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Abstract: An advanced generalized plasticity soil model and bounding surface geosynthetic model, in conjunction with a dynamic finite
element procedure, are used to analyze the behavior of geosynthetic-reinforced soil retaining walls. The construction behavior of &
full-scale wall is first analyzed followed by a series of five shaking table tests conducted in a centrifuge. The parameters for the sandy
backfill soils are calibrated through the results of monotonic and cyclic triaxial tests. The wall facing deformations, strains in the geogrid
reinforcement layers, lateral earth pressures acting at the facing blocks, and vertical stresses at the foundation are presented. In t
centrifugal shaking table tests, the response of the walls subject to 20 cycles of sinusoidal wave having a frequency of 2 Hz and o
acceleration amplitude of Qy2are compared with the results of analysis. The acceleration in the backfill, strain in the geogrid layers, and
facing deformation are computed and compared to the test results. The results of analysis for both static and dynamic tests compare
reasonably well with the experimental results.
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Introduction proposed to simulate the inelastic soil behavior, but the number
of soil models relevant for cyclic loading of sand is still very
The finite element method has been used successfully in simulatlimited. _ _ _ _
ing the behavior of geosynthetic-reinforced soil retaining walls ~ The literature on the dynamic behavior of reinforced soil walls
under static loading conditior{s.g., Collin 1986; Kaliakin and Xi 1S concentrated on postearthquake investigati@ng., Tatsuoka
1992; Kapurapu and Bathurst 1995; Ling et al. 1995, 2000; Rowe €t al- 1998; Ling et al. 2001awhich in most cases, lacked proper
and Ho 1997, but very limited studies have been reported for the characterization of soil properties. The stress conditions and wall
simulation of the dynamic behaviéSegrestin and Bastick 1988: deformation before the earthquake, as well as the input accelera-
Yogendrakumar et al. 1992; Cai and Bathurst 1995; Helwany tion, were not readily known. Detailed knowledge of the response
etal. 2001 and these were all equivalent linear analyses. The of a reinforced soil wall during an earthquake, including soil ac-
simulation of dynamic soil structure response is complicated by celeration and deformation, strains in the reinforcements, etc., are
the highly nonlinear behavior of soil and numerical algorithms. required for an adequate understanding of the dy_namic b_ehavior.
Soil stress—deformation behavior is affected by the confining Laboratory model tests are very instrumental in studying the
be

stress as well as the initial density. Generally, dense sand dilate havior of reinforced soil walls under controlled conditions,
. Y- Y .. However, most shaking table tests are conducted using reduced
upon shearing whereas loose sand contracts, but the conflnlng_)

p def . h o he diff cale models in ad field (g: gravity) (e.g., Bathurst et al. 2001;
pressure affects deformation characteristics at the different statesy g gt al, 2008that are possibly subject to scale effects due to

For nonsaturated soils, although liquefaction is not a concern, they, o influence of stress levels and the lack of reasonable scaling
stress—strain response exhibits hysteresis and hardening behaVi%chniques. On the other hand, the centrifugal modeling technique
under repeated loadings. Many constitutive models have beenyas proved extremely useful in simulating the stress level using
reduced scale models. According to the scaling rules, the stress—
1 - — - : : . strain behavior of the centrifuge model, which is of dimengion
Associate Professor, Dept. of Civil Engineering and Engineering . . . L
Mechanics, Columbia Univ., 500 West 120th St., New York, NY 10027 times smaller than the prototype, is preserved if the acceleration is
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neering Mechanics, Columbia Univ., New York, NY 10027. time is reduced by times. Applications of centrifugal modeling
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Primary Secondary Table 1. Reinforcement Layout for Centrifuge Tests

Layer Layer
Test No. Length Spacing
1 1.H 0.2H
0 2 0.8+ 0.2H
3 0.eH 0.2H
4 0.8H 0.1H
5 0.eH 0.1H

500

Physical Models

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

27 55

Public Works Research Institute Wall

All dimensions in cm <o Displacement Transducer This well documented case history was undertaken to monitor the
= Load Transducer construction behavior of a reinforced segmental-block wall. Basic
@ " Stain Gage information of the PWRI Wall has been reported by Tajiri et al.
(1996. Additional details, such as the wall configuration, soil,
AO~AZ:Accelerometers and reinforcement properties, as well as interaction properties, are
$1,82: LVDT summarized in Ling et al2000. The configuration of the PWRI
D1,D2: Laser Disp Transducers Wall is shown in Fig. 1a). The wall was constructed on a con-
15 crete floor to a height of 6.0 m. The wall face consisted of 12
T 95 120 — concrete blocks, each 50 cm high and 35 cm wide, except the top
| ' ] rubber - | and bottom blocks that were 45 cm and 55 cm high, respectively.
3.0 L .
s2  S1 Six primary (3.5 m long and five secondaryl.0 m long geo-
S synthetic layers were installed in the backfill and bolted to the
A A2 L 12 qoncrete k_)lock. Thg tensile strain in the reinforcem@a _Ioca—
o o al | D1 e tions), honzontql dlsplacemgnt of the wall fac{&l Iocatlon$
G I lateral force acting at the facing blockkl location$, and vertical
{ oA5  ABo |, T stre_ss along the_ base of the backffll location$ were measured
* a7 agm | © during construction.
T Tests 1~3
Tests 4,5 P Dynamic Centrifuge Models
A9l‘¢—2.5 o
- = L | Atotal of five dynamic centrifuge tests of geosynthetic-reinforced
| 420 ! soil retaining walls were conducted using the facilities available
at the Tokyo Institute of Technologyfakahashi et al. 1999; Take-
(b) unit: cm (not to scale) mura and Takahashi 20p3The models were 15 cm high and

represented a prototype wall of height=7.5m under 503 ac-
celeration. The model wall was 21.5 cm long and s cmdeep
foundation[Fig. 1(b)]. The wall model was constructed in an
aluminum container having inner dimensions of 45 cm
(length X15 cm (width)x25 cm (heighd. The side walls of the
facility at the Tokyo Institute of Technology shortly after the 1995 container were detachable. Rubber forms were used at the two
Kobe earthquake. The results of centrifuge model tests have beerends of the model as boundary wave absorbers. Note that the
reported by Takahashi et 41999 and Takemura and Takahashi curvature of the wall crest surface was introduced to accommo-
(2003 and this paper is concentrated on the numerical simulation date the centrifugal acceleration field that varied across the length
of their test results. The finite element procedures together with of model due to the inflight orientation of the centrifuge platform
an advanced soil constitutive model are used. The validity of and container. Geosynthetic reinforcement of different lengths
numerical procedures in simulating the behavior of a segmental (0.6H, 0.84 and 1.8H) and vertical spacings ((HLand 0.24)

block reinforced soil wall is first verified against a full-scale test were used. Table 1 summarizes the reinforcement layouts for the
wall constructed at the Public Works Research Institi®é/RI), five tests.

Japan. The dynamic centrifuge models are then briefly described The construction sequence of the reinforced soil wall, such as
followed by details of analysis. The finite element results are the placement of backfill, geogrid, wall facing, and compaction,
compared with the experimental results and discussed. was not modeled in flight. In fact, such a modeling technique was

Fig. 1. (a) Public Works Research Institute Wall aflo) centrifuge
model
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Table 2. Parameters for Sands

Public Works Research Institute Wall

Parameters sand Inagi sand
dbpo () Peak value of the angle of internal friction at atmospheric pressure 39.4 33.0
Ad (°) Change of angle of internal friction with ten-fold increase in pressure 0.5 0
Mg Slope of the critical state line ip’—q plane 1.4 1.32
M Slope of failure line inp’—q plane 0.645 0.4
Go/pa Normalized elastic modulus 500.0 800.0
Ko/pa Normalized bulk modulus 550.0 700.0
ks Parameter related to plastic coefficient 0.01 0.07
B1o Parameter related to plastic coefficient 3.1 1.0
Bo Parameter related to plastic coefficient 20.0 10.0
« Parameter related to soil dilatancy 0.47 0.25
Ho/pa Normalized plastic modulus number 500.0 190.0
Huo/Pa Normalized unloading plastic modulus number — 800.
r Coefficient related to stress memory factor — 3.2
ry Exponent related to unloading plastic modulus — 0.0
Iy Parameter related to densification in unloading plastic modulus — 350.0

found reasonable for earthquake loading where the dynamic ef-accelerations O having 20 cycles of shakin(.25 or 12.5 s in

fects are more significant than the static effects. The wall model prototype.

was prepared undemlconditions at an upside—down position by

first laying down the wooden template in order to produce a

curved backfill that met the orientation of the box in the centri- Material Models

fuge. The moist sand with the geogrids and accelerometers were

|ntr0(_juced |nt(_) the _box and compacteo_i statically in Iaye_rs to the Backfill Soils

required density using a bellofram cylinder. The geogrid layers

were attached to the aluminum facing panels of thickness 2 mm.The backfill soil used in PWRI Wall was a silty san®4,

The plates were hinged. At the end of construction, the bottom =0.42 mm,y=16.0 kN/n?, C,=4.6). In the dynamic centrifuge

platen of the box was installed and the container was reversed totests, Inagi sands,=0.4 mm, y=17.8 kN/n?, C,=2.3) was

the upright position. The top plate was then removed and the used in the backfill and foundation. A generalized plasticity soil

displacement transducers were installed in front of the facing and model (Ling and Liu 2003; Liu and Ling 2003was used to

along the wall crest. express the soil behavior. The model used was an improvement
The types and locations of the various instrumentations in the over the Pastor—Zienkiewicz—Chan modBastor et al. 1990

centrifuge models are shown in Fig(bl A limited number of which was developed specifically for simulating the behavior of

accelerometers, displacement transducers, and strain gauges wesands under earthquake loading. It does not require a prescribed

used because the small size of the model did not allow for inten- yield surface but uses loading direction vectors for determining

sive instrumentation compared to a full-scale model. In Tests 1-3,the plastic strain increments. Upon modifications, the pressure-

five accelerometers were used: Two were in the unreinforcedlevel dependency of the stiffness, dilatancy, and strength were

backfill (A3,A7) and reinforced soil zonéA4,A8), respectively, considered. The model also considered improvements in simulat-

and one measured the acceleration in the foundatior(A8)l In ing cyclic hardening behavior of sand. The model has been vali-

Tests 4 and 5, three accelerometers were used in the unreinforcedated against the laboratory test results of several types of sand

(A1,A5,A7) and reinforced A2,A6,A8) soil zones, respectively.  having different relative densities and under drained and und-

In addition, the horizontal displacements of the wall facing were rained conditiongLing and Liu 2003. The main details of the

measured using two laser displacement transdu@tsD2) and formulation of the model are summarized in the Appendix.

the settlement of the wall crest was measured at two locations The generalized plasticity model requires 15 parameters for

using linear variable displacement transducé®d,S2. Three simulating cyclic loading, whereas 11 of these parameters can be

geogrid layers were instrumented with strain gauges in each testobtained from static tests. The calibration followed the procedures

Four strain gauges for each layer were used in Tests 1 and 2putlined in Ling and Liw2003. For the PWRI wall, three drained

whereas three strain gauges were used in Téstyrs 1,3,5 from triaxial compression testsog=25kPa, 50 kPa, and 100 KPa

the bottom and Tests 4 and Bayers 3,6,9 from the bottomThe were used to obtain the 11 parameters related to monotonic load-

first strain gauge was located 15 mm from the back of the panel,ing. For the Inagi sand used in the centrifuge tests, two drained

and the other gauges were 30 mm apart. However, as discussettiaxial tests ;=100 kPa and 300 kPand a strain-control cy-

later in the results, these strain gauges could not measure accuelic triaxial test 3=100kPa, stress amplituge-50—85 kPa

rately the strain of the reinforcement because the epoxy used wasvere used to calibrate the model. Table 2 summarizes the param-

stiffer than the reinforcement. eters and respective values for the two types of sand. Figs- 2
The container with the model wall was mounted to the shaking 2(c) show the comparison between the experimental and simu-
table in the centrifuge. After bringing the centrifuge tag5ccel- lated results under static and cyclic loadings. The model was able

eration, shaking was initiated using sinusoidal wave of 100 Hz to simulate the pressure-dependent stress—strain-dilatancy behav-
(prototype frequency of 2 HzThe input waves were of prototype ior satisfactorily.

JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2004 / 913



400 —————————— 60 ———————————————————
- sl | >
5 ]
40 . . . . -
300 o o,=25kPa =
= A& o,=50kPa § 30 N
& © ¢,=100kPa ] X
o Generalized Plasticty 7 - 20r ]
© 200 N T ol ]
S 5L
1] 4 = i
o ; 0 i 1 i i Il 1
] F 0O 2 4 & 8 10 12 14
100 ] 6 % — T T T T T T T I T T T ]
{4 2 % g | | FIBER GLASS ] B
42 ‘(} a ; 1
0 I _0 6’: 6 g .
g | ]/ ]
0 2 4 6 8 10 12 14 16 aro <7 062,68 KN 4
(@) s, (%) 2b L |
800 T T T T T 0 I 1 I 1 1
INAGI SAND I o 00 02 04 06 08 10 12 14
§ 800 0K =300 kPa | AXIAL STRAIN, € (%)
Zi 400 F S Fig. 3. Load-strain relationships of reinforcemefd} High-density
u 0,=100 kPa polyethylene geogrid antb) fiber—glass screening
200 | ooy o oo e i
LT
0 —— ——t : attained at an axial strain of 15%. A glass—fiber screening was
1L Experiment ©  © used as geogrid in the centrifuge. Its aperture, thickness, and mass
S DM°de' . were 2.0 mnx1.5 mm, 0.2 mm, and 0.01 kgfnrespectivelyfor
2y % P08 %acagonoganes| 50g centrifuge, the lineal dimension has to be increased by 50
g .l 0.0 ] times. The tensile strength of this model geogrid was 8.64 kN/m
N and the rupture strain was 1.3%.
4r- ° Ling et al. (2001h formulated a bounding surface model to
1 I L simulate the uniaxial cyclic behavior of geogrids. A total of nine
0 2 4 6 8 10 12 14 16 18 20 parameters are required for cyclic loading, whereas in the case of
(b) &, (%) monotonic loading, it is reduced to five parametets, (A, J3. ,
ht, andhf, whereJe is the elastic stiffnes#\ andJ3, are used
120 INAG! SAND ' ' to define the bounding !ine,_ar’rd; andhj are for the hardening
8 ] parameters during loadingFig. 3 shows the tensile tests for the
6.: 40 1 HDPE (strain rate of 10% per minutend glass—fiber reinforce-
v oF . ment(strain rate of 2.3% per minutéogether with the results of
5 40 L i simulation. The parameters used in simulating the monotonic test
& of HDPE are summarized in Table 3. Note that the glass—fiber
-80 b Experiment Model . . . . . . . ..
0D 0'2 0'4 ole ola 1-0 12 reinforcement exhibited linear elastic behavior with negligible
: | T %) ' ' hysteresis for ten cycles of loadingBig. 3(b)], thus the load—
120 . —— T strain relationship is defined by the elastic stiffndss

Concrete Blocks, Interfaces, and Other Materials

The PWRI wall was constructed on a concrete foundation, which
! is assumed linear elastic. The concrete blocks were also assumed
Model-+ - 1 linear elastic with typical propertie€=2.0x 10° kPa, v=0.17,

00 02 04 06 08 10 12 14 16
(©) & (%)

c,-0, (kPa)
N
o °

AT

iy

q

80 L Experiment
L 1 L L

Table 3. Parameters of Bounding Surface Model of Geogrid: Mono-

Fig. 2. Comparison between experimental and simulated soil triaxial 4pic Loading(unit: kN/m)

test results:(@) Public Works Research Institute Wall—statig)

Inagi sand—static, antt) Inagi sand—cyclic Parameters High-density polyethylene  Glass fiber
Elastic stiffness,, 2,500.0 662.7
Bounding line parameters

Reinforcements A 28.5 —

The PWRI Wall was reinforced with a high-density polyethylene I+ ) 281.0 o

(HDPE) uniaxial geogrid. The aperture size was 14.5 gma- Hfrdenmg parameters

chine direction by 1.7 cm(cross-machine directionThe mass hg 150.0 -

was 0.51 kg/rhand the tensile strength was 54 kN/m, which was hi 900.0 _
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v=23 kN/n?. The block—block and soil-block interactions were Rubber Reinforcement
studied using large-scale direct shear tests, from which the inter- 40—, / . Facing
face friction angles were obtained &s19.6° and 16.5°, respec- 1F A
tively. Direct shear tests were also conducted to determine the
angle of friction between the glass—fiber screening and Inagi 754
sand. The interface friction angle was obtained 8as33.43°, ] < Hinge (Soft Layer)
which was lower than the direct shear angle of friction of Inagi
sand(38.89. 50
The interface between the geogrid and sand was modeled for ]
several cases of analysis. Thin layer elements having an elastic ] Rubber
perfectly plastic sliding behavior were used. The elastic properties 254
of the interface werd==5,000 kPa and=0. Since the geogrid
layers were bolted to the blocks, the connection strength was ]
assumed to be the failure strength of the geogrid and simulated oc.0- -
using an elastic perfectly plastic interface model. The angle of 0o 25 50 75 100 125 180 178 200 225
friction between the soil and geogrid was larger than that of the (unit: m)
block—block, block—geogrid, and block—soil. The relative dis-
placement should occur between these interfaces before an oppor-Fig. 4. Typical finite element mesh for centrifuge mod&est 3
tunity for pullout will occur between the soil and geogrid, thus the
geogrid layers were assumed to be fully compatible with the soil

deformation. , . . Coulomb failure criteria, with tension cutoff, was used to detect
The rubber foam and aluminum panel in the centrifuge models sj| fajlure. The soil internal angle of friction and Poisson’s ratio
were assumed to be linear elastic materials having elastic moduliyere assumed to be 33° and 0.3, respectively.
E=3,000kPa and 7010 kPa, respectively. The joint between  The dynamic analysis was initiated using the input motion at
the aluminum plates was modeled by assigning a small elasticthe pase of the mesh. In the dynamic analysis, the time integration
modulusE=10.0 kPa. Poisson’s ratios for the rubber, aluminum 55 performed using the generalized Newmark metfiGatona
and panel joint were=0.5, 0.3, and 0.0, respectively. and Zienkiewicz 198b with coefficients B;,=0.6 and B,
=0.605. In addition to material damping that is simulated by the
o ] ] constitutive models, system viscous dampiRgyleigh damping
Finite Element Simulation was considered in the analyses for the sand and intetf#t
The finite element analyses for both PWRI and centrifuge walls rubber(10%), and aluminum’5%), where the values were deter-
were conducted under two-dimensional plane strain conditions mined based on the fundamental frequency of reinforced soil
using a modified version of Diana—Swandynef@han 1993; walls. No system damping was assigned to the geogrid. The
Zienkiewicz et al. 1998 In this study, the finite element algo- analysis was iterated to convergence with a tolerance of 0.05
rithms were modified to also handle automated construction to- using the norm of relative displacements.
gether with additional material and element modglsr 2002).
The finite element meshes for the centrifuge models were de-
signed considering the different vertical reinforcement spacings Validation of Static Analysis: Public Works
and lengths used in each test. The soil consisted of eight-nodeResearch Institute Wall
quadrilateral elements and six-node triangular elements, both cal-
culated using full integration techniquaine-point and six-point The horizontal displacements of the wall, obtained from the
integrations, respectivelyThe geogrid layer was simulated using analysis, are compared with the measured results for the different
three-node one-dimensional elements. In both PWRI wall and fill heights during the course of constructifffig. 5@)]. Note that
centrifuge models, the base is assumed to be rough/rigidly con-each concrete block was represented by three elements and thus
nected and the two ends are smooth. the results appeared clustered in sets of three. The measured and
A total of 38 increments were used to simulate the construc- analyzed results agreed favorably for the construction height 4 m
tion of the PWRI wall. Altogether 6,804 nodes and 2,314 ele- and above. It is of interest to mention that the results are close to
ments, which included 115 bar elements for the geogrid reinforce- those obtained from the nonlinear elastic analy&igg et al.
ments, were used. A total of 1,739, 360, 37, and 63 elements were2000.
used for the soil, concrete foundation, blocks, and interfaces, re- The lateral stress distributions behind the blocks at full height
spectively. The solution was obtained using a quasi-Newton— are shown in Fig. &). The result at different elevations was
Raphson nonlinear iteration scheme. The stiffness matrix was up-obtained by averaging the values obtained from the 9 gauss points
dated every 10 steps and a total of 500 steps was used in eacln the interface element. The results of analyses fluctuated along
increment with a convergence tolerance of 0.003. the wall height and this is typical for displacement-based finite
Fig. 4 shows the mesh used for centrifuge Test 3. A total of element where stresses are determined as a secondary unknown
approximately 1,000 elements were used, and the number differedrom the displacements. The values differed within a soil element,
slightly in each analysis because of the total number of layers of whereas the values obtained from the integration points in the soll
reinforcement and interfaces. A gravity turn-on analysis was first element located closest to the block are close to the average value
performed to obtain the initial stress conditions for the walls. The of the interface elements. The distributions obtained from the
stresses at each Gauss point were used as the initial values foanalysis are close to the measured values for the wall height 5 m
subsequent dynamic analysis. A nonlinear elastic model, whoseand above.
shear modulus is dependent on the square root of the mean effec- The vertical stress distributions at the foundation are presented
tive stress, was used in computing the initial stresses. A Mohr—in Fig. 5c). The measured and analyzed values gave similar
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> sop sm slpadtaitasal 7’ chinsky 2003.
‘m xR S The strain distributions in the six primary geogrid layers, With_
e T layer 1 located at the bottom and layer 6 at the top, are shown in

0

76 5 4 3 2 1 0 rang Fig. 6(a) for the wall at its completed height. It is seen that the
© DISTANCE FROM BACK OF FACING (m) En? analyzed and measured results gave good agreement. The differ-
ence in results at the front end of the reinforcement layers could
be attributed to the possible stress concentration due to relative
settlement(overhanging and creep in the geogrid that were not
accounted for in the presented study. Note also that such a bolt
and nut connection for the reinforcement is uncommon and lim-
ited to this particular test wall. The results at the back of the
trends where a larger vertical stress was obtained in the front endreinforcement were relatively well simulated. The results for the
of the wall because of the unit weight and eccentricity of the secondary reinforcement layers are given in Fidp) 6

concrete blocks. The measured results were larger than the finite =~ . . .

element results. This could be due to the variation of soil unit Validation of Dynamic Analysis: Centrifuge Models

weight with height by compaction as the height increased. How- While the analysis was conducted using the dimensions of the
ever, the analysis assuming a linear elastic material for the con-centrifuge model, the results are presented for the prototype full-

Fig. 5. Public Works Research Institute Wall resuli): Facing hori-
zontal displacementp) lateral earth pressure; arid) vertical stress
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Fig. 8. Acceleration amplification in centrifuge tests
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Pl 1 the analyses. Test 3 gave the largest horizontal deformation
among the five tests, but it was less than 2% of the wall height.
The results of crest settlement are shown in Fig. 10. It is seen
that the largest settlement occurred behind the reinforced zone,
and was likely due to soil densification and also to the sliding out
201 . of the reinforced soil mass. Such results are seen only with the aid

o

= N
o o
T
1

DEFLECTION (cm)
o

10 ? of numerical analysis because of the limited number of measure-

0 b . . . 4 ments in the centrifuge tests.
00 25 50 75 100 125 The maximum tensile strain in each geogrid layer was ob-
() TIME (s) tained and plotted in Fig. 11. The results showed that larger

strains were mobilized in Tests 1, 2, and 3. Tests 4 and 5 gave a
smaller maximum strain compared to the other tests because of
smaller vertical reinforcement spacing. The measured results were
smaller than computed due to the problem of strain gauge attach-
ment. That is, the epoxy used in attaching the strain gauges was
) ) stiffer than the geogrid.

scale structures. The results obtained from the analysis are com- gased on the results of wall face deformations, Tests 3 and 5,
pared with the experimental results for the cyclic loading having \yhich had the shortest reinforcement length, rendered the largest
an amplitude of 0.¢ subject to 12 420 cycles shaking. Note  geformation. The strain in the reinforcement was also larger for

that the interfaces between the soil-geogrid and soil-wall panelghorter reinforcement length. Thus, an increased length of rein-

are not considered in these analyses. (2009 has conducted  forcement minimizes lateral wall deformations and strains in the
additional studies that showed that the effects of modeling inter- ginforcement layers. On the other hand, the acceleration ampli-

faces were very small for the five tests. Figéa and b show
typical results of acceleration response, wall face deflection, and
settlement during duration of shaking in Test 3. The results for the
four other tests, which are presented in L2002, also gave

Fig. 7. Response of centrifuge Test(@) Acceleration andb) settle-
ment and horizontal displacement

Analysis o Experiment

good agreement. _ B _ TesT1 || TesT2 || TEST3 || TEST4

The results showed that the acceleration amplified slightly 1.0 T r r 1
with height for both reinforced and backfill zones. That is, the o 1P olqf o
acceleration recorded at the wall surface is larger than the base 08 1 1+ - .
input. This is summarized in Fig. 8 for the five tests where the <
amplification ratio, which is defined as the acceleration at the top 9 46l L 1 [ 1
of the wall to the input peak acceleration, was less than 1.5. g

. . o o of{} o

However, in Tests 1 and 4, the measured value was slightly =
greater than 1.5. There was a little phase lag in acceleration re- G 04r r T i 1
corded in the reinforced and unreinforced soil zohese Fig. T
7(a)]. 02} HF 4+ 4+ .

The wall face displacement and crest settlement shown in Fig. ]
7(b) were accumulations of displacement over the period of 12 s 0ololi . A . L e
shaking. Fig. 9 shows the comparison of wall face displacement 00 10 00 10 00 10 00 10 00 10 20
at the end of shaking between the analyzed and measured values. WALL DISPLACEMENT RATIO, D/H (%)

There were, however, only two experimental values per wall. Ex-

cept for Test 2, the experimental results are close to the results of Fig. 9. Wall horizontal displacement in centrifuge tests
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. T 1 T * The amplification of acceleration seemed to be minimally af-
W ] fected by the reinforcement layout. It was around 1.5 for the
e ] walls of height 7.5 m.
: ; L The results presented in this study were limited to input mo-
ESTZ/O"——G—,- tion consisting of a sinusoidal wave, which could be overideal-
. ] ized compared to real earthquakes. In addition, the validity be-
L . tween the centrifuge model and full-scale structures has to be
t ' confirmed. Large-scale shaking table tests are required for addi-
__”’O/O_/ T tional validation because centrifuge models cannot be extensively
L . instrumented due to the size of model. Results of full-scale shak-
: —— ing table tests at a larger acceleration compared to the reported

Wﬁ centrifuge tests are pursued in a separate publicélimy et al.

unpublished, 2003
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Fig. 10. Wall crest settlement in centrifuge tests

A finite eIemenF procedure, using a generglized plasti_city m_oqlel, Appendix

was used to simulate the behavior of reinforced soil retaining

walls. The behavior during construction and under sinusoidal ex- ) o

citation was simulated for two separate sets of tests. The study ledGeneralized Plasticity Model

to the following conclusions: _ The formulation of generalized plasticity model with special ac-
* The comparison of numerical and experimental results showedcounts for the pressure level dependency and cyclic hardening are
that the finite element procedure was able to simulate the con-gjven below(after Ling and Liu 20038

struction behavior as well as dynamic behavior favorably. « Shear and bulk moduli:
Thus, the generalized plasticity model for granular soil and the

geosynthetic model were relevant for expressing the mono- G=Gop®® 1)
tonic and cyclic behavior of soil and reinforcement, especially L 05
under cyclic loading. K=Kop )

« The results of analyses confirmed that the length and spacing WhereG, K, G,, K,, andp=shear modulus, bulk modulus,
of reinforcement played an important role in minimizing wall shear modulus number, bulk modulus number, and normalized
deformations and strains in the reinforcements. me?n stresgnormalized by atmospheric pressyreespec-

tively.
e Stress—dilatancy relationship:
—e— Analysis © Experiment
1.0 T T T T T LI dg:(l—"_a)(Mg_Tl) (3)
TEST2|| TEST3 ST 5) wheredy andy =q/p’ =dilatancy and stress ratid/ ;=slope of
the critical state line; and=constant.

0.8 i | The direction of plastic flow is determined by the following
T relationships:
>
g 06 ] i di=(1+a)(Mi—m) (4)
= The plastic moduli for loading, unloading, and reloading are ex-
% 04 7 b pressed through the following functions:
e HL=Hop"*H(H, +Hy) (5)

0.2 . .

- Hr=H_-HpmHden (6)
L ) N Lo g1 1) g Tu Mg
0'00.0 0102 000102 000102 000102 00010203 Hy= HUOEO-S( 7) H gens ?‘ >1 (7a)
STRAIN, ¢ (%)
. . . - . . . -0 Mg
Fig. 11. Maximum tensile strain in reinforcement in centrifuge tests =H,oP"Hgen; ? <1 (7b)
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where

()
Hf_(l nf) ®
M
Ho=1= g7 ©)
Hs:l31eeXp[ks(p—1)/Bo€} (10a)
B np/Mg—l
Bl—ﬁlom (100)
H ger= eXp(—fdsfo) (11)

where ¢ and £P =deviatoric and volumetric plastic straing;,

Mp, andm,, indicate the stress ratios at failure, at peak strength
and at reference stress level and a constaig used in the
memory state functiofdpy

b=doAd |09106a (12)

where ¢,=peak value of the angle of internal friction at atmo-
spheric pressure anii¢ =change of angle for a tenfold increase
in pressure.

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

Total stiffness

Jde
=" 13
T Jp+Je ( )
Bounding line for monotonic loading
T+:A+J‘F’,+ep (14)
Hardening parameters for monotonic loading
h-=h5+hi Ve, (15)

Notation
The following symbols are used in this paper:

A = intercept of bounding line in geosynthetic
model;
C, = coefficient of uniformity;
D5y = mean grain diameter;
d;,dq = parameters related to loading direction
vector, dilatancy;
E = Young's modulus;
G,Gy = elastic shear modulus, shear modulus
number;
Hpm = stress memory factor in reloading modulus;
Hgqen = densification coefficient in unloading plastic
modulus;
H:,H, ,Hs = plastic coefficients;
H,,Hg,Hy = loading, reloading, unloading plastic
modulus;
Ho,H,o = plastic modulus number, unloading plastic
modulus number;
h:,hk = hardening parameters during loading in
geosynthetic model;
J. = elastic stiffness of geosynthetic;
5, = slope of bounding line in geosynthetic
model;
K,Kg = bulk modulus, bulk modulus number;

ks = parameter related to plastic coefficigthf;
M slope of failure line inp’—q plane;
My = slope of the critical state line ip’—q
plane;
p’ = mean effective stress;
p. = atmospheric pressure;
g = deviatoric stress;
r coefficient related taHpy, ;
rq,ry = parameter and exponent relatedHg,, and
Hy;
a parameter related to soil dilatancy;
Bo.B1,B10 = parameters related to plastic coefficiéhy;
v unit weight;
d interface friction angle;
ePy = plastic volumetric strain at the instant of
unloading or reloading;
mm; = Stress ratiay/p’, stress ratio at failure;
Mp.Mpo = Peak value of stress ratio, peak value of
stress ratio at reference stress;
v = Poisson’s ratio;
¢ accumulative plastic deviatoric strain.
01,03 major and minor principal stresses; and
b,¢,,Ad = 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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