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Abstract: This study investigated the influence
factors on the seismic response and deformation
modes of retaining walls using large-scale model
shaking table tests. Experimental results showed that
the distribution of peak seismic earth pressures along
the height of a wall was a single peak value curve. The
seismic earth pressures on a gravel soil retaining wall
were larger than the pressures on the weathered
granite and quartz retaining walls. Also, the peak
seismic earth pressure increased with increases in the
peak ground acceleration and the wall height. The
measured seismic active earth pressures on a rock
foundation retaining wall were larger than the
calculated values, and the action position of resultant
seismic pressure was higher than 0.33 H. In the soil
foundation retaining wall, the measured seismic earth
pressures were much smaller than the calculated
values, while the action position was slightly higher
than 0.33 H. The soil foundation retaining wall
suffered base sliding and overturning under
earthquake conditions, while overturning was the
main failure mode for the rock foundation retaining
walls.
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Introduction

Gravity retaining walls are used widely as
retaining structures to support fill slopes adjacent
to roads and residential areas. The May 12, 2008,
Wenchuan earthquake, one of the largest recent
seismic events in China, triggered numerous
landslides and caused substantial damage to
retaining walls as a result of earthquake-induced
failures of fill slopes.

Studies investigating the effects of seismic
activity on the deformation modes of gravity
retaining walls have become an important topic in
geotechnical engineering. The M-O method
(Mononobe and Mastsuo 1929; Okabe 1924) has
been proposed, which calculations seismic soil
pressures on retaining structures. In recent years, a
large number of scholars have focused on the
prediction of seismic soil pressures, and many
theoretical and model-based tests have been
developed.

In the theoretical research, Veletsos and
Younan (1997) proposed a new method to analyze



the stability of cantilever retaining walls. Their
research revealed that for realistic wall flexibilities,
the maximum wall forces are significantly lower
than those obtained for fixed-based rigid walls and
potentially of the same order of magnitude as those
computed by the Mononobe-Okabe method. Al
Atik and Sitar (2010) proposed a new pseudo-
dynamic approach to calculate both active and
passive seismic soil pressures on retaining walls by
controlling mainly the pace value and acceleration
value. Gazetas et al. (2004) treated backfill soil as a
set of springs and considered the retaining wall as
an ideal rigid plasticity body. He proposed a new
pseudo-dynamic analysis method to calculate
passive seismic earth pressures. Based on the
Mononobe-Okabe method, Green et al. (2008)
used a differential element analysis method and a
differential equation to calculate the active
pressure behind rigid retaining walls under
earthquake conditions. They proposed interesting
theoretical answers to explain the nonlinear
distribution of the active pressures. In addition,
Kim et al. (2013) developed improved methods for
the calculation of seismic earth pressures that
influence a gravity retaining wall by considering
the cohesion between the soil and the wall. In
addition, Lee (2014) presented an analytical
solution to determine the seismic soil pressure
distribution on a retaining wall with cohesive soils.
The seismic behavior of a retaining wall has
been investigated experimentally using various
methods, including soil element testing, centrifuge
model testing (Callisto et al. 2010), and shake table
testing at reduced (Cattoni 2012; Panah et al. 2015)
and at nearly full scale pressures (Shahgholi et al.
2001; Tatsuoka et al. 2009; Wang et al. 2015).
Whitman (1990) conducted a centrifugal dynamic
test of a cantilever retaining wall, and the results
showed that the distribution of seismic active earth
pressures along the retaining wall was nonlinear.
Yazdandoust (2017a&b) carried out small-scale
shake table tests on a 1-m-high rigid retaining wall
model. He found that the distribution of seismic
earth pressures along the wall had a parabola-like
curve. According to the results of mechanical shake
table tests, Zhu et al. (2012) found that the seismic
earth pressures had a triangle-like distribution.
The results show that the effect of seismic earth
pressure of retaining walls depends mainly on the
horizontal seismic acceleration while the effect of
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vertical seismic acceleration is not significant.

Using large-scale shake table tests, Zhang and
Han (2012) proposed a method to calculate the
sliding displacement of a gravity retaining wall and
also introduced the distribution of seismic earth
pressures and their variation relationship with the
displacement.

Overall, the common conclusion is that seismic
earth pressures are distributed in a nonlinear
manner along gravity retaining walls (Bathurst and
Hatami 1998; Wang and Shi 1983; Bergado et al.
1992). The factors the affect the distribution and
magnitude of seismic soil pressures on retaining
walls, however, vary in magnitude and are complex.
These factors depend on properties such as backfill
soil, foundation types, peak ground accelerations
(PGAs), wall height, and section patterns of the
retaining wall as well as various other factors
(Anasua and Dilip 2016; Roozbeh et al. 2016; Pain
et al. 2017). Therefore, focusing narrowly on some
factors and disregarding others would result in
one-sidedness and prevent researchers from
approaching the subject from a holistic perspective.

In this study, gravel soil, weathered granite,
and quartz sand were selected as backfill material
that was added to the soil in a retaining wall. Then
we conducted a series of large-scale shake model
tests on the model walls with both soil and rock
foundations. First, we provided the background for
the experimental design and explanation of the
equipment and instrumentation used in this test.
Then, an examination was conducted on the
magnitude of the influence related to backfill
properties,  foundation  types, earthquake
magnitudes, and wall height on the response of
gravity retaining walls to earthquake conditions.

1  Methods

A gravity retaining wall model was constructed
and tested at the Key Laboratory of High Speed
Railway Engineering facility located at Southwest
Jiaotong University, Ministry of Education. A
computer-controlled servo-hydraulic single degree
of freedom (horizontal) shake table facility was
used for seismic tests on the retaining wall model,
and the shaking action was provided by a digitally
controlled servo-hydraulic actuator. To The
shaking table had a loading platform with
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dimensions of 3.5 m x 1.5 m and a payload capacity
of 2500 kg. The shake table operates within an
acceleration range of 0.04—1.2 g with an amplitude
of £10 cm. A major limitation associated with
model studies, especially in laboratory studies
related to earthquake engineering, is the effect of
the container boundary. The steel test box used for
the tests was rectangular in cross-section with an
inside dimension of 3.5 m x 1.5 m and 2.1 m deep.
As recommended by Bhattacharya et al. (2012), to
decrease the reflection of seismic waves and reduce
the boundary friction, a 50 mm thick foam sheet
was placed at the two lateral sides of the box, which
can provide a low stiffness buffer between the wall
and the backfill.

1.1 Physical model configuration and
construction

A gravity retaining wall model was constructed
of concrete with a trapezoid cross-section. The top
and the bottom dimensions were 0.26 m and 0.68
m wide, respectively (Figure 1). The total height of
the retaining wall model was 1.5 m, which was
chosen per the capacity of the shaking table. In the
test model, a concrete platform with a thickness of
0.15 m was used to simulate soil foundation, as
shown in Figure 2(a). Besides, a boss was set in
front edge of the concrete platform to simulate rock
foundation, and the dimensions of the boss were
0.1m high and 0.2m wide (Figure 2(b)). The gravity
retaining wall was placed on the concrete platform
and they don't have rigid connection.

The retaining wall model was instrumented
with acceleration transducers, seismic soil pressure
sensors, and displacement transducers located at
various locations. The analog voltage output
acceleration transducers had full-scale acceleration
ranges of 5 g along both the X- and Y-axes, with a
bandwidth of 1—2 kHz. Strain-gauge seismic earth
pressure sensors had a contact surface of 50 mm in
diameter, a measuring capacity of 1000 kPa, and a
sensitivity of 0.05 kPa. The sensing range of the
displacement transducers was 2—40 mm, and their
measuring error was less than 1%.

One accelerometer, Ao, was installed to shake
the table and record the base acceleration. The
other six acceleration transducers (A1, A2, A3, A4,
As, and A6) were placed at elevations of 250 mm,
510 mm, 536 mm, 562 mm, 588 mm, and 602 mm,
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Figure 1 Construction of shaking table model of
retaining wall.
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Figure 2 The sketch of the model, the rock foundation
retaining wall (a) and the soil foundation retaining wall
(b) (unit: cm).

respectively in the backfill. Six seismic soil pressure
sensors (S1, S2, S3, S4, S5, and S6) were embedded
at the same elevations along the central axis along
the back of the retaining wall. To measure the
horizontal  displacement, two displacement
transducers (D1 and D2) were positioned at the top
and the bottom of the retaining wall. All sensors
were connected to the 8-channel data acquisition
system of the shake table, as illustrated in Figure
2(a) and Figure 2 (b).

Quartz sand, gravel soil, and weathered
granite were used as backfill soils. Quartz sand
properties are similar to that of weathered granite,



and according to a direct shear test, the internal
friction angles were determined to be 37.4° and
34.5°, respectively, with apparent cohesions of 3.3
kPa and 4.1 kPa, respectively. Gravel soil is a
common subgrade filling, and the internal friction
angle was 42.3, with an apparent cohesion of
6.8kPa.

According to a grain size analysis test
(Figure 3), the coefficient of curvature of quartz
sand and weathered granite was the same, Cc was
equal to 1.2, and the coefficient of uniformity, Cu,
was 37.8 and 40.9, respectively. For gravel soil, the
coefficient of curvature Cc was 1.3, and the
coefficient of uniformity, Cu, was 6.8. To achieve
uniform density, the backfill was dropped at the
height of 0.5m so that the traveling speed of the
soil could keep constant. In the model tests, the
backfill soil was placed in layers, and the bulk unit
weight of the backfill soil was maintained at 19.8
kN/ms3, with a relative density, Dr, of 96%.

1.2 Similitude relationships of the model
test

For the model wall tested in this study, the size
of the wall was derived according to the density of
the backfill soil and the payload capacity of the
shake table. Therefore, the retaining wall model
used in this study was constructed with a height of
1.5 m. Because soil behavior is nonlinear, the
seismic response of the model may not truly reflect
that of the prototype. As recommended by Jiang et
al. (2009), using the prototype soil as backfill soil
and keeping them have basically the same mass
density and moisture content, that is to say, the
dimensionless coefficient of the model backfill soil
would be equal to the prototype soil.

To simulate 12 m, 8 m, and 4 m high prototype
walls, the geometric similarity ratios were set at 8.0,

Table 1 Primary similitude coefficients of the model.
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Figure 3 Grain-size distribution curves of backfill soils.

5.333, and 2.667, respectively. According to the
laws of model similarity, in order to ensure the
seismic characteristics of the model and prototype
are similar, time duration of the input earthquake
waves should be compressed. In the test model,
time compression ratios were 4.76, 3.51, and 2.09,
which simulated 12-m-, 8-m-, and 4-m-high
prototype walls, respectively. The model dimension
density of backfill soil, acceleration, and time were
selected to be the manipulated variables. The
relationships of various physical quantities, such as
length, density, acceleration, and others, were
derived on the basis of the Bockingham st theorem.
The primary similarity parameters are depicted in
Table 1.

1.3 Seismic waves and the loading law

The shake table tests were conducted with
an input of horizontal earthquake conditions. The
seismic waves included a Da-rui synthetic wave, an
El-Centro N-S wave (1940), and a Kobe N-S wave
(1995), with maximum acceleration peak values of
the input ground motion being 0.1 g, 0.2 g, and 0.4
g, respectively. These values corresponded to the

probabilities of exceeding a 50-year
event of 63%, 10%, and 2%. The

Physical quantities sholifimie e ey Al predominant frequency of the seismic
relationship 12m 8m 4m
Length/L G 8.000 5333  2.667 waves corre.sponded t'o 8 Hz, 5 Hz, and 2
Density/p G 1 1 1 Hz, respectively, which are well below
Acceleration/a Ca 1 1 1 the fundamental frequency of the
Velocity/v Cv:Cﬁli 4C13i 4 4.75 3.51 2.09 retaining wall model (22 Hz). The code
1 =C.1/2 2 . .

Dlsplgcement/ u Cu=Cot/2Cs3 AL PR | A0 names of the seismic waves were DR, El,
Cohesion/c Ce=C,C1 8.00 5.33 2.67 . :

Friction angel/@ Cp=1 1 1 1 and KB, respectively. Figure 4 shows the
Time/t Cr=Cp1/4Cp3/4 4.75 3.51 2.09 Da-rui synthetic wave diagram and the
Frequency/w Co=Cp/4Cr3/4 0.210  0.285  0.479 Fourier amplitude spectrum.
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Figure 4 Compressed acceleration time-history curve of inputting seismic wave (Da-rui: X direction).

In order to observe and record the seismic
characteristics of the retaining wall model, a white
Gaussian noise with no less than 30 seconds was
used to excite the model. The peak acceleration was
approximately 0.03—0.05 g. The aim of the white
Gaussian noise was to identify the frequency of the
gravity retaining wall and the loading law of the
shake table test, as shown in Table 2.

2 Results

2.1 Distribution of the peak seismic earth
pressures

Figure 5 shows a time history record of the
seismic earth pressures obtained from sensor S3
for the gravel soil retaining wall under the Da-rui

Table 2 The loading law of the shake table test.

synthetic wave. According to the figure, the seismic
earth pressure time history curve was consistent
with the input seismic excitation. More succinctly,
the seismic earth pressure increased (decreased)
with an increase (decrease) in the input motion
acceleration. As shown in Figure 5, the peak
seismic earth pressure was 5.87 kPa.

Figure 6 shows the distribution of the peak
seismic earth pressure along the height of the
retaining wall on a rock foundation. The peak
seismic earth pressure distribution was nonlinear
along the height of the wall, Moreover, the observed
data for the shaking table test observations for the
model retaining wall under seismic condition
measured by Zhang and Han (2012) had shown the
non-linear variation of peak seismic active earth
pressure along the depth of the wall, thus confirming
the present findings. Figure 6(a) shows the

distribution of the peak seismic earth

Excitation 4. PGA/, Compression  Simulation pressure of different backfill soil
sequence 9 ratio height retaining wall on a rock foundation at
1 WN-1 0.04 1 - 0.4 g acceleration, it can be well observed
2,34 DRELKB 0. 475 12m that the backfill soil properties had a
5 WN-2 0.04 1 = ionificant effect th Th

6,7, 8 DRELKB 01 3,51 8m significant effect on the pressures. The
9 WN-3 0.04 1 - mechanical properties of weathered
10, 11, 12 DR.ELKB o.1 2.09 4 m granite were similar to quartz sand; both
13 WN-4 0.04 1 - were homogenous mediums, and the
1‘71’ 15,16 ‘]/)le{\iZEsL,KB 8'(2)4 ‘1"75 }2 m strength and stiffness of weathered
18,19,20  DR,ELKB 0.2 3.51 8m granite and qualjtz sand were lower t.han
21 WN-6 0.04 1 - that of gravel soil and less compressible.
22,23,24 DRELKB 0.2 2.09 4m For the rock foundation retaining wall,
25 " ‘]/)le{\IgL - 007} L - the dynamic action transferred directly
zg’ 20,27 WN-8 8'34 ‘1"75 }2 = to the back of the wall, likely because of
29,30,31 DR,EL,KB o. 4 3.51 oo the strong foundational restriction.
32 WN-9 0.04 1 = Therefore, the peak seismic earth
33,34,35 DRELKB 04 2.09 4m pressure distribution of the gravel soil
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retaining wall was larger than for the other two
kinds of materials. Figure 6(b) shows the
distribution of the peak seismic earth pressure of
the gravel soil retaining wall on a rock foundation
at 0.4 g acceleration, it can be seen that there was
no significant difference in the peak seismic earth
pressure distribution along the height of the
retaining wall under the influence of the various
earthquake waves. Figure 6(c) compares the
distribution of the peak seismic earth pressure of
the gravel soil retaining wall on a rock foundation
under the Da-rui synthetic wave, it can be inferred
that the peak seismic earth pressure distribution
appeared to increase with increasing PGA. The
results indicated that PGA was one of the main
factors that affected the value and the distribution
of the peak seismic earth pressure on the retaining
wall, the results basically agree with the results in
the literature (Yang et al. 2018).

Figure 6(d) shows the peak seismic earth
pressures along the gravel soil retaining wall under
the Da-rui synthetic wave with different heights at
0.4 g acceleration. It appeared that the peak
seismic earth pressure not only was related to
properties of the backfill soil and PGA but also to
the height of the wall. The peak seismic earth
pressure increased with the increasing height of the
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Figure 5 Dynamic soil pressure history of seismic soil
pressure sensor (S3).

wall. As evidenced by the earthquake damage
surveys of the Wenchuan earthquake region, it can
be seen that the destruction rates of the higher
retaining walls are larger than for lower ones in
this extreme seismic area. The main cause of this
phenomenon is that the natural frequency of the
retaining wall decreases with an increase in wall
height. Also, it appeared that the fundamental
frequency of the retaining wall equaled that of the
predominant seismic wave. Conversely, it appeared
that it was easy for a retaining wall to experience
coupled resonance destruction.
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Figure 6 Distribution of peak seismic earth pressures under different backfill soils (a), different earthquake waves

(b), different PGA (c), and different heights (d).
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As a result of this analysis, it is concluded
that the distribution curve of peak seismic earth
pressures along the height of a retaining wall acted
as a single peak value curve and that the maximum
value was located approximately in the middle of
the retaining wall height. Therefore, shear failure
happens easily on stone retaining walls under
earthquake conditions because of the existence of a
joint. In addition, in the earthquake damage survey
of retaining walls in the Wenchuan earthquake
region, it was found that shear failure appeared
primarily to stone retaining walls and even to
concrete retaining walls (shown in Figure 7).
Therefore, a calculation of the shear-resistant
strength of a retaining wall in seismic design is
necessary and important.

2.2 Comparison of measured values and
calculated values of seismic active earth
pressures

According to the pseudo-static seismic design
approach (Mononobe-Okabe method), the seismic
active earth pressure is computed as,

Py =%KAE}H2 (1)

where Kagis the seismic active earth pressure
coefficient, is defined as,

K, = cos’(p—a) 2)

. . 2
cos? 0{1 N [sing-sin(p — @) }
coso

where a=tan”'C, , ¢ and C, are the soil
friction angle and seismic acceleration coefficient
in horizontal directions.

Figure 8 shows the measured seismic active
earth pressure values and the calculated values of
the gravel soil retaining wall using Egs. (1) and (2)
at an acceleration amplitude of 0.2 g. In the case of
the rock foundation retaining wall, the measured
seismic active earth pressures were not different
than the calculated values. For the soil foundation
retaining wall, however, the measured values
consistently underestimated the calculated values.
An explanation for this difference is that the soil
foundation retaining wall easily slipped under
earthquake conditions. Hence, the seismic active
earth pressure barely affected the back of the wall.
Conversely, the rock foundation retaining wall
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Figure 7 Shear failure of a stone retaining wall.
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suffered from a strong restriction because of the
base, and hence the seismic response was more
sensitive.

Table 3 lists the ratio of the resulting
measured seismic earth pressure values to values
calculated using the pseudo-static seismic design
approach for a 12-m-high gravel soil retaining walls
with different foundation conditions. The results
show that the measured values were almost
consistent with the calculated values of the rock
foundation retaining wall at 0.1 g acceleration. As
the PGA increased, however, the resulting
measured seismic earth pressures were accordingly
larger than the calculated values. For example, the
resulting measured seismic active earth pressure
was 1.24 times larger than the calculated values at
0.4 g acceleration. For the weathered granite and
quartz sand retaining walls, however, the ratio of
the resulting measured seismic earth pressures to
the calculated values was slightly lower than 1.

In contrast, with an increase in PGA, the ratio
of the resulting measured seismic earth pressures
to the calculated values decreased for the gravel



soil retaining wall with a soil
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Table 3 Ratio of the resulting measured seismic earth pressures to

foundation. As noted earlier, this wasa  calculated values
result of the fact that the soil Foundation type Backfill 0.1g 0.2g 048
foundation retaining wall could easily ' Gravel soil _ 102 112 124
slip at the base at acceleration values of Rock foundation Weathered granite 0.97 0.93 0.96
B Th tion of the Quartz sand 0.96 0.91 0.88
0.2 -0:4 & € Separa. . Gravel soil 1.01  0.96 0.86
retaining wall from the soil resulted in Soil foundation Weathered granite 1.02 101 0.98
very little seismic earth pressure Quartz sand 1.08 103 0.99

influence on the back of the retaining
wall. Therefore, the resulting measured

Table 4 Comparison of the action positions of resultant seismic

T pressures
seismic earth pressures were less than .

h leulated ] f h 1 Foundation type Backfill 0.1g 0.2g 04¢g
the ca .cu ate Vfl 1.1es or the sol Gravel soil 0.34 0.36 041
foundation  retaining wall.  The Rock foundation Weathered granite 0.34 0.35 0.37
measured values and the calculated Quartz sand 0.34 034 0.36
values, however, were much closer for " ; GraVe}l soil _ 0.34 034 034
the weathered granite and quartz sand Soil foundation Weathered granite 0.34 0.35 0.35

Quartz sand 0.34 0.35 0.35

retaining walls.

Table 4 lists the action position of resultant
seismic pressures to the 12-m-high retaining wall
with different foundation conditions. It can be seen
from the table that the action position is above a
height of 0.33 H on the gravel soil retaining wall
with the rock base, and the action position becomes
higher with the increasing base excitation on the
model wall. For instance, the action position was at
a height of 0.34 H at an acceleration amplitude of
0.1 g, whereas at an acceleration amplitude of 0.4 g,
the action position was at 0.41 H. Conversely, for
the gravel soil retaining wall on the soil foundation,
the action position was approximately at 0.33 H.
For example, the action position was 0.34 H at 0.4
g acceleration, and there was no significant
difference between the measured values and
calculated values. The action position of resultant
seismic pressure was slightly higher than the height
of 0.33 H on the weathered granite and quartz sand
retaining walls with a rock base. For instance, the
action point was at 0.37 H on the weathered
granite retaining wall at 0.4 g acceleration. For the
weathered granite and quartz sand retaining walls
on the soil base, the action positions were
approximately 0.34 H and 0.35 H, respectively,
and these heights were almost identical to the
calculated values.

All these results indicated that the measured
seismic active pressures always were larger than
the calculated values, and the action positions of
resultant seismic pressures were above a height of
0.33 H for the gravel soil retaining wall on the rock
foundation. Therefore, overturning failure was the

main failure mode for the retaining wall on a rock
base, and the Mononobe-Okabe method was
nonconservative in the design of the retaining wall
on the rock foundation (i.e., danger for design).
The resultant measured seismic pressures were
smaller than the calculated values predicted using
the pseudo-static seismic design approach for the
soil foundation retaining wall. Also, the action
positions of resultant pressures were slightly
higher than 0.33 H, which had a small influence on
the overturning moment in the soil foundation
retaining wall. Therefore, the design of the soil
foundation retaining wall according to the
Mononobe-Okabe method still applied.

2.3 The deformation modes of the retaining
walls under earthquake conditions

Figure 9(a) depicts the bottom and the top
horizontal displacement under different base
excitations in the quartz sand retaining wall with a
soil foundation. It can be seen from the figure that
there was no substantial deformation at the bottom
at 0.1 g acceleration, and the top displacement was
also very small, only about 1 mm. The retaining
wall model deformed more at 0.2 g acceleration,
and the horizontal displacement at the top and the
bottom reached 19 mm and 14.7 mm, respectively.
With an increase in PGA from 0.2 g to 0.4 g, the
bottom displacement reduced to 10.2 mm, whereas
the horizontal displacement at the top slightly
increased. The final accumulative horizontal
displacement was approximately 25.2 mm.
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Figure 9 The deformation mode for the quartz retaining wall on a soil foundation (a) and the gravel retaining wall on

a soil foundation (b).

Figure 9(b) shows the bottom and top
horizontal displacements at different base
excitations in the gravel soil retaining wall with a
soil foundation. The figure shows that the
horizontal displacement at the bottom was very
small as a result of the action of small and
moderate earthquakes (at 0.1 g and 0.2 g
acceleration), and the top horizontal displacement
was about 0.6 mm. However, there were large-scale
displacements both at the bottom and the top of
the retaining wall at 0.4 g acceleration. The
displacement at the top and at the bottom reached
2.6 mm and 0.7 mm, respectively. Note that the
soil foundation retaining wall suffered not only
base sliding but also overturning under the higher
seismic loads.

In addition, it will be also observed that the
retaining wall experiences a process with the
increase of earthquake acceleration, from an initial
active state to a full active state, according to
Dubrova’s study (Dubrova et al. 2013), between these
two extremes, intermediate active states exist. The
initial active state refers to a stage when only the
retaining wall experiences a little displacement.
The full active state occurs when the retaining wall
experiences a large displacement. At intermediate
active state, the displacement has little change or
increases slowly. Take the gravel retaining wall on
a soil foundation as example, when the acceleration
less than 0.2g, the retaining wall was in an initial
active state, when the acceleration less than 0.4g
and large than 0.2g, the retaining wall transformed
from an initial active state to an intermediate active
state, when the acceleration larger than 0.4g, the
retaining wall was in an full active state.

Moreover, Figure 9 also indicates that

176

overturning was the predominant mode for the
gravel soil and quartz sand retaining walls on soil
foundations at 0.1 g acceleration. With an increase
in the PGA, the failure mode transformed from
overturning to a combined mode (overturning and
base sliding), and the horizontal displacement of
the gravel soil retaining wall was smaller than that
of the quartz sand retaining wall. The main reason
for this was that gravel soil has high strength, good
stability, and easy compaction. In addition, an
increase in the degree of compaction of the backfill
soil favored a decrease in the displacement of the
retaining wall during an earthquake.
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Figure 10 Deformations of the weathered granite and
quartz sand retaining walls on rock foundations.

Figure 10 shows the horizontal displacement
of the top of weathered granite and quartz sand
retaining walls with rock foundations. Because of
the constraint of the foundation, the retaining wall
experienced very little displacement at the bottom.
This figure shows that the horizontal displacement
at 0.1 g acceleration was no different than at 0.2 g



acceleration, which was approximately
1.7-1.8 mm. Moreover, the top
horizontal displacement decreased at
0.4 g acceleration, reducing to 1.1 mm.
After that, the top horizontal
displacement increased quickly, and
the final accumulative displacement
was approximately 3.6 mm. For the
quartz sand retaining wall, there was
almost no displacement at 0.1 g
acceleration, while the displacement
increased to 8.1 mm at acceleration
amplitude of 0.2 g. The horizontal
displacement remained approximately
steady after that, but the displacement
increased slightly until 0.4 g acceleration, and
finally reached 8.3 mm after loading.

The authors hypothesize in this study that the
soil foundation retaining wall suffered not only
base sliding, but also overturning, whereas in the
rock foundation retaining wall, overturning was the
predominant failure mode. The test phenomenon
was consistent with the results of earthquake
damage investigations (shown in Figure 11).
Furthermore, the characteristics of backfill soil had
a large influence on the deformation mode of the
gravity retaining wall. Under the same foundation
condition, although the deformation modes of the
differently backfilled retaining walls were the same,
the horizontal displacement was significantly
different. For instance, the accumulated
displacement of the weathered granite retaining
wall was 56.6% less than that of the quartz sand
retaining wall on the rock foundation. Also, the
difference in the displacement between the gravel
soil retaining wall and the quartz sand retaining
wall was even greater with a soil foundation.

-

3 Conclusions

(1) The distribution of peak dynamic soil
pressures along the height of a gravity retaining
wall was in the form of a single peak value curve,
and the peak dynamic soil pressure was mainly
related to PGA, wall height, and backfill properties.
Moreover, peak dynamic earth pressures increased
with an increase in the wall height and the PGA,
but the effect of different earthquake wave
frequencies on the peak dynamic earth pressures
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was small.

(2) Measured seismic active earth pressures
were always larger than calculated values, and the
action positions of resultant pressures were higher
than the wall height, specifically 0.33 times higher
in retaining walls with rock foundations. Measured
resultant seismic pressures were all less than the
values calculated using the pseudo-static seismic
design approach for soil foundation retaining walls,
and the action position of resultant pressures was
slightly higher than 0.33 H. Therefore, it is
necessary to evaluate the anti-overturning capacity
of a rock foundation retaining wall. In soil
foundation retaining walls, attention should be
paid to their anti-sliding stability.

(3) Overturning was the main failure mode for
rock foundation retaining walls as a result of the
constraint of their foundations. Base sliding,
however, was the main failure mode for soil
foundation retaining walls. Moreover, the
horizontal displacements of retaining walls with
the same foundation conditions were very different
with different backfill soils. The final accumulative
displacement of seismic soil pressures in the gravel
soil retaining wall on a soil foundation was
significantly smaller than the displacement of the
weathered granite and quartz retaining walls.
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