of real leachate from the
Keele Valley Landfill. (The chemical composition of the MSW leachates used by
Ruhl and Daniel (1997) and by Rowe (1998) are summarized in Table 1). Rowe’s
results showed that, under a relatively low effective stress of 36 kPa, the hydraulic
conductivity of the GCL increased by approximately a factor of 6 when permeated
with the synthetic leachate as compared to distilled water. However, Ruhl and Daniel
(1997) found that while a synthetic leachate did cause some increases in hydraulic
conductivity, the real MSW leachate did not. One factor to bear in mind is that
although real leachates may contain calcium and other conductivity-increasing
chemicals, they also contain suspended solids (including biologically active
materials) that may tend to plug the pores of the bentonite and reduce hydraulic
conductivity. Impacts from actual leachates may vary considerably from one leachate
to another.
As mentioned in the previous subsection, the effective stress placed on sodium
bentonite influences hydraulic conductivity, and may have a significant impact on the
susceptibility of GCLs to alterations caused by cation exchange. This issue was
limitedly explored by Thiel et al. (2001) and is illustrated in Figure 1 for a geotextileencased GCL that was permeated with either distilled water or a 0.125 molar solution
of calcium chloride (CaCl2 containing 5,000 mg/l of calcium). In the tests using
CaCl2, a worst-case condition was employed of hydration with the same CaCl2
solution that was used for permeation. At low effective stress, the GCL was about
three orders of magnitude more permeable to the CaCl2 solution than to distilled
water. However, at an effective stress of about 400 kPa, the hydraulic conductivity
was about the same for water as for the CaCl2 solution. Although calcium tends to
cause shrinkage of the bentonite and the development of a more permeable fabric of
bentonite particles, the application of a high effective stress was presumed to squeeze
the bentonite particles together strongly enough to prevent deleterious alterations in
the arrangement of bentonite particles.
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Table 1. Comparison of Leachate Constituent Concentrations (mg/l except pH)
Chemical
Constituent

Real MSW
Leachate Used
By Ruhl and
Daniel (1997)

Simulated
Leachate Used
by Rowe (1998)

MSW Landfill
Leachate

Landfill Leachates Used in the Present Study
Ash Landfill
Leachate

Pulp&Paper
Landfill
Leachate

Sodium

368

1615

2900

5060

4350

Potassium

N/A

354

188

3170

331

Calcium

112

1224

337

8170

105

Magnesium

100

473

359

311

374

Chloride

520

4414

5600

33000

3000

Ammonia (NH4)

N/A

618

260

16

94

BiCarb. (HCO3)

N/A

4876

2500

7

7670

SO4

N/A

137

55

800

120

TDS

1800

N/A

11000

50000

12000

TOC

312

N/A

310

30

460

7

6.2

8.5

7.0

7.6

pH
N/A = Not available

Hydraulic Conductivity (m/s)

1.00E-07

Ash Leachate
MSW Leachate

1.00E-08

Pulp&Paper Leachate

1.00E-09

0.125 M CaCl2 (Thiel et al.
2001)
Distilled Water (Thiel et al.
2001)

1.00E-10
1.00E-11
1.00E-12
0

100

200

300

400

500

600

700

800

Effective Confining Stress (kPa)

Figure 1. Summary Results for Hydraulic Conductivity of GCL vs. Effective
Confining Stress for Three Real Leachates, and Comparison with Previous
Study.
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Outline Of Laboratory Investigation
The laboratory investigations presented in this paper were performed to determine the
hydraulic conductivity of GCLs when permeated with three different types of waste
leachate under various effective stresses. The duration of the testing ranged from
approximately 4-11 weeks and was dictated by project and laboratory constraints, but
which well-exceeded the time to meet the termination criteria given by ASTM
D5084. Although the GCL samples came from three different projects, all three were
a double-nonwoven needlepunched GCL provided by CETCO (“DN” product),
having an average bentonite mass per unit area of 4,170 g/m2. The following three
leachates were provided:
Leachate from a “standard” large MSW landfill (MSW)
Leachate from incinerator ash that was created from burning MSW (ASH)
Leachate from a forest-products landfill whose waste consisted primarily of
pulp & paper sludge and boiler ash from a paper mill. This is referred to as
pulp&paper (P&P) leachate (PPL)
A summary of the more pertinent leachate constituents is presented in Table 1 to
allow side-by-side comparisons. Table 2 presents a summary of the test program
showing the initial and final water contents for the bentonite, effective stress applied
to the various specimens, time periods of testing, estimated number of pore volumes
passed through the specimens, and hydraulic conductivity results.
Bentonite Pre-hydration on Subgrade Soils In the field GCLs will generally be in
place on a natural soil subgrade for weeks, if not months, before there is an
opportunity for exposure to leachate. Daniel et al. (1993) has shown that the high
matric-suction of bentonite will cause it to undergo substantial hydration under these
conditions even with relatively dry natural subgrade soils. This phenomenon was
simulated in the current test program by placing the as-received GCL samples on
project-specific subgrade soils representing two of the projects for which the testing
was being performed. The soil was a silty-sand with natural water content of
approximately 27%. The samples tested with the MSW and incinerator ash leachates
were removed from the subgrade soil after 3 weeks. The samples tested with the
P&P leachate were left on the subgrade soil an additional 2 weeks before
commencing hydraulic conductivity testing. The water contents for the specimens as
received and after this pre-hydration procedure are presented in Table 2.
Permeability Testing – General Procedure The samples were tested for hydraulic
conductivity in flexible-wall permeameters in accordance with ASTM D5084. Test
specimens were 100mm diameter. All of the samples were backpressure saturated
using their respective leachates as the saturating fluid and permeant. Table 2 presents
details related to effective stresses, and hydraulic gradients used during the testing.
For purposes of calculating the hydraulic conductivity during testing, the initial
thickness of the samples was used. The hydraulic conductivity was corrected using
the final sample thickness that was determined after testing. The permeability tests
4
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were conducted using the falling-head, rising-tailwater method (Method C).
Hydraulic gradients vary during the testing for this method. For this test program the
gradients ranged from 10 to 500. The higher gradients were used where the samples
exhibited lower hydraulic conductivity so that meaningful test results could be
obtained in a reasonable period of time. Although this range of gradients exceeds the
maximum gradient of 30 recommended by ASTM D5084, data published by
Shackelford et al. (2000) have reported that higher gradients are acceptable for testing
GCLs.
The effective stresses were selected unique to the landfills for which the tests were
being performed, and were therefore not the same stresses for each of the three
leachates. The original intent of the work was to evaluate the hydraulic performance
of the GCL material to each of the leachates at pre-selected effective stresses that
were to be held constant. The stresses selected for the basic testing program are
presented on Table 2. During the testing of the MSW and incinerator-ash leachates,
however, there was a compressor failure and accidental pressure changes occurred
that led to further investigation on the results of pressure changes. The series of
pressure changes that occurred with the MSW and incinerator ash leachates (either
accidentally or intentionally) are described later in the paper.
Measurement of Specimen Thickness The test method for hydraulic conductivity
requires measurement or estimation of the specimen thickness, L. The reported
hydraulic conductivity values in ASTM test method D5084 are directly proportional
to the measured or estimated values of L. Normally, with soil specimens prepared for
this test method, L is measured before and after the test with a calipers or other directmeasuring device. With fabric-supported GCLs the measurement is complicated by
the presence of the geotextiles. The estimated value of L used to calculate the
hydraulic conductivity of a GCL is intended to represent the thickness of the
bentonite portion of the GCL. The thickness of the entire GCL specimens may or
may not be representative of the value L depending on whether or not the bentonite
extrudes into all of the pore spaces of the geotextiles, or only a portion of them.
Limited guidance provided in ASTM D5887 (Appendix X2) suggests that the
geotextiles could be cut away from the tested specimen and the thickness of the
remaining bentonite measured directly with calipers. For purposes of this study, the
hydraulic conductivity values were calculated using values of L wherein the thickness
of the geotextile was subtracted from the total specimen thickness. Note that Table 2
reports the estimated thickness of the bentonite, and the footnote at the bottom gives
the average thickness of the textiles that would be added to the estimated bentonite
thickness to obtain the total end-of-test specimen thickness, if desired.
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Table 2. Summary of hydraulic conductivity test parameters and results
SAMPLE DESCRIPTION: (a)

MSW-1 MSW-2 MSW-3

ASH-1

ASH-2

ASH-3

PPL-1

PPL-2

PPL-3
36

Water content as recevied. %

41

34

38

39

36

42

34

39

Water content, after prehydration %

61

55

58

59

57

66

67

70

66

Pre-Hydrated Thickness, L, mm

5.9

5.7

5.5

5.0

6.0

5.0

6.2

5.7

5.7

Effective confining stress, kPa

239

478

718

177

359

527

165

338

476

Test Time, days

14

13

13

6

13

13

27

27

27

Estimated Flow, Pore Volumes (c)

2.7

2.1

0.2

4.7

46

0.7

1.5

1.8

1.7

Hydraulic Conductivity, m/sec. (b)

6E -12

1E -12 4E-13
5E-8
3E-11
AIR COMPRESSOR FAILURE

9E-13

6E-12

1E-12

1E-12

New Effective confining Stress, kPa

SAME

SAME

SAME

SAME

SAME

SAME

TEST

36

39

35

16

19

36

STARTED AFTER

2E-12

COMPRESSOR FAILURE

Additional Test Time, days
Hydraulic Conductivity, m/sec. (b)

3E -12 1E -12 5E-13
8E-8
3E-11
EFFECTIVE CONFINING STRESS CHANGED

New Effective confining Stress, kPa

478

239

239

NA

718

359

Additional Test Time, days

16

25

33

NA

44

32

Hydraulic Conductivity, m/sec. (b)

NOT

1E-12

3E-13

4E-13

NA

2E-10

3E-12

Final Thickness, L, mm

3.0

2.1

2.6

3.8

2.1

3.0

4.4

3.0

Final water content, %

109

93

101

71

48

92

91

79

70

370-50

500-400

360-230

280-90

510-10

360-70

185-90

250-150

310-220

66

77

81

22

76

81

27

27

27

Gradiant Range
Total Test Time, days

INCREASED
3.0

NOTES:
(a) MSW-1,2 & 3 are specimens permeated with standard MSW-Leachate
ASH -1,2 & 3 are specimens permeated with incenterator Ash Leachate
PPL -1,2 & 3 are specimens permeated with Paper & Pulp Leachate
(b) Hydraulic conductivities are based on the final measured bentonite thickness (L) not including the textile thickness
(c) The estimated pore volumes are based on the end of test bentonite volume.
(d) The estimated textile thickness is 3mm.
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Results
General Trends. A summary of the hydraulic conductivity results after 3 to 6+
weeks of testing at the selected effective stresses are presented graphically in Figure
1. The results reported by Thiel et al. (2001) are shown on Figure 1 for comparison.
The results from the current program show a similar pattern to the results reported by
Thiel et al. (2001), and indicate that the relationship between hydraulic conductivity
and effective confining stress is specific to a given liquid chemistry, but that at
effective stresses greater than 400 to 500 kPa the hydraulic conductivity of a GCL is
independent of the liquid.
Relative to each of the liquids tested, the following results can be stated:
For the P&P leachate, the GCL hydraulic conductivity behavior is similar to
that of distilled water over the range of effective confining stresses of 150-500
kPa.
For MSW leachate the hydraulic conductivity at the 240-kPa load is
approximately three times higher than for distilled water. At the higher
effective stresses of 480 and 720 kPa the results could be considered nearly
equal to that of distilled water.
The incinerator ash leachate is definitely the most aggressive and the GCLs
hydraulic conductivity with it shows the highest sensitivity to effective stress.
It appears even more aggressive than the 0.125M CaCl2 solution results
reported by Thiel et al. (2001). Even so, at an effective stress of 500 kPa the
results with the ash leachate were equivalent to the results for the other
leachates.
Variation of Testing Stresses: After approximately 12 to 13 days of testing the
MSW and incinerator ash leachates there was an air compressor failure. This had the
effect of reducing the effective pressure to near zero for a period of approximately 24
hours. During this time the samples would have had the opportunity to swell, absorb
more leachate, and possibly more easily allow chemical degradation of the bentonite.
In the interest of investigating the effects of pressure changes, the testing was
continued to see what would happen to the hydraulic conductivity. Due to the
uncontrolled volume swings and potential leaks in the system during the compressor
failure, the hydraulic conductivity readings in the period of time for several days after
the compressor failure are not considered valid. Eventually, the samples re-stabilized
under the original pressure. With the exception of test nos. ASH-2, ASH-3, and
MSW-1 all of the measured hydraulic conductivities returned to the pre-failure
readings and some even decreased. The specimen for ASH-3 increased in hydraulic
conductivity only very slightly. A summary of the results is presented in Table 2.
After the experience of the compressor failure and re-stabilization, there was still
enough leachate to continue running the samples for one to two more weeks. A
decision was made to intentionally change the effective confining stresses and note
7
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the effects. The effective stress was doubled (increased by 100%) on test nos. MSW1 and ASH-2; reduced by 32% on test no. ASH-3; reduced by 50% on test no. MSW2; and reduced by 66% on test no. MSW-3.
Test no. MSW-1 behaved as might have been predicted. That is, the hydraulic
conductivity showed a decreasing trend after increasing the effective pressure. This
cause-and-effect conclusion may not be so clear, however, when the results for test
nos. MSW-2 and MSW-3 are examined. In these cases, the effective stress was
decreased. Initially after the decrease in effective stress the hydraulic conductivity
increased, as would be expected. After several days, however, and until the end of
the tests, the final hydraulic conductivity decreased to below its starting value, which
is exactly the opposite of what would have been predicted.
Test no. ASH-2 appeared unaffected by an increase in effective stress. Results for
test no. ASH-3 was only slightly affected by the decrease in effective stress.
General Discussion Regarding Testing Procedure
The testing described in this paper was run up to 10 times longer than standard
hydraulic conductivity testing that is performed on a production basis in accordance
with ASTM D5084. Even so, the testing described herein would not be considered
“long-term”. Shackelford et al. (2000) have suggested that “long-term” testing of
GCLs might require on the order of 30 pore volumes of liquid to be confident that
chemical equilibrium is achieved. They also suggested that chemical properties of
the influent and effluent could be measured (e.g. pH, electrical conductivity, and
concentration of various ions) for further verification that equilibrium had been
achieved. There were no provisions to measure the chemical properties of the
effluent in this study, although that would be a good recommendation for future
studies. In addition to the question of reaching true equilibrium in the test, the
authors provide the following additional speculations of testing conditions that could
affect the results based on their experience:
One of the subtleties of long-term hydraulic conductivity testing is the
potential problem with bacteria buildup on the specimens. This condition
may lead to a decrease in the apparent hydraulic conductivity. This may be
the reason that the hydraulic conductivity decreased even after the effective
stress was decreased for the MSW leachate test nos. 2 and 3. This
phenomenon might tend to occur more often with landfill leachates that are
rich in certain nutrients. Many laboratory technicians can testify to the odor
that is experienced when the tests are finished and cells are taken apart as
being indicative of biological activity. Additionally, black stains are a
common observation, seen on filter papers, textiles, and membranes
surrounding specimens after long term testing. If the bacteria occur in the
laboratory, there is a good chance it may also occur in the field, and artificial
sterilization during testing may not be representative of field conditions.
8
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Adding chemicals to kill the bacteria can have the influence of altering the
leachate chemistry and hydraulic conductivity.
Leachates that are high in salt content can influence flow when the
temperature changes and re-crystallization of the salts occurs. As biological
and chemical reactions tend to increase landfill and leachate temperatures, a
decrease in temperature may occur as the leachate travels away from the
center of chemical activity towards the liner containment system, causing
temperatures to decrease and crystallization to occur, blocking pore space.
Some sodium, calcium, and magnesium salt solutions may start to recrystallize.
Long-term tests can also allow air and gas to migrate, grow, or evolve into the
pore water of the specimen causing de-saturation. Air may be a result of
chemical reaction or from the apparatus back-pressure. As specimens become
unsaturated, their hydraulic conductive values tend to become lower. This
could have occurred when the air compressor failed.
The calculations of pore volumes and of hydraulic conductivity from the test
data are significantly influenced by the estimation of specimen thickness, L.
Exactly how the effect of the geotextiles is taken into account to accurately
estimate the specimen thickness that exists during the test on these types of
GCLs is a subject for future investigation.
Conclusions
The following conclusions were derived from the limited laboratory test data
described in this paper:
The hydraulic conductivity of a GCL is a function of effective confining
stress. The relationship is fluid-specific.
For the test durations described in this paper, the following relative
hydraulic conductivity results were observed for a type of GCL (CETCO
“DN”) that was saturated and permeated with the following leachates:
o Leachate derived from the waste stream of a mixed newspaper
recycling and kraft pulp & paper mill appeared to result in
hydraulic conductivities that were essentially the same as those
obtained from distilled water over the range of effective stresses
tested.
o Leachate derived from an MSW landfill appeared to result in a
hydraulic conductivity that was approximately three times greater
than distilled water at an effective stress of 240 kPa, but was
9
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essentially the same as that obtained from distilled water at
effective stresses greater than 475 kPa.
o Leachate derived from an ash landfill, whose waste was obtained
from incinerating MSW, appeared to result in hydraulic
conductivities that ranged from approximately 5,000 times greater
than that obtained with distilled water at effective stresses below
200 kPa, to a value that was essentially the same as that obtained
from distilled water at effective stresses greater than 500 kPa.
o The measured hydraulic conductivity of sodium-bentonite GCLs
appears to be independent of the fluid chemistry at effective
stresses greater than 400 to 500 kPa.
o The results presented in this study show trends consistent with
data previously reported by Thiel et al. (2001).
The duration of testing, and consequently the number of pore-volumes of
leachate that permeated through the GCL specimens, was limited in the
present study such that it may not be considered to represent long-term
results. Additional investigations having more pore-volumes of fluid
transfer through GCL samples are needed to assess the true long-term
performance of GCLs when permeated with non-standard liquids.
Long-term testing programs may need to address practical testing issues
related to bacteria buildup in the samples, and gas accumulation in the
permeating liquids.
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APPENDIX B: HYDRAULIC EQUIVALENCY CALCULATIONS
Leakage Rate Comparison Calculations for the Headquarters Landfill
This spreadsheet calculates potential leakage rates through composite liners using the well-accepted 'Giroud Equation'.
Giroud Equation: Q = C [1 + 0.1(h/t)0.95]*a0.1*h0.9*k0.74
Q = flow rate through the leak (m3/s)
C = contact coefficient (0.05 for excellent, 0.21 for good, and 1.25 for poor)
h = head above liner (m)
t = thickness of soil portion of the liner (m)

where:

a = assumed area of defect in geomembrane through which leak occurs (m2)
k = hydraulic conductivity of the soil portion of the liner (m/s)
The comparison presented in this calculation is between:
(1) a 'standard' composite liner comprised of a geomembrane overlying 2 feet of compacted clay with
a hydraulic conductivity of k = 1x10-7 cm/s (1x10-9 m/s), versus
(2) the alternative composite liner comprised of a geomembrane overlying a GCL having an
assumed hydraulic conductivity of k = 1x10-9 cm/s (1x10-11 m/s), and thickness of 5 mm.
For purposes of the calculations, the leakage rate is calculated in both scenarios assuming a standard
large' hole of area 1 cm2 (0.0001 m2), and 12 inches (0.3 m) of leachate head (conservative) above
the geomembrane. As described in the report, the C value for compacted clay liners is 'good'
at best (C = 0.21), whereas the value for GCLs is typically taken as 'excellent' (C = 0.05).
CALCULATIONS

Calculated leakage rate

Assumptions
C (coeff)

h (m)

a (m2)

t (m)

0.21

0.3

0.6

0.0001

0.05

0.3

0.005

0.0001

k (m/s)

Comments

Q (m3/s)

6.5E-09 Geom. w/clay: Assumes good contact
Geom. w/GCL: Assumes excellent
1.0E-11
2.9E-10 contact
Leakage ratio Clay:
GCL=
22.65
1.0E-09

Conclusions: GCL composite liner is over 20-times more effective at impeding leakage than standard
composite liner using compacted clay.
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APPENDIX C: Transport of Contaminants from the Liner to the Aquifer
in the Headquarters Landfill
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INTRODUCTION
Cowlitz County is preparing an application to convert the Weyerhaeuser Headquarters Landfill
from a limited purpose landfill, licensed in 1993, to a municipal solid waste landfill. As part of
the original SEPA process for permitting the Landfill, an evaluation was made regarding the
impacts of a liner leak to the underlying aquifer. With addition of MSW to the existing
industrial/commercial wastes disposed at Headquarters, the chemical constituents of the leachate
will change, thus prompting a re-evaluation of the original liner-leak impact scenario. In
addition, there have been advances in the understanding of contaminant transport mechanisms
through the liner system into groundwater since the original analysis was performed for SEPA in
1992. In particular, nonpolar volatile organic compounds (VOCs) have been identified as being
of particular interest because VOC diffusive transport is less attenuated in the geomembrane
component of the liner than either ionic or polar compounds. In addition, there is an improved
quantitative understanding of how small holes in a wrinkled geomembrane cause advective
transport of both VOC and inorganic compounds through the liner to the aquifer.
This study examines both pure diffusive and combined advective-diffusive transport of VOC and
inorganic leachate components from the waste, through the engineered liner system, to the
aquifer. Concentrations at the top of the underlying aquifer are calculated using the expected
concentrations in leachate from the Headquarters Landfill while keeping these concentrations
constant in the waste for all time (which is a simplifying but unrealistically conservative
assumption). It is shown that concentrations of both VOC and inorganic leachate components
are expected to remain below the State of Washington ground water protection standards (WAC
173-200) and the federal maximum contaminant level (MCL) for the active life of the landfill,
closure/post-closure period, and beyond.
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LANDFILL PARAMETERS
Landfill
The proposed Cowlitz County Headquarters Landfill has an expected active lifetime of about
110 years with filling rates averaging 344,000 m3/yr (450,000 yd3/yr), plus an assumed 40-year
post-closure period. General Landfill parameters used in modeling are given in Table 1 and
Table 2.
Liner System
The engineered alternative liner system installed at the Headquarters Landfill typically consists
of five (5) layers (Figure 1) with a total average thickness of 5.2 m. We simplify this to three (3)
layers that have the same total thickness:
1. HDPE geomembrane (60-mil thick)
2. Geosynthetic clay liner (GCL-;1-cm thick)
3. In situ or compacted foundation soil (5.2-m thick)
This simplification combines the hydraulic gradient control system (HGCS) with the foundation
soil layers. The HGCS has a negligible impact on vertical diffusive and advective transport
because it is thin (20 cm) relative to the combined thickness of the foundation layers (5 m). This
holds even though the HGCS may have a greater hydraulic conductivity than the foundation
layers. We have modeled the average thickness, rather than the minimum or maximum, because
it would provide best estimate of contaminant concentration in the groundwater at the Landfill
perimeter . The average thickness is obtained in the AutoCAD mapping program by dividing the
total bottom-liner volume by the total bottom-liner surface area. Thus, there will as many spots
beneath the landfill with thicknesses greater than this average value as there are with thicknesses
less than this average.
Table 1 and Table 2 provide a summary of layer parameters used in this study.
Aquifer
Aquifer properties used in the modeling are taken from Tuppan Consultants (2011) and are
summarized in Table 1 and Table 2. An aquifer beneath a liner system acts as a means to
continually flush vertically migrating contaminants from the system. The effect of this process
depends on the groundwater velocity in the aquifer and the contaminant flux into the aquifer
from advective and diffusive processes in the liner system. Faster aquifer velocities and shorter
groundwater flow paths beneath the Landfill produce lower aquifer concentrations.
VOCs
Under the County’s proposal waste deposited at the Headquarters Landfill is expected to be
about 73% industrial / commercial waste and 27% municipal solid waste. The industrial waste
deposited to date at the Headquarters Landfill contains insignificant concentrations of nonpolar
VOCs. In contrast, the municipal solid waste currently deposited at the Tennant Way Landfill by
Cowlitz County and to be deposited at the Headquarters Landfill (at a 27% dilution rate) contains
a range of VOCs (Table 3). Of these, five (5) exceed their MCL value; vinyl chloride exceeds its
MCL value by a factor of more than 40 whereas the other four (4) compounds exceed their MCL
values by a factor of less than two (2).
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Therefore, vinyl chloride is the chemical used in modeling transport through the Headquarters
Landfill to the underlying aquifer. Nonpolar VOCs are transported through the geomembrane by
diffusion and, if there are leaks in the geomembrane, also by advection. We examine two cases
for VOC transport in our computations: diffusion only and advective-diffusive transport. If
computations show concentrations at the top of the aquifer to be less than the MCL value for
vinyl chloride, then the entire VOC suite meets or exceeds regulatory standards under the
hypothetical release through the liner system.
Vinyl Chloride Diffusion Coefficients

An effective diffusion coefficient (De) for vinyl chloride is an important parameter in modeling
VOC transport (Table 1). However, there are few laboratory measurements of the aqueous
diffusion coefficients (Daq) and none for De for vinyl chloride. The value of De for vinyl chloride
was estimated in this evaluation by using USEPA-recommended Daq values for vinyl chloride
(USEPA), and available measurements of De for other VOC compounds.
Effective diffusion coefficients for compounds in porous media are a function of the pore
tortuosity and effects of the boundary layer at the pore fluid-solid interface. These effects are
combined into a coefficient (τ) that is multiplied with the Daq to produce De. Laboratoryreported measurements of De values for various VOCs were divided by their Daq values to extract
values for τ (Table 4). The De for vinyl chloride (1.5 x 10-3 m2/a) was then obtained by
multiplying the Daq for vinyl chloride, as reported by the USEPA, by the mean of value of τ
(0.39) as calculated above. For comparison, it should be noted that Foose (2002) used an
effective diffusion coefficient for vinyl chloride slightly less than the value used in this study,
providing confirmation that our approach is relatively accurate, and conservative. Also note that
De = 1.2 x 10-2 m2/a for benzene, the leachate compound that exceeds its MCL value by the
second greatest amount.
Inorganic Components
As stated above, waste deposited at the Headquarters Landfill is expected to be about 73%
industrial / commercial waste and 27% municipal solid waste. Tuppan Consultants (2011) have
calculated the likely concentrations of inorganics in the mixed leachate (c0-leachate column in Table
5). Barium (Ba) is the predominant metal in the mixed leachate while arsenic (As) and
chromium (Cr) are of secondary importance. The major anions are bicarbonate (HCO3-) and
chloride (Cl-). The regulatory standard for each chemical is also given in Table 5 (Standard
column).
The measured mean concentrations of Appendix I and II chemicals naturally found in local
groundwater at the Headquarters Landfill are also shown in Table 5a and Table 5b. This is
labeled caq(t=0) because it represents the initial condition of inorganic concentrations in the
aquifer – before advection and diffusion have transported chemicals from the leachate to the
aquifer. It can be seen that As, iron (Fe), and manganese (Mn) concentrations in the natural
aquifer already exceed the regulatory standards using background concentrations. This is not
uncommon in the region or in many other places in the western U.S.
We use Cl- as our component of choice to conservatively represent inorganic leachate
components transport to the underlying aquifer. There are many processes that can retard or
interrupt transport of inorganic components to the aquifer. In general, each inorganic component
will respond differently to these processes. The Cl- anion, though, is least affected by these
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