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ABSTRACT: A seriesof shaking tabletestswas performed on relatively small-scale mod-

elsof ageosynthetic-reinforced soil retaining wall with afull-height rigidfacing and conven-
tional type (gravity-type, leaning-type, and cantilever-type) retaining walls. Tilt table tests
were also conducted on the geosynthetic-reinforced soil retaining wall and the leaning-type
model walls. The seismic stability of these different types of walls are evaluated by both
shaking and tilt tabl e test methods and compared with each other. The observed critical seis-
mic acceleration coefficients are compared with the values predicted by the conventional

pseudo-static approach. Similarly, the observed failure plane angles in the backfill are
compared with the predicted values. The effects of simple shear deformation of the rein-
forced backfill for the reinforced-type walls and the effects of post-peak reduction of shear
resistance along the failure plane are also discussed.
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1 INTRODUCTION

A number of conventional masonry and unreinforced concrete gravity-type retaining
wallsfor railway embankments were seriously damaged by the 1995 Hyogoken-Nanbu
earthquake in Japan. Many modern cantilever-type, reinforced concrete (RC) retaining
walls were also damaged, while geogrid-reinforced soil retaining walls with a full
height RC facing performed well during the earthquake (Tatsuoka et al. 1996a,b).

Pseudo-static limit equilibrium-based stability analysesthat follow one of the current
aseismic design methods in Japan were conducted by the authors of the current paper
on five damaged retaining walls (Koseki et a. 1996). It wasfound that the critical seis-
mic acceleration coefficient, k.., , yielding afactor of safety of unity against external
instability (i.e. sliding, overturning, or bearing capacity failure) was approximately 40
to 80% of the estimated peak horizontal ground accel eration, PHGA, divided by thegra-
vitational acceleration, g, except for one cantilever-type RC retaining wall. This canti-
lever-type wall was extremely unstable prior to the earthquake due to the existence of
an additional upper embankment on the crest behind the wall. Since the values of
ke.o/(PHGA/g) were almost equal irrespective of the extent of damage (i.e. among the
severely damaged gravity-type retaining walls, the moderately damaged cantilever-
type RC retaining wall, and the slightly damaged geogrid-reinforced soil retaining
wall), it was inferred that the current aseismic design method for these different types
of retaining walls areinadequate. Therefore, itisrequired to comparethe seismic perfo-
rmance of different types of retaining walls to establish consistent aseismic design
methods.

In Japan, geosynthetic-reinforced soil retaining walls with a full-height RC facing
have been constructed to atotal length exceeding 26 km asimportant permanent struc-
turesmainly for railways (Tatsuokaet al. 1997). Many of these walls were aseismically
designed by using a pseudo-static, limit equilibrium-based stability analysis as de-
scribed by Horii et al. (1994). Use of these walls will be further promoted when their
ductile behavior against earthquake loads, as discussed by Tatsuoka et al. (1996a), is
rationally evaluated and taken into account in the aseismic design procedure.

Shaking table tests on small-scale models of geosynthetic-reinforced soil retaining
wallswere conducted by several other researchers assummarized by Bathurst and Alfa-
ro (1996). However, comparisons of their seismic behavior to that of other types of re-
taining wallsis scarce; Sakaguchi (1996) compared the dynamic stability of ageogrid-
reinforced soil retaining model wall having wrapped-around facing with that of model
conventional-type (gravity-type, leaning-type, and cantilever-type) retaining walls.

With respect to the seismic behavior of geosynthetic-reinforced soil retaining walls
with afull-height rigid facing, Murata et al. (1992, 1994) conducted a series of shaking
table tests primarily toinvestigate the effect of facing rigidity on the resistance capacity
against earthquake load. However, no comparison was made with other types of retain-
ing walls. It should also be noted that tilt table tests have not been conducted on model
geosynthetic-reinforced soil retaining walls, even though this type of test can simulate
pseudo-static loading conditions which are assumed in most of the current aseismic de-
sign methods based on the limit equilibrium stability analysis. Furthermore, it can be
expected that the comparison of model behavior between shaking table tests and tilt
table testsreveal sthe dynamic effectsonwall stability and, it ishoped, any inconsi sten-
cy between the pseudo-static analysis and the actual seismic behavior.
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Considering the above situation, aseries of shaking table testswas performed onrela-
tively small-scale models of a geosynthetic-reinforced soil retaining wall with afull-
height rigid facing and three types of conventional-type retaining walls (gravity-type,
leaning-type, and cantilever-type). Tilt table tests were also conducted on models of a
geosynthetic-reinforced soil retaining wall and the leaning-type wall.

The current paper describes the critical accelerationg/tilting angles and the angles of
thefailure planein the backfill layersthat were observed during the experiments. Anal-
ysesbased on the recorded earth pressures, wall displacements, and response accelera-
tionswill be reported el sawhere. These data may reveal important features with respect
to the mechanism of mobilization of seismic earth pressure, when comparing theductile
behavior of different types of retaining walls, and when evaluating the dynamic effects
which include amplification and phase difference.

2 TESTING PROCEDURE
21 TheModd Reinforced Sand and Retaining Walls

The crosssections of five different model retaining walls used in thisstudy are shown
in Figure 1. The broken lines show the initial locations and the hatched zones show the
displaced locations observed after failure of the model retaining wall. The total height
of the walls was 530 mm except for the reinforced soil-type wall which was 500 mm
high. The width of the base of the cantilever-type and gravity-type walls was 230 mm,
and it was reduced to 180 mm for the leaning-type wall. To the measure normal stress,
o, and shear stress, t, components of the earth pressuresacting onthe back of thefacing
and the base of the walls, severa two-component load cells were installed (see Figure
2 for the load cell locations in a typical cantilever-type wall). The details of the two-
component load cells were described by Tatsuoka et al. (1989). The load cells werelo-
cated within a 150 mm width along the center line of the wall to alleviate the effects
of sidewall friction. Toform arigid structural body for the model wall, wooden blocks
(used for dummy walls) were stacked on both sides of the center section that wasinstru-
mented with load cells and the blocks were reinforced with steel bars.

In conducting static loading tests on similar small-scale model walls, Tatsuoka et al.
(1989) lubricated theinside of the sand box by using asheet of latex membrane smeared
with a thin layer of silicone grease. However, this method of lubrication was not
employed in this study because it was not expected to be effective for dynamic tests.
Instead, the width of the sand box in the direction of the wall facing was enlarged by
afactor of 1.5 to 600 mm, the earth pressures were measured at the center line as men-
tioned in the previous paragraph. To adjust the dead load of the gravity- and leaning-
type model walls, extra weights were added near the center of gravity of these walls.

For model the reinforced-soil retaining walls, a grid of phosphor-bronze strips was
used asthe model reinforcement (Figure 3). Each strip was3 mmwide and 0.1 mm thick
and had a bending stiffness, El , of approximately 0.003 N-m? (Tatsuoka et al. 1989).
These materials and dimensions were selected to enabl e the tensile forces acting on the
model reinforcement to be measured, by attaching strain gauges at several locations on
thereinforcing strips. To form alattice-shaped layer of model reinforcement that simu-
lates geogridsin actual field conditions, strips were glued together at 50 mm intervals

GEOSYNTHETICS INTERNATIONAL * 1998, VOL. 5, NOS. 1-2 75



KOSEKI et al. ® Shaking and Tilt Table Tests of Retaining Walls

(a) 1.0 kPa . 1.0 kPa
F AUAL L U LU Y . F

530

(d) 1.0 kPa (e) i 1.0 kPa

r__ LU B L LU
)

500

— =i/
= 4
30 30 —Ah | All units in mm

|
200 200

Figure 1. Initial and displaced locations and observed failure planes in the model
retaining walls: (a) cantilever-type; (b) gravity-type; (c) leaning-type; (d) reinforced
soil, Type 1; (€) reinforced soil, Type 2.
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Figure2. Structural details of the model cantilever -typeretaining wall: (a) front view;

(b) plan view; (c) side view; (d) load cellsinstalled at the center line.
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Figure 3. Configuration of the mode wall reinforcement: (a) plan view; (b) cross
section.

inthedirection parallel to the sidewall and at 100 mm intervals in the direction normal
to the side wall. To mobilize friction between the reinforcement and the backfill soil,
as mobilized by actual geogrids, sand particles were glued to the surface of the strips.
Ten layers of model reinforcement having alength of 200 mm were used for the rein-
forced soil, Type 1 model walls. Onthe other hand, the length of the top and fourth lay-
erswere increased to 800 mm and 450 mm, respectively, for the reinforced soil, Type
2 model wall in order to increase the stability against overturning, as is the common
practice in Japan. It should be noted that any internal failure mode of the reinforcement,
such as a breakage or an excessive elongation, aswell asthat of the overall wall struc-
ture, is not within the scope of the current paper.

A fine, uniformly graded quartz-rich sand having subangular particles (i.e. Toyoura
sand, dsp = 0.16 mm, €, = 0.997, €., = 0.605) was used asthe backfill and subsoil lay-
ers. It waspluviated at an air-dried condition by using a sand hopper. The sand box had
internal dimensions of 2.6 mlong, 0.6 mwide, and 1.4 m high for the shaking table tests
(Figure 4), and 2.0 mlong, 0.6 mwide, and 0.8 m high for thetilt table tests. To prepare
homogeneous dense sand layers at avoid ratio of 0.630, the fall height of the sand and
the traveling speed of the sand hopper were kept constant at 0.8 m and 0.042 m/s, re-
spectively. To observe the deformation/displacement of the sand layers, horizontal lay-
ersof black, dyed Toyourasand having athickness of 10 mm were prepared at avertical
spacing of 50 mm.

For all of the model walls, sand paper was glued to the surface of the load cells and
the wooden blocksthat were in contact with the backfill and the subsoil layers, in order
to mobilize friction.

The configurations of the model walls used in the shaking table tests, and test results
are summarized in Table 1. To prepare each model for the shaking table tests, a subsoil
layer with athickness of 200 mm waspluviated, the model wall was carefully installed,
backfill layers were pluviated, and then a surcharge of 1.0 kPa consisting of lead shots
equally placed onthetop of the backfill layersin order to simulate aprototype surcharge
was applied. It should be noted that for one of the reinforced soil, Type 1 model walls
used in thetilt table tests, the amount of the surcharge wasincreased to 3.1 kPain order
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Figure4. Theexcitation and data acquisition systems for the shaking table tests.

to evaluate the effects of adifferent surcharge. The surcharge increases the stress level
in the backfill, which helps to measure earth pressures with higher resolution and re-
duces the relative effect of side wall friction. The model walls, excluding those of the
reinforced soil-type, were not propped in order to move freely during the preparation
stages. The earth pressures in the soil layers, displacement of the wall, and the tilting
angle of the sand box were recorded. For the reinforced soil-type model walls, the hori-
zontal displacement was constrained by propping the wall during pluviation of the
backfill sand to avoid excessive movement, and the constraint was released after the
backfill layers and the surcharge were completed.

Tablel. Themode walls used in the shaking table tests.

Surcharge Observed critical A?agr:zogf t:s;;‘\llz;e
Model Wall type on backfill acceleration piane, ¢,
at the end of test*

(kPa) (gal) o
@)
S-2 Cantilever 1.0 430 55
S-3 Gravity 1.0 398 59
S-4 Leaning 1.0 301 51
S-5 Leaning 1.0 334 50
S-6 Leaning 1.0 319 49
S-7 Reinforced soil 1 1.0 529 58

S-8 Reinforced soil 2 1.0 654 70, 53,40

Notes: * Refer to Figure 10 for the definition of £. The values indicated for the reinforced soil, Type 2 wall
are, respectively, for the1st, 2nd, and 3rd failure plane (refer to Figure 1), which werenot corrected for thewall
configuration before deformation.

78 GEOSYNTHETICS INTERNATIONAL * 1998, VOL. 5, NOS. 1-2



KOSEKI et al. ® Shaking and Tilt Table Tests of Retaining Walls

2.2 Shaking Table Tests

After model preparation, the sand box was subjected to horizontal sinusoidal shaking
at afrequency of 5Hz. For the cantilever-type model wall, the amplitude of the base ac-
celeration was initially set to approximately 25 gals (the gravitational acceleration is
equal to approximately 981 gals) and wasincreased at an increment of approximately
25 gals. For the other models, however, the initial base acceleration wasinitially set to
approximately 50 gals, and theincrement wasdoubled to approximately 50 galsin order
to reducethe possible effects of the previous shaking history on thewall behavior during
the subsequent loading stages.

In the current paper, the effects of these two different time histories of shaking table
acceleration on the test results were assumed to be insignificant. At each acceleration
level, the same amplitude was maintained for approximately 10 seconds. Shaking was
terminated when the wall displacement became considerably large and was restricted
by locking devices set to prevent a complete collapse of the wall. Response accelera-
tionsof both thewall and the backfill 1ayers wererecorded, aswell asthe wall displace-
ment, the earth pressuresin the soil layers, and the tensile forcesin the reinforcement.
Figure 5 shows the locations of displacement transducers, accelerometers, and earth
pressure cells in the model walls used for the shaking table tests. Typical shaking table
test results for the reinforced soil, Type 1 model wall are shownin Figures6 and 7.

2.3 Tilt Table Tests

Threetilt tabletestswereperformed and are summarized in Table 2. After preparation
of themodelsin arigid sand box, which wassimilar to that of the shaking table tests, the
whole sand box wastilted, as schematically shown in Figure 8, at a continuous rate of
approximately 1.0 °/minute until considerable displacement of the wall was observed.

= D, displacement transducer 1400
~& A, accelerometer Surcharge 1 kPa

® E, carth pressure cell 50 n ’_"_'_’_'j&* A3 <= pa
2000 O b 82 T1-4 Toyoura sand
-_ -‘AlS*_-_— - A6 A7
200) DafH-"=--0 > C1-4 700
1170 Load cell pil Bt~ E1
50 1| -~ " "=—Reinforcement
A8 200 B1-4
200 ~B A9 =& A10
- A1q
Positive direction indicated by arrow All units in mm

Figure5. Location of instrumentation in themodel reinfor ced soil, Type 1 walls for the

shaking table tests.
Note: T, C, and B = top, center, and bottom reinforcement locations, respectively.

GEOSYNTHETICS INTERNATIONAL * 1998, VOL. 5, NOS. 1-2 79



KOSEKI et al. ® Shaking and Tilt Table Tests of Retaining Walls

(a)

Displacement

(b)

Acceleration
(gal)

(gal)

Acceleration

Acceleration
(gal)
o

-2000

25 50 75 100 125 150
Time (s)
Figure 6. Typical recorded data for a reinforced soil, Type 1 retaining model wall

during shaking table tests: (a) displacement; (b) acceleration time histories.

Note: SeeFigure5forthelocation of accelerometers, A1, A4, and A11, and for thelocation of displacement
transducers, D1 to D4. 1gal = 0.001g.

Table2. A summary of the model wall tilt table test results.

i Angle of failure
Model Type of model wall :tu gﬁ;ﬂ? B ltlart]?a?ln l?rI: a plane, ¢, observed
designation yp o at theend of test
(kPa) ) )"
T-8 Leaning 1.0 113 51
T-9 Reinforced soil 1 31 16.3 56
T-11 Reinforced soil 1 1.0 20.6 56

Notes: * Refer to Figure 10 for the definition of £ and to Figure 8 for the definition of 6.
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Figure7. Typical recorded datafor areinforced soil, Typelretainingmodel wall during
shaking table tests: (a) forces measured in the top layer of reinforcement; (b) forces
measured in the middle layer of reinforcement; (c) forces measured in the bottom layer
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Note: SeeFigure5 for thelocations of T1to T4, C1to C4, B1to B4, and load cell 3which islocated at the

lower part of the facing.
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Figure8. Tilt tabletest procedure, and the definition of thetilting angle, 6.

3 EVALUATION OF WALL STABILITY BASED ON THE
PSEUDO-STATIC APPROACH

Factors of safety against overturning and sliding of tilted model wallswere evaluated
based on a pseudo-static approach. The backfill earth pressures were estimated using
the two-wedge method for the reinforced soil-type wall, as described by Horii et al.
(1994) (Figure 9), and the M ononobe-Okabe method (using asingle wedge) for the oth-
er types of model walls. In both methods, earth pressures due to the self-weight of the
backfill were assumed to be hydrostatically distributed, and those due to the surcharge
at the top of the backfill were assumed to be uniformly distributed.

It should be noted that in previous studies (e.g. Bathurst and Cai 1995), a dynamic
increment of the earth pressureswas assumed to have ahigher point of application than
the hydrostatic distribution. In this study, however, the assumption of a hydrostatic dis-
tribution was employed because it was broadly used in the current, aseismic design
practice for retaining walls in Japan.

Based onthe plane strain compressiontest resultsfor the Toyourasand which wasused
inthe model tests, at alow confining pressure (9.8 kPa) the shear resistance angle, ¢, of
the backfill and subsoil layers was evaluated to be 51° when the major principal stress,
o1, direction wasvertical. For the cantilever-typewall, having awall base underlain by
the backfill, avirtually vertical back face was assumed within the backfill as shownin
Figure 10. The portion of the backfill located abovethe wall base and between the back
of facing and the virtually vertical back face wasregarded to be apart of the wall.
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(@) Surcharge

(b)

Back wedge

Figure 9. Two wedge method for a reinforced soil-type wall (after Horii et al. 1994):
(a) cross section; (b) force diagram.
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Figure 10. Definition of thefailure plane angle, £, and the parameters used in Table 3
for the model cantilever -type wall.

GEOSYNTHETICS INTERNATIONAL * 1998, VOL. 5, NOS. 1-2 83



KOSEKI et al. ® Shaking and Tilt Table Tests of Retaining Walls

Considering the effect of the sand paper glued on the surface of the wall base, thein-
terface friction angle, o, , between the subsoil and thewall base, which wasused to cal-
culate factors of safety against diding, was assumed to equal 3/4¢ (38°). The ratio of
3/4isequal to the ratio of the angle of friction on the horizontal failure plane obtained
from simple shear tests, ¢ = arctan(z/o,) max , to the angle of friction obtained from plane
strain compression tests, ¢pe. = arcsin{ (o1 - 03)/(01 + 03)mat (Whereas isthe minor princi-
pal stress), with avertical o, direction. Both ¢ and ¢, Were obtained for air-pluviated
Toyoura sand (Figure 11) (Tatsuoka et a. 1991). Itislikely that d is equivalent to the
simple shear angle of friction, ¢ . Similarly, by neglecting the effect of anisotropy, the
interface friction angle, d,, , between the backfill and the wall facing with sand paper or
along the aforementioned virtually vertical back face within the backfill, was also as-
sumed to equal 3/4¢. Table 3 summarizes the parameters used for the stability anaysis.

¢ = arcsin{ (0, — a3)/(0; + 03) } max ¢, = arctan (7/0,) ma
oy O F = flexible interface
R R = rigid interface . On
R
=0f ¢----> F
& 0 / R 02 O, = O3 L_-" & = 0
o
. y F F y' F
°  PSC TC TSS
(Plane strain compression)  (Triaxial compression) (Torsional simple shear)
50 - —r T
Air-pluviated Toyoura sand
]
ﬁ - 230 ¢, PSC
¢ PSC o o3 = 49 kN/m2
4517 B =90° 4
O3 = 49 kN/m2

of N

Shear resistance angle, ¢ or ¢ (°)

¢, TC
Nae— a, = 49 kN/m?
\a \, f = 90°
/ u .\
35¢
¢ss, TSS
0, = 98 kN/m?2
0; = 35 ~ 40 kN/m2 ~_
= ~ ° o
goLB =40~ 43 j
0.6 0.7 0.8 0.9

Initial void ratio, e,s , at 0z = 5 kN/m?2

Figure 11. Comparison of the shear resistance angles, ¢ or ¢ , of air-pluviated
Toyoura sand (after Tatsuoka et al. 1991).
Note: 3 =angle of o1 direction relative to the direction of the bedding plane.
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Table3. Theparameters used for the prediction of wall stability.

. Type of model wall
Physical Reinforced
property Cantilever Gravity Leaning er;oci)lr ¢
Mass per unit length, m (kg/m) 341 159.0 84.6 19.8
Location of center of gravity, Xs , Yo (m)* | 0.089, 0.177 | 0.101, 0.142 | 0.149, 0.166 | 0.015, 0.250
Dry unit weight of the backfill and subsoil, ¢
(kN/m3) 15.9 15.9 15.9 15.9
Shear resistance angle of the backfill and
subsoil, ¢ (°)** 51 51 51 51
Interface friction angle between the wall _ _ _ _
bottom and subsoil, & (°) 38(=3/4p) | 38(=3/4p) | 38(=3/4p) | 38(=3/49)
Interface friction angle between the wall
bottom or along the virtual vertical back face | 38 (= 3/4¢) | 38 (=3/4¢p) | 38 (=3/4¢) | 38 (= 3/4¢)
in the backfill and wall facing, oy, (°)***

Notes: * Refer to Figure 10 for the definition of Xs , Yg and the virtually vertical back face in the backfill.
** No cohesion was assumed. *** For reinforced-soil retaining model walls, ¢prw and ¢gg in Figure 9 were
set equal to Oy, -

The horizontal seismic coefficient, k, , used in the pseudo-static stability analysis
approach was evaluated as follows for shaking table and tilt table tests, respectively:

ky=a/g )
k, = tanf 2

where: a = amplitude of the base horizontal acceleration; 6 = tilting angle of the sand
box; and g = gravitational acceleration. Dynamic effectsin the shaking table tests, such
as amplification and phase difference of the response acceleration in the model, were
not considered in the evaluation of model wall stability.

Typical results of the stability analysis are shownin Figures 12 and 13 for the cantile-
ver-type wall and the reinforced soil, Type 1 model walls, respectively, where the pre-
dicted values for different interface friction angles, 6 = d, = d, , set equal to 1/2¢ and
¢ are aso shown. Effects of the interface friction angle were significant in determining
the factors of safety against sliding for model walls other than the reinforced soil-type,
because these factors of safety are directly affected by the interface friction angle, dy ,
between the subsoil and the wall base. The critical seismic acceleration coefficients
against overturning, yielding afactor of safety of unity, were also sensitive to theinter-
face friction angle because arelatively largeincrease in the seismic coefficient wasre-
quired to reduce the factors of safety against overturning when the factors of safety ap-
proached unity (Figure 12).

It is noted that for all types of model walls, the effect of progressive failure of the
backfill was not considered in the stability analysis. That is, the peak friction angle, ¢,
which was equal to 51° in this case, may not be simultaneously mobilized along the
failure plane, but the operating average angle may be smaller, and the ratio of the peak
and operating angles may depend on the failure mode and the wall type. Further discus-
sion of this point is beyond the scope of the current paper.

It is aso noted that the interface friction angle activated along the virtually vertical
back face within the backfill for the cantilever-type and reinforced soil-type model
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Figure 12. Predicted factors of safety for a model cantilever-type retaining wall
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Figure13. Predicted factorsof safety for amodel reinforced soil, Type 1 retaining wall
during shaking table tests.

wallsmay belarger than that activated at the interface between the backfill and thewall
facing for the gravity-type and the leaning-type model walls. This point will be dis-
cussed in Section 4.1.

Furthermore, in the present stability analysis against overturning, the center of rota-
tion wasassumed to belocated at the toe of thewall base. For the cantilever-type, gravi-
ty-type, and leaning-type walls, however, the center of rotation moved backwardswhen
the bearing capacity in the subsoil below the facing was lost during shaking/tilting. On
the other hand, for the reinforced soil-type retaining walls, dueto the flexibility of the
backfill, the stresstransfer from the facing bottom back into the bottom of thereinforced
zone was less than that for the cantilever-type, gravity-type, and leaning-type walls.
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This resulted in less backward movement of the center of rotation and less reduction
in the stability against overturning.

4 RESULTS AND DISCUSSIONS
41 Mode Wall Stability in the Shaking Table Tests

For all of the models, the major failure mode of the walls was overturning as shown
in Figure 1. It is seen from Figure 6 that the outward displacement measured by dis-
placement transducer D1 near the bottom of thereinforced soil, Type 1 wall facing, was
much smaller than that near the top of the facing measured by displacement transducer,
D3. Thisindicates that thetransitional component of the facing displacement wasmuch
smaller than its rotational component. It should be also noted that the subsoil immedi-
ately infront of the facing suffered aslight heaving, asmeasured by displacement trans-
ducer D4, whichispossibly dueto the occurrence of bearing capacity failurein the sub-
soil below the facing.

In order to compare therelative stability of different wall types, the observed critical
accelerations were defined as the amplitude of the base acceleration (measured by ac-
celerometer A11in Figure6) inthe active state (corresponding to negative accel eration
valuesin Figure 6) when the outward displacement at the top of the facing reached 5%
of the total wall height (approximately 25 mm). Note that, after the outward displace-
ment at the top of the facing exceeded 5% of the total wall height, the displacement be-
ganto increase in an uncontrollable manner aswastypically demonstrated by displace-
ment transducer D3in Figure 6.

In Figure 14, the observed critical seismic acceleration coefficients, kicroby , are
compared with the predicted critical seismic acceleration coefficients, ki.crcay , Which
resulted in afactor of safety of unity against overturning for 6 = 3/4¢. For this compari-
son, accelerations (see Table 1 for the observed critical accelerations) were converted
to seismic coefficients by using Equation 1.

For the cantilever-type, leaning-type, and gravity-type model walls, the observed val-
ueswere almost equal to or smaller than the predicted values against overturning. The
relative difference waslarger in the order of the gravity-type, leaning-type, and cantile-
ver-type walls. The smaller observed critical seismic coefficient for the gravity-type
and leaning-type walls may berelated to the inference that, as mentioned in Section 3,
the interface friction angle J,, activated between the backfill and the wall facing was
smaller than the interface friction angle activated along the virtually vertical back face
within the backfill of the cantilever-type wall. On the other hand, the observed value
was dightly larger than the predicted value for the reinforced soil, Type 1 model wall,
and noticeably larger for the reinforced soil, Type 2 model wall.

Thelarger observed critical seismic coefficients for the reinforced-soil walls may be
due to the difference in the location of center of rotation (Section 3); i.e. the center of
rotation moves away from the wall face into the backfill after the bearing capacity fail-
ure of the subsoil below the facing in the case of the gravity-type, leaning-type, and
cantilever-type walls. The distance of the same point of rotation from the back of the
wall islessin the case of the reinforced soil walls due to the flexibility of the backfill.
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It may also be seen from Figure 14 that the observed critical seismic coefficients for
the different model walls scatter over alargerange, while the corresponding values pre-
dicted by the pseudo-static stability analysis are within arelatively narrow range. This
result indicates that the pseudo-static stability analysis cannot evaluate important as-
pects of the seismic stability of different types of walls. Particularly, the stability of the
reinforced soil-type model walls in the shaking table test is underestimated by the cur-
rent pseudo-static stability analysis in comparison with the gravity- and leaning-type
retaining walls.

In Figure 15, the observed critical seismic coefficients, ks , &€ compared to the
predicted coefficients, k. a) , against sliding for all of the models for § = 3/4¢. It may
be seen that the predicted values, ko) against sliding for all of the model walls were
larger than the observed values, ki sy , Which is consistent with the fact that the ob-
served failure modein all of thetests wasoverturning. However, these predicted values
are not very reliable, because the values are too sensitive to the interface friction angle
of the model walls except for the reinforced soil-type (Figure 13).

It isto be noted that for the reinforced soil-type model walls, although the reinforced
backfill was assumed to behave asarigid body when the factors of safety were evaluat-
ed, during the tests overturning of the wall accompanied simple shear deformation of
the reinforced backfill (Figures1d and 1€). Thisbehavior suggeststhat the horizontally
placed reinforcement layers do not effectively resist such simple shear deformation of
thereinforced backfill. In evaluating seismically induced residual displacement of geo-
synthetic-reinforced soil retaining walls, therefore, simple shear deformation of there-
inforced backfill should be taken into account as stated by Tatsuoka et al. (1996a).
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4.2 Mode Wall Stability in the Tilt Table Tests

In Figure 14, the observed critical tilting angles that caused outward displacements
at the facing top aslarge as 5% of the total wall height are also compared with the pre-
dicted critical tilting angleswhichresulted in afactor of safety of unity against overturn-
ing. Thetilting angles were converted to seismic coefficients by using Equation 2. For
the same model wall type with the same surcharge, the predicted critical seismic coeffi-
cientsfor shaking and ilt table testsare the same according to the pseudo-static analysis.

For the same wall type, however, the observed critical seismic coefficient issmaller
for the tilt table tests than for the shaking table tests (Figure 14). This may have been
caused by an essential difference in the testing conditions; i.e. the seismic horizontal
forcewassimulated pseudo-statically intilt table tests, whileit wasapplied periodically
for approximately ten seconds in the shaking table tests. For the same seismic coeffi-
cient, the loading condition was more severe with respect to wall stability for the tilt
table tests than the shaking table tests; however, the opposite was true when the effects
of amplification werelargein the shaking table tests. It seemsthat for thetest casespre-
sented in the current paper, the effects of the former factor are more predominant than
the latter factor.

Analyses of the recorded data, on the effects of amplification and phase difference
in the response acceleration during shaking, arein progress. These analyseswill be ex-
tended to the effects of frequency and irregularity of the actual earthquake motion for
practical applications.
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4.3  Angleof the Failure Plane

Thefailure plane in the backfill was observed in the central wall cross section during
removal of the models after the tests and was nearly straight for all of the models except
the reinforced soil, Type 2 model wall (Figure 1€). The angle of the lower section of
the observed failure planes measured from the horizontal are listed in Tables 1 and 2.
In Figure 16, the relationships between the observed critical seismic coefficients,
Kn-orions » @8N the observed failure plane angle, £, are compared with the predicted critical
seismic coefficients and the predicted failure plane angle based on the Mononobe-
Okabe method.

For the M ononobe-Okabe method, the same assumptions were made asin the predic-
tion of wall stability (Section 3). For the reinforced soil, Type 2 model wall, there were
multiple failure planes (Figure 1€). Failure plane 1 starts at the heel of the backfill zone
that wasreinforced with short reinforcement layersand stopsbelow thelower long rein-
forcement, while failure plane 2 and 3, which are significantly closer to the horizontal,
extend to the crest of the backfill. It islikely that failure plane 1 and 2 developed first
and second, respectively, and that these failure planes wereinitialy at an angle similar
to failure planes observed in the other models. However, due to the shear deformation
of the reinforced backfill (Section 4.1), which occurred after the appearance of these
failure planesuntil the end of thetests, the angle of thefailure plane, ¢, increased. These
failure planeswill not be discussed herein, because the angle of the failure planes at the
moment of appearance have not yet been estimated.

T
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Figure 16. Relationships between the observed critical seismic coefficients, Kn.crops
and the observed angle of the failure plane, &, and the predicted relationship calculated

using the Mononobe-Okabe method.
Note: * Surcharge of 3.1 kPa; 1.0 kPa surcharge used in the other tests.

90 GEOSYNTHETICS INTERNATIONAL * 1998, VOL. 5, NOS. 1-2



KOSEKI et al. ® Shaking and Tilt Table Tests of Retaining Walls

To predict the failure plane, it was assumed that J,, = 3/4¢. The failure planes ob-
served for the cantilever-type, gravity-type, and reinforced soil, Type 1 model wallsin
the shaking table tests, and the failure planes for the reinforced soil, Type 1 model walls
with asurcharge of 1.0 kN/m?2in thetilt table tests were steeper than the predicted fail-
ure planes. For the shaking table tests, the difference wasgreater for the reinforced soil,
Type 1 model wall than for the cantilever- and gravity-type model walls. Also, for the
tilt table tests on the reinforced soil, Type 1 model wall with alarger surcharge, the ob-
served failure plane was steeper than the predicted failure plane, although the difference
ismarginal.

It should be noted that the predicted failure plane angle decreases asthe seismic coef-
ficient increases (Figure 16). On the other hand, the shaking acceleration or thetilting
angle could beincreased further, even after slight movement of thewall, without caus-
ing an abrupt ultimate failure. Thefailure plane devel oped further during the increase of
shaking acceleration/tilting angle, astypically seenfrom Figure5for thereinforced soil,
Type 1 mode wall. It isimportant to note, however, that nomultiple failure planesinthe
backfill were observed inthe models, except for the reinforced soil, Type 2 model wall.

The active earth pressure coefficient, K, , was calculated for d,, = 3/4¢ by the tria
wedge method assuming avertical interface between the backfill andthewall. InFigure
17, the results are plotted versus the angle of the direction of the bottom failure plane
of thetrial wedge, ¢. For simplicity, the seismic coefficient k, wasset to 0, 0.2, and 0.4
in Cases 1, 2, and 3, respectively. In these cases, the shear resistance angle ¢ was set
to 51°, which corresponds to the peak resistance of the backfill, as was the case with
the aforementioned prediction of wall stability (Section 3). On the other hand, for Case
4, the value of ¢ wasreduced to 34°, which approximately correspondsto the residual
angle of friction, ¢ , while keeping k, = 0.4. Similarly, the value of ¢ for Cases 3 and
4wasreduced to 29° by assuming theresidual condition for thisinterface friction angle

g Case 1,0 = 38°, k, = 0.0,¢ = 51°
< 1.0 ) ' ’ " | Case2,6 =38k, =02,¢ =51°
3 Case 3,0 = 29°, k, = 0.4,¢ = 51°
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Figure 17. Relationships between the angle of failure plane, £, and the coefficient of
active earth pressure, K, .
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([pss]res = arctan{sin[¢s]} ). The range of failure plane angles observed for the cantile-
ver-type, gravity-type, and reinforced soil, Type 1 model walls during shaking are also
shownin Figure 17. Based on Figure 17, the formation of a single failure plane during
shaking may be outlined in the following steps:

1. Beforeshaking, it wasnot necessary to mobilize the peak shear resistance at the bot-
tom of thetrial wedge becausethewall wasrelatively stable. The earth pressure act-
ing on the wall was, therefore, between the “at rest” earth pressure and the active
earth pressure obtained by using the maximum value of K, for Case 1.

2. During shaking, the relative stability of the wall wasgradually lowered with thein-
crease in shaking acceleration. For example, at an equivalent seismic coefficient k,
=0.2for Case 2, the peak shear resistance at the bottom of the trial wedge wasmobi-
lized, and the failure plane wasformed at an angle which yielded the maximum val-
ue of K.

3. Asthe shaking acceleration increased further, the shear resistance along the failure
plane formed in Step 2 wasreduced to itsresidual value dueto displacements along
thefailure plane, whileits peak value was still maintained along other potential fail-
ure planes. For example, when k, = 0.4 the value of K, for Case 4, for the range of
observed failure plane angles, was larger than the maximum value of K, for Case
3. Therefore, diding of the soil wedge, along the previously formed failure plane
with & = 55to 59°, was mabilized without changing the angle of the failure plane.
Thismechanism would also explain why the observed failure plane was steeper than
the predicted failure plane (¢ = 48° for Case 3) that was obtained by assuming that
the peak shear resistance can always be mobilized uniformly in the backfill.

For the leaning-type model walls, the angle of the failure plane observed in the shak-
ing table tests was aimost equal to or dightly larger than the predicted value, while it
waseven smaller inthetilt table test. Thiswasdueto thefact that the |eaning-type mod-
el walls failed relatively abruptly during shaking after the appearance of the failure
plane, when compared to the behavior of the other types of walls.

In order to clarify and compare the failure mechanism of retaining walls of different
types, analyses based onthe recorded earth pressures, wall displacements, and response
accelerations are necessary. These analyses are now in progressand will be reported in
the future.

5 CONCLUSIONS

For the shaking table tests performed in the current study, the major observed failure
mode was overturning with tilting of the wall face, which may have been triggered by
a bearing capacity failure in the subsoil below the wall facing. The observed critical
seismic acceleration coefficients were equal to or smaller than the predicted values
against overturning for the cantilever-, gravity-, and leaning-type model walls. On the
other hand, the observed critical seismic acceleration coefficient was dightly larger
than the predicted value for the reinforced soil, Type 1 model wall with reinforcement
of equal length. Also, theratio of the observed to predicted critical seismic acceleration
coefficients was much larger for the reinforced soil, Type 2 model wall which had lon-
ger reinforcement at higher wall levels.
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These results suggest that ordinary pseudo-static seismic stability analyses based on
thelimit equilibrium method, used for the prediction of the critical seismic acceleration
coefficients in the current study, underestimate the seismic stability of reinforced soil
retaining walls in comparison with conventional, gravity-type soil retaining walls.
Theseresultsare consistent with the observations of the seismic behaviour of reinforced
soil retaining walls, conventional, reinforced concrete cantilever retaining walls, and
conventional, gravity-type retaining walls during the 1995 Hyogoken-Nanbu Earth-
guake described in Section 1. These results a so show that thelong reinforcement layers
placed at higher levels in the backfill can substantially increase the resistance against
overturning failure. However, this contribution isnot properly evaluated by the conven-
tional stability analysis mentioned above.

The residual deformation of these reinforced soil-type walls accompanied simple
shear deformation along horizontal planesin the reinforced backfill, which should be
considered in evaluating seismically induced residual deformation of geosynthetic-re-
inforced soil retaining walls.

Therelative stability of the same wall type was quantitatively lower in the tilt table
tests than in the shaking table tests. This may have been caused by the essential differ-
ence in the testing conditions whether the seismic horizontal force was simulated pseu-
do-statically or dynamically.

For the cantilever-type, gravity-type, and thereinforced soil, Type 1 model walls, the
failure plane angle in the backfill observed in the central cross section after the shaking
table tests was steeper than the predicted angle. The difference was larger for therein-
forced soil, Type 1 model wall than for the cantilever-type and gravity-type model
walls. The difference between the predicted and observed failure plane angles were
smaller for the tilt table tests.

Multiplefailureplanesinthebackfill werenot observedinthecantilever-type, gravity-
type, and thereinforced soil, Type 1 model wallsafter the shaking tabletests, despitethe
increase of the shaking acceleration and tilting angle after the appearance of thefailure
planewhich did not cause ultimate failure. Thisbehavior may beexplained by consider-
ing the post-peak reduction of shear resistance along the previously formed failure plane
fromits peak value to itsresidual value. The behavior of the leaning-type model walls
during shaking may also be qualitatively explained by considering their abrupt failure.
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NOTATIONS

Basic Sl units are given in parentheses.
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dliding resistance due to cohesion of backfill, back wedge (Figure 9)
(N/m)

mean particle diameter (m)

bending stiffness (N-m?)

maximum void ratio of backfill and subsoil sand (dimensionless)
minimum void ratio of backfill and subsoil sand (dimensionless)
factor of safety (dimensionless)

acceleration due to gravity (m/s?)

inertia force due to horizontal seismic load acting on back wedge
(Figure 9) (N/m)

inertia force due to horizontal seismic load acting on front wedge
(Figure 9) (N/m)

horizontal seismic coefficient to evaluate inertia force of surcharge
(Figure 9) (N/m)

active earth pressure coefficient (dimensionless)

horizontal seismic coefficient to evaluate inertia force of facing and
backfill (dimensionless)

critical seismic coefficient (dimensionless)

predicted critical seismic coefficient (dimensionless)

observed critical seismic coefficient (dimensionless)

vertical force due to surcharge acting on back wedge (Figure 9) (N/m)
vertical force due to surcharge acting on front wedge (Figure 9) (N/m)
mass per unit length of model wall (kg/m)

interwedge force (Figure 9) (N/m)

reactive force at interface between front wedge and facing (Figure 9)
(N/m)

peak horizontal ground acceleration (m/s?)

reactive force at bottom of back wedge (N/m)

reactive force at bottom of front wedge (N/m)

weight of back wedge (N/m)

weight of front wedge (N/m)

x-coordinate of center of gravity of model (Figure 10) (m)
y-coordinate of center of gravity of model (Figure 10) (m)
amplitude of base horizontal acceleration (m/s?)

angle of o; direction relative to bedding plane (°)
interface friction angle (°)
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Op = interface friction angle between subsoil and wall base (°)

Ow = interface friction angle between backfill and wall facing (°)

& = intermediate principle strain (Figure 11) (dimensionless)

¢ = shear resistance angle of soil (°)

s = shear resistance angle mobilized at bottom of back wedge (Figure 9) (°)

Per = interwedge shear resistance angle (Figure 9) (°)

OF = shear resistance angle mobilized at front of back wedge (Figure 9) (°)

Drw = shear resistance angle mobilized at interface between front wedge and
facing (Figure 9) (°)

Posc = shear resistance angle from plane strain compression tests having the
vertical o, direction (°)

Pres = gchear resistance angle at residual state (°)

bss = shear resistance angle mobilized on horizontal failure plane from
simple shear tests (°)

0 = tilting angle of sand box (°)

0s = angle of bottom plane of back wedge measured from horizontal
(Figure 9) (°)

Osr = angle of interwedge plane measured from vertical (Figure 9) (°)

0= = angle of bottom plane of front wedge measured from horizontal
(Figure 9) (°)

Orw = angle of back-face of facing measured from vertical (Figure 9) (°)

0 = dry unit weight of backfill and subsoil sand (N/m?3)

On = normal stress (Figure 11) (N/m?)

o0 = major principal stress (N/m?)

o = intermediate principle stress (Figure 11) (N/m?)

03 = minor principal stress (N/m?)

T = shear stress (N/m?)

= angle of failure plane measured from horizontal (°)
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Erratum

SHAKING AND TILT TABLE TESTS OF
GEOSYNTHETIC-REINFORCED SOIL AND
CONVENTIONAL-T YPE RETAINING WALLS

TECHNICAL PAPER FOR ERRATUM: Koseki, J, Munaf, Y., Tatsuoka, F.,
Tateyama, M., Kojima, K. and Sato, T., 1997, “Shaking and Tilt Table Tests of
Geosynthetic-Reinforced Soil and Conventional-Type Retaining Walls’,
Geosynthetics International, Vol. 5, Nos. 1-2, pp. 73-96.

PUBLICATION: Geosynthetics International is published by the Industrial Fabrics
Association International, 1801 County Road B West, Roseville, Minnesota
55113-4061, USA, Telephone: 1/651-222-2508, Telefax: 1/651-631-9334.
Geosynthetics International is registered under 1ISSN 1072-6349.

REFERENCE FOR ERRATUM: Koseki, J., Mundf, Y., Tatsuoka, F., Tateyama, M.,
Kojima, K. and Sato, T., 1999, “Errata for ‘Shaking and Tilt Table Tests of
Geosynthetic-Reinforced Soil and Conventional-Type Retaining Walls'”,
Geosynthetics International, Vol. 6, No. 6, p. 519.

The Editors regret the errors incurred in Figures 7a, 7b, and 7c, Section 2.3, p. 81,
during type-setting of the authors paper, which appeared in Geosynthetics I nter nation-
al, Vol. 5, Nos. 1-2.

ERRATUM FOR SECTION: 23 Tilt Table Tests

In Figures 7a, 7b, and 7c, p. 81 :
The y-axes units should be force in newtons (N) and not kilonewtons (kN).
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