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Abstract: The finite element procedures are extremely useful in gaining insights into the behavior of reinforced soil retaining walls. In
this study, a validated finite element procedure was used for conducting a series of parametric studies on the behavior of reinforced soil
walls under construction and subject to earthquake loading. The procedure utilized a nonlinear numerical algorithms that incorporated a
generalized plasticity soil model and a bounding surface geosynthetic model. The reinforcement layouts, soil properties under monotonic
and cyclic loadings, block interaction properties, and earthquake motions were among major variables of investigation. The performance
of the wall was presented for the facing deformation and crest surface settlement, lateral earth pressure, tensile force in the reinforcement
layers, and acceleration amplification. The effects of soil properties, earthquake motions, and reinforcement layouts are issues of major
design concern under earthquake loading. The deformation, reinforcement force, and earth pressure increased drastically under earthquake
loading compared to end of construction.
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Introduction

Geosynthetic-reinforced soil structures are traditionally designed
using a limit-equilibrium approach where the stabilities against
internal and external failures are considered through factors of
safety, but the performance of structures, such as deformation, is
not considered. In the seismic design, pseudostatic stability is
considered by extending the Mononobe–Okabe approach �Rich-
ardson and Lee 1975; Bathurst and Cai 1995� where seismic co-
efficients are applied to the potential failure soil mass. However,
under high earthquake acceleration, say beyond 0.3 m/s2, a pseu-
dostatic approach may no longer be relevant because external
stability may not be guaranteed. Thus, displacement limit �Ling et
al. 1996, 1997; Bathurst and Alfaro 1997; Michalowski and You
2000� has been proposed as an alternative to the pseudostatic
approach where performance is evaluated based on a permanent
displacement, which is an accumulation of relative displacement
as yield acceleration during the duration of shaking is exceeded in
the wall.
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Failures of modular block-reinforced soil retaining walls have
been reported during several recent earthquakes �Ling et al. 2001,
Kramer and Paulsen 2001�, but these walls were not instrumented
and the soil properties and loading conditions were not known.
Thus, well-controlled tests, which may be model tests, are needed
in understanding the wall behavior, and also used to develop and
validate the analytical procedures. The responses of reinforced
soil walls during an earthquake, including acceleration and defor-
mation, reinforcement force, etc., are required in validating the
numerical procedures. The validated procedures can then be used
for conducting a series of parametric studies in understanding the
effects of material properties, reinforcement layouts, loading con-
ditions, etc., on the earthquake performance. A robust numerical
procedure should incorporate the complicated cyclic response of
soil and reinforcement.

Parametric studies on reinforced soil behavior have been re-
ported for walls under construction and static loading �Seed et al.
1986; Kapurapu and Bathurst 1995, Ling et al. 1995, 2000; Rowe
and Ho 1997; Bathurst et al. 2002, Ling and Leshchinsky 2003�.
However, not many parametric studies have been reported for the
reinforced soil walls subject to earthquake loading. In fact, a few
simulations on the dynamic behavior of reinforced soil walls were
based on equivalent linear analyses �Segrestin and Bastick 1988;
Yogendrakumar et al. 1992; Cai and Bathurst 1995; Helwany et
al. 2001�. Hatami and Bathurst �2000� studied the fundamental
frequency of reinforced soil walls and showed that the fundamen-
tal frequency is not affected by different structural components
under moderate earthquakes of 0.2 m/s2. Hatami and Bathurst
�2001� provided a detail review of the numerical modeling of the
reinforced soil walls. Bathurst and Hatami �1999� presented nu-
merical studies using a finite-difference approach for propped
panel-reinforced soil walls where the effects of wall height and
reinforcement stiffness and spacing were investigated. In their
analyses, the soil was modeled using an elastic perfectly plastic
material obeying a nonassociated flow rule. The reinforcement
was modeled using an elastoplastic cable element. The series of

seismic studies by the same research group are documented in
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several publications, including Bathurst and Hatami �1999�,
Bathurst and Hatami �1998, 2001�, and Bathurst et al. �2002�.
Recently, Hatami and Bathurst �2001� showed that using a har-
monic wave with the predominant frequency of real earthquakes
resulted in an overestimation of lateral displacements and rein-
forcement force.

Ling et al. �2004� has analyzed the construction behavior of a
full-scale �6 m� reinforced soil retaining wall and the dynamic
analysis of five centrifugal models having prototype heights of
7.5 m. The analyses were conducted using a nonlinear dynamic
finite element procedure with a generalized plasticity model for
the sand and a bounding surface model for the geogrid. Particular
attention was paid to simulate the pressure dependency and strain
hardening behavior of soil under cyclic loading. The procedure
was able to simulate the measured wall behavior very well. The
results indicated that the reinforcement layouts—that is, length
and spacing—played an important role in determining the wall
performance.

In this paper, the validated dynamic finite element procedure
was used to conduct a series of parametric studies on the modular/
segmental block-reinforced soil retaining walls in gaining addi-
tional insight into the effects of soil and reinforcement properties,
reinforcement length and spacing, and block interaction proper-
ties on the performance of the wall at the end of construction and
during earthquake loading. Different earthquake motions were
also used in the parametric studies. The major results of study are
summarized and discussed.

Finite Element Analysis

General Procedures

A series of two-dimensional plane strain analyses were conducted
using a modified version of Diana-Swandyne-II program �Chan
1993; Zienkiewicz et al. 1998�. This procedure has been validated
against full-scale static tests and dynamic centrifuge tests of rein-
forced soil retaining walls �Ling et al. 2004�. Automated construc-
tion sequence and additional material and finite element models
were incorporated into the program �Liu 2002�. The backfill,
foundation soil, and concrete facing blocks consisted of 8-node
quadrilateral elements and 6-node triangular elements, both cal-
culated using the full-integration technique �i.e., 9-point and

Fig. 1. “Base cas
6-point integrations, respectively�. The geogrid layers were simu-
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lated using 3-node one-dimensional elements. The elastic per-
fectly plastic thin-interface elements having Coulomb failure cri-
teria were used to simulate the block–block and soil–block
interactions. While a reduced integration technique has been used
successfully for the simulation of benchmark and practical geo-
technical problems under static conditions in order to yield a
more acceptable value of limit load �Sloan and Randolph 1982�,
the use of a reduced integration technique may produce unaccept-
able results �Bathe 1996�; this has also been confirmed in the case
of dynamic response of reinforced soil structures �Liu 2002�.

The walls considered in the parametric study were 6-m high
modular block-reinforced soil retaining walls built on a 3-m foun-
dation. To eliminate possible boundary effects, the foundation soil
was extended to a distance of 10 m in the front end. Fig. 1 shows
a typical mesh of analysis for the “base case” where the total
number of elements and nodes were about 2,300 and 6,500, re-
spectively. The base case has a reinforcement layout of length
70% the wall height �4.2 m, excluding the width of block�, and
vertical spacing of 3 blocks �0.6 m�—thus a total of 10 layers of
reinforcements. Note that the length of reinforcement as reported
in this paper measures from behind the blocks. The material prop-
erties are described subsequently.

The side boundaries were rollers whereas the base was fixed.
In the dynamic analysis, in order to avoid reflection of the bound-
ary waves, the columns of elements close to the boundaries were
assigned softer elastic properties, larger width, and system damp-
ing �Rayleigh damping; Bathe 1996� of 10% compared to 5%
damping of soil in other locations and concrete blocks. No spe-
cific wave-absorbing boundary was used. The use of 5% system
damping seems to originate from equivalent linear analysis since
the plastic nature of material properties are not simulated by the
soil models. The elastoplastic models are supposed to absorb en-
ergy during cyclic loading, but most elastoplastic models cannot
simulate the cyclic loop properly when the strain level is small.
Thus, additional system damping is usually used to compensate
for the material damping. The geogrid was not assigned any sys-
tem damping properties.

The foundation was simulated in one solution increment fol-
lowed by a total of 30 increments for simulating wall
construction—that is, the thickness for each increment was
equivalent to the thickness of the block, �0.2 m�. Gravity loading
was the main acting force during construction. Although the soil

ite element mesh
e” fin
model used in this study is very relevant for simulating compac-
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tion since it is valid for cyclic loading conditions, the determina-
tion of initial states of soil prior to compaction is difficult. More-
over, as indicated by Seed et al. �1986�, the compaction effects
are usually erased by the overburden stress toward the end of wall
construction. Thus, only static stresses due to gravity were con-
sidered in the analysis. The compacted soil specimens were tested
in identifying the material properties for use in the analyses �Ling
et al. 2000, 2004�. The stresses obtained at each gauss point at the
end of construction were used as initial stresses for the dynamic
analysis. The solution was obtained using a quasi-Newton–
Raphson nonlinear iteration scheme. The stiffness matrix was up-
dated every 10 steps and a total of 500 steps was used in each
increment with a convergence tolerance of 0.003.

The dynamic analyses were initiated using the input motion at
the base of the model. The time integration was performed using
the generalized Newmark method �Katona and Zienkiewicz 1985�
with coefficients �1=0.6 and �2=0.605. The dynamic analyses
were iterated to convergence with a tolerance of 0.05 using the
norm of relative displacements.

Soils

The backfill and foundation soils were expressed using a gener-
alized plasticity model �Ling and Liu 2003; Ling et al. 2004�,
which was an improvement over the Pastor–Zienkiewicz–Chan
model �Pastor et al. 1990�. It does not require a prescribed yield
surface, but rather, using loading direction vectors for determin-
ing the plastic strain increments. The pressure-level dependency
of the stiffness, dilatancy, and strength were considered in the
modified model. The model also considered improvements over
its original version in simulating cyclic hardening behavior. The
main formulations of the model are given below �refer to Ling
and Liu 2003 for details�:

Shear and bulk moduli

G = Gop̄0.5 �1�

K = Kop̄0.5 �2�

where G, K, Go, Ko and p̄ are the shear modulus, bulk modulus,
shear modulus number, bulk modulus number, and normalized
mean stress �normalized by atmospheric pressure�, respectively.

Stress–dilatancy relationship

dg = �1 + ���Mg − �� �3�

where dg and �=q / p� are the dilatancy and stress ratio; Mg is the
slope of the critical state line in p�-q plane, and � is a constant.

The direction of plastic flow is determined by the following
relationships

df = �1 + ���Mf − �� �4�

where Mf is the slope of failure line in p�-q plane. The plastic
moduli for loading, unloading, and reloading are expressed
through the following functions

HL = Hop̄0.5Hf�Hv + Hs� �5�

HR = HL · HDMHden �6�

H = H p̄0.5 Mg
ru

H ;
Mg

� 1 �7a�
U uo �
�
� den �

�
�
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=Huop̄0.5Hden; �Mg

�
� � 1 �7b�

where

Hf = �1 −
�

� f
�4

�8�

Hv = 1 −
�

Mg
�9�

Hs = �1 exp�− �o��exp�ks�p − 1�� �10a�

�1 = �10

�p/Mg − 1

�po/Mg − 1
�10b�

Hden = exp�− rd�vo
p � �11�

and � and �vo
p are the deviatoric and volumetric plastic strains; � f,

�p, and �po indicate the stress ratios at failure, at peak strength,
and at reference stress level, respectively; ks, �10, and �0 are
parameters related to the plastic coefficient Hs; H0 and Hu0 are the
loading and unloading plastic modulus numbers; and ru is an
exponent related to unloading plastic modulus Hu. A constant r is
used in the memory state function HDM as described in Ling and
Liu �2003�.

The peak value of the angle of internal friction was obtained
from the following relationships

� = �0 − 	� log10 p̄ �12�

where �o is the peak angle of internal friction at atmospheric
pressure and 	� is the change of angle for a tenfold increase in
the normalized pressure.

The generalized plasticity model requires 15 parameters for
simulating cyclic loading �11 parameters for monotonic loading�.
The parameters for the base case were calibrated from a real sand
�Ling et al. 2004�, where three drained triaxial compression tests
�
3�25, 50, and 100 kPa� were used to obtain the parameters
related to monotonic loading and a cyclic test was conducted
�
3=100 kPa and q=−47�100 kPa� to calibrate the cyclic pa-
rameters. Table 1 summarizes the parameters that were obtained
following the procedures outlined in Ling and Liu �2003�.
Figs. 2�a and b� show the simulated results under static and cyclic
loadings �soil B�.

The unit weight for the soil was 16 kN/m3. In the parametric
studies, the soil properties were varied to include soils A, C, and
D for static loadings and soils E, F, and G for cyclic loadings.
Their stress-deformation relationships are shown in Fig. 2. As can
be seen in Table 1, the assumed soils shared many common pa-
rameters although their responses were quite different. The dila-
tancy was varied primarily through the parameter �. For instance,
soil A showed dilatant behavior whereas soil D gave compressive
behavior, and all of them are governed by the pressure level. In
the analyses, the same soil type was assigned to the backfill and
foundation. The cyclic hardening parameter, rd, of soil B was
varied to give soils of different cyclic hardening behavior �soils E,
F, and G�. The volumetric strains among these simulated soils
were different subject to the same number of loading cycles and
load amplitudes. It has to be noted that soil G could be typical to
the simulations by simple plastic models where cyclic hardening
is not considered, and as a result the deformation is larger than

other assumed soils.
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Blocks and Interaction Behaviors

The concrete blocks used in the base case were each 0.2 m high
and 0.3 m wide, having a unit weight of 16 kN/m3. The elastic
modulus and Poisson ratio were 2.0�106 kPa and 0.17, respec-
tively. In the parametric studies, the weight of the block was
varied between 10.0 and 22.0 kN/m3, varying from hollow to
solid concrete blocks.

The interactions between the block and backfill soil and also
between blocks were expressed using a thin-layer interface ele-
ment of friction angles 16.5° and 19.5°, respectively, which were
obtained from previous studies �Ling et al. 2000; Ling and Lesh-
chinsky 2003�. The elastic properties of the interface were E
=5,000 kPa and 
=0, where the value of E corresponded to the
properties of the soil. A range of values of the friction angle,
between 10° and 30°, were used in the parametric studies. The
reinforcements were assumed to be fully bonded to the soil since
relative displacement should occur between the reinforcement
block interfaces before an opportunity for pullout would occur
between the soil and reinforcements. Note that such assumptions
may not be valid for facing blocks having shear key or mechani-
cal connectors.

Reinforcement and Layouts

A high-density polyethylene uniaxial geogrid that has a tensile
strength of 54 kN/m was considered in the base case analysis.
The cyclic behavior has been studied experimentally and simu-
lated using a bounding surface model �Ling et al. 2001�, which
considers geosynthetic as a one-dimensional element that does
not sustain compression. In the bounding surface formulation
�Dafalias and Popov 1975�, the total strain is assumed to be
composed of the elastic and plastic components ��T=�e+�p�
leading to

1

JT
=

1

Je
+

1

Jp
or JT =

JpJe

Jp + Je
�13�

where JT, Je, and Jp are the total, elastic, and plastic stiffnesses,
respectively.

The bounding lines are related to the plastic strains with a

Table 1. Sand Parameters for Generalized Plasticity Model

Parameters

�0 �°� Peak value of the angle of internal friction at atmospheric pr

	� �°� Change of angle of internal friction with tenfold increase in

Mg Slope of the critical state line in p�−q plane

Mf Slope of failure line in p�−q plane

G0 / pa Normalized elastic modulus

K0 / pa Normalized bulk modulus

ks Parameter related to plastic coefficient

�10 Parameter related to plastic coefficient

�0 Parameter related to plastic coefficient

� Parameter related to soil dilatancy

H0 / pa Normalized loading plastic modulus number

Hu0 / pa Normalized unloading plastic modulus number

r Coefficient related to stress memory factor

ru Exponent related to unloading plastic modulus

rd Parameter related to densification in unloading plastic modul
A
B

�base� C E F G D

essure 39.4

pressure 0.5

1.4 1.3

0.645 0.60

500.0

550.0

0.01

3.1

20.0

0.41 0.47 0.544 0.47 0.57

500.0

800.0

5.0

0.0

us 350.0 600.0 200.0 0.0 350.0
linear relationship
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Fig. 2. Soil stress-deformation behavior: �a� monotonic and
�b� cyclic
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T+ = A+ + JP+
o · �p �14a�

T− = A− + JP−
o · �p �14b�

where JP+
o and JP−

o are the values of stiffness or slopes of the
bounding lines; and A+ and A− are the T-intercepts on the tension
and compression sides of the load-strain �T-�� curve, respectively.

The hardening parameters are

hL = ho
L + hk

L�p
�L �15a�

hU = ho
U + hk

U	�p �15b�

where ho
L, ho

U, hk
L, hk

U, and �L are constants. Thus, a total of nine
parameters are required to simulate cyclic loading �Table 2�.
Fig. 3 shows the load-strain relationships for grids A �base case�,
B, and C, which have the same strength but different cyclic prop-
erties obtained by varying parameter A−. They resulted in differ-
ent plastic strains when subjected to the same load amplitude
�30 kN/m� and number of load cycles as simulated.

In the parametric studies, different reinforcement layouts were
considered by varying the vertical spacing and length of rein-
forcement. The base case had three-block �0.6 m� vertical spacing
and its length measured from behind the facing blocks was 4.2 m
�70% of the wall height�. The length of the reinforcement �grid A�
varied between 1.4 and 5.4 m �0.23�0.9 H�, where the minimum
length used in practice is limited to 1.0 m �Elias and Christopher
1997�. The vertical spacing varied between one and five blocks
�0.2�1.0 m� in the parametric studies.

Table 2. Geogrid Parameters for Bounding Surface Model �kN/m�

Parameters
I

�base� II III

Elastic stiffness Je 2500.0

Bounding line parameters A+ 28.5

A− −4.0 −20.0 −2.0

JP+
o 281.0

JP−

o −40

Hardening parameters ho
L 150.0

ho
U 1400.0

hk
L 900.0

hk
U 0.0

Fig. 3. Load–strain relationships of reinforcements
1060 / JOURNAL OF ENGINEERING MECHANICS © ASCE / OCTOBER 200
Earthquake Motions

Several earthquake motions used in the dynamic analysis are
shown in Fig. 4: the 1995 Kobe earthquake �east–west and north–
south components�, the 1994 Northridge earthquake, the 1989
Loma Prieta earthquake, the 1952 Taft Earthquake, and 1940 El
Centro earthquake. Kobe-EW records were considered as input
for the base case. The use of records obtained from earthquakes of
different characteristics and site conditions allowed for evaluation
of their effects on the dynamic response. The peak accelerations
of individual records are given in Fig. 4, where the Taft earth-
quake records had the smallest peak acceleration of 0.15 g and
the Kobe earthquake �north–south� records had the largest peak
acceleration of 0.83 m/s2. These motions have been used in a
limit-equilibrium displacement-based analysis and additional in-
formation is given in Ling and Leshchinsky �1998�.

Wall Performance during Construction

The effects of soil properties and various design parameters on
the wall performance are investigated based on lateral deforma-
tion at the wall face, mobilized load in the geogrid layers, and
earth pressure acting behind the blocks. These values were nor-
malized by the height �	 /H�, maximum tensile strength in the
geogrid �T /Tf�, and overburden stress �
h /�H�, respectively.

Soil Behavior

The lateral displacements at the wall face, maximum tensile load
in the geogrid layers, and the earth pressure acting behind the
blocks are shown in Figs. 5�a–c�. It is seen that soil D, which is
the weakest �lower strength and more compressible�, gave the
largest lateral displacements, whereas soil A gave the smallest
displacements. The point of maximum displacement is at about
40% of the wall height. On the other hand, the point of maximum
tensile load in the geogrid layer was at the lower end of the wall,

Fig. 4. Earthquake motions used in parametric studies
at about 15% of the wall height, with the weakest soil showing
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the largest load. The maximum displacement for the soils inves-
tigated was between 0.3 and 0.7% the wall height, and the largest
reinforcement force was between 13 and 18% its tensile strength.
Although not shown in this paper, the bottom reinforcement lay-
ers gave uniform load distribution, and the front end of the top
reinforcement layers captured more load. The lateral earth pres-
sure behind the blocks was not affected much by the different soil
types. The pressure distribution was triangular, with a stress ratio
fluctuating between 0.12 and 0.15, but deviated from this value
when approaching the foundation.

Reinforcement Layouts

Soil B was used as backfill in this series of investigation.
Figs. 6�a and b� show that the lateral displacement and reinforce-
ment force increased with a reduced reinforcement length. The
earth pressure distribution was not affected much by the length of
reinforcement �Fig. 6�c��. As shown in Figs. 7�a and b�, reducing
the vertical spacing has the effect in reducing the lateral displace-

Fig. 5. Effects of soil behavior on end of construction wall
performance: �a� facing lateral displacement; �b� maximum
reinforcement force; and �c� lateral earth pressure behind facing

Fig. 6. Effects of reinforcement length on end of construction
wall performance: �a� facing lateral displacement; �b� maximum
reinforcement force; and �c� lateral earth pressure behind facing
JOURNA
ments and the maximum reinforcement force. However, it was
noted that the reinforcement force increased drastically when the
spacing is increased. The effects of spacing on the lateral earth
pressure is small �Fig. 7�c��.

The relationships between the maximum displacement and
maximum reinforcement force with the length and spacing of
reinforcement are summarized in Figs. 8�a and b�, respectively.
While the maximum displacement and reinforcement force stabi-
lized with a reinforcement length greater than about 60% of the
wall height, there was a linear increase in the maximum displace-
ment and reinforcement force with increasing vertical spacing.

Interaction Behavior and Weight of Blocks

The interaction between the blocks and backfill soil, with the
friction angle between 10 and 27°, had a slight effect on the
lateral displacements and maximum reinforcement force

Fig. 7. Effects of reinforcement spacing on end of construction
wall performance: �a� facing lateral displacement; �b� maximum
reinforcement force; and �c� lateral earth pressure behind facing

Fig. 8. Relationships between �a� maximum lateral facing
displacement and reinforcement layout; �b� maximum reinforcement
force and reinforcement layout; �c� maximum lateral facing
displacement and block properties; and �d� maximum reinforcement
force and block properties
L OF ENGINEERING MECHANICS © ASCE / OCTOBER 2005 / 1061



�Figs. 9�a and b��, where a larger friction angle reduced the lateral
displacement and reinforcement force. The effect of soil–block
interaction on the lateral pressure is found to be insignificant for
the selected base case layout and soil properties
�Fig. 9�c��. The relationships between the maximum lateral dis-
placement and reinforcement force with the friction angles for the
soil–block and block–block interactions are summarized in
Figs. 8�c and d�. The displacement ratio and reinforcement load
ratio in these figures are shown in the same scale as that of the
effects of reinforcement layouts.

It is seen that the selected values of soil–block and block–
block interactions, and the block unit weight, played a negligible
role in the wall performance compared to the effects due to the
reinforcement layouts or soil properties. In view of the limitations
of the interface element in simulating the cyclic behavior and
large deformation, including separation and slippage, additional
studies are needed with the development of relevant interface
elements for simulating earthquake loading.

Wall Performance during Earthquakes

In the dynamic analyses, the wall performance was evaluated
based on the residual value of lateral displacements of the facing
�	res /H�, vertical settlement of the backfill �S /H�, acceleration
amplification in the backfill, maximum force in each reinforce-
ment layer �Tpeak/Tf�, and peak lateral earth pressure
�
h,peak /�H�. The amplification in the backfill was determined at a
distance of 1.0 m behind the back of facing blocks.

The effects due to the reinforcement cyclic behavior, weight of
blocks, and their interaction behavior on the wall performance
were very small. Thus, only the major effects resulting from soil
cyclic behavior, reinforcement layouts, and earthquake motions
are presented and discussed.

Soil Cyclic Behavior

The results of wall performance for backfill soil B, albeit with
different cyclic hardening behaviors �known as soils E, F, G�, are
shown in Figs. 10�a–e�.

Fig. 9. Effects of block–soil interaction on end of construction
wall performance: �a� facing lateral displacement; �b� maximum
reinforcement force; and �c� lateral earth pressure behind facing
• Fig. 10�a�: The maximum lateral displacement of the facing
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for soil B during construction was less than 0.5%, but at the
end of earthquake shaking, the residual displacement was be-
tween 3 and 5% for soils B, E, and F. For soil G, it was very
large, exceeding 10%. In addition to the magnitude of dis-
placement, the pattern of deformation was also different be-
tween the end of construction �EOC� and that from the earth-
quake. Under earthquake loading, the largest displacement was
at the upper portion of the wall instead of the lower portion of
the wall facing.

• Fig. 10�b�: The maximum reinforcement force in the geosyn-
thetic layers was not affected much by the cyclic behavior of
soil, except for soil G, which gave large cyclic plastic strain.
However, compared to EOC, the maximum reinforcement
force was more than doubled under earthquake loading.

• A larger reinforcement force was mobilized at the bottom of
the wall, whereas the deformation was the largest at the top.
The results were different from those of construction simula-
tion because in the event of earthquake loading, deformation
occurs in the backfill soils under the inertia force with the
reinforced soil mass behaving as a coherent block. Settlement
behind the unreinforced zone was evident �Fig. 10�d��.

• Fig. 10�c�: The peak earth pressure ratio at the back of the

Fig. 10. Effects of soil cyclic properties on seismic wall
performance: �a� facing lateral displacement; �b� maximum
reinforcement force; �c� lateral earth pressure behind facing; �d� crest
surface settlement; and �e� acceleration amplification
blocks increased from a value of 0.2 to 0.4 under earthquake
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loading. The difference in the pressure distribution due to dif-
ferent soil types was not evident.

• Fig. 10�d�: The settlement of the wall crest was also affected
by soil cyclic behavior. Similar to facing lateral displacement,
the soil that generated large cyclic plastic strains also rendered
large settlement. The largest settlement occurred behind the
rear end of the reinforcement layers.

• Fig. 10�e�: Soil amplification was greatly affected by the cyclic
behavior. It is of interest to note that soils that exhibited large
plastic deformation gave a smaller amplification of about 1.4
at the top of the wall compared to less deformable soils that
had an amplification of 1.7 to 1.9. That is, “soft” soils are ideal
dampers, and while stiff soils are strong they tend to amplify
the acceleration.

Reinforcement Layouts

The effects of reinforcement length on the wall performance are
shown in Figs. 11�a–e�. An obvious difference in the lateral dis-
placement and settlement was seen for different reinforcement
lengths. Again, the point of maximum lateral displacement due to
earthquake was at the upper portion of the wall. The largest point

Fig. 11. Effects of reinforcement length on seismic wall
performance: �a� facing lateral displacement; �b� maximum
reinforcement force; �c� lateral earth pressure behind facing; �d� crest
surface settlement; and �e� acceleration amplification
of settlement was behind the rear end of the reinforcement. The
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acceleration amplification was not affected much by the reinforce-
ment length. On the other hand, the maximum reinforcement
force and lateral earth pressure increased as the reinforcement
became shorter �Figs. 11�b and c��.

The vertical spacing affected the wall lateral displacement and
settlement �Figs. 12�a and d��. The effect on acceleration ampli-
fication was negligibly small �Fig. 12�c��. The effect of vertical
spacing on the reinforcement force and lateral pressure was larger
than that of the length �Figs. 12�b and c��, where spacing of less
than three blocks reduced the maximum reinforcement force.
Note that the effects of vertical spacing on the dynamic response,
such as lateral displacement and reinforcement force, were also
reported for other studies, such as Bathurst and Hatami �1999� for
the propped wall.

Earthquake Motions

The earthquake motions have significant effects on the deforma-
tion of the wall, and the magnitude of deformation varies with the
individual record. Fig. 13�a� shows that Kobe earthquake mo-
tions, especially the north–south component, induced the largest
lateral displacement, whereas Taft earthquake records gave the

Fig. 12. Effects of reinforcement spacing on seismic wall
performance: �a� facing lateral displacement; �b� maximum
reinforcement force; �c� lateral earth pressure behind facing; �d� crest
surface settlement; and �e� acceleration amplification
smallest lateral displacements. The rest of the records rendered
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less than half the maximum lateral displacement and deformation
compared to that of the Kobe earthquake �Figs. 13�a and d��. The
amplification at the top of the wall was about 1.6 times in the
Kobe earthquake compared to 1.2 in the Taft earthquake
�Fig. 13�e��. The difference between the largest and smallest val-
ues of reinforcement force was about 2 times �Fig. 13�b��, where
the maximum force in the case of the Kobe earthquake was close
to 40% the strength of reinforcement. The maximum earth pres-
sure developed behind the blocks is shown in Fig. 13�c�. The
Kobe earthquake motions resulted in a maximum ratio of about
0.4, whereas it was about 0.2 for other records.

Summary and Conclusions

A validated finite element procedure was used to conduct a series
of parametric studies related to the construction and earthquake
loading behavior of geosynthetic-reinforced soil retaining walls.
The following conclusions were drawn based on the results of
parametric studies:

The EOC and after-shaking performance of the wall was af-
fected by the following variables, in order of significance: soil

Fig. 13. Effects of earthquake motions on seismic wall performance:
�a� facing lateral displacement; �b� maximum reinforcement force;
�c� lateral earth pressure behind facing; �d� crest surface settlement;
and �e� acceleration amplification
properties, earthquake motions, and reinforcement layout �length
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and spacing�. The effects due to block interaction behavior and
reinforcement cyclic properties were minimal. The effects of in-
teraction behavior are negligibly small, however, could be sub-
jected to the limitations of the thin interface element used in this
study.

End of Construction

• The facing lateral displacement was affected by the soil behav-
ior and reinforcement layout. The maximum force in the rein-
forcement layers was also affected by the soil behavior and
layout, but it appeared that the spacing had a greater effect
than the length. The earth pressure behind the blocks was not
affected much by the aforementioned variables.

Earthquake Loading

• The residual lateral displacement due to earthquake loading
was several times larger than that at EOC. The largest lateral
displacement occurred at the top of the wall. The lateral dis-
placement was affected by factors such as soil cyclic behavior,
reinforcement layout, and earthquake motions �with Kobe
earthquake motions rendering the largest displacement�. The
same effect was seen for the wall crest settlement, which was
the largest behind the rear end of reinforcement.

• The force in the reinforcement layers was affected by the dif-
ferent variables, especially earthquake motions and vertical
spacing. The force could be increased by 2 to 3 times compar-
ing EOC and earthquake loading conditions.

• Earthquake loading resulted in an increase in the lateral pres-
sure acting behind the block facing. The pressure typically
doubled the value at EOC.

• Amplification of acceleration was affected by the soil behavior
and earthquake motions, but not the reinforcement layouts.
“Weaker” soils acted as dampers to the wall whereas “stron-
ger” soils amplified the acceleration. The amplification factor
at the crest was in the range of 1.2�2.0.

• The reinforcement layouts affected the wall performance, in-
cluding lateral displacements, crest settlement, reinforcement
force, and earth pressure. The effects of vertical spacing seem
more significant compared to the length of reinforcement.

• A particularly interesting point is that the effects of the cyclic
hardening behavior of soil on the dynamic response of the wall
cannot be simulated using simple plasticity model.
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