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ABSTRACT: In the current design methodology, the long-term design tensile strength of a given geosynthetic reinforce-
ment is obtained by reducing with a relatively large creep reduction factor the strength from tensile tests at a relatively
high strain rate. This method could mislead to a wrong notion that creep is a degrading phenomenon. The method is lin-
ked to the isochronous concept, which states that the present tensile load is a unique function of instantaneous strain and
elapsed time since the start of loading. A series of tensile tests on a PET geocomposite were performed. Based on the
test results, the following is shown: 1) the rupture strength is a unique function of strain rate at rupture, independent of
pre-rupture loading history; 2) creep deformation takes place due to material viscous properties and therefore is not a de-
grading phenomenon, and the isochronous concept is not relevant; and 3) a non-linear three-component model taking in-
to account the viscous properties in addition to elasticity and strain-irreversibility while not introducing any negative effects
of time elapsing on the model parameters can simulate the whole observed load-deformation characteristics during mono-
tonic loading at strain rates, different up to factor of 100, and at step changes in the strain rate and during creep and
stress relaxation tests applied during otherwise primary loading and global unloading.

1 INTRODUCTION

To loading system
To use on-site high-water content soil as the backfill for a Load cell g
geosynthetic-reinforced soil (GRS) structure, the reinfor-
cement should have functions of both tensile-reinforcing
and drainage. Several different types of geocomposite
consisting of a woven geotextile or a yarn for tensile-
reinforcing and a non-woven geotextile for drainage are of-
ten used. The long-term drainage function of a given geo-
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composite, in particular whether it is clogged with fines g Sand paper.| .
particles from the backfill, is firstly ensured. The long-term ¢ [ L ﬂ
design rupture strength of a geocomposite is usually obtai- 3 b . : .
ned in the same way as other types of tensile reinforce- & q Local gauge for s — PET vamn
ment such as polymer geogrids. That is, the long-term de- £ — axial deformation 2
sign tensile strength is obtained by reducing with a 2 [j S
relatively large creep reduction factor the rupture strength 2 d 'E B
obtained from tensile tests performed at a relatively high .8
strain rate. However, this design methodology could mis- <€ i i i

lead to a wrong notion that creep is a degrading phenome-
non. On the other hand, with a number of different types
of geosynthetic reinforcements including polymer geogrids,
pre-rupture creep deformation does not affect the tensile
ruptured strength (e.g., Voskamp et al. 2001; Hirakawa et
al. 2002 & 2003; Kongkitkul et al. 2002 & 2003). Rather,
the rupture strength is a function of strain rate at rupture.

The current design methodology is linked to the isochro-
nous concept, which states that the present tensile load is
a unique function of instantaneous strain and elapsed time
since the start of loading. Hirakawa et al., (2002, 2003)
and Kongkitkul et al. (2002, 2003) showed that the isoch-
ronous concept is not able to predict the load-strain beha-
viour of a given geosynthetic reinforcement for general ar-
bitrary loading histories, in particular the one observed
after the loading is restarted at a constant strain rate follo-
wing creep loading.

In the present study, the load-strain-time behaviour of
one type of geocomposite was thoroughly evaluated by
performing a series of continuous monotonic loading tests
(ML) at different constant strain rates as well as unconven-
tional tests in which the strain rate was changed stepwise
and creep and stress relaxation loading tests were perfor-

Figure 1. Tensile loading apparatus with a test specimen.

533



TABLE OF CONTENTS

med during otherwise ML. The test results were success-
fully simulated by the three-component model that has
been developed for geomaterials (Di Benedetto et al.,
2002; Tatsuoka et al., 2002).
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Figure 2. V' — ¢ relations from ML tests at different strain
rates.
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Figure 3. Rupture strength as a function of strain rate.

2 TEST APPARATUS AND PROCEDURE

A strain-controlled tensile loading apparatus having a ca-
pacity of 50 kN was used. It consists of a precise gear
system with practically no backlash upon load reversal. By
using this loading system, it is possible: a) to smoothly
switch the loading mode between displacement and load
control phases and between creep or relaxation stage and
constant strain rate loading/unloading phases; b) to chan-
ge the strain rate stepwise or gradually by a factor up to
3,000; and c) to apply small-amplitude cyclic loading to e-
valuate the equivalent elastic property at any arbitrary
moment.

The gripping device consists of a pair of roller-clamps,
each consisting of a steel cylinder having a smooth surface
with a groove made to grip a specimen with a small steel
rod (Fig. 1a). A sheet of sand paper was firmly glued on
the surface of the clamp where a specimen was wrapped
around to prevent any slippage during a test.

3 TEST MATERIAL
PET yarn retrieved from the “Polyfelt ROCK PEC 150” ge-

ocomposite, provided by Polyfelt GmbH, was used. The
geocomposite consists of a planar needle-punched non-
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woven geotextile made of continuous polypropylene (PP)
filament for drainage and high-strength polyester (PET) y-
arns in the longitudinal direction for tensile-reinforcing.
The spacing between two parallel yarns is about 5 mm.
The tensile strength of the non-woven geotextile sheet is
negligible when compared with the one of the PET yarns.

In tests using a geocomposite specimen consisting of
more than one yarn cut to have the initial length of 900 mm,
significant necking took place due to the so-called Pois-
son’s effects with the non-woven geotextile portion. This
necking phenomenon does not take place when placed in
the proto-type backfill while it may affect the measured
tensile load-strain characteristics. On the other hand, tests
on a single extracted PET yarn were not successful either
because a pair of laser displacement transducers could not
be properly fixed to the single yarn. As the final solution,
the specimens consisting of three yarns with a non-woven
geotextile with a width of about 15 mm were prepared by
cutting the original geocomposite in the longitudinal direc-
tion and subsequently the two side yarns were removed
(Fig. 1b). These specimens will hereinafter be called “PET
yarn specimens”. Each specimen has a total initial length
of 900 mm, an unconfined initial length of 240 mm (exclu-
ding those wrapped around the clamps) and an initial gau-
ge length of 50 mm, over which tensile strains were mea-
sured locally by using a pair of laser displacement
transducers.
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Figure 4a&4b. V —¢& relations from ML tests with creep
tests with two different initial strain rates and their simulation.

4 TEST RESULTS AND DISCUSSION

Fig. 2 shows the relationships between the tensile load, V',
and the tensile strain, &, obtained from continuous ML
tests at constant strain rates of 0.01; 0.1 and 1.0 %/min.
Fig. 3 summarises the ruptured strengths from these tests
and those with more complicated loading histories (shown
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below), plotted against the logarithm of the strain rate at
rupture. The ruptured strength from a continuous ML test
at a strain rate of 1.0 %/min, equal to 175.74 kN/m (Vref')
as shown in Fig. 3, was used as the reference strength for
creep load levels. Figs. 4a & 4b shows the results from
continuous ML tests with creep loading tests at three diffe-
rent load levels, equal to 25 %, 50 % and 75 % of Vref,
during otherwise ML at strain rates of 0.1 and 1.0 %/min.
Each creep loading test lasted for one hour. The results
from model simulation will be explained later. The follo-
wing trends of behaviour can be clearly seen from these fi-
gures:

1) The effects of strain rate on the pre-peak V' — ¢ relati-
ons and the ruptured strength are significant. That is,
a) V — ¢ relations at faster strain rates are stiffer; and
b) the ruptured strength increases proportionally to the
logarithm of the strain rate at rupture.

The creep strain that develops for a given period of
creep loading at a given load level increases with an
increase in the initial strain rate at the start of creep lo-
ading, showing the importance of control of the initial
creep strain rate in the evaluation of creep strain.
Creep deformation of a given prototype GRS structure
would be overestimated if it is predicted without taking
this factor into account while based on results from
conventional laboratory creep tests in which the initial
creep strain rate is much higher than the one with the
prototype structure.

For a given period of creep loading with a given initial
strain rate, the creep strain first decreases then increa-
ses with an increase in the creep load level. This pe-
culiar behaviour is due to the S-shaped V' —¢ relati-
ons as shown in Fig. 2: that is, the tangent stiffness
increases as the load increases from 25 % to 50 % of
Vref while it decreases as the load increases from 50
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Figure 5a&5b. V' — ¢ relations from ML tests with diffe-
rent sequences of step changes in the strain rate, creep
and stress relaxation tests; and their simulation.
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% to 75 % of Vref . The three-component model can
simulate this peculiar creep behaviour as shown later
in this paper.

4) When ML is restarted following each creep loading
test, the V' —¢& relation exhibits a very high tangent
stiffness compared with the one observed at the same
load level during continuous ML without any intermissi-
on of creep. Then, the V' — & curve tends to rejoin the
curve observed during continuous ML, without showing
any effects of previous creep loading history on the
subsequent load-strain characteristic at higher load le-
vels. This fact indicates that creep loading has no de-
teriorating effects on the strength and deformation cha-
racteristics but it is a viscous response of the test
material.

To better understand the viscous effects on the V' —¢
behaviour, other two tests with multiple loading histories
including stepwise changes in the strain rate, creep and
stress relaxation tests were performed, Figs. 5a & 5b. For
confirmation, the sequences of changes in the strain rate
were made opposite in the two tests. It may be seen that
the tensile load exhibits a significant sudden increa-
se/decrease upon a stepwise increase/decrease in the
strain rate.

To obtain irreversible strains from measured total
strains, the equivalent elastic stiffness keq was evaluated
by performing small-amplitude cyclic loading tests (10 cyc-
les/stage) at different load levels during otherwise ML at a
constant strain rate of 1.0 %/min (Fig. 6a). Fig. 6b shows
the relationship between the value of keq (the average for
10 cycles of the linearly fitted slope of reloading V —¢
curve) and V . It may be seen that the value of keq is not
constant but increases with V' following the non-linear re-
lation shown in Fig. 6b. Then, the irreversible strain in-
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crement &" was obtained as: d&” =de—deg°, where
deg’ is the elastic strain increment obtained as:
de’ = dV/keq(V); dV is a given load increment. Ac-
cording to the three-component model (explained later),
the loading rate effects due to viscous property are con-
trolled basically by the irreversible strain rate, £" =de&” /dt .

The amount of load jump per unit width, A}V upon each
step change in £", as defined in Figs. 7a & 7b, was ob-
tained from the test results presented in Fig. 5. Fig. 8a
shows the relationships between AV and the instantane-
ous load V' for different changing ratios of £”. It may be
seen that AV is always proportional to }' for the respec-
tive ratio of £”. Based on this fact, each ratio AV /V was
plotted against the logarithm of the ratio of the values of
£" after and before a stepwise change (Fig. 8b). It may
be seen that the relation is unique and linear. The slope
p of relation, equal to 0.080, is the parameter represen-
ting the viscous properties and will later be linked to the
model parameters. Table 1 shows the S values of other
types of polymer geosynthetic reinforcements (Hirakawa et
al. 2003). The g value of the geocomposite is within a
very small range (between 0.0665 and 0.1428) of the other
types of geosynthetic reinforcement that have been evalu-
ated by the authors.

Table 1. /3 - values obtained from different geogrids (after Hira-
kawa et al., 2003)

Fibre material Specimen Ruptured B - value
condition strength (kN/m)*
Polyester Virgin 39.2 0.1428
Polyarylate Virgin 88.0 0.0732
Polyvinyl alcohol Virgin 60.8 0.1319
Aramid Virgin 56.0 0.0665
HDPE Virgin 50.0 0.1132
Polyvinyl alcohol Aged (8 yrs) 59.0 0.1595

* at a strain rate = 1.0 %/min

It may be seen from the above that the viscous proper-
ties observed with geosynthetic reinforcements, including
the geocomposite tested in this study, are highly non-linear,
unlike the Newtonian type viscosity, for which ¥ =7 -Ag”
(7 = constant) is relevant.

Elastic strain Irreversible strain
& &"
I
Viscous stress
V o” (s"',é"', history)
—— EPI —
Inviscid stress
EP2 o’ (8”',history)

Figure 9. Non-linear three-component model.

5 SIMULATION

5.1 Three-component model

The observed load-strain-time behaviour of the PET yarn
was simulated by the three-component model (Fig. 9),
which was obtained by modifying the original version re-
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placing the stress with the load. According to the model,
the load V' is given as follows in ML cases:

v=v'(e)+r (") )

where V'’ gg) is the inviscid load component that is a u-
nique function of £”. In the present study, the function
V' (&"), called the reference relation, was determined by
fitting the following equation to the respective inferred
v/ —¢ relation during ML at zero-strain rate that was ex-
trapolated from the test result:

Vo=Ya(e) @)

where g, is the coefficient for term i. V" (5"',5"') is the
viscous load component that is a function of & and &" .
Based on the fact presented in Fig. 8a, V' (&",&" ),
which corresponds to the load change AV upon a step

change in &, could be represented as follows:

vi=v' (") g (&) 3)
Hence, Eq. 1 becomes:

v=vi(en)-{tre (¢7)) @)

where g (¢") is the viscosity function, for which the follow-
ing function has been proposed for geomaterials (Di Be-
nedetto et al., 2002; Tatsuoka et al., 2002):

g.(¢")= a~[1—exp{1—(|g""|/éj" +1)m}] (5)

where |5| is the absolute value of ¢": a,m and €. are
the positive material constants. Note that the function
g‘,(g"") is always positive whether during loading, unloa-
ding, reloading or so (i.e., irrespective of the sign of £").
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Figure 10. Viscosity function.

5.2 Determination of model parameters

Following Eq. 5, the parameters ¢ and m were deter-
mined by trial and error in such a way that the linear part of
the relationship between log(1+¢ (")) and log(¢") for a
range of £” encountered in the present test program has
a slope b that is equal to 4/In(10), Fig. 10. This linear
part cannot be extended towards zero as &" decreases,
but the value of g, s’c) should become zero as & be-
comes zero. The introduction of this non-linear relation is

SEARCH

inevitable because V' never becomes negative even
when &” becomes very small as long as &" is positive.

The relation that b= //In(10) is obtained as follows.
Suppose that ¢” suddenly changes from &"sefore t0 &" afier
as depicted in Fig. 10. Then, the following equations are
derived:

d[log(1+g,(¢"))]=b-10g(¢", /.,.)
d[in(1+g (¢")]=b-m(e, /¢0,.)
By substituting 7 =" -{1+g (")} and ar =a[r ¢ ()] -

v'.d[g (¢)]into the following linear relation with a slope
£ (Fig. 8b),

(6a)
(6b)

AVIV =MV IV = B-log (&, 1€l,) (7a)
the following equation is derived:
e ) (e ()]
14 ~[1 +g, (é” )]
= p-log(&), /40, (7b)

By comparing Egs. 6b & 7b, the following equation that
links the slopes b and 3 is obtained:

B=b-1n10 8)

The determined values of ¢ and m are 0.52 and 0.08,
respectively, which provide the slope b in Fig. 10 equal to
0.03344, thus S = 0.077. This S value is very similar to
the measured one, equal to 0.080. Finally, the value of
£"+, which does not change the slope b but shifts the
curve laterally in Fig. 10, was determined so that the rate
of creep strain and stress relaxation with different initial
strain rates and at different load levels can be well simula-
ted. As the value of £", decreases, the viscous load
component V¥ increases. In the present study, £ equal
to 0.0001 %/sec was selected.

5.3 Simulation of test results

The simulated V' — ¢ relationships are presented in Figs. 4
& 5. It may be seen from these figures that the proposed
model can simulate rather accurately the whole viscous
aspects observed for a wide range of loading history, es-
pecially for: a) sudden increase/decrease in the load upon
a stepwise change in the strain rate; b) different creep
strains and rates for different load levels and different initial
strain rates; and c) rate of load relaxation. It is to be noted
that the same model parameters were used for all these
tests. Some small discrepancy between the measured
and simulated load-strain relations is due mostly to an ine-
vitable scatter in the material properties among the diffe-
rent specimens.

6 CONCLUSIONS

The following conclusions can be derived from the results

of experiment and simulation described in this paper:

1) The tensile load-strain behaviour during monotonic lo-
ading (ML) at a constant strain rate, upon stepwise
changes in the strain rate, during creep loading and
stress relaxation tests and the rupture strength of the
tested PET yarn are significantly rate-dependent.

2) The stiffness of tensile load-strain relation upon the re-
start of loading after creep loading is very high, close to
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the elastic behaviour, and subsequently it tends to re-
join the original one that would be obtained from conti-
nuous ML test at the respective strain rate. This result
indicates that the tensile load-strain behaviour is es-
sentially a unique function of instantaneous irreversible
strain rate.

3) The rupture strength is controlled uniquely by the strain
rate at rupture, not affected by pre-rupture loading his-
tories (with creep & relaxation tests). This implies that
creep is not a degradation phenomenon and there is
no reason to reduce the rupture strength of geosynthe-
tic reinforcement measured at a certain strain rate by
using a large creep reduction factor to obtain the long-
term design strength unless the creep failure is likely to
occur during a given design life time. Some correcti-
ons for a difference between the inferred strain rate at
the failure of structure and the strain rate used in the
material tests may be necessary.

4) The non-linear three-component model that was firstly
developed for simulation of the time-dependent defor-
mation characteristics of geomaterials is also relevant
to geosynthetic reinforcements. A successful simulati-
on of the test results obtained from the present study
also validated the above.
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