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ABSTRACT: The heat flow through double composite landfill liner systems is modelled for
different liner configurations and different modes of landfill operation. The estimated temperature
is used to estimate the likely service life (SL) of the secondary geomembrane (SGM) and to
compare this with the SL of the primary geomembrane (PGM). The results show that the
temperature in SGM is high enough to impact on its SL, and this should be considered in the
design of landfill liners. The SL of the SGM was a minimum for an all-geosynthetic system,
ranging between 310 years if the PGM temperature is at or below 30°C and 50 years when the
PGM is at 50°C. This SL could be improved to between 390 years at 30°C and 75 years at 50°C
by the use of a primary composite liner involving a GM and either a GCL and a 1m thick
foundation layer or a 1 m thick CCL. These predictions assume that the temperature of the primary
liner remains constant over the period of time being considered. Consideration of a temperature—
time history will give longer estimates of service life for a given peak liner temperature.
Nevertheless, this study suggests that the temperature of the secondary liner requires consideration
in the design of MSW landfills to ensure that the SL of the system is likely to exceed the

contaminating lifespan for a particular design.
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1. INTRODUCTION

To provide protection of groundwater from contamination,
modern municipal solid waste (MSW) landfill facilities
are expected to have a barrier system that will protect the
environment for the contaminating lifespan of landfill
(expected to be hundreds of years; Rowe et al. 2004).
Meeting this requirement requires consideration of the
factors that can affect leakage through composite liners
(Rowe 2005; El-Zein and Rowe 2008; Saidi et al. 2008)
and the long-term performance of the geomembrane, such
as wrinkles and tensile strains in the geomembrane (e.g.
Take et al. 2007; Thusyanthan et al. 2007; Brachman and
Gudina 2008a, 2008b; Fowmes et al. 2008). An additional
important factor influencing the long-term performance of
geomembrane liners is the liner temperature (Rowe 2005).

Both the biodegradation of organic waste and the
hydration of ash can generate heat, which is transmitted to

1072-6349 © 2009 Thomas Telford Ltd

the primary liner. For example, temperatures of 30—40°C
have been observed at the base of MSW landfills with an
operating leachate collection system (Rowe 2005; see also
‘Dry cell’ reported by Koerner and Koerner 2006 and
Koerner et al. 2008 in Figure 1). Higher temperatures have
been observed at the base of landfills without a leachate
collection system, or where the collection system has
failed. For example, at the Tokyo Port landfill (Japan) the
maximum basal temperature reached 50°C, and after 20
years is still above 40°C (Figure 1). By increasing the
availability of moisture, such as when landfill is operated
as a bioreactor, the temperature in the body of the landfill
and on the liner may increase. Thus the moisture-augmen-
ted ‘wet cell’ at a landfill in Pennsylvania generated
temperatures higher than 50°C after about 5 years’ opera-
tion (Figure 1). In contrast, the maximum liner tempera-
ture in a normal ‘dry cell’ at the same landfill reached
30-35°C (Koerner et al. 2008). Likewise, Yesiller and
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Figure 1. Observed temperatures at the base of landfills
(compiled from data reported by Yoshida and Rowe 2003,
Rowe 2005 and Koerner et al. 2008)

Hanson’s (2003) limited monitoring of temperature at
another US landfill confirms that leachate recirculation
increases the landfill, and hence liner, temperature.

Elevated temperature accelerates ageing of a GM
(Hsuan and Koerner 1998; Rowe 1998; Sangam and Rowe
2002; Rowe and Rimal 2008a, 2008b; Rowe ef al. 2008).
High temperature at the GM in a composite liner system
also gives rise to thermal gradients from the GM to depth
in the surrounding soil. This thermal gradient induces
moisture to move away from the upper part of the liner,
and may result in desiccation of the clay component
(Holzlohner 1990; Gottheil and Brauns 1994; Doll 1997,
Heibrock 1997; Philip et al. 2002; Zhou and Rowe 2003;
Southen and Rowe 2004; Rowe 2005; Southen and Rowe
2005a, 2005b).

To predict the service life (SL) of liner components, it
is necessary to have an estimate of the liner’s temperature.
Numerical analyses have been performed to model heat
transfer in the body of a landfill and in the landfill liner
(Yoshida et al. 1997; Yoshida and Rowe 2003; Hanson et
al. 2005). Yoshida and co-workers (Yoshida et al. 1997;
Yoshida and Rowe 2003) modelled heat transport due to
conduction and water flow in a landfill, and predicted the
temperature at the base of the landfill. This model
simulated heat generation due to aerobic and anaerobic
degradation processes. The likely temperature was exam-
ined for different heat generation scenarios, and for differ-
ent cover and liner drainage conditions. Rowe (2005),
Koerner and Koerner (2006) and Koerner et al. (2008)
have reported the observed temperatures at the top of the
primary liner in landfills. These approaches provided the
temperature needed to predict the SL of the PGM and the
upper thermal boundary conditions for modelling of
potential desiccation of underlying clay liners (D61l 1997;
Heibrock 1997; Philip et al. 2002; Zhou and Rowe 2003;
Rowe 2005).

Previous studies have focused on single-liner systems,
and predictions have been made of the SL of the PGM
(Rowe 2005). However, to date, no one has examined the
likely temperature of the secondary geomembrane (SGM)
in a double-lined landfill, or the implications of this for
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the potential SL of the SGM. Thus the objective of this
paper is to examine theoretically the likely temperature of
the SGM in a double composite liner for a number of
different configurations of the landfill barrier system and
different modes of operation of landfill. These results will
then be used to assess the likely SL of the SGM and
compare this with the corresponding prediction of the SL
of the PGM.

2. THEORY

For a heterogeneous material, heat transport in three
dimensions is given by
o*T o*T o*T or

where A, 4, and 4. are the thermal conductivity in the x,
y and z directions; ¢ is the volume energy addition; p is
material density; ¢ is specific heat (the product pc is
called the heat capacity); T is temperature; and ¢ is time.

Owing to the large areal extent of landfill liner com-
pared with its thickness, a one-dimensional model is
generally sufficient for modelling heat flow. Assuming
one-dimensional conditions, and assuming that no energy
is added or taken out of the system, Equation 1 reduces to

>*T oT
Z— o= 2
ax2 P @
Rearranging the terms then gives
or A 0*T o*T
—_— = = 0 —
ot pcOx? Ox?
where a is called the thermal diffusivity. We seek a
solution to Equation 3 subject to a specified temperature
boundary condition at the PGM and a specified constant
temperature at an underlying aquifer (assumed to be

flowing fast enough to prevent the build-up of heat in the
groundwater).

A

G3)

3. PARAMETERS

The thermal conductivity, thermal diffusivity and/or heat
capacity are required for simulating heat conduction
(knowing any two of these parameters, one can calculate
the third). For soil liners and drainage layers the thermal
properties can be estimated directly from published data.
Since little has been published regarding the thermal
properties of geosynthetics, they were calculated based on
the properties of their components.

3.1. Thermal conductivity

3.1.1. Thermal conductivity of soil

The thermal conductivity of soil depends on the soil
structure, the number and nature of contacts between soil
particles, and the volumetric fraction of the water, gas and
solid phases (Farouki 1986): it therefore depends on the
dry density, porosity and volumetric moisture content (or
degree of saturation) of the soil. For dry soil, the higher
the porosity (or the lower the density), the lower the
thermal conductivity. For wet soil, the relationship be-
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tween thermal conductivity and porosity is more complex.
For example, in the saturated case, higher porosity
corresponds to lower thermal conductivity only when the
thermal conductivity of the soil particles is greater than
that of the water (Farouki 1986). For a given unsaturated
soil, an increase in moisture content results in an increase
in thermal conductivity (Salomone and Kovacs 1984;
Salomone et al. 1984; Salomone and Marlow 1989;
Becker et al. 1992). In addition to the aforementioned
factors, mineral composition, grain-size distribution and
particle shape may affect thermal conductivity.

Published data for soils of known composition and/or
classification were collected, grouped according to soil
type, and plotted against the degree of saturation (Figures
2 to 5). It should be noted that only some of the data were
directly reported with the degree of saturation. For the
data reported with moisture content, degree of saturation
was calculated based on the reported or typical values of
void ratio, to allow all data to be collected onto the one
plot.

Despite the increasing trend observed between thermal
conductivity and degree of saturation (Figures 2-5), the
data are considerably scattered. The variability of data
raises the question of the extent to which the uncertainty
regarding thermal properties would affect the predicted
temperature at the SGM. To answer this question a series
of sensitivity analyses were performed, as discussed later.
For the sensitivity analyses the upper and lower bounds of
thermal conductivity were chosen to be the upper and
lower limits of the 95% prediction intervals shown in
Figures 2 to 5.

3.1.2. Thermal conductivity of geosynthetics

Because of the paucity of measured data, the thermal
conductivities of the geosynthetics typically used in a
landfill barrier system were calculated based on the
properties of their constituents. Since a high-density
polyethylene (HDPE) GM wused in landfill liners is
predominately (~97%) HDPE, the thermal conductivity
was taken to be within the range of the values reported for
HDPE (i.e. 0.46 to 0.51 W/m°C; Dean 1999). Since a
geotextile and a geonet are porous, the relationship be-
tween their thermal conductivity and that of the constitu-
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Figure 2. Thermal conductivity against degree of saturation
for sand
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Figure 3. Thermal conductivity against degree of saturation
for gravel
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Figure 4. Thermal conductivity against degree of saturation
for clay
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Figure 5. Thermal conductivity against degree of saturation
for silt

ents (water, air and polymer) is complex, and depends on
the arrangement of the constituents as well as on their
thermal conductivity and volumetric fraction. Two ex-
tremes can be assumed for particle arrangement: parallel
and series arrangements. The thermal conductivity of the
real case will typically fall between these two bounds
(called Wiener bounds; Birch and Clark 1940). For the
sensitivity analyses, the Wiener bounds were used as the
maximum and minimum limits for the thermal conductiv-
ity for geotextiles and geonets. For GCLs, the thermal
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conductivity was calculated based on the values for a layer
of bentonite and two layers of geotextile.

3.2. Heat capacity

The heat capacity of a porous material can be obtained
using the weighted sum of those of its constituents,
according to

pe=>_picii &)

where p;, ¢; and x; are the density, specific heat and
volumetric fraction of the ith constituent, respectively. For
soil, Equation 4 can be rewritten in terms of n (porosity)
and S (degree of saturation) as

pe = (1 —n)pes+ nSpyey + n(l —8)p,c, (5)

where the subscripts s, w and a denote solid particles,
water and air. A similar approach was adopted for
geotextiles and geonets.

3.3. Thermal diffusivity
Thermal diffusivity () is given by

a=2 (6)
pc
In this study, the maximum and minimum values of
thermal conductivity and heat capacity were obtained as
described above, and the thermal diffusivity was then
calculated using Equation 6. Table 1 shows the range of
thermal diffusivity values used for this analysis.

4. MODELLING

The governing differential equation was solved using the
finite layer technique (POLLUTE v7; Rowe and Booker
2005) for specified top liner and aquifer temperatures. As
a base case, analyses were performed for a 30°C difference
in temperature between PGM (upper boundary) and
aquifer (lower boundary), corresponding, for example, to a
liner temperature of 40°C and an aquifer temperature of
10°C. However, since the temperature profile is a linear
function of the temperature difference, the results for other
combinations of thermal boundary conditions can easily
be calculated from these results. Thus if the liner tempera-
ture were 30°C and the aquifer 10°C, giving a 20°C
difference, the increase in liner temperature would be two
thirds of that calculated for a difference of 30°C.

The temperature profile was calculated for the different
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likely configurations of landfill barrier systems shown in
Figure 6. The liners shown in Figure 6a involve only
geosynthetic materials, whereas those in the other cases
considered comprise both soil and geosynthetics. The
thickness of the various barrier system components con-
sidered is given in Table 2. Geotextile protection layers
above the GM and filter layers above the gravel were
neglected, since trial analyses showed that they had a
negligible effect (less than 0.1°C) on the predicted SGM
temperatures. Analyses were conducted to examine the
effect of material properties and liner configurations on
the temperature level of the SGM liner. It was assumed
that there was no active effort to move air in the leak
detection system (LDS), and hence no cooling of the
SGM due to air exchange in the LDS.

5. TEMPERATURE RESULTS

To examine the sensitivity of the SGM temperature to
thermal properties, analyses were performed for both the
upper limit (denoted by maximum a) and lower limit
(denoted by minimum «) of the thermal diffusivities, as
given in Table 1. Figure 7 shows the calculated tempera-
ture profile for an ‘all geosynthetic’ barrier system (Figure
6a), and Figure 8 focuses on the temperature in its
geosynthetic components. Depth zero is the top of the
PGM. It can be seen that thermal diffusivity does not
significantly influence the final temperature profile,
although it does affect the time it takes for the temperature
to reach steady state. This is because the thermal con-
ductivity of the components of the barrier system does not
differ sufficiently to have a significant effect on the
temperature profile. The time required to come to thermal
equilibrium is quite short. Even for minimum thermal
diffusivity the system took less than 2 years to come to
thermal equilibrium. The temperature of the SGM was
almost as high as that of the PGM (a rise of 29.7-29.8°C
for the SGM as compared with 30°C for the PGM). In this
case any difference in SL of the PGM and SGM will be
due to the difference in exposure to leachate, as discussed
in the next section.

For the barrier system composed of both soil and
geosynthetics (Figure 6b), the results obtained for the
maximum and minimum thermal diffusivities were not
significantly different (Figure 9) at steady state. However,
for the minimum diffusivity, it took much longer to reach
thermal equilibrium (3.6 years) than for the maximum
diffusivity (0.8 years). The predicted SGM temperatures

Table 1. Thermal diffusivities used for liner materials (m?/s)

Clayey silt to silty clay (used for FL and AL)
Gravel

Geotextile

Geonet

Saturated Dry
Geomembrane 2 X 107 to 3 X 1077
Clay 4 X107 to 15X 1077 1 X 1077 to 8 X 1077

3 X 1077 to 15 X 1077
5 X 107 to 17 X 1077

0.7 X 1077 to 8 X 1077
2.5 X 1077 to 10 X 1077
1 x 1077
0.5 X 1077 to 3 X 1077

2 x 1077
1.75 X 1077
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Figure 6. Configurations of barrier systems studied: GM, geomembrane; GN, geonet; GCL, geosynthetic clay liner; CCL,
compacted clay liner; FL, foundation layer; AL, attenuation layer. Layer thicknesses are given in Table 2

are compared in Figure 10 and Table 3 for the systems
shown in Figures 6a and 6b. The temperature in an ‘all
geosynthetic’ barrier system was 1—10°C higher than in a
barrier system involving both soil and geosynthetics. Thus
the geometry of the barrier system and the thickness of
the liners affect the final temperature of the SGM. More-
over, Figure 10 confirms that, for the range of thermal

Table 2. Thickness of barrier components

Figure 6a Figure 6b Figure 6¢c Figure 6d
GM: 2 mm GM: 2 mm GM: 2 mm GM: 2 mm
GCL: 10 mm GCL: 10 mm CCL: 1 m* GCL: 10 mm
FL: 1 m
GN: 5 mm GR: 0.3 m GR: 0.3 m GN: 5mm
GM: 2 mm GM: 2 mm GM: 2 mm GM: 2 mm
GCL: 10 mm CCL: 1 m CCL: I m CCL: I m
AL: 3 m AL: 3 m* AL: 3 m AL: 3 m

GM = geomembrane, GCL = geosynthetic clay liner, GN = geonet,
AL = attenuation layer, FL = foundation layer, GR = gravel, CCL
= compacted clay liner.
?Base case: for other cases see the text

diffusivities examined, the final temperature of the SGM
was not particularly sensitive to thermal diffusivity, vary-
ing by a maximum of 2.6°C for the system shown in
Figure 6b.
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Figure 7. Temperature profile for barrier system shown in
Figure 6a and upper and lower limits of thermal diffusivity
(depth = 0 is top of PGM and depth=0.017-0.019 m is SGM)
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Figure 10. Temperature against time on secondary
geomembrane for barrier systems shown in Figures 6a and
6b

To aid in understanding of the factors affecting the
temperature of the SGM, three different landfill liners,
two of similar thickness (Figures 6b and 6¢) and one
thinner (Figure 6d), were examined. Heat transfer was
simulated for the average thermal diffusivity. As shown in
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Figure 11, a decrease in primary liner thickness resulted
in a higher temperature on the secondary liner.

The distance from thermal boundaries (e.g. thickness of
the primary liner) is an important factor influencing the
secondary liner temperature. To illustrate this effect, the
case shown schematically in Figure 6¢ was examined for
different thicknesses of primary compacted clay liner. As
shown in Figure 12, an increase in the thickness of the
primary CCL from 0.5m to 3m decreases the SGM
temperature from 27.7°C to 22.6°C.

In addition to the thickness of the primary liner, the
thickness of the attenuation layer (i.e. the depth to the
aquifer) may affect the temperature profile. To illustrate
this, the system shown schematically in Figure 6b was
examined for different attenuation layer thicknesses. As
shown in Figure 13, the deeper the aquifer, the higher the
temperature in landfill liner because of its greater remote-
ness from the cooling provided by flow in the aquifer.

The moisture content of the attenuation layer can also
affect the secondary liner temperature because of the
effect this has on thermal diffusivity. The two extreme
cases of a dry and a saturated attenuation layer are
examined in Figure 14 for the barrier systems shown in
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Figure 11. Temperature in secondary geomembrane for
different barrier systems (for average thermal diffusivities)
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Figure 12. Effect of thickness of primary liner on
temperature of secondary geomembrane (average thermal
diffusivities)
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Table 3. Summary of primary and secondary liner temperatures and estimated GM service lives, based on average thermal
diffusivity, methodology for estimating service life as described by Rowe (2005) and OIT depletion data from Rowe and

Rimal (2008a, 2008b)

Barrier system (see Figure 6 and Table 2) PGM SGM Unadj. Unadj. SGM | Mean SGM | Mean SGM
temp. temp. SGM SL SL minus SL (years) | SL minus
(°C) (°C) (years) PGM SL PGM SL
(years) (years)
6a: GM/GCL/GN/GM/GCL/AL = 3 m 30 29.9 365 95 310 40
40 39.8 140 35 125 20
50 49.8 60 15 50 5
6bl: GM/GCL/FL = 1 m/GR /GM/CCL = 1 m/AL = 1 m 30 249 605 335 515 245
40 323 290 185 250 145
50 39.7 145 100 125 80
6b2: GM/GCL/FL = 1 m/GR/GM/CCL = | m/AL = 3 m 30 27.6 460 190 390 120
40 36.4 195 90 170 65
50 452 85 40 75 30
6b3: GM/GCL/FL = 1 m/GR/GM/CCL = | m/AL = 10 m 30 29.1 395 125 340 70
40 38.7 155 50 135 30
50 48.3 65 20 60 15
6¢l: GM/CCL = 0.5 m/GR/GM/CCL = 1 m/AL = 3 m 30 28.5 420 150 360 90
40 37.7 170 65 150 45
50 46.9 75 30 65 20
6¢2: GM/CCL = 0.75 m/GR/GM/CCL = | m/AL = 3 m 30 28.1 440 170 370 100
40 37.1 180 75 160 55
50 46.1 80 35 70 25
6¢3: GM/CCL = 1 m/GR/GM/CCL = 1 m/AL = 3 m 30 27.6 460 190 390 120
40 36.5 195 90 165 60
50 453 85 40 75 30
6¢4: GM/CCL = 1.5 m/GR/GM/CCL = 1 m/AL = 3 m 30 26.9 495 225 420 150
40 354 215 110 185 80
50 43.9 100 55 85 40
6¢5: GM/CCL = 3 m/GR/GM/CCL = 1 m/AL = 3 m 30 25.1 595 325 505 235
40 32.6 280 175 240 135
50 40.1 140 95 120 75

Numbers for PGM and mean SGM SL represent the mean of the unadjusted and adjusted predictions as described by Rowe (2005). Unadjusted
SL is also given for SGM. Service lives all rounded to nearest 5 years. Note (mean) service life of primary GM is estimated to be 270 years at

30°C, 105 years at 40°C and 45 years at 50°C.
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Figure 13. Effect of attenuation layer thickness on
temperature of secondary geomembrane (for average thermal
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Figure 6c. It can be seen that, for a 30°C temperature rise
at the primary liner, these two cases correspond to a
temperature increase at the SGM of 26.5°C and 22.6°C for
the dry and saturated attenuation layer cases respectively.
Figure 15 shows the calculated temperature profile for
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Figure 14. Temperature of secondary geomembrane for dry
and saturated attenuation layer (for average thermal
diffusivities)

different modes of operation of landfill with a barrier
system such as that shown schematically in Figure 6b. For
all cases, the temperature in the aquifer is assumed to be
10°C. For the case representing a landfill with an operat-
ing leachate collection system the temperature at the top
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Figure 15. Temperature profile for different modes of
operation (for barrier systems shown in Figure 6b and
average thermal diffusivities)

of the primary liner is set to be 30°C. The case where the
primary liner temperature is 40°C is considered to repre-
sent a landfill being operated as a bioreactor, and 50°C
represents a landfill where leachate collection has been
terminated, or where there was failure of the leachate
collection system that allowed leachate to mound into the
waste. For the cases examined, the temperature on the
SGM is predicted to be 2.5-5°C lower than that at the
PGM.

6. IMPLICATIONS FOR SECONDARY
GEOMEMBRANE SERVICE LIFE

Figure 16 and Table 3 summarise the calculated tempera-
tures of the secondary geomembrane (SGM) for different
landfill liners and a range of primary liner temperatures.
The results given in Figure 16 for Cases 6a and 6d (as
defined in Figure 6 and Table 2) are, to all practical
purposes and plotting accuracy, identical. Thus, with
respect to SGM temperature, it did not matter whether the
secondary clay liner was a GCL or a CCL, provided that
the distance from the SGM to the aquifer was the same.

The data presented in Figure 16 and Table 3 were used
for making preliminary estimates of secondary liner
service lives (SL) for a range of primary GM liner (PGM)
temperatures and the barrier configurations shown in
Figure 6. These estimates were based on the methodology
described by Rowe (2005). The predicted service lives
considered all three stages of degradation of a GM
(Viebke et al. 1994; Hsuan and Koerner 1998): Stage 1,
depletion of antioxidants; Stage 2, induction time to the
onset of polymer degradation; and Stage 3, degradation of
the polymer to decrease some property (or properties) to
an arbitrary level (e.g. to 50% of the original value).

Stage 1 times were based on recent data on OIT
depletion for simulated composite liners with leachate
above the GM and a GCL and foundation layer below the
GM, as published by Rowe and Rimal (2008a, 2008b) for
a GM with standard OIT of 135 min and HP-OIT of
660 min. For the PGM, these data are from the same tests
but supersede the preliminary data used by Rowe (2005)
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Figure 16. Temperature of secondary GM liner for different
landfill barrier systems and a range of temperatures of the
primary GM liner (aquifer temperature = 10°C)

since they are based on two additional years of data
collection, and lead to slightly longer predicted service
lives than those given by Rowe (2005). Assuming that any
leachate reaching the SGM will have had to pass through
the primary clay liner, some attenuation of surfactants and
trace metals that may impact on the SL of the GM (Rowe
et al. 2008) is expected, and so for the estimates of SGM
SL the data obtained from Rowe and Rimal (2008b) for a
GM separated from the leachate by a GCL were used. As
shown by Rowe and Rimal (2008b), the time for OIT
depletion for a GM separated from the leachate by a GCL
is longer than that for a GM with just a geotextile
protection layer between it and the leachate (e.g. a typical
PGM, as examined by Rowe and Rimal 2008a), and hence
even for the same temperature the Stage 1 times for the
SGM are greater than for the PGM. Any difference in
temperature between the PGM and SGM (as per Table 3)
will further increase this difference in SL.

The data published by Viebke et al. (1994) for both the
induction (Stage 2) and polymer degradation (Stage 3)
stages of degradation for polyethylene gas pipe with
minimal antioxidant and a wall thickness of 2.1 mm
provided the basis for estimating Stages 2 and 3. Their
tests involved having stagnant deionised water inside the
pipe and circulating air around the outside of the pipe.
Based on their tests, activation energies of 75 kJ/mol and
80 kJ/mol were used to infer the times for the induction
(Stage 2) and degradation stage (Stage 3) respectively for
their air/water system. This, combined with the estimate
of Stage 1 based on the tests of Rowe and Rimal (2008a,
2008b) give what is referred to herein as the ‘unadjusted’
SL and is considered to give an upper-bound estimate to
the likely SL of a primary GM liner (PGM). Since the
interaction with leachate may influence degradation of the
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GM, a second estimate of the times for Stages 2 and 3
was obtained by adjustment, based on the difference in the
effect of air/water exposure and water/leachate exposure
observed in the tests conducted by Sangam and Rowe
(2002), as described by Rowe (2005). This adjusted time
is considered to give a lower-bound estimate of the SL.
Thus for the purpose of illustrating the potential effects of
the difference in liner temperature on the SL of the PGM
and SGM in this paper, the PGM SL at a given tempera-
ture was taken to be the mean of the adjusted and
unadjusted values calculated as described above: this gives
values of 270 years, 105 years and 45 years at 30°C, 40°C
and 50°C respectively. For the SGM liner SLs were
calculated in two ways. The unadjusted values were used
to obtain an estimate of the SL for the case where the
surfactants and trace metals in the leachate reaching the
GM are largely attenuated by passing through the primary
liner (column 4 in Table 3). The second estimate of the
SGM SL was based on the mean of the unadjusted and
adjusted values in the same way as was done for the
PGM, and these numbers are given in column 6 of Table
3. The difference between the numbers in columns 4 and
6 illustrates some of the uncertainty associated with
predictions of GM SL based on currently available data.
Because of the uncertainty in predicting service lives, the
SLs in Table 3 have all been rounded to the nearest 5
years to avoid giving the impression of unjustified
accuracy. Table 3 also summarises the difference in
estimated SL of the SGM (both unadjusted and mean) and
PGM.

The geosynthetic double composite liner system shown
in Figure 6a gives temperatures on the secondary liner
very close to that on the primary liner. Thus the difference
in the PGM and SGM SLs is due largely to the assump-
tions about leachate exposure: using the mean estimates of
PGM and SGM SLs, the difference ranges from 40 years
(310 years for SGM as against 270 years for PGM) at a
PGM temperature of 30°C to about 5 years (50 years for
SGM as against 45 years for PGM) at a PGM liner
temperature of 50°C. However, if the SGM has only
intermittent contact with leachate, the SGM SL ( 365 and
60 years at 30°C and 50°C respectively) may be between
95 and 15 years longer than the PGM SL (Table 3).

The use of either a GCL with a 1 m thick foundation
layer or a CCL as part of the primary composite liner
(Figure 6b or 6c) can reduce the temperature on the
secondary liner, relative to the configurations shown in
Figures 6a and 6d, by between 2.3°C and 4.6°C over the
range of cases considered. While apparently small, this
difference can still have a notable effect on the SGM SL.
For a PGM at 30°C the SL of the SGM is 390 years (for
cases 6b2 and 6¢3; Table 3). This is 80 years longer than
for Case 6a (310 years). At 50°C, the use of a 1 m thick
CCL or foundation layer extends the SL by 25 years (SL
of 75 years compared with 50 years for the ‘all-geosyn-
thetic’ barrier system).

The results discussed above and presented in Table 3
highlight the potential significance of temperature for the
SL of the SGM liner. The service lives may be adequate
for some situations but not for others (depending on the

contaminating lifespan of the landfill). For PGMs at 30°C,
the SGM SL ranges between 310 and 605 years (310 to
515 years based on the ‘mean predictions’ and 365 to 605
years based on the unadjusted predictions), depending on
the barrier system. At 40°C the SGM SLs range between
125 and 290 years and at 50°C between 50 and 145 years,
depending on the barrier system.

The service lives presented in Table 3 are intended to
give an indication of the magnitude of the primary and
secondary geomembrane service lives, and to highlight the
importance of the type of liner system for the temperature
and hence the SL of the SGM liner. When there is a small
difference in temperature, one should not ascribe much
significance to the predicted difference in service lives
based on Arrhenius modelling. In fact the difference in
exposure conditions between the primary liner and the
secondary liner may be more significant than the effect of
small differences in temperature.

For the analyses conducted herein it has been assumed
that no heat is removed through the leak detection system
(LDS). This is the worst-case scenario, and results in
conservative service lives. In the event of significant heat
loss from the LDS, the temperature of the SGM will be
lower and the service life longer.

The predictions given in Table 3 assume that the
temperature remains constant over the period of time
being considered. In reality the temperature will change,
and hence the values given represent ‘lower bound’
estimates for a given peak liner temperature. As shown by
Rowe (2005), consideration of a temperature—time history
will give longer estimates of service life for a given peak
liner temperature. In situations where the SL calculated as
presented in this paper is not adequate, one would first
conduct a more detailed analysis and consider the effect
of the likely time—temperature history on the service life.
If the SL is still too short, options include: (1) changing
the method of operations so as to reduce heat generation;
(2) revising the type of barrier design (e.g. thickening the
primary liner); (3) cooling the primary liner (Rowe et al.
2007; Hoor et al. 2008); or (4) cooling the secondary
liner.

The values given in Table 3 should be used with
caution. Only the results for Stage 1 are based on actual
tests on a GM typically used in landfill application in a
simulated liner configuration. The uncertainty regarding
the Stage 2 and 3 components highlights the need for
additional testing to examine their contributions to SL:
these tests have been under way for several years, but as
yet there are insufficient data to provide improved predic-
tions. However, the data at 85°C where Stage 2 and 3 have
been completed in the laboratory suggest that the method-
ology used to give estimates presented here is likely to be
conservative (i.e. underestimates Stages 2 and 3 of the SL)
for the type of GM examined (Rowe and Rimal 2008a).
Once longer-term testing data become available, the
predictions will be updated. It should also be noted that
the predictions are relevant only to a GM with properties
similar to, or better than, those for which the test data
were derived (standard OIT (ASTM D3895) of 135 min
and HP-OIT (ASTM D5885) of 660 min, single-point
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stress crack resistance greater than 400 h (ASTM D5397:
appendix)). Geomembranes with lower values may have
lower service lives.

7. CONCLUSIONS

As part of a broader study of the long-term performance
of landfill liners, this paper has focused on the tempera-
ture of secondary geomembrane (SGM) liners and its
associated effects on the service life (SL) of the SGMs.
The temperatures of the SGM liner have been predicted
for different liner configurations and modes of landfill
operation. It has been shown that, for the liner materials
studied, the steady-state temperature profile is not very
sensitive to the thermal properties of the liner materials.
However, the geometry and thickness of the liners consid-
erably affect the SGM temperature. In particular, the
thicker the primary liner, the lower the temperature in the
SGM. Also, the shallower the aquifer, the lower the
temperature of the SGM liner (other things being equal).
In this study, soil has been used as thermal insulator
between the primary and secondary liners. It should be
noted that in geotechnical applications soil is not consid-
ered to be an effective thermal insulator. This is due to its
relatively high thermal conductivity compared with other
common insulation materials. Soil has high specific heat,
and is commonly used in thermal mass applications, and
situations where the temperature changes quickly: this is
not the case in landfills. Ideally, a material with lower
thermal conductivity should be used. Research is ongoing
to study the issues associated with the use of more
effective thermal insulators as part of a barrier system.
Meanwhile, a thick layer of soil can be an intermediate
alternative whose performance in the landfill environment
is reasonably well known.

The SL of the SGM was minimum for an all-geosyn-
thetic system, ranging from 310 years if the PGM tem-
perature was at or below 30°C to 50 years when the PGM
was at 50°C. This SL could be improved to 390 years at
30°C and 75 years at 50°C by the use of a primary
composite liner involving a GM and either a GCL and a
1 m thick foundation layer or a 1 m thick CCL. This study
highlights the need to consider the temperature of the
SGM in the design of MSW landfills, to ensure that the
SL of the system is likely to exceed the contaminating
lifespan for a particular design.

Based on the limited available data, it is considered that
the service lives predicted in this paper are likely to be
conservative for a high-quality geomembrane. The predic-
tions assume that: (1) there is no cooling of the secondary
liner due to airflow in the leak detection systems; and (2)
the temperature of the primary liner remains constant over
the period of time being considered. In reality, the tem-
perature of the primary liner will change with time. As
shown by Rowe (2005), consideration of a temperature—
time history will give longer estimates of service life for a
given peak liner temperature. In situations where the
service life calculated as presented in this paper is not
adequate, one would first conduct a more detailed analysis
and consider the effect of the likely time—temperature
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history on the service life. If the service life is still too
short, options include: (1) changing the method of landfill
operations so as to reduce heat generation; (2) revising the
type of barrier design (e.g. thickening the primary liner);
(3) cooling the primary liner; or (4) cooling the secondary
liner.

The results presented herein are preliminary, and long-
er-term service life experiments on and monitoring of
PGMs and SGMs are recommended.

ACKNOWLEDGEMENTS

The research presented in this paper was funded by the
Natural Science and Engineering Research Council of
Canada (NSERC), the Canada Foundation for Innovation
(CFI), the Ontario Innovation Trust, the Centre for Re-
search in Earth and Environmental Technologies (an
Ontario Center of Excellence), the Ontario Ministry of
Environment, and Terrafix Geosynthetics Inc. The authors
are grateful to their industrial partners, Solmax Interna-
tional, Terrafix Geosynthetics Inc, Ontario Ministry of
Environment, Gartner Lee Ltd, AMEC Earth and Environ-
mental, Golder Associates Ltd, and CTT group. The value
of discussion with S. Rimal and G. Hsuan is also greatly
appreciated.

NOTATIONS

Basic SI units are given in parentheses.

¢ specific heat (J/kg°C)
¢, specific heat of air (J/kg °C)
¢s specific heat of solid particles (J/kg°C)
cw specific heat of water (J/kg°C)
¢; specific heat of the ith constituent (J/kg°C)
n  porosity (dimensionless)
g volume energy addition (J/m?> s)
S degree of saturation (dimensionless)
T temperature (°C)
t time (s)
Cartesian coordinate system (m)
x; volumetric fraction of the ith constituent
(dimensionless)
a thermal diffusivity (m?/s)
A thermal conductivity (J/ms°C)
Ay thermal conductivity in the x direction (J/

ms°C)

A, thermal conductivity in the y direction (J/
ms°®C)

A, thermal conductivity in the z direction (J/
ms°C)

p material density (kg/m?)
p; density of the ith constituent (kg/m?)
pa  density of air (kg/m?)
ps density of solid particles (kg/m?)
pw density of water (kg/m?)
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ABBREVIATIONS

AL attenuation layer
CCL compacted clay liner
FL foundation layer

GCL geosynthetic clay liner
GM geomembrane
GN geonet
GR gravel
HDPE high-density polyethylene
HP-OIT high-pressure oxidative induction time
KVL Keele Valley landfill
LDS leak detection system
MSW  municipal solid waste

OIT oxidative induction time
PGM primary geomembrane
SGM secondary geomembrane

SL  service life
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