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� Creep behavior and stress relaxation of geogrids have been investigated.
� Constitutive model for simulating creep behaviors and stress relaxation of geogrids.
� Working stress of geogrids should be less than 40% of ultimate tensile strength.
� Piles treated deep soft soil foundation can ignore creep behavior of soft soil.
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The reinforced soil retaining wall has been applied extensively with its numerous advantages. However,
the performance of geogrids reinforced soil retaining wall was affected by creep behavior of geogrids and
soft soil foundation as well as stress relaxation of geogrids. In this paper, the creep behavior and stress
relaxation of high density polyethylene geogrids have been investigated in a laboratory. Four different
sustained load levels of 20%, 40%, 50% and 60% of ultimate tensile strength were employed as load levels
for creep tests. A constitutive model, which was capable of simulating creep behaviors and stress
relaxation of geogrids, was established based on experimental data and verified. Numerical modeling
using finite element method has also been used to assess the impact of creep behavior and stress
relaxation of geogrids on the long-term performance of reinforced soil retaining wall on the deep soft soil
foundation. The results show that the constitutive model for creep behavior and stress relaxation of
geogrids was in good qualitative agreement with experimental data under different load levels. To ensure
the stability of the retaining wall, the working stress of geogrids should be less than 40% of ultimate
tensile strength, and the high strength geogrids should be adopted in the middle of the wall or the
spacing of geogrid reinforced layers should be reduced. The deep soft soil foundation which is treated
by piles can ignore the creep behavior of soft soil.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Plastics geogrids, a type of geosynthetic, refer to high strength
and durability polymer materials developed for reinforced retain-
ing wall on the soft soil foundation [1]. For reinforced soil, geogrids
provide tension strength to bound soil and restrain excessive
lateral displacement of soil. However, geogrids are subjected to
time-dependent creep behavior and stress relaxation in a stretched
state in actual projects, leading to variational internal stress and
affect the long-term performance in reinforced structures such as
loss of overall stability and excessive deformation [2]. Therefore,
the long-term creep strain of geogrids must not exceed the
allowable value and the reinforced structures should be restricted
to a limited deformation to keep long-term stability [3]. In
addition, the creep deformation of soft soil induced by secondary
consolidation has influence on the creep behavior and stress
relaxation of geogrids through friction and adhesion [32]. All of
these key factors influence the long-term performance of rein-
forced soil retaining wall.

Numerous studies have been conducted on the performance of
reinforced retaining walls on the solid foundation [4–9]. The differ-
ent wall and backfill materials, the reinforced intensity and length,
and geometry of reinforced soil structures were reported based on
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Table 1
Longitudinal properties of specimens.

Properties Specimen

Tensile strength (kN/m) 39.91
Strength at 2% strain (kN/m) 13.45
Strength at 5% strain (kN/m) 28.96
Width 3 ribs
Unit weight (kg/m2) 0.6

Fig. 2. Apparatus sketch for creep tests.
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reinforced mechanism and design methods of reinforced retaining
wall. The soil pressure, displacement and stress distribution at base
of reinforced retaining walls have been previously summarized.
Based on the results of these studies, the design methods of
present specifications for reinforced retaining walls were formed
gradually [10,11].

This is not the case with reinforced retaining walls on the soft
soil foundation, where the settlement or differential settlement
are taken place in most reinforced soils [12–15]. However,
reinforced retaining walls sustained almost no damage and the strain
of reinforcement materials did not exceed the design standards.
Therefore, current design methods for reinforced retaining walls on
the solid foundation were not suitable for soft soil foundation.

For the creep model of geogrids, linear [17,18], hyperbolic [19]
and polynomial [20] constitutive relations, which did not consider
time-dependent behavior [16], were used commonly in most early
numerical analysis of geogrids reinforced retaining wall. Currently,
creep models used in finite element analysis including component
models, rheological models and empirical models, and empirical
models based on test data were widely adopted. Finnigan and
Findley [18,21] developed an empirical equation based on
experiments that both short-term and long-term creep behaviors
of geosynthetics have been considered. Das [22] proposed an
empirical equation of strain rate for geogrids which was modified
from the empirical rheological models of soil developed by
Singh and Mitchell [29]. Additionally, rheological models which
combined of creep and stress relaxation have been widely used
to study the stress relaxation of geosynthetics. Sawicki [23,24]
developed a three parameters‘ creep model based on linear solid
model comprised of a spring and Kelvin‘s model, and proposed a
four parameters‘ rheological model by adding a plastic slider.

In this study, creep tests of geogrids have been conducted and
the creep behavior and stress relaxation of geogrids subjected to
different loadings were investigated. In addition, a constitutive
model, which was capable of simulating creep behaviors and stress
relaxation of geogrids, was established based on experimental data
and verified by comparing experimental and calculated results. The
model was then incorporated into a finite element model to
simulate the long-term performance of a reinforced retaining wall
on the deep soft soil foundation. The results provide useful infor-
mation for analysis and evaluation of the long-term performance
of geogrids reinforced structure on the deep soft soil foundation.
2. Materials and apparatus

2.1. Properties of geogrid

Tensile properties of high density polyethylene geogrid were evaluated accord-
ing to the test procedure described in ASTM D 6637 [25]. Ten longitudinal and
transverse ribs cut from geogrids were tested at a constant displacement rate of
Fig. 1. Typical tensile behavior of geogrids.
20 mm/min, respectively, and the typical load-deformation curves are shown in
Fig. 1. The average ultimate tensile strength is 39.91 kN/m for longitudinal ribs
and 36.79 kN/m for transverse ribs, and the average elongation rate under the
ultimate tensile strength is 9.53% on longitudinal direction and 11.27% on
transverse direction. Therefore, loads were applied on longitudinal ribs of geogrids
in creep tests, and the properties of specimens in longitudinal direction are listed in
Table 1.

2.2. Description of apparatus

The test apparatus used in creep tests was developed by authors, which
consisted of test bench, clamping system, loading system and measuring system,
as shown in Fig. 2.

2.2.1. Test bench
The dimension of test bench is 1.5 � 1.0 � 1.0 m. Two stationary supporting

bases were installed on each side of the test bench respectively, and one of them
connected with pulley, which was used to convert vertical load to horizontal load.

2.2.2. Clamping system
Clamping system consisted of fixed fixtures and free fixtures, as shown in Fig. 3.

All the fixtures were 30-cm-wide to ensure wider than specimens. It was easy to
clamp the geogrid which has a thickness of 5 mm. However, clamping method
was important to ensure the accuracy of test data. A non-slip treatment was used
inside fixtures, and a row of bolts was set to provide clamping power. Fixtures
connected with pulley were free to slide on the supporting base, and the other
fixtures on another side of test bench were fixed. The specimen with three longitu-
dinal parallel ribs was mounted inside the fixtures.

2.2.3. Loading system
Considering the difficulty of massive load application in the test, the principle of

leverage with a scaling-down ratio of 1:8 was used to reduce the applied load. The
load was applied to the specimens using weights, which were hung on the lever
system as tensile load.

2.2.4. Measuring system
Two dial gauges were used for measuring the displacement of free fixtures to

obtain deformation of specimen. Dial gauges, which have an accuracy of
0.01 mm, were mounted on both sides of the fixtures, as shown in Fig. 4.



Fig. 3. Clamping system.

Fig. 4. Measuring system.

Table 2
Load design for creep tests.

Ultimate load (KN/m) Load level Load (kN) Weights (kg)

39.91 20% 0.92 93.97
40% 1.84 187.95
50% 2.30 234.94
60% 2.76 281.92

Fig. 5. Strain-time creep curves of geogrids.
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3. Experimental programme

3.1. Testing parameters

Creep strain e is the ratio of elongation and initial length of the
specimen under long-term static loading.

e ¼ DL=L0 ð1Þ
where DL is the change in length of specimen from the pretension
force to the corresponding applied load at certain moment, mm;
L0 is the initial length plus the pretension displacement of
specimen, mm.

Creep stress is the ratio of constant force and cross-sectional
area perpendicular to the direction of constant force.

r ¼ F=S ð2Þ
where r is creep stress; S is cross-sectional area of specimen; F is
constant force that applied on the specimen in creep tests.

3.2. Testing environment

Creep tests were carried out in a laboratory in which tempera-
ture and humidity could be adjusted as needed. Keep the indoor
temperature at 20 �C ± 2 �C and relative humidity between 50%
and 70%.
3.3. Testing load

Four different sustained load levels employed for the creep
tests were 20%, 40%, 50% and 60% of ultimate tensile strength,
respectively, as listed in Table 2.

3.4. Data recording

The total time for creep tests was more than 720 h. In the first
24 h, the data were recorded at 0 min, 1 min, 2 min, 4 min, 8 min,
12 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 10 h and 24 h, respectively.
From then on, the data were recorded once every 24 h. To measure
creep strain accurately, it was necessary to wait 1 min to record
data after load application to eliminate the influence of elastic
deformation of specimens on creep test results.

3.5. Testing program

The tests were carried out using the following steps:

(1) All specimens were equilibrated at temperature of 20 ± 2�
and humidity of 60 ± 10% for 24 h.

(2) Mounted specimen inside the fixtures of clamping system,
and a pre-stress was applied quickly and smoothly to the
specimen. Recorded the elongation caused by pre-stress
and used the value as the initial readings.

(3) Applied the weights as load rapidly and smoothly to each
specimen, recorded dial gauge readings according to the
schedule of data recording.

4. Test results and discussion

4.1. Creep curves under different load levels

Fig. 5 plots a series creep curves of geogrids. In all curves, the
strain increased with the increased load levels and the deforma-
tional characteristic can be defined by power function. By applying
20% of ultimate tensile strength, the creep curve was relatively flat,
and the strain was 1.655% at 720 h. By increasing load levels to



Fig. 7. Stress relaxation curves of geogrids.
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40%, 50% and 60% of ultimate tensile strength respectively, the
strain grew to 6.408%, 8.221% and 10.053% at 720 h, relatively.
The increment of the creep strain between load levels of 40% and
20% was relatively greater than the one between load levels of
50% and 40%. It indicates that load level is an important factor
affecting the creep behavior of geogrids, and 40% of ultimate
tensile strength is a critical load. The working stress of geogrids
should be less than 40% of ultimate tensile strength.

In addition, strain grew rapidly at the beginning, and finally
became stabilized. The creep strain of geogrids became stabilized
in a relatively shorter time with relatively smaller load levels,
while those at the larger load levels were reversed. The reason is
that the internal structure and molecular movement are easily
changed with the high load levels application on geogrids.

4.2. Isochronous creep curves

Fig. 6 shows the isochronous load-strain curves of geogrids with
similar trend under different load levels at 1 min, 1 h, 5 h, 24 h,
120 h, 240 h, 480 h, 600 h, and 720 h, respectively. At 1 min, the
creep strains under different load levels were substantially equal,
and the maximum value of the creep strain was 0.19%. At 720 h,
the creep strain increased from 1.65% under load level of 20% to
10.05% under load level of 60%. It indicates that load is an impor-
tant factor affecting the long-term creep behavior of geogrids,
and heavy load may play a role in accelerating creep behavior.

4.3. Stress relaxation curves

Stress relaxation means that the strain remains constant while
the stress gradually decreases with time [32]. Due to the indoor
test of stress relaxation is difficult to control, the strain of 2.0%,
4.0% and 5.0% are selected to plot the curves of stress relaxation
based on creep curves under different load levels, as shown in
Fig. 7. The same trend at different strains and obvious stress relax-
ation were observed. The stress decreased rapidly at the beginning
and then became stabilized gradually.

5. Constitutive model formulation of creep behavior and stress
relaxation

5.1. Theory of constitutive model

The plastic behavior was observed obviously when high-stress
ratios were applied to geogrids. Currently, most of creep models
were hard to simulate the creep and stress relaxation of geogrids
accurately and ignored to consider different load levels [3]. This
Fig. 6. Isochronous load-strain curves of geogrids.
paper uses creep model of metal as a reference and develops a
time-dependent plastic deformation creep model for geogrids
based on the creep tests [26].

Creep behavior is defined by the uniaxial creep, which is called
creep law. For cohesive creep, creep law can be defined by time
hardening formulation of power law:

�
e
cr ¼ Arntm ð3Þ

where �
e
cr is strain rate for equivalent creep; r is stress for

equivalent creep; t is total time; A;m; n are material constants.
For physically reasonable behavior, A and n must be positive and
�1 6 m 6 0.

Use the creep strain e to replace the strain rate for equivalent
creep, Eq. (3) will be changed into:

e ¼ A
mþ 1

rntmþ1 ð4Þ

The constitutive modeling of creep behavior is given from
Eq. (4):

r ¼ e1
n

mþ 1

Atmþ1

� �1
n

ð5Þ
5.2. Parameters of constitutive modeling

Three parameters of A;m;n should be determined by creep
tests. Convert Eq. (5) into natural logarithm form:

ln e ¼ n lnrþ lnAþ ðmþ 1Þ ln t � lnðmþ 1Þ ð6Þ
The relationship of creep strain and stress and time can be

changed into linearity in double logarithmic coordinates at a given
moment. Thus, Eq. (6) can be written:

ln e ¼ a lnrþ b ð7Þ

ln e ¼ c ln t þ d ð8Þ
where a ¼ n;b ¼ ðmþ 1Þ ln tþ nA� lnðmþ 1Þ; c ¼mþ 1;d ¼ n lnrþ
lnA� lnðmþ 1Þ.

Based on creep tests, the strain of geogrids under different load
levels at representative moments are selected and the isochronal
stress-strain relationships are plotted and linear fitted, as shown
in Fig. 8 and Table 3. The fitted lines are essentially parallel to
each other in logarithmic coordinate. It indicates that the slope a
of fitted lines are approximately constant and time-independent,
while the intercept of strain axis b of fitted lines are different
and time-dependent. Thus, the average value of slope a is
0.68837, and n is 0.68837.



Fig. 8. Stress-strain curves of geogrids at different moments in logarithmic
coordinate.

Fig. 9. Strain-time curves of geogrids in logarithmic coordinate.

Fig. 10. Intercept-time relationship of geogrids.

Table 3
Fitting parameter of stress-strain curves of geogrids at different moments.

Moment Fitting equation Correlation coefficient

1 min y = 0.691x � 12.668 0.967
1 h y = 0.6824x � 11.577 0.972
5 h y = 0.685x � 11.022 0.971
24 h y = 0.682x � 10.556 0.907
120 h y = 0.698x � 10.073 0.989
240 h y = 0.683x � 10.073 0.985
480 h y = 0.693x � 10.107 0.976
600 h y = 0.694x � 10.118 0.988
720 h y = 0.683x � 9.966 0.989
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A series of strain-time curves of geogrids at different load levels
in logarithmic coordinate are obtained and shown in Fig. 9. Each
fitted line at different load levels is basically parallel to each
other. Thus, the average value of slope c is 0.24283, and m is
�0.75716.

According to Eq. (7), the intercept b is time-dependent and
has a liner relationship with time t in logarithm. Therefore, the
relationship between intercept b and time t is fitted and shown
in Fig. 10. In this figure, lnA� lnðmþ 1Þ ¼ �11:54209 and
A ¼ 2:35857� 10�6:

Hence, the creep constitutive model formulation of geogrid is
given as follows:

r ¼ 1:3573� 105e
t0:2957

 !1:4286

ð9Þ
Fig. 11. Comparison between experimental and calculated creep strain.
5.3. Validation and discussion of constitutive modeling

To validate the reasonableness and accuracy of the constitutive
model, comparative analysis between the data of creep tests and
simulation is shown in Fig. 11. It can be seen that the data obtained
from tests and model simulation were basically equal. The creep
model has the capacity to simulate the creep behavior of geogrids
subject to high stress level. With the increase of load level, there
was a small difference between the data of test and simulation,
however, the maximum difference value of strain was only
0.239%. The proposed constitutive modeling can predict the creep
strain of geogrids.

Fig. 12 shows the comparison of the stress relaxation between
experimental and calculated results. It reveals that the proposed
model is able to simulate the stress relaxation behavior of geogrids.
6. Application of geogrids reinforced retaining wall

The proposed creep model of geogrids was applied to analyze
the long-term behavior of geogrids reinforced retaining wall
via the commercial finite element package ABAQUS [26]. An
8-m-high geogrids reinforced retaining wall was built on the deep
soft soil foundation. The FE model is showed in Fig. 13.

The wall has a vertical hollow-block facing and assumed to be
linear elastic with elasticity modulus of 9.8 GPa and density of
2700 kg/m3 [27]. The reinforcement was 14 layers of geogrids with



Fig. 13. Finite element model.

Fig. 14. Lateral displacement of wall at different moments.

Fig. 12. Comparison between experimental and calculated data of stress relaxation.
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length of 5.6 m and spacing of 0.6 m. To limit relative movement
of geogrids and wall, motion constraints were set at their
contact points. The geogrids were modeled using aforementioned
constitutive model and the parameters were showed in Table 1.

The distribution and parameters of backfill and foundation
soils were listed in Table 4. The backfill soil and soft soil layer
were modeled using modified Drucker-Prager creep model, and
the parameters were obtained by retrieving field undisturbed
soil samples to conduct triaxial compression tests and triaxial
consolidated creep tests. Other soil layers were assumed to be
linear elastic [28]. The interface of wall and backfill soil followed
Mohr-Coulomb failure criterion. The horizontal displacement was
constrained at the right side of the backfill soil and at the left
and right side of the foundation soil, and horizontal and vertical
displacement were constrained at the bottom of foundation soil.
Table 4
Model parameters of backfill and foundation soils.

Soil layer Thickness/m E/MPa m q/kg�m�3 b

Backfill soil – 40 0.3 2000 4
Hard crust 0.8 20 0.3 1900
Soft soil 10 8 0.3 1650 3
Stiff clay 1.3 35 0.3 1800
Sand 1.75 42 0.3 1950
Weathering remaining soil 10 32 0.3 1850
Cement-flyash-gravel piles, which pile-spacing was 1.5 m and
pile-diameter was 500 mm and pile-length was 12.1 m, were used
to reinforce a 10-m-deep soft soil and assumed to be linear elastic.

In order to explore the impact of geogrids creep on long-term
performance of retaining wall, the lateral displacement of wall,
the surface settlement of foundation soil and backfill soil and
tension of geogrids were recorded at the end of construction, and
5 years, 10 years and 15 years afterwards.
6.1. Results of numerical model

Fig. 14 shows the lateral displacement of retaining wall along
wall height. The deformation in the middle of the wall was relative
large, and the shape of the wall was similar to parabola. At the end
of construction, the largest lateral displacement was 1.29 cm,
which was taken place at 0.15 times the wall height (0.15H). After
5 years, 10 years, and 15 years, the largest lateral displacements
were 2.93 cm, 3.49 cm and 3.88 cm, which were taken place at
0.5H, 0.53H and 0.58H, relatively. The lateral displacement almost
unchanged at the base and gradually increased with time at top of
the wall.

The surface settlement of the backfill soil at different moments
is shown in Fig. 15. At the end of construction, settlement of
reinforced area was less than the unreinforced area due to obvious
effect of reinforcement. However, the increasing settlement of
reinforced area was observed after construction. This is because
plastic yielding behavior of soil was appeared within fracture
surface of retaining wall, and the interaction of geogrids creep
and soil creep amplified the overall creep effect of retaining wall.
After 15 years, the settlement was about 3 cm compared to the
end of construction. It indicates that the performance of reinforced
retaining wall is able to adapt to the deformation of deep soft soil
foundation.

Fig. 16 shows the surface settlement of the foundation soil. At
the end of construction, the surface of foundation soil hunched
/(�) W/(�) d/kPa r0
c /kPa Parameters of creep model

A m n

0.893 0 24 33.74 1.28E�05 �0.735 0.856
– – – – – – –
6.204 0 12.558 16.611 9.32E�04 �0.72 1.635
– – – – – – –
– – – – – – –
– – – – – – –



Fig. 16. Surface settlement of foundation soil at different moments.

Fig. 15. Surface settlement of backfill soil at different moments.

Fig. 17. Maximum tensions of geogrids at different layers.
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up at the left side of retaining wall and subsidence at the right side.
After 5 years, the surface settlement was almost invariant. It
indicates that consolidation deformation of soft soil foundation is
the main factor affecting the deformation of retaining wall, and
creep deformation of soft soil was not occurred due to most of
upper loads were undertaken by piles. Therefore, the deep soft soil
foundation which is treated by piles can ignore the creep behavior
of soft soil.

The maximum tensions of geogrids at 2nd layer, 7th layer and
top layer are shown in Fig. 17. For the 2nd layer and 7th layer,
the maximum tensions increased with time during construction
and decreased gradually over time and finally become stable after
construction. This is likely because the active earth pressure
induced by surcharge loading result in increasing tension in
geogrids during construction and part of the tension transferred
to adjacent soil, leading to decrease of tension in geogrids with
time after construction. For the geogrids at top layer, the maximum
tension decreased first. However, the maximum tension of geogrid
increased gradually and then became stability due to the soil creep
was greater than the geogrid creep deformation. Additionally, the
maximum tension was appeared at 7th layer, and this trend also
can be seen in Fig. 14. It indicates that high strength geogrids
should be adopted at mid portion of retaining wall or spacing of
geogrid reinforced layer should be reduced.
Fig. 18. Schematic diagram of test (Wu et al. (1996) [30]).
6.2. Validation of numerical model

A long-term creep behavior test of soil-geosynthetic composites,
which was reported by Wu et al. [30], was used to validate the
efficiency of numerical model. In this test, a 508-mm-high and
457-mm-wide reinforced soil unit consisted of 0.02-mm-thick
geotextile reinforcement, two 1-mm-thick vertical flexible steel
plates, and confining clay was placed inside a rigid container with
transparent plexiglass side walls. The schematic diagram of test is
shown in Fig. 18 and relative parameters can be found in Wu et al.
[30,31]. The placement of soil layers was divided in two steps. In
step 1, the surcharge of 45 kN/m2 was used to consolidate the first
layer clay for 26 days and then placed a sheet of the geotextile
on top of the first layer soil. In step 2, the second layer of clay
was placed on top of the geotextile, and the consolidation pressure
of 45 kN/m2 was applied at the top of second layer of clay for
another 32 days [30]. After step 2, long-term performance of
soil-geosynthetic composites began to monitor for 23,000 min.

In the numerical model, the steel plates were assumed to be
linear elastic and the interface of plates and clay was using
interface friction model. The geotextile was simulated using
aforementioned constitutive model and clay was modeled
using modified Drucker-Prager creep model, and the parameters
of creep model were listed in Table 5. Only one-half of the
geometry was analyzed due to symmetry [31].

Figs. 19 and 20 show the comparison between tested and
calculated displacement at mid-point of steel plate and geotextile
strain at different moments. It can be seen that the data obtained
from test and model calculation were similar. There was a



Fig. 20. Tested and calculated geotextile strain at different moments.

Fig. 19. Tested and calculated lateral displacement at mid-point of steel plate.

Table 5
Parameters of creep model.

Layer A m n

Clay 2.521e�5 �0.827 1.094
Geotextile 2.748e�6 �0.872 0.686
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difference between the tested and predicted strain, however, the
maximum difference value of strain was only 0.66%. Therefore,
the numerical model has the capacity to simulate the creep behavior
and deformation of geosynthetic reinforced retaining wall.

7. Conclusion

In this paper, creep behavior and stress relaxation of geogrids
were discussed and a constitutive model was established based
on creep tests. On this basis, long-term characteristics of a grogrids
reinforced soil retaining wall were studied using finite element
analysis. The following remarks can be made:

(1) Geogrids have the largest creep rate under different load
levels at the beginning of load application, and the creep rate
decreases and becomes stable gradually after certain period
of time. The creep strains increase with the increasing load
levels and the stress relaxation curves have the similar trend
at different strains. To ensure the stability of the retaining
wall, the working stress of geogrids should be less than
40% of ultimate tensile strength.
(2) The constitutive model for creep behavior and stress
relaxation of geogrid is validated using the experimental
data. The model is in good qualitative agreement with
experimental data under different load levels.

(3) After construction, maximum tension of geogrids at the top
layer increases with time, and other layers show obvious
stress relaxation. The lateral displacement of the reinforced
soil retaining wall increases gradually with time and
presents a characteristic of larger in the middle of the wall
and smaller at two ends, and the position of maximum
lateral displacement obviously go up along the wall with
time. This indicates that high strength geogrids should be
adopted in the middle of retaining wall or the spacing of
geogrid reinforced layers should be reduced.

(4) Consolidation deformation of soft soil foundation is the main
factor affecting the deformation of retaining wall and the
influence of secondary consolidation deformation is relative
small. The deep soft soil foundation which is treated by piles
can ignore the creep behavior of soft soil.
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