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Abstract

The combined effects of viscoelastic behavior of geosynthetic reinforcement and viscoplastic nature of rate-sensitive foundation soils

on the performance of reinforced embankments are investigated. The variation of viscoelastic properties is examined using geosynthetic

products that are made of polyester, polypropylene and polyethylene. The foundation soils consist of two soft clay deposits with different

strain-rate sensitivities. Embankment construction is numerically simulated to identify the magnitude of creep deformation of the

reinforcement and the foundation soil under both limit state and working stress conditions and the consequent effects on the stability of

the embankment. It is shown that the creep of geosynthetic reinforcement and foundation soil can decrease the short-term stability of

embankments and that the mobilized reinforcement stiffness and corresponding tensile force can be significantly lower than that

measured from standard laboratory test. The isochronous stiffness can reasonably represent the mobilized reinforcement stiffness at the

critical stage of the embankment. During post-construction periods, reinforcement strain can increase substantially and it has shown that

the increase in reinforcement strain is largely due to the viscoplastic behavior of foundation soils. The mobilized reinforcement strain

under working stress conditions with respect to reinforcement stiffness are also discussed.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Geosynthetics reinforcement is often needed to allow
construction of embankments on soft clayey foundations
(e.g. Hinchberger and Rowe, 2003; Varuso et al., 2005;
Sarsby, 2007; Bergado and Teerawattanasuk, 2008; Rowe
and Taechakumthorn, 2008). This reinforcement is typi-
cally made from polyester (PET), polypropylene (PP) or
polyethylene (PE) and all are susceptible to creep to some
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extent (e.g. McGown et al., 1982; Shrestha and Bell, 1982;
Allen et al., 1982; Christopher et al., 1986; Greenwood and
Myles, 1986; Jewell and Greenwood, 1988; Leshchinsky
et al., 1997; Bueno et al., 2005). It is also well known that
natural soft cohesive soil deposits exhibit significant time-
dependent behavior and the undrained shear strength of
natural soft clays is strain rate dependent (e.g. Casagrande
and Wilson, 1951; Bjerrum, 1972; Graham et al., 1983;
Leroueil and Marques, 1996; Sheahan et al., 1996).
The viscoelastic nature of geosynthetics can have a

significant effect on the performance of reinforced soil
embankments constructed on inviscous foundation soils
(Li and Rowe, 2001). The mobilized reinforcement stiffness
at the end of embankment construction can be significantly
lower than the stiffness that is measured using standard
wide-width tensile tests. Li and Rowe have shown that the
isochronous stiffness of reinforcement can reasonably
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represent the end of construction stiffness if the foundation
soils are inviscous (i.e. rate-insensitive). Given issues such
as creep deformations and creep rupture of geosynthetic
reinforcement, a number of investigators (e.g. Bonaparte
and Berg, 1987; Jewell and Greenwood, 1988; Allen, 1991)
have recommended designing based on the long-term
allowable strength of the reinforcement.

The viscoplastic behavior of rate-sensitive foundation
soils can also have a significant effect on the performance
of reinforced embankments (Rowe and Li, 2002). Since the
strain mobilized in reinforcement increases with time due
to creep of a rate-sensitive foundation soil, the allowable
embankment height should be based on a mobilized
undrained shear strength that reflects typical strain rates
mobilized in the field during construction rather than the
strain rate in traditional tests used to establish the
‘‘measured’’ undrained shear strength (Li and Rowe, 2002).

Although the effects of rate-sensitivity and creep have
been examined separately for reinforcement and founda-
tion soil, there is paucity of literature dealing with the
combined effects of creep of the geosynthetic reinforce-
ment and foundation soil on reinforced embankment
behavior. Thus, the objective of this paper is to explore
the potential combined effect of the viscoelastic properties
of geosynthetic reinforcement and viscoplastic properties
of the foundation soils under both short- and long-term
conditions.
2. Finite element modeling and constitutive model

parameters

A typical four-lane highway embankment with 2h:1v
side slopes was considered. The embankment overlies a
15-m soft cohesive deposit underlain by a relatively
permeable layer. The finite element mesh is shown in
Fig. 1. The centerline of the embankment and the far field
lateral boundary (located 100m from the centerline) were
taken to be smooth and rigid. The bottom of the finite
element mesh was assumed to be rough and rigid and zero
excess pore pressures were assigned to the nodes along the
bottom boundary line.
24 m

2

1
Embankment fill

15m Rate sensitive foundati

R

Fig. 1. The finite element mesh
The geosynthetic reinforcement was modeled using two-
noded bar elements and a one-dimensional viscoelastic
constitutive model as described in Section 2.1. Two-noded
joint elements governed by a Mohr–Coulomb failure
criterion (Rowe and Soderman, 1987) with a friction angle
f0 ¼ 371 and zero cohesion were used for the embankment
fill/reinforcement interface.
A total of 1594 linear strain triangular elements (3516

nodes) were used to discretize the embankment and
foundation soils. A non-linear elastic, perfectly plastic,
model with a Mohr–Coulomb failure surface and a non-
associated flow rule (Davis, 1968) was adopted for the
granular embankment fill (Section 2.2). An elasto-visco-
plastic cap soil model (Chen and Mizuno, 1990; Rowe and
Hinchberger, 1998), as described in Section 2.3, was
adopted for the foundation soil.
The constitutive models outlined above were implemen-

ted in a modified version of finite element program
AFENA (Carter and Balaam, 1990). Embankment con-
struction was simulated by turning on the gravity of the fill
in 0.75-m thick lifts at a rate corresponding to the
embankment construction rate (CR).

2.1. Constitutive model for geosynthetic reinforcement

The model adopted in this paper is based on the non-
linear viscoelastic multi-Kelvin model proposed by Zhang
and Moore (1997). The advantage of their multi-Kelvin
model is that only a few material constants are needed and
the number of Kelvin elements can be modified as
necessary to model creep over different time periods. Each
Kelvin element in the model is comprised of a spring and
dash pot and these elements can be assembled in series
(Fig. 2) with each element having a different spring stiffness
and dashpot viscosity.
When the reinforcing element is subject to an increment

in stress, _s, which brings the total tensile stress to s, the
increment in strain in the reinforcement, _�, is the sum of
instantaneous elastic strain increment, _�e, and time-delayed
viscoelastic strain, _�v, i.e.

_� ¼ _�e þ _�v, (1)
on

einforcement

Mesh extends to
100 m from C.L.

and geometry of the system.



ARTICLE IN PRESS

η1 η2 ηn

E0

E2E1 En

Fig. 2. Viscoelastic model with multi-Kelvin elements.

Table 1

Four types of geosynthetic reinforcement examined and their ultimate strength and stiffness

Designated symbol Geosynthetic materials

Reinforcement type Polymer type Manufacturing

process

Ultimate

strength (kN/m)

Stiffness J5%
(kN/m)

G1 Geogrid HDPE PSDa 72 850

G2 Geogrid HDPE PSD 166 1940

G3 Geotextile PP Woven 186 1578

G4 Geotextile PET Woven 200 1736

J5%, reinforcement stiffness at 5% strain determined from a standard wide-width tensile test at a strain rate of 10%min�1.
aPSD, punched sheet drawn.

Table 2

The viscoelastic model parameters

Designated

symbol

Material constant

a0
(kN/m)

a1
(m/kN)

a b E1

(kN/m)

t1 (h) n

G1 1050 7.0� 10�6 1 10 3000 0.02 9

G2 2200 4.0� 10�7 1.1 10 6300 0.05 9

G3 1700 4.0� 10�7 0.99 10 9800 0.03 9

G4 1800 2.0� 10�7 1.2 10 60,000 0.05 7
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where _�e ¼ _s=E0; and E0 is the stiffness of the independent
spring, which is the function of the tensile stress as follows:

E0 ¼ a0 expð�a1s3Þ, (2)

where a0 and a1 are material constants.
The viscous strain rate, _�v, is represented by

_�v ¼
Xn

i

s
ðEitiÞ

�
�vi
ti

� �
, (3)

where n is the number of Kelvin elements, ti ¼ Zi/Ei

denoted as the retardation time; Ei and Zi are the spring
stiffness and the dashpot viscosity of the ith Kelvin
element, respectively. The following equations are used to
deduce the material constants Ei and ti:

Ei ¼ ðaÞ
i�1E1, (4)

ti ¼ ðbÞ
i�1t1. (5)

Thus, seven independent material constants, a0, a1, a, b,
E1, t1 and n are needed to define the viscoelastic
reinforcement. The finite element formulation of the
viscoelastic problem was derived based on the method
proposed by Zienkiewicz (1977), which is similar to that for
the incremental plasticity theory.

An uniaxial formulation of the proposed constitutive
model for the reinforcement was implemented into
AFENA (Li and Rowe, 2001). Finite element creep
simulations were conducted to calibrate the viscoelastic
model using laboratory creep test data of four typical
geosynthetic reinforcement products, namely, a high
density polyethylene (HDPE) geogrid G1 (Leshchinsky et
al., 1997), a stronger HDPE geogrid G2 (data courtesy of
Tensar Earth Technologies Inc.), a woven PP geotextile G3
(Greenwood, 1990) and a woven PET geotextile G4
(Greenwood, 1990). The mechanical properties are given
in Table 1 and the viscoelastic parameters are given in
Table 2. Fig. 3 shows that the predicted reinforcement
creep strains using the Zhang and Moore model agree very
well with the measured creep strain for all four geosyn-
thetics.

2.2. Embankment fill parameters

The embankment fill was assumed to be a purely
frictional granular soil with a friction angle f0 ¼ 371,
dilatancy angle c ¼ 61 and a unit weight g ¼ 20 kN/m3.
The friction angle of the fill material has some effect on the
ultimate height of the embankment but a lower friction
angle (e.g. 321) would have very little effect on the time-
dependent deformation of the embankment and reinforce-
ment since the creep deformations are governed by the
viscoelastic properties of the geosynthetics and viscoplastic
properties of the foundation soils.
The non-linear elastic behavior of the fill was modeled

using Janbu’s (1963) equation

E

Pa

� �
¼ K

s3
Pa

� �m

, (6)



ARTICLE IN PRESS

20

15

10

5

20

15

10

5

10

8

6

4

2

10

8

6

4

2

0
10-3 10-2 10-1 100 101 102 103 104 105 106

Time (hrs)

R
ei

nf
or

ce
m

en
t s

tra
in

 (%
)

G1 (Leshchinsky et al. 1997)
Constant Load T: 28.8 kN/m
(40% of Ultimate Strength)

G2
Constant Load T: 67.9 kN/m
(40% of Ultimate Strength)

G3 (Green wood 1990)
Constant Load T: 56.0 kN/m
(30% of Ultimate Strength)

G4 (Green wood 1990)
Constant Load T: 94.4 kN/m
(47% of Ultimate Strength)

Experimental
Viscoelastic model

Fig. 3. Comparison of the calibrated and predicated creep strains with the measured creep strain for the four geosynthetic reinforcement products examined.
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where E is the Young’s modulus of the soil, Pa the
atmospheric pressure, s3 the minor principal stress, and K

and m are material constants selected to be 300 and 0.5,
respectively. A higher modulus of the embankment fill
material would have insignificant effect on the deforma-
tions of the embankment and reinforcement since the
deformations of the embankment is largely due to the
yielding of the foundation soil and creep of the both
geosynthetic reinforcement and foundation soil.

2.3. Constitutive model for the foundation soils and soil

properties examined

An elasto-viscoplastic cap soil model (Rowe and
Hinchberger, 1998) with an elliptical yield cap (Chen and
Mizuno, 1990) and Drucker–Prager failure criterion were
adopted in conjunction with fully coupled Biot consolida-
tion theory (Biot, 1941) for the foundation soil. The
viscoplasticity was modeled based on Perzyna’s (1963)
theory. The model was calibrated and validated against
both short- and long-term field behavior of a geotextile-
reinforced embankment constructed over the rate-sensitive
Sackville foundation soil (Rowe and Hinchberger, 1998)
and the behavior of an unreinforced embankment
constructed over the rate-sensitive Gloucester foundation
soil (Hinchberger and Rowe, 1998). The main features
of the model are summarized in the following text and
Fig. 4. Additional details regarding the model are pro-
vided by Hinchberger (1996) and Rowe and Hinchberger
(1998).
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The yield surface of the elliptical cap model shown in
Fig. 4 in s0m �

ffiffiffiffiffiffiffiffi
2J2

p
stress space (where s0m is the mean

effective stress, J2 is the second invariant of the deviatoric
stress tensor) can be characterized by the yield surface
aspect ratio R, the center of the cap l, and the size of
the static and dynamic yield envelope s

0ðsÞ
y and s

0ðdÞ
y (the

intercept with the s0m axis). The failure is governed by the
Drucker–Prager failure criterion having a slope MN/C and
MO/C for the normally and overconsolidated failure
envelope, respectively.

Since the deposition of the foundation soil, it has
experienced ‘‘ageing’’ due to the secondary compression
which has resulted in a higher preconsolidation pressure
than the initial vertical effective stress (Bjerrum, 1972).
This preconsolidation pressure is considered as the static
preconsolidation pressure in terms of effective mean stress
s
0ðsÞ
y in the viscoplastic model. The stress state point, Ai

shown in Fig. 4, represents an initially slightly over-
consolidated point within a clayey foundation having a
mean static preconsolidation pressure s

0ðsÞ
yA and an earth

pressure coefficient at rest K 00. With rapid embankment
loading under undrained conditions, the stress path moves
up vertically with constant effective mean stress due to the
undrained conditions until it reaches point A on the static
yield surface, where the soil starts to yield. After the soil
yields, it moves towards the failure envelope along a curved
path to point B at the end of construction, where the soil is
overstressed by an amount, s

0ðdÞ
os , and the positive

viscoplastic volumetric strains expand the static yield
envelope from s

0ðsÞ
yA to s

0ðsÞ
yB . After the end of construction

and before significant consolidation, creep and stress-
relaxation of the soil skeleton cause the stress path to move
from point B to C and the static yield envelope expands
from s

0ðsÞ
yB to s

0ðsÞ
yC due to the positive viscoplastic volumetric
strains. The consequent plastic deformation and excess
pore pressure are a function of the overstress and the
location of the stress state point on the dynamic yield
envelope. The stress path A–C represents the possible stress
path when the soil is under a slow embankment loading.
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The total strain rate tensor, _�ij , of the elasto-viscoplastic
soil is expressed as

_�ij ¼ _�
e
ij þ _�

vp
ij , (7)

where _�eij is the elastic strain rate tensor and _�vpij is the
viscoplastic strain rate tensor.

The elastic strain tensor, _�eij , is governed by the
elastic bulk modulus, K, and shear modulus, G, which
are given by

K ¼
1þ e

k
s0m, (8)

G ¼
3ð1� 2v0ÞK

2ð1þ v0Þ
, (9)

where s0m is the mean effective stress, e the void ratio, k the
recompression index in the e� ln ðs0mÞ space and n0 is the Pois-
son’s ratio. The viscoplastic strain rate tensor, _�vpij , is given by

_�vpij ¼ gvphFðF Þi
qf

qs0ij
, (10)
Table 3

Elliptical cap soil model parameters

Soil parameter Soil R1 Soil R2

Failure envelope, MN/C (f0) 0.96 (291) 0.96 (291)

Failure envelope, MO/C 0.75 0.75

Aspect ratio, R 1.25 1.25

Compression index, l 0.16 0.16

Recompression index, k 0.034 0.034

Coefficient of earth pressure at rest, K 00 0.75 0.75

Poisson’s ratio, n0 0.3 0.3

Unit weight, g (kN/m3) 17.0 17.0

Initial void ratio, eo 1.38–1.5 1.38–1.5

Viscoplastic fluidity, gvp (h�1) 2.0� 10�5 1.0� 10�7

Strain rate exponent, n 20 30

Strain r
0.001

s u
/s

u 
@

 1
%

/h
r

0.0
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0.8
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1.6
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Average (Kulhawy and M

0.01 0.1

Fig. 6. Variation of the undrained shear of S
where gvp is the viscoplastic fluidity parameter with units of
inverse time, f is the plastic potential function that equals
the elliptical cap yield function or the Drucker–Prager
failure function using an associated flow rule; F(F) is the
flow function defined as follows:

FðF Þ ¼
s
0ðsÞ
y þ s

0ðdÞ
os

s
0ðsÞ
y

 !n

, (11)

where n is the strain rate exponent.
Two viscous soft foundation soils, denoted as Soils R1

and R2 with the same static preconsolidation profile
(profile R) but with different viscoplastic properties (R1
and R2) were examined in this paper. The static
preconsolidation pressure,s0p, of Soils R1 and R2 is shown
in Fig. 5. The elasto-viscoplastic model parameters are
summarized in Table 3. Soil R1 has properties similar to
the Sackville soil described by Rowe and Hinchberger
(1998) with a liquid limit of 50%, plasticity index of 18%
and natural water content of 53%, respectively. As shown
in Fig. 5, it was slightly overconsolidated with an initial
void ratio of 1.3–1.5 and a unit weight of 17.0 kN/m3. The
effect of strain rate on the undrained shear strength is
shown in Fig. 6. The increase in undrained shear strength
was about 16% per logarithm cycle of strain rate for strain
rates between 0.005 and 100%/h. This rate of change in
undrained shear strength with strain rate was reported by
Graham et al. (1983) and Soga and Mitchell (1996) for a
number of rate-sensitive clays.
Kulhawy and Mayne (1990) compiled data obtained

from 26 different overconsolidated and normally consoli-
dated clays and found that an average increase in
undrained shear strength typically equalled 10% per
logarithm cycle of strain rate as shown in Fig. 6. Soil R2
had the same properties as Soil R1 except for the
viscoplastic parameters, gvp and n. This implies that Soils
ate (%/hr)

ayne 1990)

1 10 100

oils R1 and R2 strength with strain rate.
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R1 and R2 have the same static undrained shear strength,
which is the strength mobilized at an infinitesimal strain
rate. The viscoplastic fluidity parameter, gvp, of Soil R2 was
taken to be over two orders of magnitude lower than that
of Soil R1. The viscoplastic constants of Soil R2 were
selected to capture the average strain-rate sensitivity of
typical soft clayey soils reported by Kulhawy and Mayne
(1990) as shown in Fig. 6.

Groundwater table is assumed to be at the original
ground surface. The hydraulic conductivity of soft clays
was taken to be a function of void ratio,

kv ¼ kvo exp
e� eo

Ck

� �
, (12)
where kvo is the reference hydraulic conductivity and is
either 2� 10�9 or 4� 10�10m/s, Ck is the hydraulic
conductivity change index (Ck ¼ 0.75) and eo is the
reference void ratio (taken to be 1.5). The hydraulic
conductivity was considered to be anisotropic with
kh/kv ¼ 4.

3. Results and discussions

Numerical analyses were conducted to simulate con-
struction of reinforced embankments on rate-sensitive
foundation Soils R1 and R2. This paper reports the results
from analyses for the embankments reinforced using the
four geosynthetic products listed in Table 1. Typical
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geosynthetic reinforcement has an allowable strain ranging
between 4% and 7% (deduced using allowable strength
and short-term stiffness from the GFR Specifier’s Guide
(2006) (Industrial Fabrics Association International 2006).
For the embankments examined in this paper, an allowable
reinforcement strain of 5% was adopted in the design.

3.1. Embankment heights based on mobilizing the full shear

strength of the foundation soil

For embankments constructed over rate-sensitive soils,
the critical stage in terms of stability is the time at which
the excess pore pressure reaches maximum due to creep of
the soil under a constant embankment load (Li and Rowe,
2002). This has been called the ‘‘critical stage’’ (Li and
Rowe, 2002) and the critical strain rate (i.e. the strain
rate corresponding to this ‘‘critical stage’’) controls the
operational strength of foundation soils. The critical strain
rates were calculated using numerical simulations of
5� 10�5 and 1� 10�5 h�1 for embankments constructed
over Soils R1 and R2, respectively. In addition to the
undrained shear strength of the foundation soil, the
embankment heights are also limited by the reinforcement
force that corresponds to an allowable reinforcement
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strain. The embankments examined in this section were
constructed to heights based on an allowable reinforce-
ment strain of 5% at the critical stage. Since the
reinforcement strain increases with time due to creep of
the foundation soil (Rowe and Li, 2002), the embank-
ments had to be constructed to heights at which the
mobilized reinforcement strains are less than the allowable
5% at the end of construction. The height corresponding to
5% strain at the critical stage for different geosynthetic
reinforcements were obtained from numerical simulations
using an iterative procedure. The calculated embankment
heights for the four types of reinforcement (G1, G2, G3
and G4) were 4.15m for the lower strength geogrid (G1),
4.5m for the higher strength geogrid (G2), 4.5m for
the woven PP (G3) and 5m for the woven PET (G4)
over Soil R1, and 5.5m for the lower strength geogrid
(G1), 6m for the higher strength geogrid (G2), 6m for the
woven PP (G3) and 6.5m for the woven PET (G4) over
Soil R2.

3.1.1. Time-dependent behavior of reinforcement

The critical stage shown in Figs. 7–10 is slightly different
for each case, however, the difference is barely visible. The
case with viscoelastic reinforcement represented by the
solid curve for each plot was used to define the critical
stage.
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Figs. 7 and 8 show the variation of the maximum
reinforcement strain with time up to 98% consolation for
embankments constructed over Soils R1 and R2, respec-
tively. It can be observed that the maximum reinforcement
strain was 1–2% at the end of construction, which was
relatively low as a result of relatively high undrained shear
strength of these rate-sensitive foundation soils mobilized
due to rate effects. After construction, due to the creep of
both foundation soils and reinforcement, the reinforcement
strain increased to about 5% at the critical stage. After the
critical stage, the reinforcement strain for embankments
over Soil R1 increased moderately during consolidation of
the foundation soil but was well below the limit strain for
the reinforcement. In contrast, the reinforcement strain
for embankments over Soil R2 increased significantly
(approaching 9% in one case) over a relative long period
of time during consolidation. The difference in response
arises from the fact that Soil R2 was more viscous than Soil
R1, consequently, Soil R2 experienced significant creep
deformations during subsequent consolidation.
To differentiate the effects of creep of the reinforcement

from that of the foundation soil, two additional series of
analyses were conducted using inviscous reinforcement
with stiffness the same as the mobilized stiffness of viscous
reinforcement at the end of construction. Figs. 7 and 8
compare the time-dependent strain of the inviscous
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reinforcement to the strain of the viscous reinforcement.
The difference in strain at 98% degree of consolidation for
the viscous and inviscous reinforcement was about 0.5–1%
for the embankments reinforced with the geogrids or the
woven PP geotextile (G1, G2 and G3) for the two rate-
sensitive foundation soils. For the woven PET reinforce-
ment (G4), the effect of creep in reinforcement was
insignificant. Thus, the creep of the foundation soils after
the end of construction dominated the time-dependent
reinforcement strain. In addition, the horizontal deforma-
tions of the foundation soil due to stress redistribution
during consolidation also partially attributed to the post-
construction reinforcement strain (Li and Rowe, 2001).

Figs. 9 and 10 show the variation of reinforcement force
with time for embankments over Soils R1 and R2,
respectively. Comparing the force mobilized in the viscous
reinforcement to that in inviscous reinforcement, it can be
seen that the stress relaxation was most significant for the
lower strength geogrid reinforcement (G1). Stress relaxa-
tion of the higher strength geogrid and woven PP geotextile
(G2 and G3) were moderate and the stress relaxation was
insignificant for the woven PET geotextile (G4). Never-
theless, after the critical stage, the total force mobilized in
the geogrids and woven PP geotextile (G1, G2 and G3) for
Soil R1 only slightly decreased and it increased in all other
cases as a result of the tension associated with the
horizontal displacements due to creep and consolidation
of the foundation soils.
Figs. 11 and 12 show the mobilized reinforcement

stiffness in comparison to the isochronous stiffness from
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creep tests. The variation of reinforcement stiffness with
time due to creep of reinforcement at constant load was
determined through numerical simulations of the creep
tests at a constant load corresponding to a mobilized
reinforcement force at the critical stage. Thus, they are
comparable to the mobilized stiffness after embankment
construction as shown in Figs. 11 and 12. For all cases, the
mobilized reinforcement stiffness at the end of construction
was somewhat higher than the isochronous stiffness. But, it
was significantly lower than the initial tensile stiffness for
the geogrids and woven PP geotextile (G1, G2 and G3)
reinforcement. At the critical stage, the mobilized reinfor-
cement stiffness was practically the same as the isochro-
nous stiffness. This implies that the governing stiffness of
reinforcement can be represented by the isochronous
stiffness at the critical stage rather than the tensile stiffness
measured in tensile tests at a standard rate of 10%min�1.

3.1.2. Foundation deformations due to creep of both

reinforcement and foundation soils

Due to the viscous behavior of both the reinforcement
and foundation soils, time-dependent deformations of the
foundation soil were significant as shown in Figs. 13
and 14. To investigate the time-dependent deformations
after construction, Figs. 13 and 14 show the net increase,
between EOC and 98% consolidation, in the horizontal
deformation of foundation soils below the embankment
toe for embankments over the less viscous Soil R1 and
more viscous Soil R2, respectively. The horizontal defor-
mations at the end of construction were relatively small for
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Table 4

Calculated embankment heights based on limit states design method

Reinforcement (kN/m) Embankment height (m)

Soil R1 Soil R2

G1

Ji ¼ 400 2.85 3.55

Jt ¼ 850 3.05 3.8

G2

Ji ¼ 960 3.1 3.8

Jt ¼ 1940 3.45 4.25

G3

Ji ¼ 940 3.1 3.8

Jt ¼ 1578 3.33 4.1

G4

Jt ¼ 1736 3.4 4.2
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all cases. The difference of horizontal displacement
between the case with viscous reinforcement and the case
with inviscous reinforcement was relatively small. It is
evident that creep and consolidation of the foundation soils
dominated the time-dependent deformations and the effect
of reinforcement creep was far less significant than that of
foundation soils.

3.2. The behavior of reinforcement under working stress

conditions

The behavior of reinforcement under working stress
conditions is examined using a limit state design approach
(Becker, 1996; McGown et al., 1998). The limit equilibrium
program REAP (Mylleville and Rowe, 1988) was used to
design embankments for a limit equilibrium ratio of 1.0
using factored soil and reinforcement parameters (i.e. the
factored resistance equal to factored load). An allowable
strain, eall, of 5% was adopted for the reinforcement. To
consider the short-term viscous effect of reinforcement, the
isochronous stiffness, Ji, at the critical stage (as shown in
Figs. 11 and 12) was used except for the creep insensitive
woven PET reinforcement (G4). Since the stiffness from
the wide-width tensile tests at a rate of 10% (denoted as Jt)
is widely used (GFR Specifier’s Guide, 2006), designs
based on Jt were also examined. The ratio of Jt to Ji is
about 2.1 for the two geogrids (G1 and G2) and 1.7 for the
woven PP geotextile (G3). Other partial factors used were
fc1 ¼ 1.3 for the undrained shear strength of the foundation
soil, fc2 ¼ 1.0 for the fill/foundation interface strength,
ff ¼ 1.2 for both the embankment fill strength and
reinforcement/fill interface strength parameters (tanf and
ff ¼ 1.0 for the unit weight of the embankment fill. The
undrained shear strength profiles (prior to application of a
partial factor fc1) were theoretically calculated for soils
under undrained compression at strain rates of 5� 10�5

and 1� 10�5 h�1 (i.e. the critical strain rate) for Soils R1
and R2, respectively, using the soil properties shown in
Table 3.
The calculated embankment design heights using REAP
(Mylleville and Rowe, 1988) are listed in Table 4. Figs. 15
and 16 show the variation in the maximum reinforcement
strain with time up to the time corresponding to 98%
degree of consolidation for embankments constructed to
their design heights at a rate of 10m/month. At the end of
construction, the reinforcement strains were less than or
equal to 0.5% for all cases. The long-term increase of
reinforcement strain due to creep of reinforcement and
foundation soils was between 0.5% and 1.5% depending
on the case. For example, in the case of the 3.1-m high-
strength geogrid (G2) reinforced embankment over more
viscous Soil R2, the maximum reinforcement strain was
0.4% at the end of construction and the long-term increase
of reinforcement strain was about 0.6%. This magnitude of
working reinforcement strain has also been observed in
field cases. For example, Litwinowicz et al. (1994) report
the performance of a 3-m-high PP-reinforced embankment
under working conditions, where the long-term increase of
reinforcement strain was 0.5% (from 0.5% at EOC).
In general, the increase in reinforcement strain after

construction was higher for embankments over the more
viscous (rate sensitive) Soil R2 than for embankments over
rate the less viscous Soil R1 due to the higher creep
deformations developed in the foundation Soil R2. Never-
theless, the total long-term reinforcement strain was less
than 2.5% for all cases examined in Figs. 15 and 16. It was
found that the effect of reinforcement creep was insignif-
icant during consolidation for embankments over Soils R1
and R2 under working conditions. This was in large part
because there was no contiguous plastic failure zone
developed in the foundation soil below the embankment
for any of the cases examined under working conditions.
Since the embankments were stable at the end of construc-
tion without the additional resistance from reinforcement,
there was practically no creep strains developed in rein-
forcement during consolidation under working state
conditions. This finding differs substantially from that
where the full mobilized strength of the foundation soil and
a limit strain of 5% were used to calculate the height.
For the design based on eall=5% and Ji, the long-term

reinforcement strain was less than 1.6% (Figs. 15 and 16).
This indicates that a design based on factored parameters
considering both short- and long-term creeps of reinforce-
ment (i.e. using eall=5% and Ji) is quite conservative when
the in situ undrained shear strength of foundation soils is
1.3 times higher than the factored design strength.
The use of eall=5% and tensile stiffness Jt resulted in a

higher design height and consequent reinforcement strain
than the design based on eall=5% and tensile stiffness Ji.
Nevertheless, even in this case, the long-term maximum
reinforcement strain was still significantly below the
allowable strain.
One additional analysis was conducted to investigate the

design based on the factored soil strength and the unfac-
tored reinforcement ultimate strength (i.e. Tult=166 kN/m
for the high strength geogrid reinforcement G2). The
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corresponding design height was 4.8m for Soil R2. The
total reinforcement strain (shown in Fig. 16) increased
significantly after the end of construction although the
maximum long-term strain was still only 3%.

For the embankments designed based on undrained limit
equilibrium analyses, the long-term reinforcement strains
developed were below the allowable strain 5% for all cases
examined. This can be attributed to three factors: (1) the
strength of foundation soil was higher than the factored
strength used in design, (2) the strength gain due to the
partial consolidation during construction increased stabi-
lity and (3) the creep deformations of reinforcement and
foundation soils were relatively small at working stress
conditions since tension in reinforcement and the shear
stresses in the foundation soil were both relatively low.
A number of case histories have also shown that the
mobilized reinforcement strain or force was lower than the
design values (Fowler and Edris, 1987; Duarte and
Satterlee, 1989; Bassett and Yeo, 1988; Fritzinger, 1990;
Litwinowicz et al., 1994; Loke et al., 1994; Matichard et al.,
1994; Varuso et al., 1999).

4. Conclusions

The behavior of geosynthetic-reinforced embankments
constructed over rate-sensitive soft foundation soils was
investigated for both short- and long-term conditions. The
time-dependent behavior of four typical geosynthetic
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reinforcements (i.e. two high density PE geogrids, one
woven PP geotextile and one woven PET geotextile) was
examined. The creep strain after embankment construction
and creep-induced foundation deformations were evalu-
ated for typical rate-sensitive foundation soils. The
influence of viscous properties of both the reinforcement
and foundation soils were considered. The following
conclusions are based on the cases examined and addi-
tional research is required before generalizing these beyond
this context.
(1)
 At the critical stage with respect to stability, the
mobilized reinforcement stiffness was less than that
measured in a laboratory from wide-width tensile tests
at a standard rate of 10%min�1 for geosynthetic
reinforcement exhibiting viscous behavior.
(2)
 The mobilized reinforcement stiffness at the critical
stage is affected by viscoplastic behavior of the
foundation soils and the isochronous stiffness mea-
sured from the creep tests can reasonably represent
the mobilized reinforcement stiffness at the critical
stage.
(3)
 The short-term reinforcement strain increases signifi-
cantly with time before the critical stage is reached.
The long-term reinforcement strain is a function of
viscoelastic properties of the reinforcement, the proper-
ties of foundation soils and embankment height.
However, creep of the foundation soils dominated the
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post-construction reinforcement strain for the rate-
sensitive foundation soils examined.
(4)
 The reinforcement force increases with time following
the end of construction due to its role in reducing
lateral movements of the foundation soil arising from
creep of the foundation soils at the critical stage. Stress
relaxation in the reinforcement may occur after the
critical stage when the stability of the embankment is
less dependent on the reinforcing force due to
consolidation of the foundation soil.
(5)
 Embankments whose working height was based on a
factored shear strength mobilized at the critical stage
(with a partial factor fc1 ¼ 1.3) and maximum strain of
5% were shown to experience very little creep of
reinforcement or foundation soil since the soil was
predominantly in an elastic state and there was no
contiguous plasticity.
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