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Analyzing Dynamic Behavior of Geosynthetic-Reinforced
Soil Retaining Walls

Hoe I. Ling, M.ASCE1; Huabei Liu2; Victor N. Kaliakin, M.ASCE3; and Dov Leshchinsky, M.ASCE4

Abstract: An advanced generalized plasticity soil model and bounding surface geosynthetic model, in conjunction with a dyna
element procedure, are used to analyze the behavior of geosynthetic-reinforced soil retaining walls. The construction beh
full-scale wall is first analyzed followed by a series of five shaking table tests conducted in a centrifuge. The parameters for
backfill soils are calibrated through the results of monotonic and cyclic triaxial tests. The wall facing deformations, strains in th
reinforcement layers, lateral earth pressures acting at the facing blocks, and vertical stresses at the foundation are prese
centrifugal shaking table tests, the response of the walls subject to 20 cycles of sinusoidal wave having a frequency of 2
acceleration amplitude of 0.2g are compared with the results of analysis. The acceleration in the backfill, strain in the geogrid lay
facing deformation are computed and compared to the test results. The results of analysis for both static and dynamic test
reasonably well with the experimental results.
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Introduction

The finite element method has been used successfully in sim
ing the behavior of geosynthetic-reinforced soil retaining w
under static loading conditions~e.g., Collin 1986; Kaliakin and X
1992; Kapurapu and Bathurst 1995; Ling et al. 1995, 2000; R
and Ho 1997!, but very limited studies have been reported for
simulation of the dynamic behavior~Segrestin and Bastick 198
Yogendrakumar et al. 1992; Cai and Bathurst 1995; Helw
et al. 2001! and these were all equivalent linear analyses.
simulation of dynamic soil structure response is complicate
the highly nonlinear behavior of soil and numerical algorith
Soil stress–deformation behavior is affected by the confi
stress as well as the initial density. Generally, dense sand d
upon shearing whereas loose sand contracts, but the con
pressure affects deformation characteristics at the different s
For nonsaturated soils, although liquefaction is not a concern
stress–strain response exhibits hysteresis and hardening be
under repeated loadings. Many constitutive models have
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proposed to simulate the inelastic soil behavior, but the nu
of soil models relevant for cyclic loading of sand is still v
limited.

The literature on the dynamic behavior of reinforced soil w
is concentrated on postearthquake investigations~e.g., Tatsuok
et al. 1998; Ling et al. 2001a!, which in most cases, lacked pro
characterization of soil properties. The stress conditions and
deformation before the earthquake, as well as the input acc
tion, were not readily known. Detailed knowledge of the resp
of a reinforced soil wall during an earthquake, including soil
celeration and deformation, strains in the reinforcements, etc
required for an adequate understanding of the dynamic beh

Laboratory model tests are very instrumental in studying
behavior of reinforced soil walls under controlled conditio
However, most shaking table tests are conducted using re
scale models in a 1g field ~g: gravity! ~e.g., Bathurst et al. 200
Koseki et al. 2003! that are possibly subject to scale effects du
the influence of stress levels and the lack of reasonable s
techniques. On the other hand, the centrifugal modeling tech
has proved extremely useful in simulating the stress level u
reduced scale models. According to the scaling rules, the st
strain behavior of the centrifuge model, which is of dimension
times smaller than the prototype, is preserved if the accelerat
increased byn times the gravity. For dynamic events in a cen
fuge, the frequency has to be increased byn times whereas th
time is reduced byn times. Applications of centrifugal modelin
techniques to reinforced soil retaining walls and slopes have
reported by several researchers but these tests were mostly
to static conditions~e.g., Bolton et al. 1979; Jaber et al. 19
Porbaha and Goodings 1996; Zornberg et al. 1998!. The centrifu
gal shaking table tests of Kutter et al.~1990! and Sakaguch
~1996! are limited examples. The tests by Kutter et al.~1990!
were well planned but metallic reinforcements were used.
aguchi~1996! conducted tests by varying the variables such a
reinforcement spacing and length.

Under the U.S.—Japan collaborative research effort, a s

of five shaking table tests were conducted using the centrifuge
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facility at the Tokyo Institute of Technology shortly after the 19
Kobe earthquake. The results of centrifuge model tests have
reported by Takahashi et al.~1999! and Takemura and Takaha
~2003! and this paper is concentrated on the numerical simul
of their test results. The finite element procedures together
an advanced soil constitutive model are used. The validit
numerical procedures in simulating the behavior of a segm
block reinforced soil wall is first verified against a full-scale
wall constructed at the Public Works Research Institute~PWRI!,
Japan. The dynamic centrifuge models are then briefly desc
followed by details of analysis. The finite element results

Fig. 1. ~a! Public Works Research Institute Wall and~b! centrifuge
model
compared with the experimental results and discussed.

912 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2004
Physical Models

A brief description of the PWRI Wall is given followed by t
dynamic centrifuge models. It has to be noted that the centr
models were not the physical models for simulating the P
Wall. They are two independent sets of physical models us
this study for validating numerical tools.

Public Works Research Institute Wall

This well documented case history was undertaken to monito
construction behavior of a reinforced segmental-block wall. B
information of the PWRI Wall has been reported by Tajiri e
~1996!. Additional details, such as the wall configuration, s
and reinforcement properties, as well as interaction propertie
summarized in Ling et al.~2000!. The configuration of the PWR
Wall is shown in Fig. 1~a!. The wall was constructed on a co
crete floor to a height of 6.0 m. The wall face consisted o
concrete blocks, each 50 cm high and 35 cm wide, except th
and bottom blocks that were 45 cm and 55 cm high, respect
Six primary ~3.5 m long! and five secondary~1.0 m long! geo-
synthetic layers were installed in the backfill and bolted to
concrete block. The tensile strain in the reinforcement~52 loca-
tions!, horizontal displacement of the wall face~11 locations!,
lateral force acting at the facing blocks~11 locations!, and vertica
stress along the base of the backfill~6 locations! were measure
during construction.

Dynamic Centrifuge Models

A total of five dynamic centrifuge tests of geosynthetic-reinfo
soil retaining walls were conducted using the facilities avail
at the Tokyo Institute of Technology~Takahashi et al. 1999; Tak
mura and Takahashi 2003!. The models were 15 cm high a
represented a prototype wall of heightH57.5 m under 50-g ac-
celeration. The model wall was 21.5 cm long and had a 5 cmdeep
foundation @Fig. 1~b!#. The wall model was constructed in
aluminum container having inner dimensions of 45
~length!315 cm ~width!325 cm ~height!. The side walls of th
container were detachable. Rubber forms were used at th
ends of the model as boundary wave absorbers. Note th
curvature of the wall crest surface was introduced to accom
date the centrifugal acceleration field that varied across the l
of model due to the inflight orientation of the centrifuge platfo
and container. Geosynthetic reinforcement of different len
(0.6H, 0.8H and 1.0H) and vertical spacings (0.1H and 0.2H)
were used. Table 1 summarizes the reinforcement layouts fo
five tests.

The construction sequence of the reinforced soil wall, suc
the placement of backfill, geogrid, wall facing, and compac

Table 1. Reinforcement Layout for Centrifuge Tests

Test No. Length Spacing

1 1.0H 0.2H
2 0.8H 0.2H
3 0.6H 0.2H
4 0.8H 0.1H
5 0.6H 0.1H
was not modeled in flight. In fact, such a modeling technique was
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found reasonable for earthquake loading where the dynam
fects are more significant than the static effects. The wall m
was prepared under 1g conditions at an upside–down position
first laying down the wooden template in order to produc
curved backfill that met the orientation of the box in the ce
fuge. The moist sand with the geogrids and accelerometers
introduced into the box and compacted statically in layers to
required density using a bellofram cylinder. The geogrid la
were attached to the aluminum facing panels of thickness 2
The plates were hinged. At the end of construction, the bo
platen of the box was installed and the container was revers
the upright position. The top plate was then removed and
displacement transducers were installed in front of the facing
along the wall crest.

The types and locations of the various instrumentations in
centrifuge models are shown in Fig. 1~b!. A limited number o
accelerometers, displacement transducers, and strain gauge
used because the small size of the model did not allow for in
sive instrumentation compared to a full-scale model. In Tests
five accelerometers were used: Two were in the unreinfo
backfill ~A3,A7! and reinforced soil zone~A4,A8!, respectively
and one measured the acceleration in the foundation soil~A9!. In
Tests 4 and 5, three accelerometers were used in the unrein
~A1,A5,A7! and reinforced~A2,A6,A8! soil zones, respectivel
In addition, the horizontal displacements of the wall facing w
measured using two laser displacement transducers~D1, D2! and
the settlement of the wall crest was measured at two loca
using linear variable displacement transducers~S1,S2!. Three
geogrid layers were instrumented with strain gauges in each
Four strain gauges for each layer were used in Tests 1 a
whereas three strain gauges were used in Test 3~layers 1,3,5 from
the bottom! and Tests 4 and 5~layers 3,6,9 from the bottom!. The
first strain gauge was located 15 mm from the back of the p
and the other gauges were 30 mm apart. However, as disc
later in the results, these strain gauges could not measure
rately the strain of the reinforcement because the epoxy use
stiffer than the reinforcement.

The container with the model wall was mounted to the sha
table in the centrifuge. After bringing the centrifuge to 50g accel-
eration, shaking was initiated using sinusoidal wave of 100

Table 2. Parameters for Sands

Parameters

fp0 ~°! Peak value of the angle of internal friction at atmosp
Df ~°! Change of angle of internal friction with ten-fold incr
Mg Slope of the critical state line inp8–q plane
M f Slope of failure line inp8–q plane

G0 /pa Normalized elastic modulus

K0 /pa Normalized bulk modulus

ks Parameter related to plastic coefficient
b10 Parameter related to plastic coefficient
b0 Parameter related to plastic coefficient
a Parameter related to soil dilatancy

H0 /pa Normalized plastic modulus number

Hu0 /pa Normalized unloading plastic modulus number

r Coefficient related to stress memory factor

r u Exponent related to unloading plastic modulus
r d Parameter related to densification in unloading plast
~prototype frequency of 2 Hz!. The input waves were of prototype
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accelerations 0.2g having 20 cycles of shaking~0.25 or 12.5 s in
prototype!.

Material Models

Backfill Soils

The backfill soil used in PWRI Wall was a silty sand (D50

50.42 mm,g516.0 kN/m3, Cu54.6). In the dynamic centrifug
tests, Inagi sand (D5050.4 mm, g517.8 kN/m3, Cu52.3) was
used in the backfill and foundation. A generalized plasticity
model ~Ling and Liu 2003; Liu and Ling 2003! was used t
express the soil behavior. The model used was an improve
over the Pastor–Zienkiewicz–Chan model~Pastor et al. 1990!,
which was developed specifically for simulating the behavio
sands under earthquake loading. It does not require a pres
yield surface but uses loading direction vectors for determ
the plastic strain increments. Upon modifications, the pres
level dependency of the stiffness, dilatancy, and strength
considered. The model also considered improvements in sim
ing cyclic hardening behavior of sand. The model has been
dated against the laboratory test results of several types of
having different relative densities and under drained and
rained conditions~Ling and Liu 2003!. The main details of th
formulation of the model are summarized in the Appendix.

The generalized plasticity model requires 15 parameter
simulating cyclic loading, whereas 11 of these parameters c
obtained from static tests. The calibration followed the proced
outlined in Ling and Liu~2003!. For the PWRI wall, three draine
triaxial compression tests (s3525 kPa, 50 kPa, and 100 kP!
were used to obtain the 11 parameters related to monotonic
ing. For the Inagi sand used in the centrifuge tests, two dra
triaxial tests (s35100 kPa and 300 kPa! and a strain-control cy
clic triaxial test (s35100 kPa, stress amplitude5250–85 kPa!
were used to calibrate the model. Table 2 summarizes the p
eters and respective values for the two types of sand. Figs.~a!–
2~c! show the comparison between the experimental and s
lated results under static and cyclic loadings. The model was
to simulate the pressure-dependent stress–strain-dilatancy

Public Works Research Institute Wall
sand Inagi san

pressure 39.4 3
n pressure 0.5 0

1.4 1.32
0.645 0.4

500.0 800.0

550.0 700.0

0.01 0.0
3.1 1.0
20.0 10.
0.47 0.25

500.0 190.

— 800

— 3.2

— 0.0
ulus — 35
heric
ease i

ic mod
ior satisfactorily.
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Reinforcements

The PWRI Wall was reinforced with a high-density polyethyl
~HDPE! uniaxial geogrid. The aperture size was 14.5 cm~ma-
chine direction! by 1.7 cm~cross-machine direction!. The mas

2

Fig. 2. Comparison between experimental and simulated soil tri
test results:~a! Public Works Research Institute Wall—static,~b!
Inagi sand—static, and~c! Inagi sand—cyclic
was 0.51 kg/mand the tensile strength was 54 kN/m, which was

914 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2004
attained at an axial strain of 15%. A glass–fiber screening
used as geogrid in the centrifuge. Its aperture, thickness, and
were 2.0 mm31.5 mm, 0.2 mm, and 0.01 kg/m2, respectively~for
50g centrifuge, the lineal dimension has to be increased b
times!. The tensile strength of this model geogrid was 8.64 k
and the rupture strain was 1.3%.

Ling et al. ~2001b! formulated a bounding surface model
simulate the uniaxial cyclic behavior of geogrids. A total of n
parameters are required for cyclic loading, whereas in the ca
monotonic loading, it is reduced to five parameters (Je, A, JP1

o ,
ho

L , andhk
L , whereJe is the elastic stiffness,A andJP1

o are used
to define the bounding line, andho

L andhk
L are for the hardenin

parameters during loading!. Fig. 3 shows the tensile tests for
HDPE ~strain rate of 10% per minute! and glass–fiber reinforc
ment~strain rate of 2.3% per minute! together with the results
simulation. The parameters used in simulating the monotoni
of HDPE are summarized in Table 3. Note that the glass–
reinforcement exhibited linear elastic behavior with neglig
hysteresis for ten cycles of loadings@Fig. 3~b!#, thus the load
strain relationship is defined by the elastic stiffnessJe.

Concrete Blocks, Interfaces, and Other Materials

The PWRI wall was constructed on a concrete foundation, w
is assumed linear elastic. The concrete blocks were also as
linear elastic with typical properties:E52.03106 kPa, n50.17,

Fig. 3. Load–strain relationships of reinforcement:~a! High-density
polyethylene geogrid and~b! fiber–glass screening

Table 3. Parameters of Bounding Surface Model of Geogrid: Mo
tonic Loading~unit: kN/m!

Parameters High-density polyethylene Glass fi

Elastic stiffness,Je 2,500.0 662.7
Bounding line parameters

A 28.5 —

JP1
o 281.0 —

Hardening parameters
ho

L 150.0 —
hk

L 900.0 —
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g523 kN/m3. The block–block and soil–block interactions w
studied using large-scale direct shear tests, from which the
face friction angles were obtained asd519.6° and 16.5°, respe
tively. Direct shear tests were also conducted to determin
angle of friction between the glass–fiber screening and
sand. The interface friction angle was obtained asd533.43°,
which was lower than the direct shear angle of friction of In
sand~38.8°!.

The interface between the geogrid and sand was modele
several cases of analysis. Thin layer elements having an e
perfectly plastic sliding behavior were used. The elastic prope
of the interface wereE55,000 kPa andn50. Since the geogri
layers were bolted to the blocks, the connection strength
assumed to be the failure strength of the geogrid and simu
using an elastic perfectly plastic interface model. The ang
friction between the soil and geogrid was larger than that o
block–block, block–geogrid, and block–soil. The relative
placement should occur between these interfaces before an
tunity for pullout will occur between the soil and geogrid, thus
geogrid layers were assumed to be fully compatible with the
deformation.

The rubber foam and aluminum panel in the centrifuge mo
were assumed to be linear elastic materials having elastic m
E53,000 kPa and 7.03107 kPa, respectively. The joint betwe
the aluminum plates was modeled by assigning a small e
modulusE510.0 kPa. Poisson’s ratios for the rubber, alumin
and panel joint weren50.5, 0.3, and 0.0, respectively.

Finite Element Simulation
The finite element analyses for both PWRI and centrifuge w
were conducted under two-dimensional plane strain condi
using a modified version of Diana–Swandyne-II~Chan 1993
Zienkiewicz et al. 1998!. In this study, the finite element alg
rithms were modified to also handle automated constructio
gether with additional material and element models~Liu 2002!.
The finite element meshes for the centrifuge models were
signed considering the different vertical reinforcement spac
and lengths used in each test. The soil consisted of eight
quadrilateral elements and six-node triangular elements, bot
culated using full integration technique~nine-point and six-poin
integrations, respectively!. The geogrid layer was simulated us
three-node one-dimensional elements. In both PWRI wall
centrifuge models, the base is assumed to be rough/rigidly
nected and the two ends are smooth.

A total of 38 increments were used to simulate the cons
tion of the PWRI wall. Altogether 6,804 nodes and 2,314
ments, which included 115 bar elements for the geogrid reinfo
ments, were used. A total of 1,739, 360, 37, and 63 elements
used for the soil, concrete foundation, blocks, and interface
spectively. The solution was obtained using a quasi-New
Raphson nonlinear iteration scheme. The stiffness matrix wa
dated every 10 steps and a total of 500 steps was used in
increment with a convergence tolerance of 0.003.

Fig. 4 shows the mesh used for centrifuge Test 3. A tota
approximately 1,000 elements were used, and the number di
slightly in each analysis because of the total number of laye
reinforcement and interfaces. A gravity turn-on analysis was
performed to obtain the initial stress conditions for the walls.
stresses at each Gauss point were used as the initial valu
subsequent dynamic analysis. A nonlinear elastic model, w
shear modulus is dependent on the square root of the mean

tive stress, was used in computing the initial stresses. A Mohr–
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Coulomb failure criteria, with tension cutoff, was used to de
soil failure. The soil internal angle of friction and Poisson’s r
were assumed to be 33° and 0.3, respectively.

The dynamic analysis was initiated using the input motio
the base of the mesh. In the dynamic analysis, the time integ
was performed using the generalized Newmark method~Katona
and Zienkiewicz 1985! with coefficients b150.6 and b2

50.605. In addition to material damping that is simulated by
constitutive models, system viscous damping~Rayleigh damping!
was considered in the analyses for the sand and interface~5%!,
rubber~10%!, and aluminum~5%!, where the values were det
mined based on the fundamental frequency of reinforced
walls. No system damping was assigned to the geogrid.
analysis was iterated to convergence with a tolerance of
using the norm of relative displacements.

Validation of Static Analysis: Public Works
Research Institute Wall

The horizontal displacements of the wall, obtained from
analysis, are compared with the measured results for the dif
fill heights during the course of construction@Fig. 5~a!#. Note tha
each concrete block was represented by three elements an
the results appeared clustered in sets of three. The measur
analyzed results agreed favorably for the construction heigh
and above. It is of interest to mention that the results are clo
those obtained from the nonlinear elastic analysis~Ling et al.
2000!.

The lateral stress distributions behind the blocks at full he
are shown in Fig. 5~b!. The result at different elevations w
obtained by averaging the values obtained from the 9 gauss
in the interface element. The results of analyses fluctuated
the wall height and this is typical for displacement-based fi
element where stresses are determined as a secondary un
from the displacements. The values differed within a soil elem
whereas the values obtained from the integration points in th
element located closest to the block are close to the average
of the interface elements. The distributions obtained from
analysis are close to the measured values for the wall heigh
and above.

The vertical stress distributions at the foundation are pres

Fig. 4. Typical finite element mesh for centrifuge model~Test 3!
in Fig. 5~c!. The measured and analyzed values gave similar

NAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2004 / 915



t end
the
finite
unit
ow-

not
-

ith
wn in
the
differ-
ould
lative
not
a bolt
lim-
the
the

f the

s

trends where a larger vertical stress was obtained in the fron
of the wall because of the unit weight and eccentricity of
concrete blocks. The measured results were larger than the
element results. This could be due to the variation of soil
weight with height by compaction as the height increased. H

Fig. 5. Public Works Research Institute Wall results:~a! Facing hori-
zontal displacement;~b! lateral earth pressure; and~c! vertical stres
ever, the analysis assuming a linear elastic material for the con-
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crete foundation, which is valid only for this test wall, can
depict the nonuniform vertical stress distribution~Ling and Lesh
chinsky 2003!.

The strain distributions in the six primary geogrid layers, w
layer 1 located at the bottom and layer 6 at the top, are sho
Fig. 6~a! for the wall at its completed height. It is seen that
analyzed and measured results gave good agreement. The
ence in results at the front end of the reinforcement layers c
be attributed to the possible stress concentration due to re
settlement~overhanging! and creep in the geogrid that were
accounted for in the presented study. Note also that such
and nut connection for the reinforcement is uncommon and
ited to this particular test wall. The results at the back of
reinforcement were relatively well simulated. The results for
secondary reinforcement layers are given in Fig. 6~b!.

Validation of Dynamic Analysis: Centrifuge Models
While the analysis was conducted using the dimensions o

Fig. 6. Reinforcement strain distribution at full height:~a! Primary
reinforcements and~b! secondary reinforcements
centrifuge model, the results are presented for the prototype full-
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scale structures. The results obtained from the analysis are
pared with the experimental results for the cyclic loading ha
an amplitude of 0.2g subject to 12 s~20 cycles! shaking. Note
that the interfaces between the soil–geogrid and soil–wall p
are not considered in these analyses. Liu~2002! has conducte
additional studies that showed that the effects of modeling i
faces were very small for the five tests. Figs. 7~a and b! show
typical results of acceleration response, wall face deflection
settlement during duration of shaking in Test 3. The results fo
four other tests, which are presented in Liu~2002!, also gave
good agreement.

The results showed that the acceleration amplified slig
with height for both reinforced and backfill zones. That is,
acceleration recorded at the wall surface is larger than the
input. This is summarized in Fig. 8 for the five tests where
amplification ratio, which is defined as the acceleration at the
of the wall to the input peak acceleration, was less than
However, in Tests 1 and 4, the measured value was sli
greater than 1.5. There was a little phase lag in acceleratio
corded in the reinforced and unreinforced soil zones@see Fig
7~a!#.

The wall face displacement and crest settlement shown in
7~b! were accumulations of displacement over the period of
shaking. Fig. 9 shows the comparison of wall face displace
at the end of shaking between the analyzed and measured v
There were, however, only two experimental values per wall.

Fig. 7. Response of centrifuge Test 3:~a! Acceleration and~b! settle-
ment and horizontal displacement
cept for Test 2, the experimental results are close to the results of

JOUR
.

the analyses. Test 3 gave the largest horizontal deform
among the five tests, but it was less than 2% of the wall he

The results of crest settlement are shown in Fig. 10. It is
that the largest settlement occurred behind the reinforced
and was likely due to soil densification and also to the sliding
of the reinforced soil mass. Such results are seen only with th
of numerical analysis because of the limited number of mea
ments in the centrifuge tests.

The maximum tensile strain in each geogrid layer was
tained and plotted in Fig. 11. The results showed that la
strains were mobilized in Tests 1, 2, and 3. Tests 4 and 5 g
smaller maximum strain compared to the other tests becau
smaller vertical reinforcement spacing. The measured results
smaller than computed due to the problem of strain gauge a
ment. That is, the epoxy used in attaching the strain gauge
stiffer than the geogrid.

Based on the results of wall face deformations, Tests 3 a
which had the shortest reinforcement length, rendered the la
deformation. The strain in the reinforcement was also large
shorter reinforcement length. Thus, an increased length of
forcement minimizes lateral wall deformations and strains in
reinforcement layers. On the other hand, the acceleration a

Fig. 8. Acceleration amplification in centrifuge tests

Fig. 9. Wall horizontal displacement in centrifuge tests
NAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2004 / 917
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fication and crest settlement were not affected much by the le
and spacing of the reinforcement.

Summary and Conclusions

A finite element procedure, using a generalized plasticity m
was used to simulate the behavior of reinforced soil retai
walls. The behavior during construction and under sinusoida
citation was simulated for two separate sets of tests. The stud
to the following conclusions:
• The comparison of numerical and experimental results sh

that the finite element procedure was able to simulate the
struction behavior as well as dynamic behavior favora
Thus, the generalized plasticity model for granular soil and
geosynthetic model were relevant for expressing the m
tonic and cyclic behavior of soil and reinforcement, espec
under cyclic loading.

• The results of analyses confirmed that the length and sp
of reinforcement played an important role in minimizing w
deformations and strains in the reinforcements.

Fig. 10. Wall crest settlement in centrifuge tests

Fig. 11. Maximum tensile strain in reinforcement in centrifuge te
918 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2004
• The amplification of acceleration seemed to be minimally
fected by the reinforcement layout. It was around 1.5 for
walls of height 7.5 m.
The results presented in this study were limited to input

tion consisting of a sinusoidal wave, which could be overid
ized compared to real earthquakes. In addition, the validity
tween the centrifuge model and full-scale structures has
confirmed. Large-scale shaking table tests are required for
tional validation because centrifuge models cannot be exten
instrumented due to the size of model. Results of full-scale s
ing table tests at a larger acceleration compared to the rep
centrifuge tests are pursued in a separate publication~Ling et al.
unpublished, 2003!.
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Appendix

Generalized Plasticity Model

The formulation of generalized plasticity model with special
counts for the pressure level dependency and cyclic hardenin
given below~after Ling and Liu 2003!:
• Shear and bulk moduli:

G5Gop̄
0.5 (1)

K5Kop̄
0.5 (2)

whereG, K, Go , Ko , and p̄5shear modulus, bulk modulu
shear modulus number, bulk modulus number, and norma
mean stress~normalized by atmospheric pressure!, respec
tively.

• Stress–dilatancy relationship:

dg5~11a!~Mg2h! (3)
wheredg andh5q/p85dilatancy and stress ratio;Mg5slope of
the critical state line; anda5constant.

The direction of plastic flow is determined by the follow
relationships:

df5~11a!~M f2h! (4)

The plastic moduli for loading, unloading, and reloading are
pressed through the following functions:

HL5Hop̄0.5H f~Hv1Hs! (5)

HR5HL•HDMHden (6)

HU5Huop̄
0.5S Mg

h D r u

Hden; UMg

h U.1 (7a)

5Huop̄
0.5Hden; UMgU<1 (7b)
h
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where

H f5S 12
h

h f
D 4

(8)

Hv512
h

Mg
(9)

Hs5b1e exp$ks~p21!/boj% (10a)

b15b10

hp /Mg21

hpo /Mg21
(10b)

Hden5exp~2r d«vo
p ! (11)

wherej and «vo
p 5deviatoric and volumetric plastic strains;h f ,

hp , andhpo indicate the stress ratios at failure, at peak stre
and at reference stress level and a constantr is used in the
memory state functionHDM

f5f0Df log10 p̄a (12)

wheref05peak value of the angle of internal friction at atm
spheric pressure andDf5change of angle for a tenfold increa
in pressure.

Bounding Surface Model for Geosynthetic
(Ling et al. 2001b)

Total stiffness

JT5
JpJe

Jp1Je
(13)

Bounding line for monotonic loading

T15A1Jp1
o ep (14)

Hardening parameters for monotonic loading

hL5ho
L1hk

LAep (15)

Notation
The following symbols are used in this paper:

A 5 intercept of bounding line in geosynthetic
model;

Cu 5 coefficient of uniformity;
D50 5 mean grain diameter;

df ,dg 5 parameters related to loading direction
vector, dilatancy;

E 5 Young’s modulus;
G,G0 5 elastic shear modulus, shear modulus

number;
HDM 5 stress memory factor in reloading modulus;
Hden 5 densification coefficient in unloading plastic

modulus;
H f ,Hn ,Hs 5 plastic coefficients;

HL ,HR ,HU 5 loading, reloading, unloading plastic
modulus;

H0 ,Hu0 5 plastic modulus number, unloading plastic
modulus number;

ho
L ,hk

L 5 hardening parameters during loading in
geosynthetic model;

Je 5 elastic stiffness of geosynthetic;
JP1

o 5 slope of bounding line in geosynthetic
model;
K,K0 5 bulk modulus, bulk modulus number;

JOUR
ks 5 parameter related to plastic coefficientHs ;
M f 5 slope of failure line inp8–q plane;
Mg 5 slope of the critical state line inp8–q

plane;
p8 5 mean effective stress;
pa 5 atmospheric pressure;
q 5 deviatoric stress;
r 5 coefficient related toHDM ;

r d ,r u 5 parameter and exponent related toHden and
Hu ;

a 5 parameter related to soil dilatancy;
b0 ,b1 ,b10 5 parameters related to plastic coefficientHs ;

g 5 unit weight;
d 5 interface friction angle;

«v0
p 5 plastic volumetric strain at the instant of

unloading or reloading;
h,h f 5 stress ratioq/p8, stress ratio at failure;

hp ,hp0 5 peak value of stress ratio, peak value of
stress ratio at reference stress;

n 5 Poisson’s ratio;
j 5 accumulative plastic deviatoric strain.

s1 ,s3 5 major and minor principal stresses; and
f,fo ,Df 5 angle of internal friction, peak value of the

angle of internal friction, change of angle
with ten-fold increase in pressure.
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