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ABSTRACT: An automated tensile loading system that can accurately control histories of both
loading and temperature was developed. A series of unconventional tensile loading tests were
performed on polypropylene (PP), high-density polyethylene (HDPE) and polyester (PET) geogrids
using this system. The following was found. The temperature significantly affects the elasto-
viscoplastic stress—strain properties of the tested polymer geogrids. The inviscid stress—viscoplastic
strain relation changes with temperature. The tensile rupture strength decreases by 9.2%, 26.7%
and 4.5% when the temperature rises from 30°C to 50°C with PP, HDPE and PET geogrids,
respectively. The elastic stiffness of the geogrid was evaluated by applying small-strain-amplitude
unload—reload cycles after a certain period of sustained loading during otherwise monotonic
loading at a constant load rate. The value increases with an increase in the tensile load level at a
fixed temperature, and decreases with an increase in the temperature at a fixed load level. A set
of mathematical expressions are proposed to describe these trends of tensile rupture strength and
elastic behaviour.
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1. INTRODUCTION

In current ordinary design practice, the design tensile
strength of a given polymer geosynthetic reinforcement,
V4, is obtained by dividing the ultimate tensile strength
obtained by performing a fast tensile loading test, Vy;
(ASTM D4595; EN ISO 10319), by various reduction
factors (RFs) (e.g. FHWA 2001) (Figure 1). As illustrated
in Figure 1, these RFs are used: (1) to account for
installation damage (RFjp); (2) to account for long-term
degradation (RFp); and (3) to remove the possibility of
creep failure (RFcgr). These reduction factors are also used
in load and resistance factor design (LRFD), which is now
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recommended in North American design codes for
reinforced-soil structures (e.g. Bathurst e al. 2011, 2012).
The creep reduction factor (RFcR) is generally determined
by applying a specified design lifetime to the so-called
‘creep—rupture curve’. This curve is typically obtained by
performing a set of conventional creep tests (ASTM
D5262), in which a set of time histories of tensile
deformation at different constant tensile loads is obtained.
However, this type of creep test is extremely time consum-
ing. In particular, it is nearly impossible to perform these
tests for an ordinary design lifetime of polymer geosyn-
thetic reinforcement, say 50 years. For this reason, an
accelerated creep test method (ASTM D6992; GRI 2000)
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Figure 1. Method to obtain the design tensile strength of polymer geogrids (after Tatsuoka et al. 2004; Kongkitkul ez al. 2007b).

was developed (e.g. Thornton ef al. 1998), in which the
temperature surrounding a test specimen is elevated to
accelerate the creep strain rate. Then, based on analytical
procedures (ASTM D6992; GRI 2000), a set of relation-
ships between the tensile strain and the logarithm of time
at the reference temperature for different tensile loads,
called ‘master curves’, is obtained. From these relations, a
creep—rupture curve at the reference temperature can be
obtained. This technique is becoming popular, as evi-
denced by several studies on a wide variety of geosyn-
thetic reinforcements (e.g. Thornton and Baker 2002;
Greenwood et al. 2004; Zornberg et al. 2004; Bueno ef al.
2005; Jones and Clarke 2006; Koo et al. 2006; Hsich et
al. 2006).

Figure 2a shows tensile load V plotted against strain &
for a polyester (PET) geogrid from four tests subjected to
various loading histories (Hirakawa et al. 2003). In the
first test, the J—e relation (the solid line) changes
significantly upon a step change in the strain rate, while
significant creep deformation takes place during sustained
loading, and significant load relaxation takes place at a
fixed deformation. In the other three tests, monotonic
loading (ML) towards ultimate failure was performed at
three different constant strain rates (0.01%/min, 0.1%/min
and 1.0%/min). Significant rate effects may be seen on the
three V—e relations. These trends of rate-dependent behav-
iour are due to the viscous properties of the tested geogrid.
Figure 3a shows a similar result for high-density poly-
ethylene (HDPE) geogrid. It may also be seen from Figure
3a that the J—¢ relation exhibited very high stiffness,
which is very similar to the elastic stiffness (k.q), upon the
restart of ML at a constant strain rate from the end of the
respective load relaxation and sustained loading stages.
These results indicate that the strength and deformation
characteristics of polymer geosynthetic reinforcements are
elasto-viscoplastic. In fact, as seen from Figures 2b and
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Figure 2. Elasto-viscoplastic tensile load—strain
characteristics of a PET geogrid: (a) test results;
(b) comparison of measured and simulated relations
(modified from Hirakawa et al. 2003)
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Figure 3. Elasto-viscoplastic tensile load—strain
characteristics of an HDPE geogrid: (a) test results; (b)
comparison of measured and simulated relations (modified
from Hirakawa et al. 2003)

3b, these trends of rate-dependent behaviour can be
accurately simulated by a non-linear three-component
elasto-viscoplastic model (Figure 4) (e.g. Hirakawa et al.
2003; Kongkitkul er al. 2004, 2007a; Tatsuoka et al.
2004). Moreover, this model was successfully implemen-
ted to investigate the load—strain—time behaviours of
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Figure 4. Non-linear three-component model for geosynthetic
reinforcement (Hirakawa et al. 2003; Kongkitkul et al. 2004,
2007a, 2007b; Kongkitkul and Tatsuoka 2007)
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polymer geogrids arranged in backfill soil (e.g. Kongkit-
kul et al. 2008, 2010b). In the framework of this model,
the current tensile load V' is decomposed into the inviscid
tensile load VT and the viscous tensile load /Y, and the
current strain rate ¢ is decomposed into the elastic strain
rate é° and the irreversible strain rate é". According to
this model, creep deformation is a response controlled by
the viscous property of body V, not a degrading phenom-
enon. Long-term deterioration of the elastic stiffness of
body E and the intrinsic tensile load—strain property of
body P by chemical and/or biological reactions are treated
as negative ageing effects in this model framework.

Figure 5 shows the V—e relations for a woven poly-
propylene (PP) geotextile obtained from ML tests at a
constant strain rate but at different ambient temperatures
surrounding test specimens, as reported by Zornberg ef al.
(2004). Obviously, not only the ultimate strength but also
the stiffness of the J'—¢ relation decreases with an increase
in the temperature. These results are generally in agree-
ment with the trends of behaviour of polymer geosynthetic
reinforcements reported in the literature (e.g. Bush 1990;
Shukla and Yin 2006). To simulate such temperature
effects with the non-linear three-component model (Figure
4), Kongkitkul and Tatsuoka (2007) dealt with negative
effects of a given time history of temperature increase on
the strength and deformation characteristics of geosyn-
thetic reinforcement as negative ageing effects, by which
the strength and stiffness decrease with time.

Using the analogy explained above, Kongkitkul and
Tatsuoka (2007) employed the non-linear three-component
model to simulate the creep deformation of geosynthetic
reinforcement that takes place at the same load when the
temperature is increased in steps, under artificial (but
typical) conditions. Figure 6a shows typical given time
histories of tensile load and temperature and the time
history of tensile strain (i.c. a given constant value in the
range between a and b, followed by a response for the
subsequent range); Figure 6b shows the simulated V—¢
relation; and Figure 6¢ shows the time histories of total
and irreversible tensile strains (simulated after point b). In
this simulation, upon a step increase in the temperature,
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Figure 5. Tensile load—strain relations from monotonic
loading tests on woven PP geotextile at different ambient
temperatures (modified from Zornberg et al. 2004)
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Figure 6. Numerical simulated results for SIM test at tensile
load equal to 40 kN/m: (a) time histories of tensile load,
tensile strain and temperature; (b) tensile load—strain
relation; (c) time history of tensile strain (modified from
Kongkitkul and Tatsuoka 2007)

the intrinsic tensile load V' suddenly decreases, resulting
in an acceleration of tensile strain rate. Subsequently, the
tensile strain increases at a decreasing rate with time,
while VT increases towards the ultimate value, which is
lower than the value at a lower temperature. In this
analysis, both rate effects due to viscous properties (body
V); and negative changes in the intrinsic tensile load—
strain properties with temperature increase (body P) are
taken into consideration. This analysis indicates that the
model is potentially capable of simulating the load and
deformation characteristics of polymer geosynthetic rein-

forcement affected by strain rate and temperature. Despite
the above, the analysis presented in Figure 6 is approx-
imate, as it was assumed that the elastic stiffness (body E)
is independent of temperature. This approximation was
introduced because little was known about the effects of
temperature on the elastic stiffness of geosynthetic rein-
forcement when this analysis was performed.

In view of the above, for a systematic study into this
issue, a series of unconventional tensile loading tests were
performed on three different types of geogrid, commonly
used in practice, by means of a newly developed tensile
loading apparatus that can control the load rate and
temperature precisely (Kongkitkul ef al. 2010a).

2. TEST APPARATUSES AND
MATERIALS

2.1. Test apparatus

The newly developed tensile loading apparatus (Figure 7)
consists of two independent basic units for tensioning and
heating. The tensioning unit is a slightly modified version
of the one used by Kongkitkul ef al. (2004, 2007a). It
consists of an air cylinder, an air booster and an electro-
pneumatic transducer to generate tensile forces applied to
a specimen gripped with a pair of roller clamps (Hirakawa
et al. 2003). The gripped specimen is placed inside a
temperature-controlled chamber 50 cm wide by 35 cm
deep by 64 cm high. The chamber comprises plywood
plates with polyethylene (PE) foam insulator glued on
both faces. Both sides of the PE foam insulator are
laminated with 8 pm-thick pure aluminium foil. First, the
top sheet of aluminium foil reflects heat radiation, and
then the PE foam provides insulation against heat from
conduction and convection. Finally, the bottom sheet of
aluminium foil protects the bottom air layer of the
insulator from heat radiation more effectively. A tempered
glass panel is installed at the front of the chamber for
observation of specimens during testing (Figure 8). Var-
ious loading histories, including monotonic loading at
different load rates, sustained loading at different loads
and load reversing at arbitrary moments can be accurately
applied by precisely controlling the tensioning unit by
means of a personal computer.

The heating unit consists of a blower, a heater, a
feedback-controllable controller and a network of air pipes
(Figure 7). Its working principle is as follows. Air is first
supplied to the blower and then transferred to the heater.
Hot air is provided to a temperature-controlled chamber
via an air pipe arranged at the bottom, and moves inside a
perforated air pipe arranged inside the chamber. The heat
from the hot air is well distributed by means of a set of
fans. Finally, the hot air exits from the top of the chamber.
Half of the hot air that comes out from the top of
the chamber is exhausted, and the other half is sent to the
blower, where the circulated hot air is mixed with the
newly provided air at the room-temperature in a volume
ratio of 1:1, so that the temperature distribution inside the
chamber becomes uniform efficiently. This was confirmed
by the fact that the maximum difference among readings
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Figure 7. Details of temperature- and load-controlled tensile loading apparatus used in this study

Figure 8. Installations of thermometers to investigate
temperature distribution inside the chamber

of thermometers installed at three locations along the
length of the specimen inside the chamber (Figure 8) was
less than 1.0°C. The reading from a thermocouple installed
inside the chamber (thermocouple 2 in Figure 7) was used

to control the chamber temperature by means of a
controller. By using this heating unit, the temperature
histories, including processes of increasing and decreasing
at given rates as well as constant temperature, can be
precisely controlled. The chamber temperature was meas-
ured with another thermocouple installed in the chamber,
next to the one described above, (thermocouple 3 in
Figure 7) and recorded by the personal computer. Figure 9
shows a typical measured time history of chamber tem-
perature. It can clearly be seen that the measured tempera-
ture follows the target value fairly precisely, showing that
the heating unit can successfully control a given arbitrary
temperature history.

70 T T T T T
Target temperature:
60°C
60 - T TEEEE— -
8 50°C
ke 50 [romo-mmmo oo Yl —
g
2
©
@ 40°C
R L e R A e e T —
£
Q
30°C
R R —
Temperature increasing rate
= 2°C/min
20 1 " 1 1 1 1
0 40 80 120 160
Time, t (min)

Figure 9. Typical time history of measured temperature
inside the temperature-controlled chamber
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2.2. Test materials and specimen preparations

Three different types of polymer geogrid were used
(Figure 10): polypropylene (PP), high-density polyethylene
(HDPE) and polyester (PET). Table 1 lists the physical,
dimensional and technical characteristics of these geo-
grids, as provided by their respective manufacturers.
Before the start of tensile loading, the specimen, which
consisted of either three strands for the PP and HDPE
geogrids or four strands for the PET geogrid (Figure 10),
was wrapped around the roller clamps and locked to the
grooves with steel rods. The initial test length of the
specimen was approximately 24 cm. A pre-tension of 20 N
was applied to the specimen to minimise bedding errors
between the surface of the roller clamps and the attached
specimen. The two side strands were removed by cutting
to obtain a single-strand specimen of the PP and HDPE
geogrids and a two-strand specimen of the PET geogrid
(Figure 10). A small frame guided by two vertical rods
holding an LVDT and a target (Figure 10) was attached to
the specimen to measure the local tensile strain, with an
initial measuring gauge length of 3 cm. This small frame
was designed to minimise the effects of rotation around
the vertical axis (i.e. the z-axis in Figure 10) and the two

horizontal axes (i.e. the x- and y-axes) that might occur
during a strain-measurement test. The safe temperature
range of the LVDT used is from —10°C to 70°C (non-
condensing), according to the manufacturer’s technical
data. As the total weight of this small frame, together with
an LVDT, is only 3 N, the effects of its weight on the
measured tensile strain value should be negligible. The
PET geogrid specimen consisted of two strands rather than
a single strand. This is because the width and thickness of
a single strand were too small for the small frame for local
tensile strain measurement to grip, and PET geogrid is
much easier to bend and twist than PP and HDPE
geogrids. As a result, rotation around the y- and z- axes
tended to occur when a single-strand specimen was used.
This was not the case with the PP or HDPE geogrids.

2.3. Tensile loading and temperature histories

After having arranged the small frame to measure tensile
strains, the front plate of the chamber was installed to
form the test chamber. The temperature inside the cham-
ber was increased at a rate of 2°C/min until the target
temperature was reached. It was then held constant at the
target value for 2 h, to allow the specimen to settle at the
elevated temperature. The tensile strain was defined as

(c)

Figure 10. Specimens gripped with roller clamps and installed with a small frame for local deformation measurement: (a) PP

geogrid; (b) HDPE geogrid; (c) PET geogrid

Table 1. Physical, dimensional and technical characteristics of geogrids used in this

study
Characteristic Fibre material
Polypropylene High-density Polyester
polyethylene

Abbreviated name PP HDPE PET
Standard colour White Black Black
Specimen conditions Virgin Virgin Virgin
Aperture size (MD/TD)* (mm) 35/35 220/16 25/25
Max tensile strength (MD/TD) (kN/m) =80/=80 90/— 80/30
Yield point elongation (MD) (%) <8 13 11

2MD = machine direction (longitudinal to roll)/TD = transverse direction (across roll width)
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zero, and the tensile load was then increased, following
predefined loading histories (explained below), while the
temperature was kept constant throughout the loading
scheme. The target temperatures selected in this study
were different for different types of geogrid, as listed in
Table 2, but a common reference temperature of 30°C was
selected. The following two loading histories were em-
ployed.

1. Monotonic loading (ML) was continued at a load
rate (V) of 0.6 kN/m/min until ultimate rupture.

2. During otherwise ML at a constant load rate, 10
small-amplitude unload—reload cycles with a double
amplitude of 2 kN/m were also applied at a load rate
(V) of =40.6 kN/m/min immediately after 3 h
sustained loading at four tensile load levels to
determine the elastic stiffness at different load levels
and different temperatures.

3. TEST RESULTS AND DISCUSSION

3.1. Effects of temperature on rupture strength

Figures 1la, 11b and 11c show the relationships between
the tensile load V and the tensile strain ¢ obtained by
continuous ML at a constant load rate of 0.6 kN/m/min
performed at different temperatures towards the peak
strength (loading history a) using PP, HDPE and PET
geogrids, respectively. In all the tests on the PP and PET
geogrids, loading was ended when the specimen exhibited
tensile rupture: so the maximum tensile load V,x was
exhibited at the end of the test (indicated by the symbol X
in Figures 11a and 11c). With the HDPE geogrid, on the
other hand, tensile rupture did not occur by the end of test
(indicated by the symbol +), owing to the tensile deforma-
tion capacity of the apparatus. Consequently, for the V'—¢
relations of the HDPE geogrid, the yield point (which is
seemingly not largely different from the rupture point),
was obtained (indicated by the symbol X in Figure 11b),
because the tensile load at the end of loading is not
objective. To obtain the yield point in an objective way, it
was defined as the location along the V—& relation at
which the radius of curvature p becomes the minimum in
the log V'—log ¢ relation, as typically shown in Figure 12.
The radius of curvature p in each test was obtained
numerically, so that the obtained yield point was not
subjective. This technique has been used to determine
yield stresses at different confining pressures in drained
triaxial compression tests on geomaterials employing
multiple loading histories to define a yield surface (e.g.
Nawir et al. 2003; Ezaoui et al. 2010). In the following,

Table 2. Tested ambient temperatures selected in this study

Geogrid type Tested ambient temperatures

0

Polypropylene (PP)
High-density polyethylene (HDPE)
Polyester (PET)

30, 35, 40, 45, 50
30, 35, 40, 45, 50
30, 40, 50
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Figure 11. Tensile load—strain relations from continuous ML
tests at load rate of 0.6 kN/m/min until rupture at different
constant temperatures: (a) PP geogrid; (b) HDPE geogrid;
(c) PET geogrid

with the HDPE geogrid, the tensile load at the yield point
for each temperature was treated as the rupture strength
Viax- Therefore the true rupture strength is slightly higher
than the value of V., obtained as above. The measured
values of V. for the three geogrid types, denoted as
original V,,, are summarised in Table 3. It may be seen
from Figures 1la—11c that not only the rupture strength
but also the stiffness decreases with an increase in the
temperature. This test result indicates that an increase in
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Figure 12. Relation between radius of curvature of log(tensile
load)-log(tensile strain) relation and logarithm of tensile
strain, from continuous ML test on HDPE geogrid at
temperature of 40°C

the temperature surrounding the tested geogrids results in
negative effects on the intrinsic load—strain properties
(represented by body P in Figure 4). Yet we cannot know
from these test results whether or how the elastic modulus
of body E (Figure 4) decreases with an increase in
temperature. This issue is discussed in detail later in this
paper. )

The load rate, 7, was kept the same and constant
(= 0.6 kN/m/min) in these tests performed at different
temperatures, as described in Figures 11a—11c. The strain
rate at rupture, & = V' /ky, increases with an increase in
the temperature, because of a decrease in the tangent
stiffness ki, of the V—¢ relation. Therefore, to evaluate
the pure effects of temperature, the rupture strengths
observed at different strain rates presented in Figures
1la—11c (i.e. the original V. values listed in Table 3)

were corrected to the values at the same strain rate (i.e.
0.1%/m) as follows.

With geosynthetic reinforcement, upon a stepwise in-
crease or decrease in the strain rate, the tensile load
suddenly jumps or drops. Figure 13 shows the relation-
ships between the normalised tensile load jump AV/V and
the logarithm of the ratio of strain rates after and before a
step change of several typical geosynthetic reinforcement
types, including those tested in the present study. These
test results were obtained from previously performed
series of experiments (Hirakawa et al. 2003; Kongkitkul et
al. 2004, 2007b), in which the strain rate was changed
stepwise many times during otherwise ML at constant
strain rates (e.g. Figures 2a and 3a). The rate-sensitivity
coefficient 8 is defined such that the jump or drop of
tensile load from the current tensile load / on a tenfold
increase or decrease in the strain rate is expressed as
AV = X V (Di Benedetto ef al. 2002; Hirakawa et al.

0.6
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Figure 13. Rate-sensitivity coefficients of various types of
geosynthetic reinforcement and a polypropylene (PP)
filament (modified from Kongkitkul ez al. 2007b)

Table 3. Comparisons of rupture strengths at different temperatures: original values

and those corrected to &=10.1%/min

Geogrid type T (°C) Original Vax Strain rate Corrected Vax
(kN/m) (%/min) (kKN/m)*
Polypropylene (PP) 30 99.14 0.098 99.30
35 97.31 0.110 96.39
40 95.11 0.114 93.85
45 93.48 0.115 92.19
50 92.04 0.122 90.16
High-density 30 65.76 0.659 59.66
polyethylene 35 62.05 0.608 56.55
(HDPE)® 40 56.98 0.653 51.72
45 51.86 0.791 46.58
50 48.62 0.768 43.75
Polyester (PET) 30 67.43 0.086 67.92
40 65.39 0.083 66.00
50 64.86 0.100 64.86

2 Corrections were made to obtain the respective V. at & = 0.1%/min.
b Tensile loads at yield points, treated as rupture strengths, of HDPE geogrid.
¢ Lightly non-isotach viscous property. Vp.x corrected based on results from continuous ML tests at

different strain rates.
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2003; Kongkitkul et al. 2004). The line shown in Figure
13 was obtained to best-fit all the data points, and its
slope indicates the average /3 value for all the geosynthetic
reinforcement types. The 8 value for each geosynthetic
reinforcement type was determined from the slope of a
line best-fitted to the respective data set shown in Figure
13. The values of 3 for HDPE and PET geogrids,
determined as above, are reported by Kongkitkul et al.
(2007b), and the value for PP geogrid is reported by
Shinoda et al. (2002). These /3 values are listed in Table 4.
As reported by Kongkitkul e al. (2007b), the S values of
polymer geogrids manufactured from the same type of
polymer are nearly the same.

In addition, it is known that the rate-dependent V—¢
behaviour of most polymer geosynthetic reinforcements is
of the isotach type (Hirakawa et al. 2003; Tatsuoka et al.
2004; Kongkitkul et al. 2004, 2007a). Only PET geogrid
exhibits slight non-isotach behaviour (Figure 2a). With the
isotach viscous property type, the current viscous tensile
load 7V is a unique function of the current irreversible
strain e and its rate, ¢". As the current inviscid tensile
load V' is a unique function of the current irreversible
strain, €, and is independent of its rate, &' the change in
the tensile load (V= V' + V) caused by a change in the
strain rate is equal to a change in VV. Consequently, the
change in the tensile load caused by a change in the strain
rate is persistent as long as & is kept the same during
subsequent loading after a step change in the strain rate.
Table 3 lists the strain rates at rupture in the various tests
shown in Figures 11a—11c. For the PP and HDPE geogrids
(which exhibit isotach viscosity), as listed in Table 3, the
original V.« values were corrected to those at a strain rate
of 0.1%/min by using the respective S values (listed in
Table 4) and the ratio of the strain rate measured at
rupture to 0.1%/min. Note that the 3 values listed in Table
4, which are taken from previous research, were used in
the above-mentioned correction. The [ values of these
polymer reinforcements were not obtained in the present
study, because it is not possible to change the strain rates
in stepwise fashion under well-controlled conditions in the
present study using a load-controlled tensile loading
apparatus. With the same polymer geosynthetic reinforce-
ment types, the batches used in this study are different
from those used in the previous studies. However, Kong-
kitkul et al. (2007b) showed that the 3 values of different
batches of the same type of polymer geosynthetic rein-
forcement are very similar. Only with PET geogrid is the
viscous property type not of isotach type: that is, only
80% of the AV that develops upon a strain rate change is
maintained during subsequent continuous ML at a con-
stant strain rate. This trend implies the use of § = 0.1142
(80% of the original value, 0.1428) when correcting the

Kongkitkul, Tabsombut, Jaturapitakkul and Tatsuoka

original V.« values for strain-rate effects assuming iso-
tach viscous properties, as for the PP and HDPE geogrids.

3.2. Temperature effect parameter

The temperature effect on the tensile rupture strength at
the same strain rate (= 0.1%/min) can be represented by
the relationship between the temperature effect parameter
A", defined as the ratio of Vpy (i.e. the strength at a given
temperature, 7) to Vpaxo (i.. the value at the reference
temperature, 7y = 30°C) and the temperature 7, where
Vmax and Vipaxo are the values at a strain rate equal to
0.1%/min. Figures 14a—14c show these relations for PP,
HDPE and PET geogrids, respectively. The parameter A"
decreases with an increase in the temperature 7. In these
figures, the Vyax/Vmaxo ratios obtained from the original
Vimax values measured at different strain rates are also
shown, for reference. It may be seen that the data are
fitted very well by the equation

Vinax T—Tp\"
Af:—“zl—a< 0), T=T, (1a)

where a and b are constants, the values of which are
shown for the various types of geogrid in Figures 14a—
l4c. Equation 1b expresses an axisymmetric relation of
Equation la that is assumed to be relevant only when
T<Ty (=30°C). This equation is used below to extra-
polate the values measured at 7T higher than 7j to those for
T lower than Tp.

To—T
0

V,
Af _ max -1 + a(
VmaxO

b
) , T<T, (1b)

Tensile loading tests are usually performed at 20°C in
many countries (EN ISO 10319; ASTM D4595), which is
herein called the standard temperature, denoted as 7. In
this study, however, the basic temperature used (called the
reference temperature, denoted as 7p) is equal to 30°C.
This is because a cooling system is necessary to achieve a
constant temperature of 20°C in Bangkok (where this
study was performed). Equation 1b was used to extrapo-
late the Af values measured at 7= T, to the values at
T = 20°C and 25°C for the PP and HDPE geogrids and the
value at T'= 20°C for the PET geogrid. These extrapolated
A" values are larger than unity, as listed in Table 5.
Although Equation 1b has not been validated, as the extent
of these extrapolations is small, it is deemed that the use
of Equation 1b results in only a very small error, if any.
The rupture strength at T = 20°C, Vixo, was back-
calculated as the rupture strength at 7 = 30°C times the
Af value at T = 20°C. Then the relationships between the
temperature effect parameter A"’ (defined as the ratio of

Table 4. Rate-sensitivity coefficients of the geogrids used in this study

Geogrid type

B Reference

Polypropylene (PP)
High-density polyethylene (HDPE)
Polyester (PET)

0.2326
0.1132
0.1428

Shinoda et al. (2002)
Kongkitkul et al. (2007b)
Kongkitkul et al. (2007b)
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Figure 14. Temperature effect parameter A’ as a function of
temperature 7, defined for the reference temperature

Ty = 30°C for: (a) PP geogrid; (b) HDPE geogrid; (c) PET
geogrid

Vmax, the rupture strength at a given temperature, to ¥ .o,
the value at 7)) = 20°C), and the temperature T for the PP,
HDPE and PET geogrids were obtained (Figures 15a—
15¢). The parameter A" decreases with an increase in the
temperature 7. Then, Equation 2 was fitted to the data, as
with Equation la.

;
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Figure 15. Temperature effect parameter A'" as a function of
temperature 7, defined for the standard temperature

Ty =20°C for: (a) PP geogrid; (b) HDPE geogrid; (c¢) PET
geogrid

where a’ and b’ are constants, the values of which are
shown for the various types of geogrid in Figures 15a—c.

3.3. Tensile load—strain relations during cyclic
loading

Figures 16a—16c show the V—e relations from tests
performed following loading history b at different constant
temperatures. Ten unload—reload cycles of tensile load
with a small load amplitude (2 kN/m) were applied at the
tensile loads (¥) listed in Table 6. Following the technique
that has been widely used to determine the elastic proper-
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Table 5. Temperature effect parameters 4" and A" defined, respectively, for reference temperature T, =30°C and standard

temperature 7Tj =20°C

Geogrid type T (°C) Original Viax Corrected Vpyax
Af Vinax (KN/m) ATe A Vinax (KN/m) At
Polypropylene (PP) 20 1.0412 103.15* 1.000 1.053* 104.54* 1.000
25 1.021* 101.27* 0.982 1.030? 102.28* 0.978
30 1.000 99.14 0.961 1.000 99.30 0.950
35 0.982 97.31 0.943 0.971 96.39 0.922
40 0.959 95.11 0.922 0.945 93.85 0.898
45 0.943 93.48 0.906 0.928 92.19 0.882
50 0.928 92.04 0.892 0.908 90.16 0.862
High-density polyethylene 20 1.132° 74.44* 1.000 1.132° 67.56* 1.000
(HDPE) 25 1.065% 70.04% 0.941 1.063% 63.45° 0.939
30 1.000 65.76 0.883 1.000 59.66 0.883
35 0.944 62.05 0.834 0.948 56.55 0.837
40 0.867 56.98 0.765 0.867 51.72 0.766
45 0.789 51.86 0.697 0.781 46.58 0.690
50 0.739 48.62 0.653 0.733 43.75 0.648
Polyester (PET) 20 1.028* 69.31° 1.000 1.028* 69.85% 1.000
30 1.000 67.43 0.973 1.000 67.92 0.972
40 0.970 65.39 0.943 0.972 66.00 0.945
50 0.962 64.86 0.936 0.955 64.86 0.929

@ Extrapolated by Equation 1b.
b Expressed by Equation 2 for standard temperature 7§ = 20°C

ties of geomaterials reliably by triaxial tests (e.g. Shibuya
et al. 1992; Tatsuoka et al. 1994; Hoque and Tatsuoka
1998), sets of 10 small unload—reload cycles were applied
after sustained loading (SL) had been applied for 3 h. It
was expected that the tensile load—strain behaviour during
cyclic loading (CL) would become essentially elastic by
this method.

3.4. Determination of elastic stiffness

Figure 17 shows data obtained at the lowest load level at
the respective temperatures of PP geogrid, which is typical
of those obtained by the present study. In these cases, the
behaviour during small unload—reload cycles is highly
linear-elastic, as noted by the facts that: (1) the load—
strain loops generated during the respective unload—reload
cycles are very small, exhibiting negligible energy dissipa-
tion; and (2) the residual strain developed by the respec-
tive unload—reload cycles was very small. As shown in
Figures 18a—18e, the unloading V—e branches exhibit
highly linear-elastic behaviour for a large range of tensile
load increments relative to the whole load amplitude
(2 kN/m). Thus it is relevant to evaluate the equivalent
elastic stiffness koq from a linear relation fitted to the
respective portions of the unloading V'—e branches pre-
sented in Figure 18. Although the data are scattered to
some extent, as can be seen from Figure 19, the kq values
can be defined with a degree of confidence. The value of
keq 1s fairly constant during 10 unload—reload cycles for
the respective CL stages. This fact indicates that the
deformation during these unloading V—e branches is
essentially elastic.

However, the range of tensile load increments over
which the unloading V—e branches exhibit highly linear-
elastic behaviour decreases significantly as the load level

increases, and as the temperature increases. This is
because the residual strains that develop during unload—
reload cycles at high load levels, particularly at high
temperatures, are not negligible, as can be seen from
Figures 16a—16c. This trend can be clearly seen by
comparing Figure 20a with Figure 20b. In these cases it is
therefore necessary to find a portion of the whole load—
strain behaviour that exhibits essentially elastic behaviour
(i.e. rate-independent and reversible) during the respective
unload—reload cycles.

Figures 21a—21d shows data typical of cases in which
the V—¢& behaviour is highly linear and reversible only for
a small range of tensile load increment near the bottom
end of the V—¢& loop. In these figures, the unloading V'—¢
branches are presented for a small range near the bottom
end of the full ranges by CLs with a load amplitude of
2 kN/m at the highest load levels of the respective tests at
different temperatures performed on PP geogrid. Figure
21e shows a similar result at the second highest load level
at 7= 50°C. The behaviour shown in these figures can be
deemed essentially reversible (and therefore elastic), as
can be seen from Figure 20b. The load amplitude for these
selected bottom ranges, presented in Figure 21, is much
smaller than those at a lower load level and at a lower
temperature (Figure 18). The above-mentioned trends of
behaviour were also observed during CLs on the HDPE
and PET geogrids. A linear relation was fitted to the
bottom range of the respective unloading V'—e& branches
presented in Figure 21 to obtain k.q. As seen from Figure
21, in this case also the value of ke is fairly constant
during 10 unload—reload cycles at the respective CL
stages.

The keq values at the load levels listed in Table 6 and
temperatures listed in Table 2 of the PP geogrid (other
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Figure 16. Tensile load—strain relations from ML with small-
amplitude unload-reload cycles at various tensile load levels
under different constant temperatures: (a) PP geogrid;

(b) HDPE geogrid; (c) PET geogrid

than those presented in Figures 18 and 21), and those of
the HDPE and PET geogrids, were determined in the same
way, as shown in Figures 18 and 21.

3.5. Effects of temperature on elastic stiffness

Among 10 measured values of k4 at the respective CL
stages for different combinations of load level and tem-

Table 6. Tensile loads at which small-amplitude cyclic
loading was performed on the three types of geogrid

Geogrid type Tensile load, V" (kN/m)

Polypropylene (PP) 16, 32, 48, 64
High-density polyethylene 9, 18, 27, 36
(HDPE)

Polyester (PET) 8, 16, 24, 32
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Figure 17. Enlarged V—¢ relation of PP geogrid at lowest
load level at different temperatures presented in Figure 16a

perature (as shown in Figures 18 and 21), the lowest two
and the highest two values were excluded, and the average
keq was determined from the six remaining values. Figures
22a—22c show the relationships between the average keq
value and the load level (V/V,) in a full-log plot for the
PP, HDPE and PET geogrids, respectively, where Vp,x is
the rupture strength corrected to &= 0.1%/min. The
following trends of behaviour may be seen.

1. At the respective constant temperatures, the k.q value
increases significantly with an increase in the load
level. Moreover, the slope of the linear relation is
insensitive to temperature for all the tested geogrid
types. These trends indicate that the tested geogrids
have specific hypo-elastic properties. With respect to
the hypo-elastic properties, the trend that the elastic
stiffness of geomaterial increases with an increase in
the major principal stress for which the elastic
modulus is defined has been observed in triaxial
tests of many types of unbound geomaterial (e.g.
Shibuya et al. 1992; Tatsuoka et al. 1994; Hoque
and Tatsuoka 1998). On the other hand, it is not well
understood why the k. value increases with an
increase in the tensile load for polymer geosynthetic
reinforcements. One possible reason is that slack in
the constituting fibres decreases with an increase in
the tensile load.

2. At the respective constant load levels, k., decreases

significantly with an increase in the temperature.
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Figure 18. Determination of equivalent elastic stiffness k., of PP geogrid from unloading branches of small-amplitude unload—-
reload cycles presented in Figure 17: T = (a) 30°C; (b) 35°C; (c) 40°C; (d) 45°C; (e) 50°C.

Based on the above, the data set of respective geogrid
types was fitted by the linear relation

v m
ke = ke (T) ( >
T Vi

- 3)
where keq is the elastic stiffness when the temperature is
equal to T"and the load level is equal to V/Vpax; keqo(T) is
the value of k.q when V' = V., which decreases with an
increase in 7, and m is a constant, which is independent of

temperature. The values of keqo(7) and m are different for
the different geogrid types. A larger value of m means a
larger dependence of keq on V/V.x. The values of keqo
values at different temperatures and the value of m
averaged for different temperatures for the various geogrid
types are presented in Figures 22a—22c.

The rupture strength corrected to &€ = 0.1%/min, V., at
a given temperature can be obtained from the temperature
effect parameter 4™ (Equation 2), which is a function of
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Figure 20. Enlarged V—¢ relation of PP geogrid at
temperature of 50°C presented in Figure 16a: (a) V/Vyax =
0.177; (b) V/Vyax = 0.532

7, and the rupture strength V.o at the standard tempera-
ture 7 (= 20°C). Therefore it is convenient to express
keqo(T) as a function of A", kego(4™"). Figures 23a—23c¢
show the relationships between keqo(4™') and A" for the
PP, HDPE and PET geogrids, respectively. Considering
that the elastic stiffness should approach zero when the

rupture strength approaches zero when the temperature
reaches some very high value, the following non-linear
equation was assumed, and was fitted to the data for the
various geogrid types, as shown in Figures 23a—23c.

keqo(A™) = p(4™)? (4)

where p and ¢ are constants. The values of these
parameters for the various geogrid types are presented in
Figures 23a—23c.

In summary, the elastic stiffness k.4 increases with an
increase in the load level and decreases with an increase
in the temperature (as does the rupture strength). As
shown in Figure 24, the value of k.4 at a given temperature
T and given load V for a given geogrid type can be
obtained by substituting Equations 2, 3 and 4: (1) 7; (2) V;
and (3) the rupture strength at the standard temperature of
20°C when & = 0.1%/min (¥ .x0). The constants of these
equations should be determined specifically for the geo-
grid type being dealt with. If only the rupture strength at a
strain rate other than 0.1%/min is available, this value can
be corrected to ¢ = 0.1%/min by the method described in
Section 3.1. The method described in Figure 24 can be
easily implemented in the non-linear three-component
model (Figure 4). Realistic simulations of the tensile
load—strain—temperature behaviour of a given geogrid
then become possible, based on this model, and will be
reported in the near future by the authors.

4. CONCLUSIONS

The following conclusions can be derived from the
experimental results for polypropylene (PP), high-density
polyethylene (HDPE) and polyester (PET) geogrids and
the analyses presented above.

1. A newly developed automated tensile
apparatus can control accurately both
histories and temperature histories.

2. The rupture tensile strength of the tested geogrids
decreases with an increase in the temperature, 7,
from 30°C to 50°C, as tested in this study. This trend
was expressed by an empirical function of 7, called
the temperature effect parameter.

3.  The elastic stiffness of the tested geogrids increases
with an increase in the tensile load and decreases
with an increase in the temperature.

4.  Empirical equations to obtain the elastic stiffness at
a given temperature and a given tensile load of the
three tested geogrid types were developed by
incorporating conclusions 2 and 3.

loading
loading

The trends of temperature- and tensile-load-dependent
elastic stiffness summarised in conclusions 2 and 3 are
similar for the three different types of geogrid tested, as
expressed by the empirical equations of same form pre-
sented in this study. Further study will be necessary to
examine whether the results from the present study can be
applied to other types of polymer geosynthetic reinforce-
ment under general temperature and tensile load conditions.
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Figure 21. Determination of equivalent elastic stiffness k. of PP geogrid from unloading branches of small-amplitude unload—
reload cycles presented in Figure 16 a at temperature 7 and load level V/V,,, of: (a) 30°C and 0.644; (b) 35°C and 0.664;
(c) 40°C and 0.682; (d) 45°C and 0.694; (e) 50°C and 0.532
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Figure 22. Relationships between equivalent elastic stiffness
keq and load level V/Vy,y at different temperatures obtained
for: (a) PP geogrid; (b) HDPE geogrid; (c) PET geogrid

Figure 23. Relationship between k.4 (Equation 3) and
temperature effect parameter A" (Equation 2; defined for
the standard temperature of 20°C) for respective
temperatures obtained from: (a) PP geogrid; (b) HDPE
geogrid; (c) PET geogrid
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ABBREVIATIONS
CL cyclic loading
E/P electropneumatic
HDPE high-density polyethylene
LRFD load and resistance factor design
MD machine direction
ML monotonic loading
PE polyethylene
PET polyester

PP polypropylene

RF  reduction factor
RFcr  creep reduction factor
RFp degradation reduction factor
RF|p installation damage reduction factor

SL  sustained loading
TD transverse direction
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