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ABSTRACT

Geosynthetics have been successfully used for filtration, separation, drainage, moisture
barriers and reinforcement in flexible pavements. Using them to reinforce the base layer of
flexible pavements may provide savings either by reducing the thickness of the base or extending
the life of the road. To quantify their potential benefit, it is essential to evaluate their intrinsic
material properties under conditions pertinent to pavements. Standard tension tests, such as
ASTM D 4595 and D 6637, apply monotonic loads to the materials to determine elastic moduli
in their two principal directions. However, the types of loading conditions prescribed by these
tests do not reflect conditions experienced by geosynthetics used as reinforcement in flexible
pavements. Even though multiple research studies have been carried out to determine the effects
of load rate, type of load, temperature, sample size and configuration, and normal confinement
on geosynthetic material properties, results to-date are either limited, not applicable, or
conflicting according to literature reviewed as part of this study. Therefore, the purpose of this
research was to develop test protocols that better describe the intrinsic material properties of
geosynthetics pertinent to reinforced pavement design applications. Accordingly, cyclic loads
and, to some extent, various strain rates and samples sizes were used to study their effect on
these parameters.

Three geotextiles and four geogrids were tested to compare their unconfined load/strain
properties under monotonic and cyclic loads. Monotonic test protocols were used to study the
effects of strain rate and specimen size on material properties. Wide-width monotonic tests were
compared to wide-width cyclic tests. All testing was conducted using a servo-hydraulic loading
system equipped with Curtis GeoGrips.

Results from cyclic tests conducted on the geotextiles generally showed that the stiffness
remained constant for all 1000 load cycles at a particular load level but that the stiffness
increased significantly from one step to the next. Geogrids exhibited an opposite effect, in that
the stiffness increased with increasing number of load cycles within a given load step, but did not
change from step to step. Monotonic test results showed that the initial stiffness decreased as
axial strain increased for geogrids, but remained constant for geotextiles.

In most cases, the geosynthetics tested in this research showed noticeable changes in
stiffness when strained at rates varying between 0.03% and 20% per minute. As expected, in
nearly all cases the material behaved more stiffly as the strain rate increased. Tests conducted
using varying samples sizes revealed that both length and width have a significant effect on the
stiffness for the Amoco 2006 and Tensar BX1100 materials, tested in the machine direction.
Additional work is necessary to fully establish the influence of load type, strain rate, temperature
and confinement on the measured elastic modulus for conditions pertinent in pavements.
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Introduction

1 INTRODUCTION

Geosynthetics have been successfully used for filtration, separation, drainage, moisture
barriers and reinforcement in flexible pavements. Using them to reinforce the base layer of
flexible pavements may provide savings either by reducing the thickness of the base or extending
the life of the road. To quantify their potential benefit, it is essential to evaluate their intrinsic
material properties under conditions pertinent to pavements. Standard tension tests, such as
ASTM D 4595 and D 6637 (used for conducting tension tests on geotextiles and geogrids,
respectively — ASTM, 2003) apply monotonic loads to the materials to determine elastic moduli
in their two principal directions. However, the types of loading conditions prescribed by these
tests do not reflect conditions experienced by geosynthetics used to reinforce flexible pavements.
Even though multiple research studies have been carried out to determine the effects of load rate,
type of load, temperature, sample size and configuration, and normal confinement on
geosynthetic material properties, results to-date are either limited, not applicable, or conflicting.
Therefore, the first objective of this project was to investigate test protocols that better describe
the intrinsic material properties of geosynthetics pertinent to reinforced pavement design
applications. To accomplish this, an extensive literature of past research was reviewed and
summarized to evaluate the effect of temperature, strain rate, confinement, and load type (i.e.,
monotonic or cyclic) on geosynthetic material properties.

A new mechanistic-empirical design guide for flexible pavements is currently under
development and review by American Association of State Highway and Transportation
Officials (AASHTO) through the National Cooperative Highway Research Program (NCHRP)
Project 1-37A (NCHRP, 2003). This new method, however, does not address geosynthetic
reinforcement of the base layer. Perkins et al. (2004) has developed a design method for
geosynthetic-reinforced pavements that is compatible with the methods developed in NCHRP
Project 1-37A (NCHRP, 2003). A finite element model (FEM), developed by Perkins et al.
(2004), uses structural membrane elements for the reinforcement. Mechanistic material models
are an essential component; therefore, material models that describe the geosynthetic
reinforcement layer needed to be developed. Therefore, the second objective of this research
was to conduct laboratory tests that appropriately describe the constitutive material properties of
geosynthetics to reinforce pavement structures, as input parameters into a FEM. Available time
and resources permitted only load type and, to some extent, various strain rates to be conducted
and studied with regard to their effect on geosynthetic material parameters. A side study of the
effect of sample size was also conducted.
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1.1 Background

It is well known that geosynthetic reinforcement materials exhibit direction dependent
properties. Most notably, the elastic modulus differs between the machine and cross-machine
direction of the material. An orthotropic material model best describes the direction dependent
properties of reinforcement materials but cannot be used directly in a 2-D axisymmetric finite
element model. An orthotropic linear elastic material model contains nine independent elastic
constants, four of which describe the behavior within the plane of the material (Exm, Em, Vxm-m,
Gym-m) and are pertinent to a reinforcement sheet modeled by membrane elements. These
parameters are defined as follows:

e E,, is the elastic modulus in the cross-machine direction
e E,, is the elastic modulus in the machine direction
®  Vym-m is the Poisson’s ratio in the cross-machine/machine plane

e  Gym-m 1s the shear modulus in the cross-machine/machine plane

The elastic moduli in the two principal directions are generally determined from tension
tests, the in-plane Poisson’s ratio can be determined from biaxial tension tests, and there is no
current test to directly determine the in-plane shear modulus. Kinney and Xiaolin (1995)
developed a test to determine a parameter called the aperture stability modulus, which can be
related to the in-plane shear modulus of the material.

The response model used by Perkins et al. (2004) was a two-dimensional axisymmetric
finite element model based on models contained in NCHRP Project 1-37A (NCHRP, 2003).
Axisymmetric response models require that the reinforcement be described by an isotropic
material model, which is incapable of distinguishing direction dependent material properties (i.e.,
machine versus cross-machine direction). Since the material models for the remaining pavement
layers are elastic, a model of similar complexity was chosen for the reinforcement. Even though
many reinforcement materials exhibit non-linear behavior, this behavior is ignored for the sake
of simplicity when attempting to select properties pertinent to the stress or strain range
anticipated for the material. Hence, an isotropic linear elastic model is used for the
reinforcement within the finite element response model, where required input parameters consist
of an elastic modulus, E, and a Poisson’s ratio, v. Equivalent isotropic elastic constants are
calculated from orthotropic constants using a relationship derived from a work-energy approach
described by Perkins et al. (2004). The work described in this report focuses on determining the
elastic modulus in both principal strength directions, that is, Ep, and Exm, the elastic moduli in the
machine and cross-machine directions, respectively.
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1.2 Organization of This Report

Chapter 2 provides the results of an extensive literature review of various factors affecting
geosynthetics testing. Load type, specimen size and aspect ratio, strain rate, and temperature are
all considered. In addition, various strain measuring devices are discussed.

Chapter 3 describes the laboratory equipment used to test the various geosynthetics.
Specifically, the loading system, gripping mechanism, and instrumentation are described. The
seven geosynthetics used in this research are described in this section, as well as how individual
samples were prepared for testing.

Chapter 4 details the two main test protocols used to test the geosynthetics. Monotonic
tests were conducted to determine effects due to strain rate and specimen size. Cyclic tests were
compared to standard monotonic tests.

Chapter 5 summarizes the analysis of the test results. Comparisons are made between
cyclic and tangent modulus, and the effects of strain rate and specimen size on secant modulus
are summarized.

Finally, Chapter 6 summarizes and concludes all the work conducted as part of this
research project, as well as provides suggestions for future research.
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2 LITERATURE REVIEW

Traditionally, wide-width tension testing is used to determine material properties of
geosynthetics. These tests use monotonic loads and are applied at relatively slow rates (10%
axial strain per minute), representing situations where movements are slow and steady.
However, when geosynthetics are used as reinforcement in the base layer of pavements, they
experience cyclic loading from traffic. Other conditions pertinent to the reinforced pavement
application that may not be accounted for in traditional wide-width tests include: variations in
load type (cyclic or monotonic), specimen size and aspect ratio, strain rate, temperature, and
normal stress confinement. In addition, various methods employed to measure strain during
testing were also summarized. An extensive literature review examined test conditions that
influence geosynthetic material properties. Following is a summary of all relevant literature
collected as part of this work.

2.1 Cyclic and Monotonic Loads

Ashmawy and Bourdeau (1996) conducted simple tension tests to investigate the stress-
strain behavior of two geotextiles under monotonic and cyclic loading conditions. A woven
polyester and non-woven polypropylene were the two geotextile materials used in their testing
program. During monotonic loading, the specimen was loaded at a constant rate of strain of 12
percent per minute until failure.

Cyclic testing was conducted by loading the specimens between zero and a maximum load
ranging from 40 to 90 percent of its maximum breaking strength from the monotonic tests. For
cycles with lower load levels, faster rates were used to shorten the test duration. A 2 Hz loading
frequency was used to when the maximum load value was 40 percent monotonic strength and the
remaining loading cycles were applied at a frequency of 1 Hz. Corresponding load and
displacement data were collected from the testing machine’s internal LVDT and a load cell.

Result showed that the strain at failure for the cyclically loaded specimens was lower than
the monotonic test specimens. Cyclic tests using the non-woven geotextile (tested at a maximum
load level of 40% monotonic load) were stopped at 1.2 million cycles to save time. From this,
they predicted that the material would have failed at approximately 10 million cycles. These
same samples were then subjected to monotonic loads. When the results were compared with the
original monotonic test results, overall strength remained the same, but the strain at failure was
significantly reduced. The strain at failure obtained only by the monotonic tests was 72 %,
whereas the monotonic tests conducted after the cyclic testing was 53 %. For woven geotextiles,
the magnitude of cyclic strain was comparable to the monotonic strain at corresponding load
levels.
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Raumann (1979) recommended studying differences between cyclic and monotonic test
results, since the many field applications undergo dynamic rather than static loads. As such,
Raumann (1979) conducted monotonic and cyclic tests on two types of woven geotextiles. For
the cyclic tests, the geotextile was subjected to 500 cycles. The cyclic modulus was calculated at
the 1%, 10", 100™ and 500" cycle. The initial modulus was calculated from the monotonic tests
and compared with the cyclic modulus. It was concluded that for polyester fabric the cyclic
modulus is much higher than the initial monotonic modulus. However, for the polypropylene
material the cyclic modulus and initial monotonic modulus were the same. The ultimate failure
strain was similar for both loading conditions, other than the polypropylene geotextile, where the
ultimate failure strain during cyclic loading was considerably greater than the monotonic test
results.

The effects of cyclic, monotonic and creep loading on a polymer geogrid was studied by
Kongkitkul et al. (2002). They performed the monotonic testing at various strains rates from
0.01, 0.1, 1.0, 5.0, 10.0 and 20.0% per minute. Their cyclic testing program used seating strain
rates of 1 and 5% per minute and load amplitudes of 10 and 20 kN/m. During the cyclic testing,
the geogrid was initially exerted to a monotonic loading at a constant strain rate of 1% per
minute until it reached 2.5% axial strain. Repeated cyclic loads were applied at load amplitude
of 10kN/m for 100 cycles. At the end of 100" cycle, the geogrid was again exposed to the
second level of seating strain and the cyclic load was also repeated at the same load amplitude.
The geogrid was also tested at a higher load amplitude (20 kN/m) using the same initial strain
levels. Similarly, the geogrid was also tested at a strain rate of 5% per minute and also at two
different load amplitudes. Results from these two strain rates are shown in Figures 1 and 2.
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Figure 1: Load/Strain Relationships for Cyclic Loading Tests Conducted at a Strain Rate of 1
Percent per Minute (from Kongkitkul et al., 2002)
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Figure 2: Load/Strain Relationships for Cyclic Loading Tests Conducted at a Strain Rate of 5
Percent per Minute (from Kongkitkul et al., 2002)

The authors concluded that the stiffness from the cyclic and monotonic test differed
significantly, but the stiffness during the 100 load cycles remained constant. Nevertheless, the
overall tensile strength was not significantly different. During the 100 load cycles, tensile
strength of the cyclic test deviated from the tensile strength from the pure monotonic test.
However, at the next step of initial strain, the cyclic test the tensile strength was again similar to
the monotonic test results. From this they also concluded that cyclic loading does not necessarily
degrade polymer geogrid materials.

Cyclic and monotonic behaviors of HDPE and PET geogrids were studied by Moraci and
Montanelli (1997). Monotonic testing was performed at a strain rate of 10 percent per minute.
Cyclic loading used repeated load amplitudes with a minimum load value of zero and a
maximum load value in percentage of the maximum tensile strength (Tmax) from monotonic
testing. The various maximum load percentages were 15, 25, 35, and 40% of the ultimate
monotonic tensile strength. The secant modulus at 2% and 5% strain from the monotonic and
cyclic tests were compared and, generally, the secant modulus obtained from the monotonic tests
was greater than the cyclic results at a particular strain level (Table 1). Testing was also
conducted at two different temperatures of 20° and 40° C. For HDPE geogrid at 20° C the secant
modulus at 2% strain reduced by 20% and at 5% strain it reduced by 27%. Similarly, for the
PET geogrid the secant modulus at 2% reduced by 38% and at 5% strain reduced by 19%.
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Table 1: Comparison of Results from Cyclic and Monotonic Tests
(after Moraci and Montanelli, 1997)

Secant Tensile Stiffness (kN/M)

Material Test Type @ 2% strain @ 5% strain
20°C 40°C 20°C 40°C

Monotoni 1 2 104 4

HDPE Geo Grid onotonic 507 928 040 69
Cyclic 1100 730 790 695

. Monotonic 803 - 465 -

PET Geo Grid

Cyclic 500 - 376 -

Moraci and Montanelli (1997) also investigated the behavior of cyclic tests conducted at
different frequencies and load ratios. They cyclic tests were performed up to 10,000 load cycles.
The entire cyclic testing program is shown in Table 2. Results showed, among other things, that
the tensile modulus of the unloading/reloading curve is related more to the applied loads and
secondarily of the frequency of the cycle. Generally, the cyclic tensile modulus increases with
increasing frequency and as the applied load decreases. During testing it was noticed that the
tensile modulus increases for the first 10 cycles or so, and remains constant for maximum loads
less than or equal to 40 percent, but decreases for maximum loads greater than 40 percent.
Finally, geogrid materials subjected to maximum load levels of 80% of the maximum tensile
strength (Tmax) fail at an early stage of their testing program.

Table 2: Cyclic Testing Program for HDPE and PET Geogrid Materials
(after Moraci and Montanelli, 1997)

Material Load Range (% of Maximum Load)

@ 1.00 Hz @ 0.50 Hz @ 0.25 Hz @ 0.1 Hz
HDPE 0to020% 0to020% 0to0 20 % 0to020%
HDPE 0to 40 % 0to 40 % 0to 40 % 0to 40 %
HDPE — 0to 60 % 0to 60 % 0to 60 %
HDPE --- --- 0to 80 % 0to 80 %
HDPE 20 to 40 % 20 to 40 % 20 to 40 % 20 to 40 %
HDPE 40 to 60 % 40 to 60 % 40 to 60 % 40 to 60 %

HDPE 30 to 50 % --- --- ---

HDPE 60 to 80 %
PET 0 to 20 % 0to 20 %
PET 0 to 40 % 0to 40 %
PET 0 to 60 %
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Similarly, Bathurst and Cai (1994) performed monotonic and cyclic tests on HDPE and PET
polymer geogrids. Monotonic testing was performed at a strain rate of 10% per minute. The
cyclic tests were conducted at five different loading frequencies of 0.1, 0.5, 1.0, 2.0, and 3.5 Hz
over a range of load amplitudes. The cyclic and monotonic load-strain responses were
significantly different for the two geogrids tested. In general, comparisons between PET and
HDPE showed that HDPE was more sensitive to the loading frequency and the loading
amplitude values (Figure 3).

80 S e [ e 80 P e e pE e L 7 3}
HDPE PET g
extrapolation / 5 .-" . 70 k- 0.1 Hz .0{
70 2 : 0 A
ot / .'. ______ 05 Hz i
; ¥ .l" """"" 1.0 HZ : L
o" ‘x‘ — e 20Hz ‘o. N
60 o y QO —m 385z :
i 43 X 1% strain/min .
- a* E + 10% strain/min - |
Z 50 . 1 Z2%0
= =
-~ ~
B B
S40 41 S40 4
2 =2
2 2
L =
= 30 | 4 230 .
0.1 Hz
------ 0.5Hz 5
7 s 1.0 Hz 1 =
10 X 1% suainlmin 10 ]
+ 10% strain/min
1 1 1 1 1 1 1 1 1 1 1 1

1 1 1
01&5:1567891'01112 00123456789101112
Strain € (%) Strain £ (%)
Figure 3: Load/Strain Curves for the Two Geogrids Tested at Different Load Frequencies and Two
Monotonic Strain Rates (from Bathurst and Cai, 1994)

The initial modulus values of cyclic testing were similar to those from the monotonic
testing. In general, the tangent modulus of the HDPE geogrid increased as frequency increase
while that of PET remained constant. The initial secant modulus for those geogrids was shown
in the Figure 4 below.
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Figure 4: Stiffness versus Frequency of Cyclic Loading for HDPE and PET Geogrid Specimens
(from Bathurst and Cai, 1994)

Ketchart and Wu (2001) also conducted monotonic (M) and cyclic (UR -
unloading/reloading) testing on two different geosynthetics: Amoco 2044 a polypropylene
woven geotextile and Typar 3301 a polypropylene non-woven geogrid. A strain rate of 10% per
minute was used for the monotonic tests. Initially, the UR tests were conducted in a stress-
controlled mode with various loading sequences at a constant loading rate of 1.75 kN/m per
minute, then during the unloading/reloading sequence the load is cycled between zero and 2
kN/m for the Typar 3301 material, and zero and 10 kN/m for Amoco 2044 material. Prior to
cyclic loading, the samples were preloaded by going through a single unloading/reloading cycle.
Near the end of the UR test, a monotonic load was applied ad a strain rate of 10% per minute
until the material failed. The details of this test protocol are illustrated in Figure 5.

The secant stiffness was calculated to examine the effects of preloading of the geosynthetics
used in this study. The secant stiffness was determined at the maximum cyclic tensile load
applied to the geosynthetic (2 kN/m for Typar 3301 and 10 kN/m for Amoco 2044). Using this,
the authors also calculated a stiffness ratio defined as the ratio between the preloading secant
stiffness and the UR secant stiffness. The stiffness ratio of both materials appeared to reduce
with increasing preloading load levels. This behavior indicates that preloading can have a
significant effect on the geosynthetics during the UR tests. They have also concluded that in UR
tests preloading have reduced the ultimate strength of the geosynthetics by up to 5%.
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Figure 5: Test Protocol for a) Typar 3301 and (b) Amoco 2044 (from Ketchart and Wu, 2001)

Various authors have conducted tests under both monotonic and cyclic loading conditions.
Overall it is acknowledged that geosynthetics material properties are generally affected by the
type of loading conditions. To determine the appropriate material properties, one must set up a
testing regime to emulate loading conditions in the field. Cyclic loading conditions are
appropriate for geosynthetics used in pavements since they experience repeated dynamic loads in
the field, while monotonic loads generally appropriate for static structures. Overall, the authors
reviewed as part of this study agreed that the ultimate strength of the geosynthetics is not
significantly affected by the type of loading. However, strain at failure, secant modulus and
strain behaviors are significantly affected by loading conditions.
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2.2 Specimen Size and Aspect Ratio

The size and aspect ratio of standard laboratory test specimens used to determine
geosynthetics materials properties may not always represent field conditions. The ASTM
specification D 4595 for testing geotextiles (wide-width test for geotextiles) specifies using a
specimen size of 200 mm wide by 100 mm long (8 in. wide by 4 in. long). For geogrids, the
ASTM specification D6637 (wide-width test for geogrids) specifies using a sample size of 200
mm wide by 300 mm long (8 in. wide by 11.8 in. long). Therefore, it is necessary to verify
whether specimen size and aspect ratio of the sample used during the laboratory tests has an
impact on its intrinsic material properties. Several research studies were consulted and
summarized to determine the effects of specimen size and aspect ratio on geosynthetic material
properties such as ultimate strength, tangent and secant modulus and elongation at failure.

Shrestha and Bell (1982) conducted a research study to investigate whether the standard
wide-width tensile test is appropriate for the routine laboratory measurement of tensile stress
strain properties. A total of 383 tests were conducted on six different geotextiles. They
concluded that the ultimate strength is not significantly affected by the specimen size but that
strain levels at failure and the elastic modulus are significantly affected.

Wide-width tensile tests were conducted by Boyle et al. (1996) on two non-woven
geotextiles to investigate the effect of gauge lengths on the material properties. For this purpose,
six or less wide-width tests were conducted on 200 mm wide specimen using various gauge
lengths of 25, 50, 56, 75, 100 and 115 mm. All these tests were conducted at constant strain rate
of 10 percent per minute. Their research concluded that gauge length did not significantly
increase its apparent strength. However, secant modulus at 5% strain had significantly increased
as the gauge length decreased. As shown in Figure 6, the secant modulus decreased by 130%
and 65% for the two non-woven materials as the lengths increased from 25 mm to 115 mm.

Gallagher (1995) also demonstrated similar work to that of Boyle et al. (1996). He
concluded that the secant modulus at 5% and 10% strain is significantly affected by the gauge

length for non-woven geotextiles. Similarly, the modulus decreased as gauge length increased
(Figures 7 and 8).
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Figure 6: Secant Modulus versus Gauge Length from In-Isolation and In-Soil Tests for Non-Woven
Geotextiles (from Boyle et al., 1996)

Modulus (kN/m)
Modulus (kN/m)

0 L ! : ! . 0 . : ; - :
0 20 40 60 80 100 120 o] 20 40 60 80 100 120
Gauge Length (mm) Gauge Length (mm)
(a) (b)

Figure 7: Secant Modulus versus Gauge Length at a) 5% Strain and b) 10% Strain for Non-Woven
Geotextile #1 (from Gallagher, 1995)
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Figure 8: Secant Modulus versus Gauge Length at a) 5% Strain and b) 10% Strain for Non-Woven
Geotextile #2 (from Gallagher, 1995)

Wang et al. (1990) considered four different non-woven geotextile materials and concluded
that the stress-strain properties are highly affected by the specimen width. Overall, they
determined that strength increased with an increased specimen width. As the sample width
increases, necking of the sample is reduced, which affects the stress/strain properties. Contrary
to the conclusions of Shrestha and Bell (1982), Gallagher (1995) and Boyle (1996), Wang et al.
(1990) had concluded that the strength values of non-woven geotextiles increased with
decreasing the gauge length. Sample results are shown in Figure 9.
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Figure 9: Effect of Specimen Width and Length on the Geotextile Tensile Strength
(from Wang et al., 1990)

In a study conducted by Austin et al. (1993), single ribs of polypropylene geogrids were
tested at two different specimen lengths (three and four junctions). The results showed that the
tensile modulus increased as specimen length decreased but that the difference in modulus
between the two gage lengths remained constant (Figure 10).
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Figure 10: Gage Length Effects on Tensile Modulus (from Austin et al., 1993)

Haliburton et al. (1978) investigated the effect of specimen width on the stress-strain
properties of various woven geotextiles. For this purpose, monotonic tests were conducted on
305 mm long specimen using widths of 25, 77 and 152 mm. They concluded that the tensile
strength was not affected by changes in specimen width. Even so, the Poly-Filter X material
fails at approximately 80 Ib/in higher tensile stress when the width is increased from 1 inch to 6
inches. Similarly, the Permealiner M-1195 fails at approximately 50 lb/in under the same width
difference. The results from their testing are shown in Figure 11.

Western Transportation Institute Page 14



Literature Review

375 T . . T . 250 T T T T T
Z 300 1 = 200} ]
£ ~
. g
@ 2251 . o 150} B
w w
o o
t =
“ 150} 1 & 100+ )
i w
- i
7] POLY-FILTER X o PERMEALINER M-1195
& 75F 06INWIDTHH & 50r 0 6 IN. WIDTH -
b <& 3 IN. WIDTH - ¢ 3 IN. WIDTH
v 1 IN. WIDTH v 1 IN. WIDTH
1 1 1 1 1 1 1 1 1 1
00 10 20 30 40 50 60 00 10 20 30 40 50 60
STRAIN (%) STRAIN (%)

Figure 11: Effect of Specimen Widths on the Tensile Stress of Two Woven Geotextiles (from
Haliburton et al., 1978)

Overall, it can be concluded that the measured ultimate load is less sensitive to change in
specimen size and aspect ratio. However, the stiffness of non-woven geotextiles is more
sensitive to the specimen size and aspect ratio. Woven geotextiles are also not as sensitive to
changes in specimen size. The majority of the authors recommended using the standard
specimen size from wide-width tensile test for the routine laboratory measurement of tensile
stress strain properties, simply because they are easy to test and represents the bulk of field
conditions under which geosynthetics are used. However, from the literature review, little work
had been done to test very large sample sizes which better represent actual field conditions.
More research is needed to determine the appropriate sample size to use in laboratory testing
when values for the material’s stiffness are needed.

2.3 Strain Rate

In general, geosynthetic material properties, like most plastics, have been shown to be
sensitive to strain rate. As such, it is essential to test geosynthetics at a strain rate which
represents strain rates experienced in the field. The current ASTM standard for wide-width
tensile testing of geotextiles (ASTM D 4595) recommends that testing be conducted at a strain
rate of 10% per minute. Myles and Carswell (1986) commented that a strain rate of 10% is
generally higher than what most geosynthetics experience in static structures, but that it is low
enough to be accepted by most practitioners. So, even though the recommended strain rate is
convenient, it may not represent the true strain rate induced in geosynthetics in the field —
especially in dynamic situations. In particular, when fabrics are used as reinforcement, it is
prudent to fully understand the strain rate characteristics for the specific material (Rowe & Ho,
1986). Van Zanten (1986) encouraged engineers to specify the strain rate at which design
strength was obtained. Several researchers still believe that additional research needs to be
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conducted to find a suitable strain rate for laboratory testing (Wang et al., 1990; Gallagher, 1995;
Rowe & Ho, 1986). Several research studies were consulted and summarized to determine the
effects of strain rate on geosynthetic material properties such as ultimate strength, tangent and
secant modulus, and elongation at failure.

Results from Bell et al. (1980) showed that the ultimate tensile strengths of geotextiles are
not sensitive to strain rate, but that the tensile modulus is significantly affected. Shrestha and
Bell (1982) conducted a series of testing on five polypropylene materials and one polyester
material at stain rates varying from 1.25 to 12.5 percent per minute. The results showed that
changing the strain rate did not significantly affect ultimate strength and, as such, recommended
using 10 percent per minute for routine laboratory tensile testing (Figure 12).
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Figure 12: Effect of Strain Rates on the Ultimate Strength (after Shrestha & Bell, 1982)

Rowe and Ho (1986) conducted testing on seven different geosynthetics and found that the
tensile moduli of geotextiles are quite sensitive to strain rate. The tests were conducted at strain
rates ranging from 0.2 to 10 percent per minute. Figure 13 shows how maximum tensile strength
changes for different strain rates. They recommended using a strain rate of 2 percent per minute
to determine the design properties since the tensile modulus obtained from wide width tests

conducted at that strain rate represented the strain rates experienced by most geotextiles in the
field.
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Gallagher (1995) conducted wide-width tensile tests on three woven and two non-woven
polypropylene materials. These tests were performed at strain rates of 0.01, 0.1, 1 and 10
percent per minute. Results showed that as the strain rate decreased, the secant modulus at 2%
and 5% strain and ultimate strength at failure decreased, but that elongation at failure increased.
Similar tests were conducted on woven polyester materials and resulted in minimal differences in
modulus, strength and elongation with decreasing strain rates. It was concluded from this
research that polypropylene materials were more sensitive than polyester materials to changes in
strain rate (see Figure 14). Further analysis by Boyle et al. (1996) compared the secant modulus
at 5% for three woven polypropylene materials (PP1, PP2 and PP3) to a woven polyester (PET4)

and found that the polypropylene materials were more sensitive to changes in strain rate (Figure
15).

Western Transportation Institute Page 17



Literature Review

| —— 10%/min
| 180 =
Z N\ | — 1%/min \_ [
| i 160 + Pl
| — — =0.1%/min | ~
Jetr— 0.01%/min Lot |

120 |

— 10%/min
—_— 1%/min

— — =0.1%/min
— 0.01%/min|

Stress (kN/m)
Stress (kN/m)
3

0 5 10 15 20 2I5 30 0 5 10 15
Strain (%) Strain (%)
(a) (b)
Figure 14: Comparison of the Effect of Strain Rate on Woven PP and PET Geosynthetics (from
Gallagher, 1995)

] I I l.
I 1 1 1 N
@ . . .
£ 10 - - "1 Polyester X T
""3 A I PET2 JP |
c
g o8 F---9- - -1_. P_ W
;g ' ) |
PP3
0 - PP2— -
3 N |
Q 0-6 it s - = =
(@] |
Py - I e
§ | )
£0-4"‘|“‘T‘——|""T“‘“
> | | I i
€ i | ! ! Reinforcement
0_2————'—-—1*——'——|x PP1 e
) 1 1 O PP2
3 : ) ' v |a ees |
: ; : o PET2
00 Lmaand 4 aasuad 4ol o2 aud il

0.001 0.010 0.10 1.0 10.0 100.0

Strain rate (%/minute)
Figure 15: Normalized 5% Secant Modulus versus Strain Rate (from Boyle et al., 1996)

Western Transportation Institute Page 18



Literature Review

Van Zanten (1986) compared the tensile strength of four typical geosynthetic polymers
(Nylon — PA, High Density Polyethylene — HDPE, Polyester — PET, and Polypropylene — PP) as
strain rates increased. Strain rates from 0.2% per minute to 100% per minute were used. Results
showed that all of the polymers are sensitive to changes in strain rate, with HDPE being the most
sensitive and PET being the least (Figure 16).
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Figure 16: Variation of Tensile Strength with Strain Rate (from Van Zanten, 1986)

Bathurst and Cai (1994) conducted monotonic load-extension tests on HDPE and PET
geogrids using the ASTM wide-width testing procedures (ASTM D 4595) to investigate the
sensitivity of the HDPE and PET geogrid materials to changes in strain rate. Monotonic tests at
slow rates of 1% per minute and 10% per minute were conducted, and faster strain rates were
achieved using cyclic loads having ramp-up strain rates of 60% per minute and 300% per minute.
The results showed that HDPE is more sensitive to changes in strain rate than polyester (Figure
17). More specifically, as the strain rate increased the initial secant and tangent modulus of the
HDPE geogrid also increased. Differences in these properties for the PET materials were
minimal.

Western Transportation Institute Page 19



Literature Review

* estimated from initial cycle of 0.1 Hz single load amplitude cyclic test
*+ sgtimated from initial cycle of 1.0 Hz single load ampiitude cyclic test

90
HDPE failure
80 10% strairymin
HDPE
60% strain/min*
701 *,
HDPE /
g S00% strmin/min®s //
v/
O R L -
504 /
T oy
(kN/m) /
40 ;] PET
/I/ 1% strain/min
” Ec_y_::ﬂ 10% strain/min
) PET
: 125% strain/min®
t PET )
1 1050% strain/min**
|
1
f
f
...... ————————r
0 1 2 3 4 5 _6..7 8 9 10 11 12

strain £ (%)

Figure 17: Changes in Load/Strain Properties for Different Loading Rates in HDPE and PET
Geogrids (from Bathurst and Cai, 1994)

Haliburton et al. (1978) investigated the effect of strain rate on the stress-strain properties
and uniaxial tensile strength of fifteen polypropylene, seven polyester, and five other types of
geosynthetics. Strain rates of 0.5, 1.0 and 2.0 percent per minute were chosen because of their
compatibility with the slower strain rates normally used in soil testing. Results from these tests
did not show a significant correlation between strain rate and tensile modulus (Figure 18).
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Figure 18: Effect of Varying Strain Rate on Tensile Stress (from Haliburton et al., 1978)

Five geotextiles and three strain rates (10, 50 and 100 percent per minute) were considered
in a study conducted by Wang et al. (1990). Results showed that as strain rates increase, tensile

strength also increase (Figure 19).

240
L=10cm
200 5# B=20cm
— 3# -
E 18004 1#
=
= 24
2120 -
L
" 80 4 N
40 I I I

10 50 100

Speed (mm/min)
Figure 19: Effect of Strain Rate on the Tensile Strength (from Wang et al., 1990)

Raumann (1979) conducted tests on woven polypropylene and polyester materials at strain
rates of 1 to 5 percent per minute and 50 to 100 percent per minute. From this research it was
concluded that elongation at failure of polyester fabrics are not significantly affected by strain
rate, but that polypropylene materials are highly affected.
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Strain rate effects of HDPE and polypropylene geogrids were studied by McGown et al.
(1985). They conducted tests on geogrids at strain rates of 0.001, 0.01, 1.0, 10, and 100 percent
per minute. Their results were analogous to other authors (Raumann, 1979; Bathurst and Cai,
1994; Gallagher 1995) that is, both HDPE geogrids were found to be significantly affected by the
strain rates. A summary of their results is shown in Figure 20.
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Figure 20: Effect of Strain Rate Ultimate Load (from McGown et al., 1985)

In a study conducted by Austin et al. (1993), polypropylene geogrids were tested at strain
rates of 1.2, 12.5, 25, 50, and 125 mm per minute. Results did not show a clear trend, and
several explanations were given to explain why tensile modulus generally decreased as strain
rate increased (Figure 21). The first explanation was related to the non-uniform cross section of
single ribs of geogrids and the second explanation was related to the internal friction causing
viscous heating. Admittedly, these test results are somewhat difficult to understand since they do

not show a pattern.
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Figure 21: Strain effects on Tensile Modulus of Polypropylene Geogrids (from Austin et al., 1993)

It may be safely concluded that the geosynthetics are generally a strain rate dependent
material. Among various geosynthetic polymers, HDPE was found to be highly sensitive, PP
moderately sensitive and PET relatively insensitive to changes in strain rate. Therefore,
depending on the type of material being considered, strain rate should be considered as an
important factor when material properties are being determined. Accordingly, strain rates used
during testing should simulate the strain rates experienced by the geosynthetic in the field.

A summary of all authors included in this section of the literature review is provided in
Table 3. Sensitivity of various geosynthetics to changes in strain rate were assessed using
subjective rating system ranging from 1 to 3, where 1 signifies that the material was insensitive,
2 as moderately sensitive, and 3 as highly sensitive. Ratings were assigned based on qualitative
and quantitative information contained in each of the research papers considered.
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Table 3: Summary of the Strain Rate Effects on Various Geosynthetics by Author

9INMIsu| UO!l‘BlJOdSU'BJ_L uJalss\

Strain Rate : No. of Different Polymer Material Property of Effect on
Author/Researcher (%/minute) Material Type Geosynthetics Types* Interest Properties’
Haliburton, et al. ' 15 PP Tens%le Modulus 2
(1978) 0.5,1,2 Geotextile 7 PET Tensile Modulus 1
5 Other Tensile Modulus -
1to 5 and 50 to Geotextile 1 PET Elongation at failure 1
R 1979
aumann ( ) 100 Geotextile 1 PP Elongation at failure 2
Bell and Shrestha 19510 12.5 Geotextile 5 PP Tensile Modulus 2
(1982), Bell et al. ' ' Geotextile 1 PET Tensile Modulus 1
McGown et al. 0.001, 0.1, 1, 10, Geoerid 1 HDPE Tensile Strength 3
(1985) 100 & 2 PP Tensile Strength 2
HDPE Tensile Strength 3
Geosynthetic PET Tensile Strength 1
Van Zanten (1986 0.2 to 100 -—-
an Zanten ( ) © Polymers PP Tensile Strength 2
Nylon Tensile Strength 2
Myles and Carswell 1.10.50 Geotextile 6 PET Stress/Strain Behavior 1
(1986) T Geogrid 1 PE Stress/Strain Behavior 3
Rowe and Ho Geotextile 4 Tensile modulus
0.2to 10 PP & PET 2
(1986) © Geogrid 1 Tensile Modulus
Austin et al. (1993) 1.2,12.5, 25’.50’ Geogrid 1 PP Tensile Modulus 2
125 mm/min
Bathurst and Cai 1, 10, 60, 300 Geogrid 1 HDPE Tensile strength at 2% and 3
(1994) 1, 10, 125, 1050 Geogrid 1 PET 5% strain 1
Wang et al. (1994) 10, 50, 100 Geotextile 5 -—- Tensile Strength 2
Geotextile 5 PP Secant Modulus at 2% and 2
BG aliagherl(l?ggé, 0.01,0.1, 1, 10 5%, ultimate strength, and
oyle etal. ( ) Geotextile 1 PET elongation at failure 1

*HDPE — High Density Polyethylene
PP — Polypropylene
PET - Polyethylene

"1 =1low sensitivity

2 = moderate sensitivity
3 = high sensitivity
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2.4 Temperature

Geosynthetics material properties can also be affected by changes in temperature.
Depending on what material is being used, it may be necessary to study changes in material
properties due to temperature changes experienced in the field. The ASTM D4595 standard for
testing geosynthetics recommends testing geosynthetics at typical room temperature (21 £1° C).
This temperature, however, may not represent field conditions. Since geosynthetics may be used
in various climates, material parameters must be determined that relate to their specific
application. Several research studies were consulted and summarized to determine the effects of
temperature on geosynthetic material properties such as ultimate strength, tangent and secant
modulus, and elongation at failure and creep.

A research study conducted by Nothdurft and Janardhanam (1994) showed the importance
of knowing the glass-rubber transition temperature (Tg) of geotextile materials to better
understand changes in material properties due to temperature fluctuations. Their results showed
that, generally, when the service temperature of any plastic rises above its Ty, strength properties
may change significantly. Values of Ty for three commonly used geosynthetics polymers
(polyester, polypropylene and polyethylene) were investigated in their study: polyester, 75° C
(167° F); polypropylene, -100° C (-148° F); polyethylene, -100° C (-148° F). Polyester’s Ty is
greater than anticipated field temperatures so its material properties should not be greatly
affected by temperature changes. Conversely, since Ty for polypropylene and polyethylene is
lower than anticipated field temperatures, their material properties will most likely be affected by
temperatures fluctuations.

In a study conducted by Allen et al. (1983) to understand the effect of temperature has on
the load-strain and creep characteristics of polypropylene and polyester geotextiles. Three
polypropylene and two polyester geotextiles were tested at -12° C (10° F) and 22° C (70° F).
Results showed that temperature had very little effect on tensile strength of the geotextiles, but in
general polypropylene geotextiles were found to be greatly affected by the temperature changes
when compared to the polyester materials. The effect of temperature on breaking strength, strain
at failure and secant modulus at 10% strain are summarized Table 4. For polyester, ultimate
strength increased with increase in temperature where as for polypropylene strength decreased as
temperature increased.
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Table 4: Effect of temperature on the load-strain characteristics (after Allen et al., 1983)

22°C -12°C 22°C -12°C 22°C -12°C
Polyester 1 18.5 17.5 53.2 60 33.5 20.3
Polyester 2 5.9 5.6 32.6 27.9 37.7 41
Polypropylene 1 8.9 10.3 53.3 31.3 56.9 75.2
Polypropylene 2 10.3 -—- 186 - 6.1 7.5
Polypropylene 3 24.2 23.7 21.2 18 151 163

The literature review conducted by Allen et al. (1983) summarized a list of all material
properties which should be considered when studying temperature affects on geotextiles used as
reinforcement. The importance of these properties were ranked in terms of their importance
using an ordinal scale from 1 to 4, where “1” signified the least importance and “4” the greatest
(Table 5).

Table 5: Importance of Temperature on Material Properties Used as Reinforcement
(after Allen et al., 1983)

Geotextile Property Importance

Tensile Strength
Modulus

Failure Elongation

Burst Strength

Durability

Puncture resistance

Static Creep Resistance

Dynamic Creep Resistance

W I | W NNV | W

Soil-Geotextile Friction
Permeability N/A
Pore size N/A

Calhoun (1972) investigated the effect of temperature on the load-strain characteristics of
one vinylidene chloride and six polypropylene geotextiles. Tests were conducted at temperatures
ranging from -18° C (0° F) to 82°C (180° F). Results showed that tensile strength was not
significantly affected by changes in temperature (Figure 22), but that strain at failure and initial
tensile modulus of all the geotextiles were significantly affected.
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Figure 22: Effect of temperature on the tensile strength of seven woven geotextiles (after Calhoun,
1972)

Results from Austin et al. (1993) showed that the tensile modulus decreased as temperature
increased from 23° C (73° F) to 32° C (90° F) for a polypropylene geogrid. The tensile modulus
(secant) at lower strains (1 and 2 %) was sensitive to changes in temperature, but at 5% strain
differences were negligible (Figure 23).
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Figure 23: Effect of Temperature on Tensile Modulus (from Austin et al., 1993)

Effect of temperature on the tensile strength of single polypropylene geogrid was evaluated
by McGown et al. (1985). Results showed that the tensile strength decreased as temperature
increased for temperatures between 10 and 40° C (Figure 24).
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Effect of temperature on the long-term strength of HDPE geogrids was studied by Bush
(1990). Three HDPE geogrids were tested at three service temperatures: 10° C (50° F), 20° C
(68° F), and 40° C (104° F). Results showed that the long term strength of HDPE geogrids were
relatively insensitive to changes within these temperature ranges (Figure 25).
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Figure 25: Effect of Temperature on Long-Term Strength of an HDPE Geogrid (from Bush, 1990)

Temperature effects on the tensile-creep behavior of three high-strength geosynthetics were
investigated by Cazzuffi and Sacchetti (1999). A HDPE geogrid, a PET woven geogrid and a
PP/PET woven/non-woven geotextile were tested at three temperatures: 10° C (50° F), 20° C
(68° F) and 40° C (104° F). Results showed that temperature highly affects the tensile creep
behavior of HDPE geogrids, has an intermediate affect on PP/PET geotextiles and little affect on

PET geogrids (Figure 26).
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Figure 26: Effect of temperature on tensile creep behavior of PP/PET woven and non woven
geotextile (from Cazzuffi and Sacchetti, 1999)

Effect of temperature on the tensile behavior of various geomembranes was studied by
Tsuboi et al. (1998). The four geomembranes considered in their study were made up of high
density polypropylene (HDPE), ethylene propylene diene methylene rubber (EPDM), thermo
plastic olefin (TPO) and polyvinyl chloride (PVC). Tensile tests, using a dumbbell shaped
specimen were conducted at temperatures ranging from -25° C to 60° C. Actual temperatures
used in the study were -25° C (-13° F), 0° C (32° F), 20° C (68° F), 40° C (104° F) and 60° C
(140° F). Results shows that the tensile strength increased as the temperature decreased.
Additional testing using square shaped specimens tested at a constant rate of strain of 1% per
minute showed that the secant modulus at 1.0% strain increased significantly as temperature
decreased. Both results are shown in Figure 27.
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Figure 27: Temperature Effect on Tensile Strength and Secant Modulus (from Tsuboi et al., 1998)

Laboratory tests were conducted by Budiman (1994) to determine the impact of temperature
fluctuations on the physical behavior of a HDPE geomembrane. The testing simulated actual
field conditions by following temperature variations between the summer and winter. The
temperature varied from -20° C (-4° F) to 60° C (140° F) and the specimens were subjected to 0,
1, and 120 temperature cycles. Temperature cycles had no significant effect on the stress-strain
characteristics of the HDPE geomembrane, however, authors believed that higher number cycles
may affect the geomembrane properties. After the temperature cycles, each specimen was tested
at a particular temperatures, -20° C (-4° F), -10° C (14° F), 0° C (32° F), 20° C (68° F). Results
showed that the HDPE geomembrane material exhibited increased stiffness as temperature
decreased.

Soong and Lord (1998) also conducted laboratory tests to determine the design modulus of
the HDPE geomembrane to use in their engineering design. For this purpose they conducted
tests at temperatures of -10° C (14° F), 10° C (50° F), 30° C (86° F), 50° C (122° F), 70° C (158°
F) and strain rates of 0.001, 0.01, 0.1, 1, 10, 100% per minute. Their results showed that the
secant modulus at 0.3% strain did not change when the strain rates were lower than 0.01 percent
per minute (Figure 28a). However, the secant modulus is significantly affected by temperature
changes, as shown in Figure 28b, where the modulus decreased as temperature increased.
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Figure 28: Effect of Temperature on Secant Modulus at 0.3% Strain (from Soong and Lord, 1998)

The effect of temperature on the stress relaxation behavior of HDPE geomembrane was

studied using a commercially available HDPE geomembrane (Soong et al., 1994). The test was

conducted by loading the specimen at a strain rate of 25% per minute until it reached 3% strain.

At that point, the applied loads were stopped, strain was held constant and the material was

allowed to relax. The test lasted at least 100 minutes and the stress induced on the material was

monitored. Results indicated that the HDPE geomembrane was highly sensitive to change in

temperature stress relaxation was more prominent at lower temperature than at higher

temperature (Figure 29).
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Figure 29: Effect of Temperature on Stress Relaxation and Stress Relaxation Modulus of a HDPE
Geomembrane (from Soong et al., 1994)
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Hsuan (1998) also studied the effect of temperature on the tensile yield behavior of two
HDPE geomembranes. Tests were conducted at temperatures, 21° C (68° F) 30° C (86° F), 40°
C (104° F), 50° C (122° F), 60° C (140° F), 70° C (158° F), and 80° C (176° F). The result
showed that yield stress decreases as the temperature increases and that they follow a linear trend
(Figure 30). It was also found that stress/strain behavior was also affected by temperature

fluctuations (Figure 31).
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Figure 30: Changes in Tensile Yield Stress at Different Temperatures (from Hsuan, 1998)
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It is concluded that geosynthetic material properties are generally temperature dependent.
Among various geosynthetic polymers, polypropylene (PP) and high density polyethylene
(HDPE) materials are found to be highly sensitive to the temperature changes, while polyester
(PET) is relatively insensitive. These results align well with the hypothesis that if the field
temperatures are below Ty, it is unlikely their intrinsic material properties will be affected by the
temperature variations. Therefore it is important to know the Ty of the geosynthetic or to
conduct tensile tests on geosynthetics using a range of reasonable temperatures. It was also
found that the initial tensile, secant and tangent modulus of geosynthetics are significantly
affected by the temperature change in the field. Overall, the stiffness of the material decreases as
temperature increases.

A summary of all authors included in this section of the literature review is provided in
Table 6. Sensitivity of various geosynthetics to changes in temperature were assessed using
subjective rating system ranging from 1 to 3, where 1 signifies that the material was insensitive
to temperature, 2 as moderately sensitive, and 3 as highly sensitive. Ratings were assigned based
on qualitative and quantitative information contained in each of the research papers considered.
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Table 6: Summary of the Temperature Effects on Various Geosynthetics by Author

91N1Nsu| uoneuodsueu_ UJ1alSa\\

Temperature . No. of Different Material Property of Effect on
Author/Researcher P o Material Type . Polymer Types* perty -y
Range (°C) Geosynthetics Interest Properties

Calhoun (1972) -18 10 82 Geotextiles 6 PP Tensile strength, Tensile 2

o . modulus and strain at failure
1 vinylidene chloride 2
_ 3 PP Tensile strength, strain at 2

Allen et al. (1983) -12to0 22 Geotextiles failure, and secant modulus at
2 PET 10% strain 1
McGown et al. (1985) 0to 40 Geogrid 1 PP Tensile strength 2
Bush (1990) 10 to 40 Geogrid 3 HDPE Long-term strength 1

1 0, 0
Austin et al. (1993) 23t0 32 Geogrid 1 PP Tensile m"dulg‘j/at 1%, 2% and 2
0
Budiman (1994) -20to 20 Geomembrane 1 HDPE Stress/strain behavior 3
Soong et al. (1994) -10to 70 Geomembrane 1 HDPE Stress rela>.<at10n and stress 3
relaxation modulus
Soong and Lord (1998) -10 to 70 Geomembrane 1 HDPE 0.3 % secant modulus 3
Hsuan (1998) 20 to 80 Geomembrane 2 HDPE Tensile yield stress and 3
stress/strain behavior
1 HDPE Tensile strength, 2
1 Secant modulus at 1% 3
1 ethylene propylene Tensile strength 2
1 diene methylene rubber Secant modulus at 1% 7
Tsuboi et al. (1998) -25 to 60 Geomembrane
1 . Tensile strength 2
thermo plastic olefin
1 Secant modulus at 1% 2
1 ) ) Tensile strength 3
polyvinyl chloride
1 Secant modulus at 1% 2
S 1 HDPE 3
i eogri

Cazzufﬁ( la ggsacchettl 10 to 30 & 1 PET Tensile creep behavior 1
Geotextile 1 PP/PET 2

*HDPE — High Density Polyethylene

PP — Polypropylene
PET — Polyethylene

"1 =low sensitivity
2 = moderate sensitivity
3 = high sensitivity
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2.5 Normal Confinement

McGown et al. (1982) showed that the tensile modulus of certain geosynthetics increased as
the normal stress confinement was increased. FHWA performed an extensive evaluation on the
effects of confinement and developed protocols for evaluating confined extension and creep
(Elias et al., 1998). In general, effects of confinement are most significant for nonwoven
geotextiles, of some significance for woven geotextiles and woven geogrids, and insignificant for
extruded geogrids.

2.6 Strain Measuring Instruments

It is essential to utilize stable and accurate instrumentation to measure strain induced during
geosynthetics testing. Several literature sources were consulted to determine possible strain
measuring devices currently available in the market, as well as those used in other similar
material testing studies. Many researchers have spent significant time and money to develop and
build appropriate measuring devices, and unfortunately, many of them were unsuccessful. In
general, strain measuring instrumentation can be divided into two main categories: contacting
and non-contacting. A summary of the available strain measuring instruments is presented
below.

2.6.1 Contacting Type Instrumentation

Contacting type instrumentation is most widely used when testing geosynthetics. In this
case, transducers are placed directly or indirectly on the specimen to measure strain. Bonded
strain gages and Linear Variable Differential Transducers (LVDTs) are commonly used for this
purpose. Various measuring techniques, advantages and problems associated with contacting
type instrumentation are discussed below.

2.6.1.1 Strain Gages

Bonded strain gages are used extensively to measure strain. Essentially, strain gages detect
changes in length through changes in electrical resistance. When compared to other technologies
they are smaller and lighter. Strain gages must be bonded to the surface of the specimen being
tested, so that strain induced in the material similarly deforms the strain gage. Special glues are
used to affix the gages to the material surface. Glue type depends on the material and
application. The bonding surface must be smooth to ensure accurate measurements.

Historically, strain gages are used to measure very small strains, generally less than two
percent, but some types can measure up to 20+ percent. During a study conducted by Gallagher
(1995) various problems were encountered when strain gages were used to measure strain in
geotextiles. Unevenness of the fibers produced noticeable undulations in the strain gages, which
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resulted in uneven bonding to the material’s surface. During testing, the bonded strain gages
were not able to measure more than 80% of the total strain induced in the sample. Problems with
the glue used in affixing the gages to the material also occurred. The gages also failed to remain
bonded to the specimens for more than 3% strain. It was determined that strain rate during
testing did not effect the bonding of the properties, nor did chemical conditioners used during
bonding.

The strains induced during geosynthetic testing can easily exceed the limit of the strain
gages. Because geosynthetics are made from inert polymers having low surface energy it is
difficult to adhere strain gages to their surfaces. Chu et al. (1996) discussed various difficulties
associated with bonding strain gages to polypropylene geosynthetics. Special strain gages types
and bonding procedures must be used to ensure reliable results. They discovered that reliable
bonding between strain gages and polypropylene could be achieved by first treating the surface
using ultraviolet light.

Sluimer and Risseeuw (1982) summarized some of the advantages of using the appropriate
strain-gages and bonding techniques as follows:

e registration of strains up to more then 10% is possible,
e there is little effects on the behavior of the geotextile,
e reading out at great distance is possible,

e it is independent of vertical pressures,

e reliability for long periods of service life, and

e handling is easy.

In their study they recommended a better method of gluing the strain gages to the geotextiles
based on their results from strain gages bonded to polyester geotextiles.

Leshchinsky and Fowler (1990) used strain gages for all their tests and verified the output
using photogrammetric measurements. They discussed the difficulties in attaching LVDTs and
extensometers to geotextile and recommended taking extreme care when using those sensors so
that geotextile behavior will not be affected. In their study they recommended a simple and
inexpensive technique for measuring strains using the special type of strain gages.

Oglesby et al. (1992) attempted to develop a new protocol to successfully use strain gages
on geogrids. Results from the bonded strain gages were compared to the cross head movement
and extensometer results. In their study, the effects of various parameters such as strain rate,
temperature and surface preparation on the measured strain using the strain gages were also
studied. Using their specified gage, adhesive, surface preparation, and clamping and curing
techniques, crosshead strain in the order of 25 to 30 percent were measured with excellent
repeatability.
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Cuelho (1998) successfully used strain gages to measure local strains induced during in-air
testing. Strain gages were bonded to a geogrid and a woven geotextile using a high elongation
epoxy and a silicone adhesive/sealants, respectively. The output from the strain gages were
compared to externally measured displacements, and in general, the results were comparable for
each of the materials. However, strain gages used on geotextiles showed larger differences than
the geogrid. Specific guidelines for bonding strain gages to geosynthetics were established as
part of his research.

2.6.1.2 Linearly Varying Differential Transducers (LVDTS)

Linearly Varying Differential Transducers (LVDTs) can be used as a displacement
measuring instrument for wide range of displacements. Due to the limitations in the physical
size and weight of LVDTs, researchers generally had difficulty attaching them to the
geosynthetics. For this purpose various research projects have been done to determine how to
successfully use LVDTs in geosynthetics testing.

Boyle et al. (1996) used a special setup called a “scissors” device. This device used an
LVDT attached to a scissor device to transmit displacements from the material to the LVDTs
(Figure 32). Needles mounted at the end of each scissor arm were used to attach the scissor
mechanism to the geosynthetic. The authors found the scissors setup often gave erratic and
unreliable results. In addition, they were not able to use this above setup on the specimen gage
lengths less than 75 mm. In the end, they measured the observed strains using the crosshead
displacement.

Bathurst and Cai (1994) used a pair of LVDTs attached directly to the material to measure
its elongation. The LVDTs were attached to the specimen using two thin pieces of angled
aluminum (Figure 33). Responses from each of the LVDTs were averaged to determine strain.
The authors also believed that this method yields strains that are not affected by grip slippage.
However, this setup will add additional weight to the specimen, which may change the behavior
of the geotextile.
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Figure 32: Schematic Diagram of the “Scissors” Device (from Boyle et al., 1996)
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Figure 33: Direct Measurement of Displacement Using LVDTs (from Bathurst and Cai, 1994)
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Ketchart and Wu (2001) developed a strain measuring technique (for geotextiles) using four
LVDTs and two rows of angled plates. Both rows of small metal angles (25 mm by 25 mm)
were glued to one side of the test specimen. The gage length between the two angled plates was
100 mm. Four LVDTs were mounted on the gripping system and the stylus of each LVDT was
in contact with those angles glued to the specimen (Figure 34). Elongation of the specimen
during the test was measured from the change in distance between the two rows of angle plates.
The average elongation obtained between those two rows of angle plates were used to calculate
axial strain.

M A
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N LVDT

Amoco 2044
| Specimen

Steel
Angle Steel

é & Angle
L~ [

}/_‘\\\.._.a-" -'f._\‘\_.-r"'f
(@) Front View (b) Side View

Figure 34: Strain Measuring Technique Used in Geotextile Testing (Ketchart and Wu, 2001).

2.6.1.3 Cross-Head Movement or Internal LVDT

Several researchers simply used the internal LVDT that measures the crosshead movement
of the testing machine to determine overall displacement of the geosynthetic. Myles and
Carswell (1986), Paulson (1993), and Allen et al. (1982) used the direct crosshead movement to
measure displacement, and indirectly strain, during testing. Rowe and Ho (1986) used the travel
of ram of the loading machine and the results were compared to the displacement measured by
an optical measuring instrument.

Ashmawy and Bourdeau (1996) concluded that the effect of slippage on the measurement is
relatively small and can be neglected for specimen lengths greater than or equal to 300 mm.
They also concluded that using crosshead displacement for measuring strain is very economical
since most load devices have an internal LVDT.
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Austin et al. (1993) used an external strain extensometer to reduce the uncertainty in the
measurement of strain using crossheads. An extensometer having a range of £5.1 mm was
mounted to the geosynthetic using a pair of small knife blades using rubber bands (Figure 35).

INITRON

Figure 35: External Extensometer for Measuring Strain (from Austin et al., 1993)

2.6.2 Non-Contacting Type Instrumentation

More recently, the testing community has been offered a number of new optical, video and
laser based devices to satisfy the need for non-contacting strain measurement. The non-
contacting measuring devices are easy to setup, easy to use, are highly accurate and create no
adverse affects on the behavior of the testing material. Many devices of this type are capable of
measuring strain less than 1% to more than 1000% strain and also measures at a high accuracy of
+0.0001 in. The technical approach employed by these devices varies widely; from video image
processing of gage marks to measuring lateral displacement at two gage locations using phase
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measurement of scattered laser light. One method uses speckle metrology to measure strain at a
single specimen location. With respect to sample preparation, most methods require that gage
marks, targets or flags be applied to the material. Cost for this type of extensometer varies from
$5000 to $25,000.

Moracai and Montanelli (1997) successfully used a video extensometer to measure strain
during cyclic and monotonic testing. They concluded that results from their testing were
obtained at higher accuracy and found the results free of errors.

In general, contacting and non-contacting strain measuring instruments have their own
advantages and disadvantages. Contacting type instruments are relatively inexpensive, but may
affect readings depending on how they are attached to the geosynthetic during testing. In
addition, heavy electronics hanging off of the sample can distort the geosynthetic, which affects
the results. Moreover, if one wishes to bring the material to failure, they risk breaking the
equipment in the process. Non-contacting instruments are accurate and easy to use but are
expensive. For relatively low loads and cross-head displacement measurements can be used to
determine strain, since very little slip between the grips and the geosynthetic occurs under small
loads.

2.7 Synthesis and Implications of Literature Review

The results from the literature review suggested modest yet important effects due to
temperature on modulus and significant effect of strain rate on modulus. However, the existing
information is incomplete and does not allow general modifications to the tensile modulus values
determined from standard tension tests to be adjusted so that material properties at temperatures
and strain rates occurring in roadways are more characteristic. Although less work has been
conducted to determine the effects of normal confinement, the literature suggested that the
tensile modulus of certain geosynthetics can be significantly affected under these conditions.
Finally, the load-strain behavior was significantly affected when cyclic loads were applied to
geosynthetic material samples.

Based on these results, a matrix of laboratory tests using all of these test variables is
necessary to better determine their effect on geosynthetic material properties. Unfortunately,
time and resources constrained this research effort to experiments that studied the effects of load
type, and to a lesser extent, strain rate and specimen size. Hopefully, future work will continue
this endeavor to provide appropriate material properties and develop test protocols with respect
to all of these test variables.

Literature reviewed with respect to strain measurement instrumentation revealed that there
are monetary benefits when contacting-type instrumentation is used, but limited functionality.
On the other hand, increased functionality, like that gained when non-contacting instrumentation
is used, is offset by increased costs.
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3 DESCRIPTION OF TEST EQUIPMENT

The apparatus used in this research consisted of four main components: a servo-hydraulic
load frame, special grips, displacement and strain sensors and a data acquisition system. Each of
these components is described in the following subsections.

3.1.1 Loading System

A servo-hydraulic loading system (MTS 8500 Plus) was used to apply load to the
geosynthetics during testing (Figure 36). Special grips attached to the hydraulic actuator were
used to deliver the load to the material. A programmable control unit coupled with an internal
LVDT and load cell was used to regulate strain rates and load limits. The crosshead was able to
move up and down on two vertical columns to accommodate various dimensions of the
geosynthetic, but remained stationary during testing. The hydraulic actuator located in the base
of the load frame provided the load during testing.

A programmable control unit was used to control the servo-hydraulic actuator using
information from an internal lvdt and a load cell. Incidentally, the Ivdt and load cell also
provided measures of displacement of the load cylinder and the applied load, respectively. The
load cell has a maximum capacity of 250 kN and an sensitivity of 0.00543 kN. The internal lvdt
has a sensitivity of 0.0127 mm.

3.1.2 Gripping Mechanism

Special grips (Curtis “Geo-Grips™) were used to transfer the load from the hydraulic actuator
to the geosynthetic sample. These grips were specially designed to test planar synthetic
materials such as geosynthetics. The grips have a maximum gripping force of 44.5 kN and can
accommodate a test specimen up to 200 mm wide. Geo-Grips use hydraulic pressure to hold the
geosynthetic in place. Two different grip facing materials could be used to minimize slip
depending on which material was being tested.
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Figl'jlllfe 36: MS 8500 Plus Loading System

3.1.3 Instrumentation

Based on literature reviewed as part of this study, accurately measuring strain on
geosynthetics during testing was of primary concern. Many methods currently available are
either very expensive or are difficult to mount to geosynthetics. Many attempts were made to
design an accurate, reliable, easy-to-use, universal strain measuring device. However, in this
study, axial strains were calculated using displacement measurements from the Ivdt internal to
the load frame. One issue associated with using the internal lvdt for the strain calculation is slip
between the grips and the material. An external lvdt and a device called a “clip gage” were used
to determine whether appreciable slip was occurring between the geosynthetic and the grips.
The sensitivities of the internal and external lvdts and the clip gage are 0.012 mm, 0.020 mm,
and 0.022 mm, respectively. The entire experimental setup is shown in Figure 37.
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Figure 37: Experimental Set Up

The body of the clip gage was constructed from a piece of spring steel bent in the shape of a
flat “U.” The bottom of the “U” was instrumented with four strain gages to measure flexure as
the legs of the “U” are moved side to side. Hinges at the top of the “U,” where it attaches to the
geosynthetic, kept the legs from buckling as they move. A picture of the clip gage is shown in
Figure 38.

Figure 38: Clip Gage

The strain gages attached to the clip gage were arranged in a full bridge circuit
configuration: two on the topside of the spring steel and two on the underside. Figure 39
illustrates the strain gage layout and corresponding circuit. This arrangement provided the
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greatest sensitivity, allowing the clip gage to measure displacements to the nearest 0.022 mm.
The sensitivity of the clip gages was similar to the external lvdts, but it measured the
displacement directly on the geosynthetic, thereby avoiding grip slip issues. The clip gage was
calibrated using a special jig that produced a purely linear motion in the legs. From this a linear
relationship between voltage and displacement was established. Strain can be calculated if the
original distance between the legs is known. The clip gage can be used with either a convex or
concave shape to the gaged portion of the spring steel, however, care was taken to ensure that the
gage did not go through the “snap-through” portion (i.e., when the gage reverses from a concave
shape to convex, or vice versa), because in that portion the voltage-displacement relationship is
non-linear and cannot be easily predicted.

Strain Gages - ,
Top and Bottom \\
o
Bridge
Excitation
i

Figure 39: Clip Gage’s Strain Gage Layout and Corresponding Circuit (from Vishay, 2004)

3.1.4 Materials/Sample Preparation
Seven polypropylene-based geosynthetics were tested throughout the course of this research

project: four geogrids and three geotextiles. A basic description of their properties is provided in
Table 7.

Geosynthetic samples were cut from manufacturer-supplied rolls in the two principle
directions: machine direction (MD) and cross-machine direction (XMD). Final dimensions were
approximately 200 mm wide by 125 mm long for geotextiles and approximately 200 mm wide
by 300 mm long for geogrids. Approximately 50 mm of material was engaged by the grips on
either side. Lines were drawn on the sample to ensure proper orientation during testing. Since

Western Transportation Institute Page 46



Experimental Methods and Test Results

the junctions on the geogrids were much thicker than the remaining material, the gage length was

measured between the junctions within the grips.

Table 7: General Description of the Geosynthetics

Generic Name | Manufacturer & Brand Name | Geosynthetic Type Polymer Type / Structure
Geosynthetic A Amoco ProPex 2006 Geotextile Polypropylene / Woven
Geosynthetic B Colbond Enkagrid Max 20 Geogrid Polypropylene / Welded grid
Geosynthetic C | Synthetic Industries Geotex 3%3 Geotextile Polypropylene / Woven
Geosynthetic D | Ten Cate Nicolon Geolon HP570 Geotextile Polypropylene / Woven
Geosynthetic E Tenax MS220b Geogrid Polypropylene / Extruded, multi-layer
Geosynthetic F Tensar BX1100 Geogrid Polypropylene / Biaxial, punched, drawn
Geosynthetic G Tensar BX1200 Geogrid Polypropylene / Biaxial, punched, drawn
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4 TEST PROTOCOLS

Three parameters were considered to help define the appropriate test protocols by which to
test geosynthetic materials in air. The existing wide-width test protocols (ASTM D4595 for
geotextiles, and ASTM D6637 for geogrids) were used as the basis for the tests conducted in this
study. These standard protocols were modified to incorporate various load application types
(i.e., monotonic loading or cyclic loading), various material load rates, and various sample sizes.
The following subsections describe how the laboratory test equipment was used and the data that
was collected during testing.

4.1.1 Monotonic Test Protocol

Control tests were conducted according to ASTM D4595 for geotextiles and ASTM D6637
for geogrids. These tests are monotonic or constant strain rate tests. They were conducted at a
strain rate of 10% per minute to define the material’s constitutive material parameters under this
type of loading. In particular, the tensile properties up to approximately 5% strain were desired
from these tests. The tests were conducted on both machine and cross-machine directions of the
material and were repeated at least twice to verify the repeatability of the results. The load-strain
curves for both the machine and cross-machine direction of the Amoco ProPex 2006 geotextile
material is provided as an illustration of typical results in Figure 40. All monotonic load-strain
relationships for each material are presented in Appendix A.
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Figure 40: Monotonic, Load-Strain Curves for Amoco ProPex 2006 Geotextile in Both Principle
Strength Directions

4.1.1.1 Strain Rate Effects

To determine the effect of strain rate on the material properties of the various geosynthetics,
a series of monotonic tests were conducted using a modified monotonic testing procedure. Each
geosynthetic material was pulled at three different strain rates: 0.03, 0.40 and 20.0% per minute.
All geosynthetics were tested to failure in both the machine and cross-machine directions. An
example of the results from these tests conducted on the Tensar BX1100 Geogrid in the Cross-
Machine Direction is shown in Figure 41. The remaining results may be found in Appendix B.
No tests were conducted on the Synthetic Industries Geotex 3x3 geotextile or the Tenax MS
220b geogrid. In addition, tests were not run in the cross-machine direction of the Tensar BX
1200 material.

Western Transportation Institute Page 49



Experimental Methods and Test Results

30

—0.03 % per min
28 1-

m=—=0.4 % per min

26 - =20 % per min
24 4
22 1

20 1

Load (KN/m)
= = [
S [«2) [o2)

=
N
"

Axial Strain (%)

Figure 41: Load-Strain Curves for the Tensar BX1100 Geogrid in the Cross-Machine Direction at
Three Strain Rates

4.1.1.2 Effects of Specimen Size

As indicated by the research in the literature review, changes in the sample size used during
testing may affect the apparent material properties. Using the standard test protocol, length and
width were varied for two of the materials (the Amoco 2006 geotextile and the Tensar BX1100
geogrid) to help identify any potential differences. Four widths 51, 102, 152, and 203 mm (2, 4,
6, and 8 inches) and six lengths 102, 203, 305, 406, 508, and 610 mm (4, 8, 12, 16, 20, and 24
inches) were considered for the Amoco 2006 material. Five widths and four lengths were used
for the Tensar BX1100 geogrid. Because the dimensions in the geogrid were dependent on the
spacing of the ribs, measurements of length and width were made from the nodes of the material.
The widths of the geogrid considered in this study were based on 2, 3, 4, 5, and 6 longitudinal
ribs, which corresponds to distances of 43, 81, 122, 160 and 201 mm (1.7, 3.2, 4.8, 6.3, and 7.9
inches), respectively. Likewise, the lengths of the geogrid, based on the number of transverse
ribs, considered in this study were 5, 11, 16, and 24; which corresponded to distances of 114,
287,429, and 627 mm (4.5, 11.3, 16.9, and 24.7 inches), respectively. Replicates were tested in
all cases and, like the monotonic tests, the materials were pulled at a constant rate of strain of
10% per minute. A summary of the samples sizes is shown in Table 8. An example of the
results from tests conducted on the Amoco 2006 geotextile samples, having a width of 102 mm
and various lengths (DOE Levels 1 through 6), is shown in Figure 42. The remaining results of
this testing are located in Appendix C.
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Table 8: Material Sample Sizes Tested

Amoco 2006 Tensar BX 1100
DOE i
Level (I;VHISIE) (anil:/giﬂl) (# of trzl)\r]lls(i}e}:lrse ribs | (#of Ilfl?gi‘ftlllldinal

' ' — mm/in.) ribs — mm/in.)
1 52/2 102/4 2-43/1.7 5-114/4.5
2 52/2 203/8 2-43/1.7 11-287/11.3
3 52/2 305/12 2-43/1.7 16 —429/16.9
4 52/2 406/16 2-43/1.7 24 — 627/24.7
5 52/2 508/20 3-81/3.2 5-114/4.5
6 52/2 610/24 3-81/3.2 11-287/11.3
7 102/4 102/4 3-81/3.2 16 —429/16.9
8 102/4 203/8 3-81/3.2 24 - 627/24.7
9 102/4 305/12 4-122/4.8 5-114/4.5
10 102/4 406/16 4-122/4.8 11-287/11.3
11 102/4 508/20 4-122/4.8 16 —429/16.9
12 102/4 610/24 4-122/4.8 24 —627/24.7
13 152/6 102/4 5-160/6.3 5-114/4.5
14 152/6 203/8 5-160/6.3 11-287/11.3
15 152/6 305/12 5-160/6.3 16 —429/16.9
16 152/6 406/16 5-160/6.3 24 —627/24.7
17 152/6 508/20 6—201/7.9 5-114/4.5
18 152/6 610/24 6—201/7.9 11-287/11.3
19 203/8 102/4 6-—-201/7.9 16 —429/16.9
20 203/8 203/8 6—-201/7.9 24 —627/24.7
21 203/8 305/12 --- ---
22 203/8 406/16 --- ---
23 203/8 508/20 --- ---
24 203/8 610/24 --- ---
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Figure 42: Load-Strain Curves for Amoco ProPex 2006 Geotextile with Constant Specimen width
of 102 mm (4 inches) and Varying Specimen Length

4.1.2 Cyclic Test Protocol

In a reinforced pavement, permanent strain in the reinforcement material is seen to increase
with increased traffic passes while dynamic strain for each traffic pass of constant load
magnitude remains relatively constant. For non-linear reinforcement materials, the modulus will
be dependent on the current strain or load at which a cycle of load is applied, which is in turn
dependent on the number of traffic passes that have been applied. Creep and/or stress relaxation
during repeated loading also leads to changes in material stiffness as the material is reloaded.
Conditioning of the material during construction may also be a factor, especially for materials
whose load-strain curve is convex.

In the cyclic tension tests, the geosynthetic was first loaded up to a prescribed axial strain,
followed by the application of 1000 load cycles where the axial strain varied between prescribed
limits, having a cyclic strain amplitude of 0.2%. The seating strain was applied at a rate of 50%
per minute while the cyclic strain was applied at a rate of 16% per minute. The tests performed
in this way were cyclic stress-relaxation tests, in that load was allowed to decrease as the strain
was cycled between set limits. Table 9 shows the seating strain values for the six steps. Typical
output from a cyclic test conducted on the Synthetic Industries Geotex 3x3 geotextile in the cross
machine direction is illustrated in Figure 43. Similar to the monotonic tests, each test was
repeated to verify the repeatability of the results. The remaining cyclic load-strain relationships
for each material are presented in Appendix D.
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Table 9: Seating Strain Levels for Each Step Used in the Cyclic Tests

Seating Strain Cyclic Strain
>tep (%) (%)
1 0.5 0.2
2 1.0 0.2
3 1.5 0.2
4 2.0 0.2
5 3.0 0.2
6 4.0 0.2
18
Trial |
16 4- Trial Il
B e e P PP e P PP PP PP PP PP PEPPS ORPE
12 et e nes e e a e nn e e,
E g e e
<
§

15 2 25
Axial Strain (%)

3 3.5 4 4.5

Figure 43: Cyclic, Load-Strain Curves for the Synthetic Industries Geotex 3x3 Geotextile in the
Cross Machine Direction
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5 ANALYSIS OF TEST RESULTS

5.1 Comparison of Cyclic and Tangent Modulus

Material stiffness in both principle strength directions, represented by the tangent and cyclic
modulus, were calculated from the monotonic and cyclic tests, respectively. Tangent modulus
was calculated using the monotonic test results by fitting a sixth-order polynomial curve to the
monotonic load-strain curve. The derivative of the polynomial equation was taken to determine
the slope of the curve at any strain level. Strain levels corresponding to the sequential steps used
in the cyclic tests were used to determine corresponding tangent modulus values.

The cyclic modulus was determined at each of the six sequential load steps using the 1000
cycle. Recall that at each load step, 1000 load cycles were imparted to the material. A
loading/unloading loop of load and strain is produced from each cycle. The cyclic modulus is
defined as the straight line connecting the minimum and maximum load during a particular
cycle. This procedure was used to calculate the cyclic modulus of all the six load steps.
Differences in cyclic modulus were also investigated as the 1000 cycles were administered. As
such, cyclic modulus was calculated at 30", 500", and 990™ cycles. The average of the modulus
from these three load cycles, at each of the six load steps were also calculated.

The cyclic and tangent moduli were calculated at similar strain levels to make comparisons
between the two loading conditions. The results for the individual materials are shown and
discussed below.

For the geotextiles used in this study (Amoco 2006, Synthetic Industries 3%3, and Geolon
HP570) the initial load-strain behavior is generally the least stiff part of the curve, meaning the
initial modulus is the lowest of all cyclic or tangent values, thereby showing a hardening effect.
This is illustrated in Figure 44, a comparison of the monotonic and cyclic curves for Amoco
2006 in the machine direction. The other geotextiles, with the exception of Amoco 2006 and
Geolon HP570 in the cross-machine direction, show this trend. In most cases, little stress-
relaxation is observed for the lower steps and less is observed in the machine direction as
compared to the cross-machine direction. This results in cyclic modulus values for the lower
steps that are closer to the tangent modulus values. As stress-relaxation increases the higher
steps, the cyclic modulus becomes greater. On the other hand, for the geogrids tested in this
study (Tensar BX1100, Tensar BX1200, Enkagrid Max20, and Tenax MS220b), the initial load-
strain behavior is generally the stiffest portion of the curve, thereby showing a softening effect.
The results of Tensar BX1100 geogrid in the machine direction, which are similar to the other
geogrids and the anomalous geotextile materials previously mentioned, are shown in Figure 45.
The remaining cyclic and monotonic curves for each of the materials in each of the principle
strength directions are located in Appendix E.
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Figure 44: Cyclic and Monotonic Wide-Width Tests on Amoco 2006, Machine Direction
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Figure 45: Cyclic and Monotonic Wide-Width Tests on Tensar BX1100, Machine Direction

Western Transportation Institute Page 55



Analysis of Test Results

For the geotextile materials, the cyclic modulus tends to increase significantly with
increased strain level, as shown in Figures 46 and 47 — plots of the cyclic modulus as a function
of permanent strain for all the materials oriented in the machine and cross-machine directions,
respectively. Conversely, the cyclic modulus of the geogrids remains relatively constant for all
levels of permanent strain. The points at zero strain were determined from the initial modulus of
the monotonic curves. In the absence of strain induced in the material during compaction, these
results would suggest that the values at zero strain be used for early load applications. It might
also be argued that values for the early load cycles be evaluated for a small value of strain (e.g.,
0.2%) to represent the dynamic strain in the material during load application.
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Figure 46: Cyclic Tensile Modulus versus Permanent Strain for All Geosynthetics, Machine
Direction
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Figure 47: Cyclic Tensile Modulus versus Permanent Strain for All Geosynthetics, Cross-Machine
Direction

5.1.1 Amoco ProPex 2006

In general, in both machine and cross-machine directions of Amoco 2006, the strength
values from the monotonic test are higher than the cyclic test for all levels of axial strain.
Overall, strength is greater in the cross-machine direction than in the machine direction.
Initially, however, both monotonic and cyclic tests exhibit similar strength values. In the
machine direction, both cyclic and tangent modulus increases as axial strain increases (Figure
48). In the cross-machine direction, the cyclic modulus increases and levels off while the
monotonic modulus at first increases and later decreases as strain increases (Figure 49). Overall,
modulus values from cyclic test were larger than the monotonic test and modulus in the cross-
machine direction was approximately twice the machine direction.
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Figure 48: Modulus versus Axial Strain for Amoco ProPex 2006, Machine Direction
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Figure 49: Modulus versus Axial Strain for Amoco ProPex 2006, Cross-Machine Direction

Differences in the cyclic modulus for increasing cycle numbers were small. Differences
between the two trials are most likely due to inconsistent material properties between subsequent

samples. Figures 50 and 51 show the cyclic modulus for specific cycle numbers for the Amoco
2006 geotextile.
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Figure 50: Cyclic Modulus versus Axial Strain for Amoco ProPex 2006 at VVarious Cycle Numbers,

Machine Direction

1200
1100 A
1000 f-----"-----"-"-"fF - S
E .
2900 - e ——30 th Cycle Trial | -1
X
& —o—30 th Cycle Trial Il
=]
El - #- 500 th Cycle Trial |
B800t-------f , -
2 - O- 500 th Cycle Trial Il
—4&—990 th Cycle Trial |
0 f--—-----fpff—"" e —2—990 th Cycle Trial Il -
- X --Average MD Trial |
—O— Average MD Trial Il
600
500 ‘ ‘ ‘ ‘
0 1 2 Axial Strain (%) 3 4

5

Figure 51: Cyclic Modulus versus Axial Strain for Amoco ProPex 2006 at Various Cycle Numbers,
Cross-Machine Direction
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5.1.2 Synthetic Industries Geotex 3%3

Results from monotonic and cyclic tests on Geotex 3x3 were similar to the cross-machine
direction of the Amoco 2006 geotextile, where the cyclic modulus increased as axial strain
increased but leveled off at approximately 2% axial strain. Unlike the Amoco 2006 material,
most of the modulus values for the Geotex 3x3 geotextile were greater than the initial moduli.
Modulus versus axial strain is shown in Figures 52 and 53 for the machine and cross-machine
directions, respectively. Differences in the cyclic modulus for successive cycle numbers were
small (Figures 54 and 55 for the machine and cross-machine directions, respectively).

1500
1300 -~ f S oo
—&— Cyclic MD Trial |
1100 +-----f-—-f - --
—— Cyclic MD Trial Il
A - #- Mono MD Trial |
2 N0 e - 4- Mono MD Trial Ii
2 =MD Initial Modulus
E] R L
T 700 t-----"----+ e e
(=] . -~ - . ~ .
s o ome R I
PR ....':‘::::__
| I .0 o TTEEzaoe
500 a h
B00 -~ """ m T T T oo oo oo o oo
100 ‘ - -
0 1 2 Axial Strain (%) 3 4 5

Figure 52: Modulus versus Axial Strain for Synthetic Industries Geotex 3x3, Machine Direction
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Figure 53: Modulus versus Axial Strain for Synthetic Industries Geotex 3x3, Cross-Machine
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Figure 55: Cyclic Modulus versus Axial Strain for Synthetic Industries Geotex 3x3 at various Cycle
Numbers, Cross-Machine Direction

5.1.3 Ten Cate Nicolon Geolon HP570

Monotonic and cyclic behavior of Geolon 570 is similar to the other two geotextiles (Amoco
2006 and Geotex 3x3). The strength behavior of the Geolon 570 geotextile for the machine and
cross-machine directions is shown in Figures 56 and 57, respectively. However, in the cross-
machine direction the monotonic tangent modulus is less than the initial modulus and decreases
for increasing axial strains. This behavior was found only in this geotextile in the cross-machine
direction, but is a common behavior in the geogrids.
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Figure 56: Modulus versus Axial Strain for Geolon HP570, Machine Direction
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Figure 57: Modulus versus Axial Strain for Geolon HP570, Cross-Machine Direction

The cyclic moduli for successive cycles were very similar in the machine direction for both

trials (Figure 58). However, in the cross-machine direction, differences were more pronounced
for higher axial strain levels (Figure 59).
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Figure 59: Cyclic Modulus Vs Axial Strain for Geolon HP570 at various Cycle Numbers, Cross-
Machine Direction
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5.1.4 Tensar BX1100

The stiffness in both machine and cross-machine directions of the BX1100 is significantly
affected by the type of loading. In the machine direction, the cyclic moduli at all levels of axial
strain are greater than the initial modulus and the tangent moduli are less than the initial modulus
(Figure 60). The cyclic modulus essentially remains constant for all levels of axial strain. The
cross-machine direction of BX1100 shows similar behavior, in the cross-machine direction, both
tangent and cyclic modulus are less than the initial modulus (Figure 61). In both cases, the
cyclic modulus remains constant and the tangent modulus decreases with increasing axial strain.
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Figure 60: Modulus versus Axial Strain for Tensar BX 1100, Machine Direction
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Figure 61: Modulus versus Axial Strain for Tensar BX 1100, Cross-Machine Direction

The cyclic modulus in both principle strength directions did not deviate much for increasing
numbers of applied cycles (Figures 62 and 63 for the machine and cross-machine directions,
respectively). Differences between trials were also negligible.
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Figure 62: Cyclic Modulus Vs Axial Strain for BX 1100 at various Cycle Numbers, Machine
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Figure 63: Cyclic Modulus Vs Axial Strain for BX 1100 at various Cycle Numbers, Cross-Machine
Direction

5.1.5 Tensar BX1200

The stiffness of BX1200 geogrid in the machine and cross-machine directions is
significantly affected by the type of loading. The shape and structure of both BX1100 and
BX1200 are similar except for the thickness (BX1200 is thicker and stronger). Likewise, the
behavior of the two materials is also very similar, as shown by comparing the stiffnesses in the
machine direction (Figures 60 and 64). The results in the cross-machine direction are also
similar between products, but the cyclic modulus for the BX1200 is greater than the initial

modulus (Figure 65). The cyclic modulus essentially remains constant for all levels of axial
strain.

The cyclic modulus remains relatively constant during the cyclic loading for each of the five
load steps. Variations generally are less than 100 kN/m. The cyclic modulus at various cycle
numbers for the BX1200 material in the machine and cross-machine directions are shown in
Figures 66 and 67, respectively. The results are similar to the BX1100 material.

Western Transportation Institute Page 67



Analysis of Test Results

1000
L
900
850 | .\'\._ -
800 - \ . —=
750
~ 700 -
E
z es0 pPiem —m™ | -
g h
© 600 f-------- R _ _
3 e —&— Cyclic MD Trial |
3 550 f---------- e e . , -
o ) —— Cyclic MD Trial Il
Z 500 4f------------- L e ----
A - #- Mono MD Trial |
L T -
e a- .
400"’”””””””””::"j 777777777777777777 Mono MD Trial Il ~
oo TRl =MD Initial Modulus ___ _
“wll
300 f-----mmmm i g
250 f - T
200
0 1 2 3 4
Axial Strain (%)
Figure 64: Modulus Vs Axial Strain for BX 1200, Machine Direction
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Figure 65: Modulus Vs Axial Strain for BX 1200, Cross-Machine Direction
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Figure 66: Cyclic Modulus Vs Axial Strain for BX 1200 at various Cycle Numbers, Machine
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Figure 67: Cyclic Modulus Vs Axial Strain for BX 1200 at various Cycle Numbers, Cross-Machine
Direction
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5.1.6 Tenax MS220b

Among the seven geosynthetics involved in our testing program, Tensar MS220b material
was the only material which consists of two layers of geogrid. Tests were conducted to verify
that the two layers of the geogrids share load equally. Monotonic tests were conducted with
single and double layers of MS220b material. The load-strain curves of the monotonic tests are
shown in the Figures 68 and 69 for the machine and cross-machine directions, respectively. The
results verified that doubling the layer simply doubles the load carrying capacity. Therefore, for
simplicity, a single layer of Tenax MS220b was used for the cyclic tests.
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Figure 68: Comparison of Load-Strain Curves from Monotonic Test of Single and Double Layer
Tensar MS220b Geogrid, Machine Direction
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Figure 69: Comparison of Load-Strain Curves from Monotonic Test of Single and Double Layer
Tensar MS220b Geogrid, Cross-Machine Direction

Both the machine and cross-machine directions of Tenax MS220b are significantly affected
by the type of loading (Figures 70 and 71). Unlike the Tensar geogrids, the tangent modulus
does not change as significantly for higher axial strains. The cyclic modulus remains relatively
constant as axial strains increased. Similar results are obtained for the machine and cross-
machine directions of the material. The tangent modulus is less than initial modulus value and
cyclic modulus is greater.

The cyclic modulus remained relatively constant for various cycle numbers, fluctuating no
more than 40 kN/m throughout all the tests. The cyclic modulus versus axial strain for various
cycle numbers is shown in Figures 72 and 73 for the machine and cross-machine directions,
respectively.
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Figure 70: Modulus versus Axial Strain for Tenax MS220b, Machine Direction
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Figure 71: Modulus versus Axial Strain for Tenax MS220b, Cross-Machine Direction
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Figure 72: Cyclic Modulus versus Axial Strain for Tenax MS220b at various Cycle Numbers,
Machine Direction
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Figure 73: Cyclic Modulus versus Axial Strain for Tenax MS220b at various Cycle Numbers,
Cross-Machine Direction
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5.1.7 Colbond Enkagrid Max 20

The machine and cross-machine directions of Colbond Enkagrid Max 20 are significantly
affected by the type of loading, as shown in Figures 74 and 75, respectively. Like most of the
geogrids, the cyclic modulus is greater than the tangent modulus and the tangent modulus
decreass for increasing axial strains. Likewise, the cyclic modulus remains relatively stable for
all axial strain levels.

Variations in the modulus for increasing cycle numbers is greater in the cross-machine
direction than in the machine direction, as illustrated in Figures 76 and 77, respectively. Even
so, differences are relatively small: less than 75 kN/m in the machine direction and less than 125
kN/m in the cross-machine direction.
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Figure 74: Modulus versus Axial Strain for Colbond Enkagrid Max 20, Machine Direction
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Figure 75: Modulus versus Axial Strain for Colbond Enkagrid Max 20, Cross-Machine Direction
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Figure 76: Cyclic Modulus versus Axial Strain for Colbond Enkagrid Max 20 at various Cycle
Numbers, Machine Direction

Western Transportation Institute Page 75



Analysis of Test Results

1450
" ——30 th Cycle Trial | ——30 th Cycle Trial Il
1T - #- 500 th Cycle Trial | - - 500 thCycle Traln
130 +----------- —4—990 th Cycle Trial| —2—990 th Cycle Trial Il - - - - - - - - - __
—X---Average MD Trial | —O©— Average MD Trial Il

=
w
o
o

Modulus (kN/m)
=
N
ul
o

1200

1150

1100

1050 T T T

Axial Strain (%)

Figure 77: Cyclic Modulus versus Axial Strain for Colbond Enkagrid Max 20 at various Cycle
Numbers, Cross-Machine Direction

5.1.8 Summary

The cyclic modulus increases with increases in axial strain for all the three geotextile
materials, both in machine and cross-machine directions. Generally, the tangent and cyclic
moduli of the geotextiles are greater than the initial modulus. One exception is the Geolon
HP570 geotextile, where the tangent modulus from the monotonic tests in the cross-machine
direction is less than the initial modulus, and it decreases instead of increases with higher axial
strains. In this way, the Geolon HP570 material behaves more like a geogrid.

For the geogrids, the cyclic modulus remains relatively constant as axial strain increases in
the machine and cross-machine directions. Tangent modulus decreases with increasing axial
strain for all the four geogrids in their two principal directions. In all cases, the tangent modulus
is less than the initial modulus for the geogrid materials.

During cyclic testing, the cyclic modulus remains relatively constant during the 1000 cycles
at a particular permanent strain level for all geosynthetics tested. However, differences are
greatest in the geotextiles.

These results have the following implications for reinforced pavement modeling. For stiffer
materials like the geogrids, cyclic loading tends to create a state in the material where the
stiffness of small-strain amplitude load cycles is equal to a constant for any level of permanent
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strain. These results suggest that a constant elastic modulus should be used for the reinforcement
for any level of pavement load application. This constant modulus value can be approximated by
averaging the cyclic modulus values. However, for softer materials like the geotextiles,
modifications to the material models are required to incorporate this non-linear behavior.

5.2 Effect of Strain Rate on Secant Modulus

Based on the literature review, geosynthetics properties can be significantly affected by the
strain rate at which they were tested. Generally, when geosynthetics are tested at higher rates of
strain the materials stiffen and rupture at lower strain values. Conversely, materials tested at
slower rates tend to creep and rupture at higher strain rates. To further understand the behavior
of geosynthetics at various strain rates, five of the seven materials in this study were subjected to
various strain rates (0.03, 0.4 and 20.0% per minute). The secant moduli were compared at 1, 2,
3, 4 and 5% axial strain. Individual test results are provided in Appendix B. The results of each
of the material tests are discussed in the following subsections.

5.2.1 Amoco ProPex 2006

Softer materials such as the Amoco 2006 geotextile tend to creep when loaded slowly. This
will also result in lower load carrying capacity at a particular strain level. Figures 78 and 79
show the effect of strain rates on the secant modulus of Amoco 2006 in its machine and cross-
machine directions, respectively. At higher strain rates the modulus drastically increases in the
machine direction, but less in the cross-machine direction. Therefore, the Amoco 2006
geotextile material is considered strain-rate dependent. Small differences in modulus were found
between different axial strain points. In general, the secant modulus increased slightly with
increase in axial strain in the machine direction but decreased more significantly in the cross-
machine direction. The results from the slowest rate (0.03 %/minute) were invalid in the cross-
machine direction.
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Figure 78: Secant Modulus versus Axial Strain for Amoco ProPex 2006, Machine Direction
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Figure 79: Secant Modulus versus Axial Strain for Amoco ProPex 2006, Cross-Machine Direction
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5.2.2 Ten Cate Nicolon Geolon HP570

The secant modulus in the machine direction is not sensitive to changes in strain rate, but is
very sensitive in the cross-machine direction (Figures 80 and 81). Interestingly, the results from
the fastest rate in the machine direction are smaller for lower levels of strain rate. In the machine
direction, secant modulus increases as axial strain increases, but behaves oppositely in the cross-
machine direction.
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Figure 80: Secant Modulus versus Axial Strain for Geolon HP570, Machine Direction
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Figure 81: Secant Modulus versus Axial Strain for Geolon HP570, Cross-Machine Direction

5.2.3 Tensar BX1100

The Tensar BX1100 geogrid is similar to the Geolon HP570 product, because it is less
sensitive to strain rate in the machine direction than in the cross-machine direction (as shown in
Figures 82 and 83, respectively). Both the machine and cross-machine direction show
decreasing secant modulus for increasing axial strains.
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Figure 82: Secant Modulus versus Axial Strain for Tensar BX1100, Machine Direction
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Figure 83: Secant Modulus versus Axial Strain for Tensar BX1100, Cross-Machine Direction
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5.2.4 Tensar BX1200

Tensar BX1200 is relatively insensitive to strain rate in the machine direction (Figure 84).
The results from the cross-machine direction were unacceptable and are therefore not shown.
Like the other stiffer materials, the secant modulus decreases with increasing axial strains.
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Figure 84: Secant Modulus versus Axial Strain for the Tensar BX1200 Geogrid, Machine Direction

5.2.5 Colbond Enkagrid Max 20

Enkagrid Max 20 is the weakest geogrid tested, therefore, secant moduli are only calculated
up to three percent axial strain. It is moderately sensitive to strain rate in the machine direction
(Figure 85) and mildly sensitive in the cross-machine direction (Figure 86). The secant modulus
at 1% in the cross-machine direction is questionable since it is much smaller than anticipated.
The shapes of the trends in both directions of this material are similar to the machine direction of
Geolon HP570.
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Figure 85: Secant Modulus versus Axial Strain for Enkagrid Max 20, Machine Direction
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Figure 86: Secant Modulus versus Axial Strain for Enkagrid Max 20, Cross-Machine Direction
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5.2.6 Summary

In most cases, the geosynthetics used in this research showed noticeable changes in stiffness
when strained at rates varying between 0.03% and 20% per minute. In nearly all cases, the
material behaved more stiffly (i.e., secant modulus increased) as the strain rate was increased —
as expected. Stiffer materials, like the geogrids, were less sensitive to rate changes. Conversely,
softer materials, like the geotextiles, were more sensitive to rate changes.

The overall stiffness of the material also influenced whether the secant modulus increased or
decreased for higher levels of axial strain. Less stiff materials (such as the geotextiles) showed
increasing stiffness for higher axial strains, while stiffer materials (such as the geogrids) showed
decreased stiffness for higher axial strains. However, these trends were not as apparent for all
materials.

5.3 The Effect of Specimen Size on Secant Modulus

To determine the effect of specimen size on geosynthetic material properties, a method
called Design of Experiments (DOE) was used. DOE refers to the process of planning an
experiment so that appropriate data will be obtained and analyzed using statistics, thereby
yielding statistically valid and objective conclusions. The two basic steps in DOE are 1)
designing suitable laboratory experiments or test methods, and 2) analyzing the results obtained
from these experiments.

In the design phase, variables which can affect the output (factors) are determined. During
testing, each factor is varied within a specific range to determine how it affects the output.
Subdivisions within these ranges are called levels. Once an appropriate range of variability for
each factor is defined, testing may begin. During testing multiple factors may be varied
simultaneously or a single factor may be independently varied. Data from these experiments can
be analyzed to determine how a particular factor, or combination of factors, affects the output.

The second step of the DOE is to analyze the results obtained from these experiments. The
analysis is conducted using one, or a combination of three analysis methods: the ANOVA test,
Tukey’s test, or a graphical method.

5.3.1 Analysis Of Variance (ANOVA)

ANOVA is a statistical technique used to make objective comparisons between various
factors to determine their effect on the output. The results from this analysis indicate whether a
particular factor statistically affects the output. When a factor shows significance, it should be
given due consideration when conducting the experiment. On the contrary, if a particular factor
does not have significant effect on the output, it is unnecessary to consider that particular factor
when conducting the experiment. ANOVA is the first step in testing for significance. If a
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particular factor shows significance, it might be necessary to determine what output level was
responsible for the differences found. This can be accomplished using Tukey’s test or the
graphical method.

5.3.2 Tukey’s Test

Tukey’s test is used to determine significance between various levels of a particular factor.
This test is more sophisticated than the ANOVA analysis since it is able to determine
significance of a particular factor level for multiple factors simultaneously. Using this test,
specific levels are compared to one another to determine whether there are significant differences
between them. When individual levels are considered, all other levels are held constant, thereby
eliminating their interference on the result. Results from this analysis statically show which
levels of a factor are significant.

5.3.3 Graphical Method

Like Tukey’s test, this method helps us to interpret significance of individual factor levels,
but it does so visually using graphs. Using the graphical method positive or negative effects of
particular factor levels can be revealed. Graphs are plotted for all output levels of a given factor
and visually compared to other factor’s levels. In general, the graphs describe trends of the
output when levels are varied within a particular factor. One main advantage of this method is
that it is easy to use.

5.3.4 Defining Factors Related to DOE

Overall, it was determined that of the many factors that could possibly affect the output,
only the length of the sample and the width of the sample were considered. Obviously, there are
a variety of factors that are omitted, for instance, the material’s composition, structure, and the
direction of loading. These are factors which are inherent in any material. In this analysis,
materials were considered independently, so to a certain extent, differences between materials
are ignored. Considering DOE for all the seven geosynthetics is very expensive and time
consuming, so only two of the seven materials were studied — the Amoco 2006 geotextile and
Tensar BX1100 geogrid. Future research can be planned to study the effect of remaining factors
for all the seven geosynthetic materials.

5.3.5 Analysis and Results

Data collected were used to determine the material’s load-strain characteristics. Load has
the units of kN/m. An elastic secant modulus was determined from the initial portion of the
load-strain curve for each test conducted. The geosynthetics were tested in the machine direction
for all of these tests. Tests conducted on the geogrid were repeated once and repeated twice for
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the geotextile to ensure repeatability. Secant modulus values at 1% strain are shown in Tables

10 and 11.

At times it was necessary to correct the raw data due to initial loads placed on the material

prior to testing. This problem was more pronounced for the Amoco 2006 material since more

load was needed initially to straighten it between the grips, thereby producing some initial strain

in the material. The correction consisted of extending the starting point of the plotted stress-

strain curve towards the origin and calculating the 1% modulus using the corrected curve.

Table 10: Secant Modulus for BX1100 Oriented in the Machine Direction

Test # (#Vc\)/fidrEBS) (IFrfr?fllitrr]]) Secant Modulus (KN/m)

Test 1 Test 2 Avg.

1 2 114/4.5 477 487 482
2 2 28711.3 524 587 556
3 2 429/16.9 549 612 581
4 2 627/24.7 604 530 567
5 3 114/4.5 367 403 385
6 3 28711.3 491 491 491
7 3 429/16.9 531 482 507
8 3 627/24.7 509 466 488
9 4 114/4.5 307 291 299
10 4 28711.3 428 423 426
11 4 429/16.9 485 464 475
12 4 627/24.7 458 458 458
13 5 114/4.5 382 305 344
14 5 28711.3 426 426 426
15 5 429/16.9 473 446 460
16 5 627/24.7 471 475 473
17 6 114/4.5 324 339 332
18 6 28711.3 379 426 403
19 6 429/16.9 429 439 434
20 6 627/24.7 436 391 414

Western Transportation Institute

Page 86



Analysis of Test Results

Table 11: Secant Modulus for Amoco 2006 Oriented in the Machine Direction

Test# | Width | Length Secant Modulus (KN/m)
(mm/in) | (mm/in) [ Test1 | Test2 Test 3 Avg.
1 102/4 5172 133 141 126 133
2 203/8 5172 125 126 107 119
3 305/12 5172 75 85 85 82
4 406/16 5172 116 118 95 110
5 508/20 5172 74 96 74 81
6 610/24 5172 85 74 74 78
7 102/4 102/4 103 102 106 104
8 203/8 102/4 84 101 100 95
9 305/12 102/4 74 75 80 76
10 406/16 102/4 100 100 95 98
11 508/20 102/4 75 96 69 80
12 610/24 102/4 85 84 80 83
13 102/4 152/6 89 85 85 86
14 203/8 152/6 92 96 96 95
15 305/12 152/6 91 77 85 85
16 406/16 152/6 92 95 98 95
17 508/20 152/6 78 63 82 76
18 610/24 152/6 75 82 67 75
19 102/4 203/8 77 89 67 78
20 203/8 203/8 85 77 109 91
21 305/12 | 203/8 74 77 74 75
22 406/16 | 203/8 90 82 80 84
23 508/20 | 203/8 64 72 77 71
24 610/24 | 203/8 66 66 63 65

5.3.5.1 ANOVA Analysis

ANOVA was used to do determine whether length or width had a significant effect on the
modulus. From this analysis, it was found that both length and width both have a significant
effect on the modulus for both materials tested in the machine direction. Therefore, sample
length and width should be considered when determining the constitutive material properties.

5.3.5.2 Tukey’s Test

To determine potential simultaneous relationships between the length and width and the
modulus, Tukey’s test and the Graphical Method were used. Specifically, Tukey’s test was used
to determine specific cases where the secant modulus was significantly affected by varying
sample lengths. Two separate Tukey’s tests were used to accomplish this. In the first test the
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width was held constant and in the second the length was held constant. Individual comparisons
between two different lengths or widths (A and B) were made to determine differences for a
particular width or length, respectively. Results for the BX1100 tested in the machine direction
are shown in Tables 12 and 13, and the results for the Amoco 2006 tested in the machine
direction are shown in Tables 14 and 15. Generally, the results from Tukey’s analysis showed
that most of the significant differences were found when the shortest lengths and widths were
compared to longest lengths and widths, respectively. For the Amoco 2006 product, lengths over
203 mm did not show much difference.

Table 12: Results from Tukey's Test on BX1100 Holding Width Constant

Length A | Length B Width (# of ribs)
(mml/in) (mm/in) 2 3 4 5 6
114/4.5 287/11.3 v v
114/4.5 429/16.9 v v 4 v v
114/4.5 627/24.7 v v v v

287/11.3 429/16.9
287/11.3 627/24.7
429/16.9 627/24.7

v = significant differences found

Table 13: Results from Tukey's Test on BX1100 Holding Length Constant
Width A Width B Length (mm/in)

(#ofribs) | (#ofribs) f194/45 (287/11.3(429/16.9|627/24.7
v v

v v v v
v v v v
v v

Alhr|lwlw]|lw| ]|
a|lu|la|luw]ld]lalu]|lbs|w

5 6

v = significant differences found
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Table 14: Results from Tukey's Test on Amoco 2006 Holding Width Constant

Length A | Length B Width (mm/in)
(mm/in) | (mm/in) [ 510 | 1024 | 1526 | 203/8
102/4 203/8

102/4 305/12 v v

102/4 406/16 v

102/4 508/20 v v

102/4 610/24 v v

203/8 305/12 v v

203/8 406/16

203/8 508/20 v v
203/8 610/24 v v v
305/12 406/16 v

305/12 508/20

305/12 610/24

406/16 508/20 v v v

406/16 610/24 v v

508/20 610/24

v = significant differences found

Table 15: Results from Tukey's Test on Amoco 2006 Holding Length Constant

Width A | width B Length (mm/in)
(mmvin) | (mm/in) [ 102/4 | 203/8 | 305/12 | 406/16 | 508/20 |610/24

5172 102/4 v v

5172 152/6 v v

5172 203/8 v v v

102/4 152/6 v

102/4 203/8 v

152/6 203/8

v = significant differences found

5.3.5.3  Graphical Method

Using the Graphical method, plots for specific lengths and widths were generated showing
trends of secant modulus to widths and lengths, respectively. These figures helped highlight
visual relationships that exist between sample lengths and widths and the corresponding values
of initial secant modulus. Figure 87 shows that the modulus decreases when the sample widths
increase and that as sample lengths increase differences in moduli values are less when compared
to longer lengths. Figure 88 shows that as the length increases, modulus increases and begins to
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level off, and that as widths increase overall values of modulus tend to decrease. So, for BX1100
in the machine direction, increasing lengths and widths work against each other, in that,
increasing the length tends to increase the modulus and increasing the width tends to decrease
the modulus.

600

550 &

NN
\\ D ——
L N

—&| ength =287 mm

Secant Modulus (kN/m)

250 +— —*Length =429 mm

-e—Length =627 mm

200 T T T T T T
0 1 2 3 4 5 6 7

Width (# of longitudinal ribs)
Figure 87: Modulus versus Width for Various Lengths of BX 1100

Western Transportation Institute Page 90



Analysis of Test Results

600

500

)/‘\)K

400
//
—=Width = 2 ribs

Secant Modulus (kN/m)

——Width = 3 ribs
300

—+—Width = 4 ribs

-e-\Width =5ribs

=¥ Width = 6 ribs

200

0 100 200 300 400 500 600 700
Length (mm)

Figure 88: Modulus versus Length for Various Widths of BX 1100

For the Amoco 2006 material, as width increases, the secant modulus decreases, as shown in
Figure 89. In addition, as width increases, there are less overall differences between the secant
moduli for the lengths studied. For the 508 and 610 mm lengths, there are less overall
differences on the secant modulus. Curiously, the 305 and 406 mm lengths don’t seem to fit this
trend as expected.

Comparing the secant modulus to sample width generally shows that as length increases the
secant modulus tends to decrease (Figure 90). It is also much easier to see the differences in
modulus for the 305 and 406 mm lengths as mentioned previously. Also, as the length increases,
the differences between the moduli values for a particular length tend to decrease with the
exception of the 406 mm length. The 102, 152 and 203 mm lengths closely followed one
another, showing that as width increases, secant modulus changes less. Overall, for Amoco
2006, length and width have a similar effect on the output, that is, when either the length or
width is increased, modulus decreases.
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5.3.6 Summary

The purpose of these tests was to investigate whether the initial secant modulus was affected
by changing the length and width of samples of Tensar BX1100 geogrid and Amoco 2006
geotextile. Using ANOVA, Tukey’s test and the Graphical method, it was determined that
sample length and width had a significant affect on the initial secant modulus for both of these
materials. Using the ANOVA analysis, it was found that both length and width both have a
significant effect on the modulus for both materials tested in the machine direction. Generally,
the results from Tukey’s analysis showed that most of the significant differences were found
when the shortest lengths and widths were compared to longest lengths and widths, respectively.

For the Amoco 2006 product, increasing either length or width decreases the initial secant
modulus; and lengths over 203 mm did not show much difference. For the BX1100 material:

¢ increasing the width of the material decreases the initial secant modulus,
e increasing the length of the material increases the initial secant modulus,
¢ length and width have the opposite affect on the secant modulus, and

e increasing the length decreases differences in secant modulus, for a variety of
widths.
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6 SUMMARY, CONCLUSIONS AND FUTURE RECOMMENDATIONS

6.1 Summary

The purpose of this research was to develop test protocols that better describe the intrinsic
material properties of geosynthetics pertinent to reinforced pavement design applications. In the
past, standard tension tests such as ASTM D 4595 and D 6637 have been used to provide
material properties for geosynthetic design. These tests apply monotonic loads to the materials
to determine elastic moduli in their two principal directions. However, the types of loading
conditions prescribed by these tests do not reflect conditions experienced by geosynthetics used
as reinforcement in flexible pavements. Traffic loading is cyclic and may be better represented
by laboratory tests that are also cyclic. In addition, other factors such as load rate, type of load,
temperature, sample size and configuration, and normal confinement have been studied to
determine their effect on measured material properties. The results from the literature review
suggested modest yet important effects due to temperature on modulus and significant effect of
strain rate on modulus. However, the existing information is incomplete and does not allow
general modifications to the tensile modulus values determined from standard tension tests to be
adjusted so that material properties at temperatures and strain rates occurring in roadways are
more characteristic. Although less work has been conducted to determine the effects of normal
confinement, the literature suggested that the tensile modulus of certain geosynthetics can be
significantly affected under these conditions. Finally, the load-strain behavior was significantly
affected when cyclic loads were applied to geosynthetic material samples. Based on this
literature review, cyclic loads, and to a lesser extent, various strain rates and sample sizes were
used to study their effect on these parameters.

Three geotextiles and four geogrids were tested to compare their unconfined load/strain
properties under monotonic and cyclic loads. Tests were also conducted to study the effects of
various strain rates and samples sizes. A servo-hydraulic loading system equipped with Curtis
GeoGrips was used to load the geosynthetics. Axial and lateral strains were measured using a
device called a “clip gage” and Ivdts. All tests were conducted on standard sized, wide-width
specimens except for tests used to study various sample sizes. For the cyclic tests, geosynthetics
were loaded up to six predetermined levels of axial strain and cycled 1000 times at a strain
amplitude of 0.2 percent at 0.67 Hz. This protocol simulates a static prestressed condition of the
geosynthetic due to either accumulated load or construction, and then cycles the load
representative of traffic. The load-strain curves from the monotonic and cyclic tests were used to
calculate the tangent and cyclic modulus, respectively, at the six predetermined levels of axial
strain.
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6.2 Conclusions

Results from cyclic tests conducted on the geotextiles generally showed that the stiffness
remained constant for all 1000 load cycles at a particular load level but that the stiffness
increased significantly from one step to the next. Geogrids exhibited an opposite effect, in that
the stiffness increased with increasing number of load cycles within a given load step, but did not
change from step to step. Monotonic test results showed that the initial stiffness decreased as
axial strain increased for geogrids, but remained constant for geotextiles. These intrinsic
material parameters were used as inputs into a finite element model of a geosynthetic-reinforced
pavement structure to study the effects various geosynthetics have on pavement performance.

These results have the following implications for reinforced pavement modeling. For stiffer
materials like the geogrids, cyclic loading tends to create a state in the material where the
stiffness of small-strain amplitude load cycles is equal to a constant for any level of permanent
strain. These results suggest that a constant elastic modulus should be used for the reinforcement
for any level of pavement load application. This constant modulus value can be approximated by
averaging the cyclic modulus values. However, for softer materials like the geotextiles,
modifications to the material models are required to incorporate this non-linear behavior.

When tested at various strain rates, the geosynthetics used in this research showed
noticeable changes in stiffness when strained at rates varying between 0.03% and 20% per
minute. As expected, the material behaved more stiffly (i.e., secant modulus increased) as the
strain rate was increased. Stiffer materials, like the geogrids, were less sensitive to rate changes.
Conversely, softer materials, like the geotextiles, were more sensitive to rate changes. The
overall stiffness of the material also influenced whether the secant modulus increased or
decreased for higher levels of axial strain. Less stiff materials (such as the geotextiles) showed
increasing stiffness for higher axial strains, while stiffer materials (such as the geogrids) showed
decreased stiffness for higher axial strains. However, these trends were not as apparent for all
materials.

Tests conducted using various sample sizes of the Amoco 2006 geotextile and Tensar
BX1100 geogrid showed that sample length and width had a significant affect on the initial
secant modulus for both of these materials. Generally, the results from Tukey’s analysis showed
that most of the significant differences were found when the shortest lengths and widths were
compared to longest lengths and widths, respectively. Overall, the results from the Amoco 2006
geotextile showed that increasing either length or width decreases the initial secant modulus, and
for lengths over 203 mm did not show much difference. For the BX1100 material, increasing the
width of the material decreases the initial secant modulus, increasing the length of the material
increases the initial secant modulus, length and width have the opposite affect on the secant
modulus, and increasing the length decreases differences in secant modulus, for a variety of
widths.
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6.3 Recommendations for Future Research

Additional work is needed to establish the most efficient cyclic loading protocol and to
evaluate this test for other reinforcement products. Loading of geosynthetics in pavement
applications may be cyclic stress relaxation (like those conducted as part of this study), cyclic
creep, relaxation-cyclic relaxation, creep-cyclic creep, or some combination of these conditions.
In particular, it may be discovered that loading to a particular permanent strain, followed by
stress relaxation or creep and subsequent reloading, provides the same information without
applying multiple load cycles. Since it is unclear which loading case predominates in reinforced
pavement applications, tests should be performed for each of the four basic dynamic cases.
Additional testing should also be performed to establish the influence of strain rate, temperature
and confinement on the measured elastic modulus for conditions pertinent in pavements, as
indicated in the literature review.
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Figure A-1: Monotonic, Load-Strain Curves for Amoco ProPex 2006 Geotextile in Both Principle
Strength Directions
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Figure A-2: Monotonic, Load-Strain Curve for Synthetic Industries Geotex 3x3 Geotextile in Both
Principle Strength Directions
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Figure A-3: Monotonic, Load-Strain Curve for Ten Cate Nicolon Geolon HP570 Geotextile in Both
Principle Strength Directions
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Figure A-5: Monotonic, Load-Strain Curve for Tensar BX 1200 Geogrid in Both Principle Strength
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Figure B-1: Load-Strain Curves for the Amoco 2006 Geotextile in the Machine Direction at Three
Strain Rates
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Figure B-2: Load-Strain Curves for the Amoco 2006 Geotextile in the Cross-Machine Direction at
Three Strain Rates
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Figure B-3: Load-Strain Curves for the Ten Cate Nicolon Geolon HP570 Geotextile in the Machine
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Figure C-3: Load-Strain Curves for Amoco ProPex 2006 Geotextile with Constant Specimen width
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Figure C-4: Load-Strain Curves for Amoco ProPex 2006 Geotextile with Constant Specimen width
of 8 Inches and Varying Specimen Length

Western Transportation Institute C-3



Appendix C

N
i

N
N
.

N
o
.

-
[e¢]
.

=
()]

Load (kN/m)

0 2 4 6 8 10 12 14
Axial Strain (%)

Figure C-5: Load-Strain Curves for Tensar BX1100 Geogrid with Constant Specimen width of 2
Longitudinal Ribs and Varying Number of Transverse Ribs
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Figure C-6: Load-Strain Curves for Tensar BX1100 Geogrid with Constant Specimen width of 3
Longitudinal Ribs and Varying Number of Transverse Ribs

Western Transportation Institute C-4



Appendix C

18
4X4
16 f =——4X10 -~~~ et e
——4x16
144 e A e
—4X24
124 -mmmmmmmm e
Ewot----------- S
P
2
88—
o
-
6 4 ______F -
4 4 ___ & Lo
2 4 ¥y i
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8 9 10 11 12

Axial Strain (%)

Figure C-7: Load-Strain Curves for Tensar BX1100 Geogrid with Constant Specimen width of 4
Longitudinal Ribs and Varying Number of Transverse Ribs
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Figure C-8: Load-Strain Curves for Tensar BX1100 Geogrid with Constant Specimen width of 5
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Figure C-9: Load-Strain Curves for Tensar BX1100 Geogrid with Constant Specimen width of 6
Longitudinal Ribs and Varying Number of Transverse Ribs
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Figure D-2: Cyclic, Load-Strain Curves for the Amoco ProPex 2006 Geotextile in the Cross
Machine Direction
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Figure D-5: Cyclic, Load-Strain Curves for the Ten Cate Nicolon Geolon HP570 Geotextile in the
Machine Direction
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Figure D-7: Cyclic, Load-Strain Curves for the Tensar BX1100 Geogrid in the Machine Direction
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Figure D-8: Cyclic, Load-Strain Curves for the Tensar BX1100 Geogrid in the Cross Machine

Direction
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Figure D-9: Cyclic, Load-Strain Curves for the Tensar BX1200 Geogrid in the Machine Direction
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Figure D-10: Cyclic, Load-Strain Curves for the Tensar BX1200 Geogrid in the Cross Machine
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Figure D-11: Cyclic, Load-Strain Curves for the Tenax MS220b Geogrid in the Machine Direction

5
Trial |
4.5 4 L= L
e [
3'5- ..........................................................................................
3- ......................................................

Load (kKN/m)

o
o
w1
=

15 2 25 3 35
Axial Strain (%)

Figure D-12: Cyclic, Load-Strain Curves for the Tenax MS220b Geogrid in the Cross Machine
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Figure D-13: Cyclic, Load-Strain Curves for the Colbond Enkagrid Max 20 Geogrid in the
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Figure D-14: Cyclic, Load-Strain Curves for the Colbond Enkagrid Max 20 Geogrid in the Cross

Machine Direction
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Figure E-1: Load-Strain Curves for Amoco ProPex 2006 Geotextile from Monotonic and Cyclic
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Figure E-2: Load-Strain Curves for Amoco ProPex 2006 Geotextile from Monotonic and Cyclic

Tests in the Cross-Machine Direction
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Figure E-3: Load-Strain Curves for Synthetic Industries Geotex 3x3 Geotextile from Monotonic

and Cyclic Tests in the Machine Direction
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Figure E-4: Comparison of Load-Strain Curves for Synthetic Industries Geotex 3x3 Geotextile

from Monotonic and Cyclic Tests in the Cross-Machine Direction
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Figure E-5: Load-Strain Curves for Ten Cate Nicolon HP570 Geotextile from Monotonic and
Cyclic Tests in the Machine Direction
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Figure E-6: Load-Strain Curves for Ten Cate Nicolon HP570 Geotextile from Monotonic and
Cyclic Tests in the Cross-Machine Direction
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Figure E-7: Load-Strain Curves for Tensar BX 1100 Geogrid from Monotonic and Cyclic Tests in

the Machine Direction
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Figure E-8: Load-Strain Curves for Tensar BX 1100 Geogrid from Monotonic and Cyclic Tests in

the Cross-Machine Direction
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Figure E-9: Load-Strain Curves for Tensar BX 1200 Geogrid from Monotonic and Cyclic Tests in

the Machine Direction
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Figure E-10: Load-Strain Curves for Tensar BX 1200 Geogrid from Monotonic and Cyclic Tests in

the Cross-Machine Direction
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Figure E-11: Load-Strain Curves for Tenax MS220b Geogrid from Monotonic and Cyclic Tests in
the Machine Direction
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Figure E-12: Load-Strain Curves for Tenax MS220b Geogrid from Monotonic and Cyclic Tests in
the Cross-Machine Direction
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Figure E-13: Load-Strain Curves for Colbond Enkagrid Max 20 Geogrid from Monotonic and
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Figure E-14: Load-Strain Curves for Colbond Enkagrid Max 20 Geogrid from Monotonic and

Cyclic Tests in the Cross-Machine Direction

Western Transportation Institute

E-8



