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Abstract

In this laboratory study, the behavior of waves of the type seen in field deployed high density
polyethylene (HDPE) geomembranes was studied. Four experimental variables were evaluated:
normal stress, original wave height, thickness of geomembrane and temperature. Twenty-five
separate tests were conducted, each for 1000 hours duration. Each of the tests utilized HDPE
geomembranes with strain gages attached in a number of critical locations. The results of the
1000-hour strain measurements were modeled and extrapolated to 10,000 hours using the
Kelvin-chain model. The measured and extrapolated strains were then converted to stresses via
the Maxwell—Weichert model and stress relaxation master curves. With the completion of the
experiments and their extrapolation into a near steady state condition, it was found that tensile
strains up to 4.9% remained in the geomembranes. The equivalent residual stresses were as high
as 22% of the yield stress. Full contacts between the geomembrane and the underlying subgrade
soil was not achieved in any of the tests performed. ( 1999 Elsevier Science Ltd.
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1. Introduction

Geomembranes form the essential material component in many liner systems
which require a liquid or vapor barrier. Such applications are landfill liners, landfill
covers, liquid impoundment liners and other waste pile liners including heap leach pads.
The usual assumption in the placement of such liners is that they lay flat on the soil
subgrade beneath them. Unfortunately, this is often not the case. Waves, or wrinkles, of
different sizes often occur in the as-placed and seamed geomembranes (see Fig. 1).
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Fig. 1. Photograph of waves in field deployed geomembranes.

These waves have given the geomembrane community a certain amount of
concern as to their ultimate behavior after soil backfilling and/or covering by other
geosynthetic materials. The usual concerns expressed are the following:

f Full and complete contact may not be achieved, thereby challenging composite
action with the underlying low permeability soil.

f The creation of ‘‘mini dams’’ results in a less efficient removal of the liquid as well as
higher heads.

f Locations of high tensile curvatures are susceptible for stress concentration and/or
decrease in lifetime.

f Cyclic heating and cooling in the air channels beneath the waves might desiccate the
underlying clayey subgrade soils.

The concern as to the ultimate behavior of geomembrane waves should certainly
receive attention as to a rigorous understanding of the problem. However, to date, all
analyses and investigations into geomembrane waves have been semi-qualitative (see
Giroud and Morel, 1992; Giroud, 1995). Quantitative approaches which evaluate the
ultimate behavior of geomembrane waves in a more rigorous manner are needed.

The focus of this study is completely laboratory oriented. It is important to state
that this study does not attempt to quantify the performance of geomembranes in the
field stemming from the existence, or nonexistence, of such waves. Thus it cannot
directly answer the concerns expressed previously. What it does attempt to quantify is
the behavior of the waves as a function of the following four variables; normal stress,
original wave height, thickness of geomembrane, and temperature.

Due to their common use in most environmentally related applications, high
density polyethylene (HDPE) geomembranes were used throughout the study. In
particular, one manufacturer’s commercially available geomembrane was used. The
only variation was the thickness of the samples, which was one of the experimented
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variables. In all other cases, the thickness was maintained at 1.5 mm which is
a commonly used value in many applications.

2. Experimental setup and monitoring

A large-scale test box was used in this laboratory study for the evaluation of the
behavior of HDPE geomembrane waves. A photograph and schematic illustration of
the large-scale test box is shown in Fig. 2. It is seen that the basic components of the
setup include a rigid box and a data acquisition system. The box has dimensions of
1.8 m long]1.0 m wide]1.0 m high. On the front panel, there is a 0.5 m-wide
plexiglass window for the purpose of visual observations. An air bag which provides
a uniform normal pressure up to 70 kPa is placed on the top and the reaction is
transmitted through a 25 mm thick sheet of plywood to five steel reaction cross beams
connected at the top of the box. Also, as seen in Fig. 2, a number of electrical
resistance strain gages are bonded on the test specimen at various locations with wires
extended out of the box and connected to a data acquisition system.

The HDPE geomembrane waves were created by using test specimens longer than
the inner length of the test box. After each test specimen was placed in the box, sand
backfilling was started from the end to the center of the box in a symmetrical manner.
Consequently, the ‘‘slack’’ of specimen was ‘‘pushed’’ toward the center and, as
a result, a wave was formed.

The experimental monitoring of the behavior of HDPE geomembrane waves
includes two parts: profile-tracing of the actual wave and strain gage monitoring. The
profile-tracing provides the opportunity of visual observation and recording the
distortion of geomembrane waves under various experimental conditions. Important
information such as the final configuration, the final height-to-width ratio, and the
locations of stress concentrations can be obtained using this type of monitoring.

Strain gage monitoring was used to quantify the strain induced at different loca-
tions of the geomembrane wave under various experimental conditions. The strain
gages used in this study were electrical resistance (foil-type) strain gages having
resistance of 120-ohms and gage length of 12.7 mm. With proper configuration, this
particular type of gage measures strain within the range of $5%. The installation
procedure recommended by the gage manufacturer was precisely followed. The
surface cleaning and preparation was considered most critical in this regard.

As mentioned earlier, the pressurizing mechanism (i.e., the air bag and reaction
beams) in the large-scale test box can only provide a uniform normal pressure up to
70 kPa. If the average unit weight of typical solid waste is assumed as 12 kN/m3, such
a normal pressure is approximately equivalent to solid waste of 5 to 6 m in height.
This is relatively low for a typical landfill. In order to evaluate the behavior of
geomembrane waves under high normal pressures, e.g., greater than 1000 kPa, trans-
ferring the experiments to smaller setups which allow the application of higher normal
pressures is necessary. Moreover, smaller setups which can be housed in an environ-
mental room will be especially beneficial since the effect of temperature on the
behavior of geomembrane waves can then be investigated. However such smaller tests
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Fig. 2. Photograph and schematic illustration of the large-scale test box used in this study.

must be justified on the basis of this larger test setup. This justification will be
discussed later.

Four rigid boxes having dimensions of 300 mm long]300 mm wide]300 mm high
were used to conduct the small-scale experiments. The front was fitted with a thick
plexiglass ‘‘window’’ to visually track and trace the profile of the waves’ behavior.
Along with steel reaction frames and a hydraulic pressurizing system, these boxes
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Fig. 3. Photographs of the test box and the environmental room used in this study.

allow for an application of normal pressure up to 1500 kPa. This is equivalent to
a solid waste landfill of approximately 125 m in height, i.e., a so-called ‘‘megafill’’. In
addition, all four boxes can be simultaneously housed in an environmental room
where constant environmental conditions of temperature and humidity can be
maintained. Photographs of a small scale test box and the environmental room used
in this study are shown in Fig. 3. As seen in the figure, data acquisition is also
available for strain gage monitoring.

As mentioned earlier, the applicability of using relatively small test boxes must be
justified on the basis of the full scale test setup. The following presents the approach
taken in this study. An HDPE geomembrane wave specimen was first created in the
large-scale test box. The aforementioned procedure, i.e., using a test specimen longer
than the inner length of the test box and pushing the slack toward the center, was
followed precisely. As a result, a wave having an original height of 80 mm was formed.
Sand backfilling was then started in a uniform and symmetrical manner. A normal
pressure of 70 kPa was then applied. The wave profile was traced on the window and
then the setup was dismantled.

A second wave specimen was then created in an identical manner except that both
ends of the specimen were held by metal pins, 50 mm away from the walls of the box,
rather than the walls of the box. In addition, both sides of the two ends of the test
specimen were covered by 75 mm-wide smooth HDPE geomembrane strips acting as
slip-sheets. An illustration of this second experimental setup is shown in Fig. 4.

Before the backfilling process of the second experiment was started, a
300 mm]300 mm square region was marked on the window of the large test box. It
was used to serve as a virtual image of a smaller test box in which the geomembrane
wave could be housed. Two reference marks, immediately adjacent to the square
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Fig. 4. Supplementary test setup for the justification of small-scale test boxes.

region, were made on the front edges of the wave, as seen in Fig. 4. With the
supporting pins on both ends of the test specimen, backfilling was carefully carried out
until the test box was filled. The supporting pins were then removed, leaving two
horizontal spaces of 50 mm each on both ends of the specimen (protected by the slip
sheets) for possible lateral movement.

A normal pressure was then applied to the top surface of the sand backfill using
the air bag against the reaction beams as in the first test. It was observed that
under a normal pressure of 70 kPa the wave distorted in a manner exactly like the
first wave specimen that was supported by the end of the box. Moreover,
the two reference marks remained stationary, i.e., there was no lateral movement
of the ends of the sheet. The above observations suggest that the fractional
forces, mobilized between the geomembrane specimen and the adjacent sand fill,
were sufficient to restrain the test specimen from any lateral movement. (The influ-
ence of other fill materials on the frictional behavior was not investigate. It
is felt, however, that similar behavior would be expected when different interfaces
was involved. Note that the applied normal pressure was only 70 kPa, higher
normal pressure would proportionally induce higher frictional forces.) In other
words, the mobilized friction forces offered the same reaction as would the ends of
a smaller test box which could be simulated by the 300 mm]300 mm square region.
Such a finding not only provided the justification of using smaller scale test boxes
instead of the large one, it also justified the use of small test setup to simulate
situations in the field where the HDPE geomembranes waves are normally much
further apart.
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Table 1
Experiments conducted using small scale test boxes

Experimental conditions
Experimental
parameter
evaluated

Normal stress
(kPa)

Original wave
height (mm)

Thickness of
geomembrane (mm)

Temperature
(°C)

180
Normal 360 60 1.5 23
stress 700

1100

14
20

Original wave 700 40 1.5 23
height 60

82

1.0
Thickness of 700 60 1.5 23
geomembrane 2.0

2.5

14 23
Temperature 700 20 1.5 42

40 55
60

3. Experimental design

Four sets of 1000-hour experiments, using the small-scale test boxes just described,
were conducted to evaluate the effect of four experimental parameters on the behavior
of HDPE geomembrane waves. These parameters are normal stress, original wave
height (i.e., before backfilling and normal pressure application), thickness of geo-
membrane, and temperature. Table 1 summarizes the experimental conditions.
Conceptually, the effects of different variables were evaluated by varying one particu-
lar parameter while holding the others constant. In all cases, smooth HDPE geomem-
branes were used and strain gages were attached to the test specimens at different
locations with constant readout over the duration of the tests.

Selected results of the 1000-hour tests listed in Table 1 are presented in the
following sections. See Soong (1996) for the complete experimental results.

4. Experimental results

Selected results of the twenty five 1000-hour tests listed in Table 1 are presented in
this section. They will be given on an individual variable basis. Both original and final
(after 1000 hours) shapes of the geomembrane wave along with the corresponding
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Fig. 5. Original and final shapes of HDPE geomembrane waves under various normal stresses (grid lines
have dimensions of 10 mm]10 mm).

heights experiments will be given as far as location and magnitude are concerned.
When applicable, a comparison between results generated under different test condi-
tions will be made to evaluate the effect of that particular experimental variable.

4.1. Effect of normal stress

As listed in Table 1, four 1.5 mm thick HDPE geomembrane wave specimens,
having original heights of 60 mm, were subjected to four different normal stresses,
namely, 180, 360, 700 and 1000 kPa. The temperature was maintained at 23°C for all
experiments over the entire 1000 hour duration of the experiments. The original (same
for all specimens) and the final shapes of all test specimens, obtained via profile-
tracing, are shown in Fig. 5.

Six strain gages, numbered from G1 to G6, were originally bonded at the locations
shown in Fig. 5 for all test specimens. Note that gages G4 to G6 (shown as darker
circles in Fig. 5) were bonded on the lower side of the geomembrane since the gages
which were used respond more accurately under tension than compression. As a result
of different normal stresses, these gages measured the strains corresponding to various
locations on the geomembrane test specimens.

The complete experimental results of all strain gage measurements can be found in
Soong (1996). A typical result of the test conducted under a normal stress of 1100 kPa
is shown in Fig. 6 where the measured strain is plotted against time. By viewing
Figs. 5 and 6 simultaneously, it is seen that the upper portion of this particular wave
specimen experienced measurable strain with a maximum tensile strain of 3.2%
recorded near the crest of wave.

By investigating the results from both parts of the experimental monitoring, i.e., the
profile-tracing illustrated in Fig. 5 and the strain gage measuring illustrated in Fig. 6,
information such as final wave height, final height-to-width ratio, maximum strain
recorded, and the locations of highest strain values were obtained. Table 2 summar-
izes such information obtained from this first series of 1000 hour experiments.
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Fig. 6. Strain measurement results of experiment conducted at 1000 kPa.

Table 2
Summarized results of test series No. 1 — effect of normal stress

Normal stress
(kPa)

Final wave
height (mm)

Final H/W
ratio

Max. strain
(%)

Actual location(s) of highest strain
values (strain gage location)

0 60 0.33 #1.7 Crest of wave (G1)
(original) (original) (original) (original)

180 47 0.47 #1.8 Crest of wave (G1)

360 42 0.51 #2.0 Crest of wave (G1)

700 38 0.58 #3.0 Upper portion of wave
(G1, G2 and G3)

1100 34 0.62 #3.2 Upper portion and base of
wave (G2 and G5)

As shown in Table 2, the final wave height decreases with increasing normal stress,
however, the height-to-width ratio increases with increasing normal stress. It is seen
that the effect on the height-to-width ratio is essentially doubled in comparison with
the effect on the final wave height. For example, a normal stress of 700 kPa resulted in
a 37% reduction in the wave height compared to its original configuration. However,
the same normal stress caused a 76% increase in the height-to-width ratio. Since high
height-to-width ratios generally indicate large curvatures and locations of high stress
concentration, the overall effect of high normal stress is considered unfavorable.
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The maximum strain recorded in each experiment shows that tensile strain in-
creases as normal stress increases. This is expected since the H/W values increase
significantly resulting in greater curvature. Nevertheless, the geomembrane is stressed
significantly less than its yield point. (Note that the tensile yield strain for this
geomembrane is in the range of 12% to 25% depending on the temperature.)
Therefore, tensile yield is not expected. However, the general design objective is to
place the geomembrane with as little tensile stress/strain as possible. This concern will
be reexamined later.

4.2. Effect of original wave height

The second series of 1000 hour tests was to evaluate the effect of the original wave
height on the behavior of HDPE geomembrane waves. Five tests using 1.5 mm-thick
HDPE geomembrane wave specimens were conducted. The original heights of the
waves were 14, 20, 40, 60 and 82 mm, respectively. All specimens were subjected to
a constant normal stress of 700 kPa and maintained at a constant temperature of
23°C over the entire duration of the experiment. The original and final (after 1000
hours) shapes of the test specimens are shown in Fig. 7. Again, reference marks which
identify the locations and movement of the strain gages are also shown in Fig. 7.

The complete experimental results of all strain gage measurements can be found in
Soong (1996). Again, by summarizing the results generated from tracing and measure-
ment, Table 3 was established.

As seen in Table 3, there is an approximate 40% reduction in height after
1000 hours for all waves. As to the final H/W ratio, it increases with increasing
original wave height. For original wave heights of 60 mm and higher, the final H/W
ratios exceeded a value of 0.5. With regard to the maximum strain recorded, an
increasing trend is also seen with increasing original height. There was no sign of
achieving full contact between the specimen and the underlying subgrade after
1000 hours, even for the wave with the smallest original height. The actual stresses
induced will be quantified and presented later.

4.3. Effect of geomembrane thickness

The third series of the 1000 hour experiments was designed to evaluate the effect of
geomembrane thickness on the behavior of HDPE geomembrane waves. Four tests
using HDPE geomembrane wave specimens, with thicknesses of 1.0, 1.5, 2.0 and
2.5 mm, were conducted. The original heights of all wave specimens were approxim-
ately 60 mm. Owing to the various stiffnesses of the geomembranes having different
thicknesses, a constant value of original H/W ratio could not be maintained, see
Table 4. All specimens were subjected to a constant normal stress of 700 kPa and
maintained at a constant temperature of 23°C over the entire duration of the
experiments. The original and final (after 1000 hours) shapes of the test specimens,
along with reference marks which indicate the location and movement of the strain
gages, are shown in Fig. 8.
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Fig. 7. Original and final shapes of HDPE geomembrane waves with various original wave heights (grid
lines have dimensions of 10 mm]10 mm).
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Table 3
Summarized results of test series No. 2 — effect of original wave height

Original
wave height
(mm)

Original
H/W height
(mm)

Final wave
height
(mm)

Final H/W
ratio

Max. strain
(%)

Actual location(s) of
highest strain values
(strain gage location)

14 0.17 8 0.14 #0.2 Negligible
20 0.15 12 0.18 #1.2 Base of wave (G3)
40 0.27 25 0.38 #2.4 Upper portion and base of

wave (G2 and G4)
60 0.33 38 0.58 #3.0 Upper portion of wave

(G1, G2 and G3)
82 0.33 47 0.65 #3.4 Upper portion and base of

wave (G2 and G4)

Table 4
Summarized results of test series No. 3 — effect of geomembrane thickness

Geomembrane
thickness
(mm)

Original
H/W
ratio

Final wave
height
(mm)

Final H/W
ratio

Max. strain
(%)

Actual location(s) of
highest strain values
(strain gage location)

1.0 0.24 27 0.52 #2.5 Base of wave (G5)
1.5 0.34 38 0.56 #3.0 Upper portion of wave

(G1, G2 and G3)
2.0 0.18 33 0.34 #3.1 Upper portion and base of

of wave (G1, G2,
G4 and G3)

2.5 0.21 38 0.32 #3.3 Upper portion and base of
wave (G2, G3, G4 and G5)

Note: Original heights of all wave specimens were approximately 60 mm.

The complete experimental results of all strain gage measurements can be found in
Soong (1996). The summarized results generated from both parts of the monitoring is
presented in Table 4.

As shown in Table 4, thickness has very little effect on the final height of geomem-
brane waves. There was an approximate 40% reduction in height after 1000 hours for
all waves. In other words, the original height essentially determined the final height of
geomembrane waves. Second, the geomembrane thickness did show a significant
effect on the final H/W ratio of the waves. That is to say, the final H/W ratio decreases
with increasing geomembrane thickness. The latter observation can be interpreted in
an alternative manner. That is, for waves with the same original height, thicker
geomembranes resulted in wider voids beneath the wave. Third, the maximum strain
recorded in each experiment shows that tensile strain increases as the thickness of
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Fig. 8. Original and final shapes of HDPE geomembrane waves with various thickness (grid lines have
dimensions of 10 mm]10 mm).
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geomembrane increases. The actual stresses induced will be quantified and presented
at a later time.

4.4. Effect of temperature

The fourth series of 1000 hour experiments were designed to evaluate the effect of
temperature on the behavior of HDPE geomembrane waves. Three sets of experi-
ments, each consisting of 1.5 mm thick HDPE geomembrane waves with original
heights of 14, 20, 40 and 60 mm, were conducted at temperatures of 23, 42 and 55°C.

The original shape of all wave specimens were formed at 23°C with approximately
100 mm of sand backfill over them. Temperature was then increased, as necessary, to
the desired value. This was meant to replicate field situations where the exposed
geomembranes experience an increase in temperature after placement and seaming.
The test boxes were then filled with sand, followed by a decrease in temperature back
to 23°C, to simulate the decrease in sheet temperature of the field deployed geomem-
branes after the protection and drainage layers are placed. After approximately
24 hours, a constant normal stress of 700 kPa was applied. After another hour,
temperature was increased from 23°C to the desired value and maintained for the rest
of the experiment. The last step was intended to simulate a possible increase in the
sheet temperature over the lifetime of the landfill.

The original and final shapes of the test specimens at three temperatures, along with
reference marks which indicate the location and movement of the strain gages, are
shown in in Fig. 9.

A typical strain measurement result of this series of experiments is shown in Fig. 10.
This particular test was conducted at a temperature of 42°C using a wave specimen
with an original height of 20 mm. As seen in the figure, temperature was increased
from 23 to 42°C one hour after the normal stress was applied. For this particular
experiment, a trend of increasing strain with increasing temperature was observed in
all measurements. This is due to a combined effect of both thermal expansion and
material softening with increasing temperature. Although such a trend is seen in most
of the other measurements, a decreasing trend was also observed in some cases. This
suggests that the change of shape due to material softening with increasing temper-
ature cause portions of the geomembrane waves undergo compressive stresses. When
such an effect is more significant than the effect of thermal expansion, a decreasing
strain with increasing temperature is seen.

The complete experimental results of all strain gage measurements can be found in
Soong (1996). The summarized results generated from both parts of the monitoring is
presented in Table 5. Note that the values of maximum strain listed in the table are
corresponding to the maximum final (after 1000 hours) strain.

As seen in Table 5, temperature has only marginal effect on the final wave height
and the final H/W ratio. For waves originally smaller than 40 mm, the maximum
measured strain increases with increasing temperature. For waves originally 40 mm
or higher, however, the maximum strain shows no clear trend with increasing
temperature.
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Fig. 9. Original and final shapes of HDPE geomembrane waves at various temperatures (grid lines have
dimensions of 10 mm]10 mm).
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Fig. 10. Strain measurement results of test conducted on wave specimen with an original height of 20 mm
and at a temperature of 42°C.

Table 5
Summarized results of test series No. 4 — effect of temperature

Original
height (mm)/
H/W ratio

Temp.
(°C)

Final wave
height
(mm)

Final H/W
ratio

Max. strain
(%)

Actual location(s) of
highest strain values
(strain gage location)

23 8 0.14 #0.2 Negligible
14/0.17 42 10 0.19 #0.6 Negligible

55 5 0.20 #1.3 Base of wave (G2)

23 12 0.18 #1.2 Base of wave (G3)
20/0.15 42 14 0.21 #1.6 Base of wave (G4)

55 12 0.30 #2.1 Base of wave (G4)

23 25 0.38 #2.4 Upper portion and base of
wave (G2 and G3)

40/0.27 42 25 0.42 #3.2 Base of wave (G3)
55 25 0.40 #2.1 Crest of wave (G1)

23 38 0.58 #3.0 Upper portion and base of
wave (G1, G2, G3 and G5)

60/0.33 42 30 0.52 #4.9 Upper portion and base of
wave (G1, G2, G3 and G5)

55 28 0.55 #4.9 Upper portion and base of
wave (G1, G2 and G5)
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5. Analysis of test results

In this section, the experimental results, including the profile-tracing of the actual
wave and the strain gage monitoring, of the 1000-hour tests will be summarized and
discussed. In addition, the results of the strain measurements in all of the 1000-hour
tests presented earlier will be modeled and extrapolated to 10,000 hours using the
Kelvin-chain model. The measured and extrapolated strains will then be converted to
stresses via the Maxwell—Weichert model and the stress relaxation master curves
established using the results of large scale stress relaxation experiments.

5.1. Effect of selected experimental variables

Some summary remarks, subdivided according to the physical manifestation of the
wave, can be made as follows.

Regarding the wave heights:
f Wave heights decreased with increasing normal stress.
f An average of 40% reduction in wave heights was observed after 1000 hours.
f Varying thicknesses of geomembranes had only a marginal effect on the final wave

heights.
f Varying temperatures had only a slight effect on the final wave heights.
f Full contact with the subgrade was not achieved after 1000 hours, even for the

smallest wave at the highest testing temperature.
f The final wave heights recorded from all experiments varied from 5 to 47 mm.

Regarding the height-to-width (H/W) ratio:
f The height-to-width ratio of the waves increased with increasing normal stress.
f The height-to-width ratio of the waves increased approximately linearly with

increasing original wave heights.
f The height-to-width ratio of the waves decreased approximately linearly with

increasing geomembrane thickness.
f Varying temperatures had only a marginal effect on the final height-to-width ratio

of the waves.
f The final height-to-width ratio of the waves recorded from all experiments varied

from 0.14 to 0.65.

Regarding the tensile strain at the end of the experiments:
f The tensile strain at the maximum point of curvature of the waves increased

approximately linearly with increasing normal stress.
f The tensile strain at the maximum point of curvature of the waves increased

logarithmically with increasing original wave height of the waves.
f The tensile strain at the maximum point of curvature of the waves increased with

increasing geomembrane thickness.
f The tensile strain at the maximum point of curvature of the waves increased with

increasing testing temperatures for wave heights originally less than 40 mm.
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Fig. 11. The Kelvin-chain model.

f The tensile strain at the maximum point of curvature of the waves showed no clear
trend with increasing testing temperatures for wave heights originally greater than
40 mm.

f The tensile strains recorded from all experiments varied from 0% approximately
5%.

5.2. 10,000-hour extrapolation

It has been shown that the creep behavior of a wide range of materials can be
described by a Kelvin-chain model which consists of a finite number of Kelvin units in
series, Roscoe (1950). The applicability of using the Kelvin-chain model for predicting
the long-term creep behavior of a wide variety of geosynthetic materials appears to be
valid, see Soong (1996) for details. Fig. 11 shows the Kelvin-chain model used in this
study.

Once the 1000-hour experimental data is best fitted and a corresponding Kelvin-
chain model is established, a one order of magnitude (from 1000 to 10,000 hours)
extrapolation can be made. Fig. 12 shows an example of such a prediction using the
test results presented in Fig. 6. Note that a total of seven Kelvin-chain units (N"7)
were used in each model.

The same modeling and extrapolating procedure was applied to all twenty-five
1000-hour tests conducted in this study. The most critical (i.e., highest) strain value of
each test after 10,000 hours (ranges from 0.2 to 4.9%) was then converted to stress via
the procedure described in the following sub-section.

5.3. Stress analysis

The two essential issues involved in the conversion of strain values into stress values
(i.e., the stress analysis) are the establishment of: (a) an appropriate modulus value
and (b) a quantified long-term stress relaxation behavior. Both issues require stress
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Fig. 12. Experimental, modeled and extrapolated results of the strain measurement shown in Fig. 6.

relaxation test results. The stress relaxation behavior of the type of HDPE geomem-
brane used in this study has been evaluated and is reported in Soong et al. (1994) and
Soong (1995).

The aforementioned experimental stress relaxation results were modeled by the
Maxwell—Weichert model and, subsequently, modulus values of HDPE geomem-
branes corresponding to very slow strain rates ()0.01%/min) were obtained (see
Soong and Lord (1998) for details). The temperature dependent modulus values (in
this case, 0.3% secant modulus) to be used in the procedure of stress analysis is
presented graphically in Fig. 13.

The technique of time-temperature superposition was applied to the stress relax-
ation test results corresponding to various temperatures to obtain the long-term stress
relaxation in Fig. 14. (See Soong et al. (1994) and Soong (1996) for detailed descrip-
tions.)

The master curves shown in Fig. 14 can be presented in an alternative and more
useful manner. That is, via proper curve fitting, these normalized master curves can be
described using numerical expressions. The resulting expressions from the above
procedure are shown in Eqs. (1)—(3) for temperatures of 10, 30 and 50°C, respectively.
Note that the unit of ‘‘time’’ in Eqs. (1)—(3) are in hours.

Normalized stress relaxation behavior of HDPE geomembrane at 10°C:

(% Relaxation)"51.4#8.9 log(time)!1.0(log(time))2#0.05(log(time))3 . (1)

T.-Y. Soong, R.M. Koerner/Geotextiles and Geomembranes 17 (1999) 81—104 99



Fig. 13. Behavior of HDPE geomembranes modulus and values selected on the basis of temperatures used
in this study.

Fig. 14. Normalized master curves of the long-term stress relaxation behavior of the HDPE geo-
membranes used in this study.
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Normalized stress relaxation behavior of HDPE geomembrane at 30°C:

(% Relaxation)"53.0#8.4 log(time)!1.2(log(time))2#0.07(log(time))3 . (2)

Normalized stress relaxation behavior of HDPE geomembrane at 50°C:

(% Relaxation)"48.0#5.3 log(time)!1.2(log(time))2#0.19(log(time))3 . (3)

Finally, a procedure for analyzing the stress induced in the geomembrane wave is
proposed as follows. Note that a worksheet, as shown in Table 6, is utilized to
illustrate the procedure conceptually. Also note that the numerical expression for the
stress relaxation behavior at 30°C, i.e., Eq. (2), will be used to analyze the results of
experiments conducted at 23°C. As to the experiments conducted at 42 and 55°C, they
will be analyzed using the expression for the behavior at 50°C, i.e., Eq. (3).

As seen in Table 6, the stress induced between any two adjacent periods of time is
determined via multiplying the differences in their corresponding strains by an
appropriate initial modulus value, i.e., the values shown in Fig. 13. Immediately after
a stress is induced, it will start to relax according to the appropriate modeled behavior
as expressed in Eqs. (1)—(3) depending on the temperature. This concept is illustrated
in the fourth and the subsequent columns of Table 6. Finally, as seen in the last
column of Table 6, the instantaneous residual stress in the geomembrane is calculated
by summing the remainder of all the discretized stresses corresponding to that
particular time instant.

The results of the stress analysis, in terms of the residual stress after 10,000 hours,
are summarized in Table 7. Both the actual residual stress values and the percentage
yield stress are presented.

The following summary remarks regarding the residual tensile stresses after
10,000 hours can be made:

f Stress relaxation is a significant factor which is very beneficial in this particular
situation.

f Stress relaxation percentage varied from 60% to 78%.
f The residual tensile stress at the points of maximum curvature increased with

increasing normal stress.
f The residual tensile stress at the points of maximum curvature increased with

increasing original wave heights.
f The thickness of the geomembranes had essentially no effect on the residual tensile

stresses.
f The residual tensile stresses increased with increasing testing temperature for wave

heights originally less than 40 mm.
f The residual tensile stresses showed no clear trend with increasing testing temper-

ature for waves originally higher than 40 mm.
f The residual tensile stresses recorded from all experiments varied from 130 kPa

(+1% of the yield stress) to 2600 kPa (+22% of the yield stress).
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Table 7
Residual stress (after 10,000 hours) in the HDPE geomembrane specimens of experiments conducted in this
study

Experimental variables
and conditions

Extrapolated
stress (kPa)

Residual stress
(kPa)

Stress
relaxation (%)

Residual stress
(% of yield)

(a) Normal stress
180 kPa 4200 1200 71 7.9
360 kPa 4800 1300 73 8.8
700 kPa 7000 2000 71 13.2

1100 kPa 7300 2100 71 13.8

(b) Original height of wave
14 mm 460 130 72 0.8
20 mm 2800 740 74 4.9
40 mm 5300 1500 72 9.5
60 mm 7000 2000 71 13.2
82 mm 8100 2300 72 14.9

(c) Thickness of geomembrane
1.0 mm 5500 1600 71 10.3
1.5 mm 7000 2000 71 13.2
2.0 mm 5800 1600 72 10.6
2.5 mm 6300 1800 71 11.5

(d) Testing temperature
14 mm—23°C 580 130 78 0.8
14 mm—42°C 700 250 64 2.1
14 mm—55°C 1100 440 60 4.5
20 mm—23°C 2800 740 74 4.9
20 mm—42°C 2400 850 65 7.3
20 mm—55°C 2000 750 63 8.0
40 mm—23°C 5300 1500 72 9.5
40 mm—42°C 4300 1600 63 13.7
40 mm—55°C 1800 690 62 7.4
60 mm—23°C 7000 2000 71 13.2
60 mm—42°C 6900 2600 62 22.0
60 mm—55°C 4300 1600 63 17.5

6. Conclusions

This study addressed the behavior of HDPE geomembrane waves created in the
laboratory for the purpose of assessing their behavior under pressure over an ex-
tended time period. As a result, the parameters varied over 1000 hour long tests were
normal stress, original wave height, thickness of geomembrane and temperature. The
major conclusions stemming from this study are as follows.

f All waves distorted greatly upon the application of even a nominal normal stress.
The distortion accentuated the height-to-width ratio of the waves.
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f The maximum tensile strain measured in this series of twenty-five 1000-hour
experiments was approximately 4.9%. Note that yield of HDPE geomembranes is
in the range of 12% to 25% strain (depending on the temperature), thus yielding of
the geomembrane is not approached.

f The maximum tensile stresses occur at locations of maximum tensile strain. These
locations are on the anticipated side of the waves, i.e., tension along the upper
surface of the wave near its crest and tension along the lower surfaces where the
wave curvature changes to accommodate the horizontal subgrade beneath the
wave. Note that compressive stresses occur on the opposite side of the geomem-
brane but they are of less concern.

f After calculating stress relaxation out to 10,000 hours, residual tensile stresses
varied from 1% to 22% of the yield stress.

f The above values of residual stress occur even though stress relaxation has occurred
diminishing the measured/extrapolated values by 60% to 78%.

f Over the 1000-hour experimental time of stress application for the main series of
tests, the waves did not appear to significantly decrease, much less disappear.

It is important to note that this laboratory study did not address the possible field
implications of the waves, their possible leakage scenarios, nor long-term performance
of the geomembranes involved.
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