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ABSTRACT: One of the important factors that affect the mechanical properties of polymer geosynthetic
reinforcement is the ambient temperature. With an increase in the temperature, the rupture strength and the elastic
stiffness decrease. In this study, to understand the temperature effects on the load-strain-time behaviours of a
polymer geogrid, a series of tensile loading tests were performed on a high-density polyethylene (HDPE) geogrid
at different but constant temperatures, and also under step-increasing temperature conditions. The test results
revealed that the elastic stiffness of tested geogrid increases with the load level, while decreases with the ambient
temperature. These properties were modelled based on the framework of hypo-elasticity. An existing non-linear
three-component (NTC) model, which can simulate the load-strain-time behaviours of many types of polymer
geogrid subjected to arbitrary loading histories (e.g., monotonic loading at different rates, creep or sustained
loading, load relaxation) under a constant temperature, was modified to account for the dependency of the elastic
stiffness on the load level and the temperature, as well as the dependency of the rupture strength on the temperature.
The modified model can simulate very well the observed temperature effects on the elasticity of the tested geogrid.
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1. INTRODUCTION temperature  effects on the load-strain-time
behaviours of geosynthetic reinforcements is of a
A number of different types of polymer great importance.
geosynthetic ~ reinforcement are  used  as To simulate the rate-dependent behaviours of
reinforcements for various geotechnical engineering geosynthetic reinforcements (i.e., monotonic loading
structures (e.g., slopes, embankments, and retaining at different but constant strain rates, creep or
walls). Typically, constructions of these structures sustained loading, and load relaxation), an elasto-
utilising geosynthetic reinforcements are faster and viscoplastic non-linear three-component (NTC)
more cost-effective than ordinary conventional model was proposed [10]-[12]. Subsequently, the
methods. In design of a geosynthetic-reinforced soil NTC model was modified to simulate temperature-
(GRS) structure, it is required to know the mechanical accelerated creep tests by taking into account the
properties of a given geosynthetic reinforcement, effects of temperature increase on the rupture tensile
especially the rupture tensile strength. However, it is strength and stiffness of geosynthetic reinforcement
usually determined for an ambient temperature [13]. The simulation results indicated that the NTC
condition that is controlled constant throughout a test model is capable of simulating both rate- and
(equal to 20 °C following ASTM D4595 [1] and EN temperature-dependent behaviours. However, in this
1ISO 10319 [2]). previous study, the elastic stiffness was treated
On the other hand, air-temperature cyclically unaffected by the temperature rise, and validation of
changes both daily and seasonally. This variation of the model with experimental data has not been
air-temperature affects the ambient temperature of performed.
backfill in a GRS structure, and thereafter, the In view of the above, in this study, a series of
geosynthetic reinforcements arranged inside [3]. tensile loading tests were performed to evaluate
From field monitoring of a GRS structure, changes of effects of temperature and load/temperature history
air-temperature were found to correlate with the on the elastic stiffness of a HDPE geogrid. Then, the
geogrid strains arranged inside [3]-[4]. Moreover, NTC model was modified to realistically simulate the
effects of temperature rise on the load-strain-time test results by incorporating the dependency of the
behaviours of geosynthetic reinforcements were also elastic stiffness on the temperature.

studied in the laboratory [5]-[9]. It was found that not
only the rupture strength but also the pre-peak
stiffness and the elastic stiffness decrease with an
increase in the temperature. Therefore, the study of
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2. ELASTIC STIFFNESS AS A FUNCTION OF
LOAD LEVEL AND TEMPERATURE

To determine the elastic stiffness, k., , of a
geosynthetic reinforcement, small-amplitude unload-
reload cyclic loading tests have been performed on
many types of geogrid [7]. Then, the following
formulations of dependency of k,, on the load level
and the temperature was proposed:

keq = keqo M [VLJ

max

M

ker = pl(Af')qv 2
where: koo (T) is the value of k., when V /V, =
1; V IV, istheload level, defined as the ratio of the
tensile load, V , to the maximum tensile load at
respective ambient temperature, V.., ; M, p' and
q' are the material constants, depending on types of
polymer geosynthetic reinforcement; and A" is the
temperature effect parameter, defined as the ratio of
the rupture strength at a given temperature to the
rupture strength at standard temperature of 20 °C [1],
[2]. Note that rupture tensile strength is defined for
the strain rate at rupture equal to 0.1 %/min.

3. TEST MATERIAL AND PROGRAMME

In this study, to determine the elastic stiffness and
the temperature effect parameter, a series of special
tensile loading tests were performed on a high-density
polyethylene (HDPE) geogrid, employing the
following two different loading patterns: i)
continuous monotonic loading (ML) until the rupture;
and ii) sustained (creep) loading (SL) applied during
otherwise ML until rupture. A constant load rate of
0.6 kN/m/min was used for ML in both loading
patterns i) and ii). In loading pattern ii), ML was first
performed until achieving the specified tensile load
and then SL was held for three hours, after which
another ML was restarted until the rupture. The
ambient temperature surrounding the test specimen
was controlled constant throughout a test at either 30,
40 or 50 °C by means of a temperature-controlled
chamber [7].

4. TEST RESULTS AND DISCUSSIONS
4.1 Temperature Effect Parameter

The relationships between tensile load, V , and
tensile strain, &, obtained from ML tests at different

but constant temperatures are shown in Fig. 1. In
these tests, any rupture was not observed at the ends
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Fig. 1 Tensile load-tensile strain relations from
continuous ML tests (loading pattern i)
under different constant temperatures

Table 1 Rupture strengths under different constant
temperatures

Temperature (°C) Rupture strength (kN/m)
30 53.2
35 48.1
40 44.9
45 41.8
50 38.9

Note: rupture strength was defined for the strain rate
at rupture equal to 0.1 %/min

of the test (denoted by symbol “+”), because of a
limited maximum stroke of the tensile loading
machine. Therefore, the rupture tensile strengths were
defined at the points of maximum curvature along the
respective V - ¢ relations (denoted by symbol “x™).
Then, these values were corrected to the values at the
same strain rate (equal to 0.1 %/min) to eliminate the
effects of strain rate on the tensile rupture strength of
geosynthetic reinforcements [7]. The values of
corrected rupture strength are summarised in Table 1.
It can be seen that with the increasing temperature,
the rupture strength decreases.

Figure 2 shows a relationship between the
temperature effect parameter, A" | and the
temperature, T . The value of A" is unity at the
standard temperature, T, , of 20 °C. The procedures
to determine the A"’ value are explained in details in
Kongkitkul et al. [7]. It can be seen that the A" value
decreases from unity at T, = 20 °C to a smaller value
at a higher temperature. Thus the reduction of rupture
tensile strength with the increasing temperature of
HDPE geogrid can be described by Eqg. (2), which
incorporates A’
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Fig. 2 Temperature effect parameter, A" as a
function of temperature, T

4.2 Elastic Stiffness
4.2.1 Determination of elastic stiffness

Figures 3(a) to 3(c) show the V - ¢ relations of the
HDPE geogrid by SL under different temperatures
equal to 30, 40, and 50 °C, respectively. In these
figures, SL tests were performed at different tensile
load levels, V /V,,, . The values of V,, atrespective
temperature are shown in Table 1. It can be seen that
V - ¢ relation of the geogrid exhibits a very high
stiffness, close to the elastic value when ML was
restarted following SL [9]. Therefore, in this study,
the elastic stiffness was determined from a linear
relation fitted to the initial V - & curve immediately
after the restart of ML following SL, as shown in Fig.
4.

4.2.2 Effects of load level and temperature on elastic
stiffness

Figure 5(a) shows the elastic stiffness, kK, ,
versus the load level, V /V,., , relations in the full-
log plot of HPDE geogrid for different temperatures.
The lines fitted to the data points for respective
temperatures represent Eq. (1). It is readily seen that
keq increases significantly with an increase in the
load level, while drastically decreases with an
increase in the temperature. These behaviours
indicate that the k., values of HDPE geogrid exhibit
a combination of the hypo-elasticity and the
degradation by temperature effects.

The behaviours of k., determined by the method

used in the present study are similar to those reported
by Kongkitkul et al. [7], in which the k., values of
the same HPDE geogrid were determined by

measuring the slope V - ¢ relations during small-
amplitude cyclic loadings. Equation (1) was
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tests during otherwise ML (loading pattern
ii) under different temperatures of: (a) 30 °C;
(b) 40 °C; and (c) 50 °C

used to best fit to the k., -V /V,, data points

obtained in this study (Fig. 5(a)). It can be seen that
the lines fitted to the data points from the present
study are agreed very well with the data points from
Kongkitkul et al. [7]. In Fig. 5(b), the k., Vvalues

according to Eq. (1) obtained from the fitted relations
shown in Fig. 5(a) were plotted against
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the A" values for the respective temperatures
obtained from Fig. 2. Then, Eq. (2) was fitted to the

plotted k.., and A" data from the present study. It

may be seen that the fitted curve is also in good
agreement with the data points from Kongkitkul et al.

[71.
5. MODELLING OF ELASTIC PROPERTIES
5.1 Non-Linear Three-component Model

For realistic simulation of the load-strain-time
behaviours of polymer geosynthetic reinforcements
under a constant temperature, an elasto-viscoplastic
non-linear three-component (NTC) model was
developed [10]. This NTC model consists of elastic,
inviscid, and viscous components. In the elastic
component, elastic strain rate, £°, is determined by an
hypo-elastic model having the equivalent elastic
modulus, k., (V) , that is a function of instantaneous
tensile load, Vv :
£ =V kg (V) ©)

On the other hand, with an increase in the
temperature, T , the k. (V) value at a given load
level decreases (Fig. 5(a)). To take into account the
coupled effects of load level, V/V_, , and
temperature, T, on elastic stiffness, k., (V,T), the
NTC model was modified as follows. Figure 6 shows
the method to obtain the current elastic stiffness from
the current temperature, T , the current tensile load V,
and a known rupture strength at T, = 20 °C, V0 -
By implementing the algorithm shown in Fig. 6 into
the modified NTC model, the realistic current elastic
stiffness can be easily determined.
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5.2 Simulation Results

The V - ¢ relations from continuous ML tests at
different constant temperatures are presented in Fig.
7(a), while those from tests in which SL was
performed during otherwise ML (as those shown in
Fig. 7(a)) are presented in Fig. 8 (a). Figures 7(a) and
8(a) compare these experimental results and their
simulations. It can be seen that the modified NTC
model can simulate very well the measured V - ¢
relations for various load/temperature histories. The
dependency of k., on the load level and temperature
can be seen very well from the tensile load, V , versus
the elastic tensile strain, £°, relations shown in Figs.
7(b) and 8(b). The tangential slope of V -&® relation
is equal to the current k, value. It can be seen from
Fig. 7(b) that, at any given V value, the k,, value
decreases with an increase in the temperature. On the
other hand, at the same temperature, the k,, value
increases with an increase in V . This result indicates
that the modified NTC model can successfully
simulate the coupled effects of load level and
temperature on the elastic stiffness.
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The experimental and simulation results described 80— v , , ,
above were obtained under the conditions of constant 70| Monotonic Loading (ML) ]
temperature. To further examine the capability of the
modified NTC model, a series of tests in which the
temperature was increased during SL from 30 °C at
the start of SL to 50 °C at the end of SL was
performed. Then, the results of these tests and their
simulations are presented and compared in Fig. 8(a).
Figure 8(b) compares the simulated V -¢° relation for
the SL test in which the temperature was increased xperim
from 30 °C to 50 °C during otherwise ML with the o ‘ LSmtaton: ‘
simulated V - ¢® relations in continuous ML tests 0 ° Tensne“’stram ;(‘;D) 20 »
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varying temperature do not move as the tensile loads
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from the origin to the end of an intermission of ML
by SL under the constant temperature condition does
not change, like that obtained by a continuous ML test
at a constant temperature. On the other hand, upon the
restart of continuous ML at an elevated temperature
(i.e., 50 °C) after a SL test during which the
temperature increases from 30 °C to 50 °C, the V - ¢ °r
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from the continuous ML at a constant temperature of b) Elastic tensile sirain, <" (3
30 °C while exhibiting a drastic decrease in the slope
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6. CONCLUSIONS

The following conclusions can be derived from
the experimental and simulation results that were
observed in this study:

1. Rupture tensile strength of the tested HDPE
geogrid decreases with an increase in the temperature.

2. Elastic stiffness increases with an increase in
the load level, while decreases with an increase in the
temperature. These trends of behaviour can be
expressed by the coupled functional forms proposed
in this study.

3. The modified NTC model can well-simulate
the variation of elastic stiffness, as a result of the
coupled effects between the load level and the
temperature.
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