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Seismic behavior of inverted T-shape flexible retaining walls  
via dynamic centrifuge
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ABSTRACT:  The behavior of inverted T-shape flexible retaining walls under seismic loadings was 
experimentally investigated. Two centrifuge tests were carried out on reduced-scale models of flexible 
retaining walls with different heights in dry sand. The experimental data showed that acceleration ampli-
fication is not affected by the wall height. The acceleration of the backfill was not uniform and a phase 
difference was measured between the wall and backfill soil. During the maximum bending moments of 
the wall, dynamic earth pressures were only measured at the bottom area of the wall. The inertial force of 
the wall induced deflection of the wall to result in gapping between the wall and backfill soil.

cantilever walls. The current AASHTO LRFD 
bridge design specifications suggest that a seismic 
coefficient equal to half  the peak ground accelera-
tion be used in the design and ignore the inertial 
forces of the wall. Most recently, Nakamura (2006) 
and Atik & Sitar (2010) performed dynamic cen-
trifuge experiments on gravity- and cantilever-type 
retaining walls, respectively. They concluded that 
the MO method does not reflect either the actual 
seismic behavior of the wall–backfill interaction 
or the inertial effect of the wall itself. Even though 
the MO method provides a simple and powerful 
tool for evaluating the dynamic earth pressure, the 
assumptions of the MO method show an apparent 
discrepancy between the analysis and real behav-
ior. Furthermore, MO theory does not consider 
the inertial force and effect of wall height.

In the present study, two dynamic centrifuge 
experiments were performed to simulate inverted 
T-shape retaining walls and reexamine the previ-
ous research. The obtained results were compared 
to the hypothetical conditions of MO theory. To 
investigate the effects of the wall height and iner-
tial force, two different retaining wall heights were 
selected; the heights were represented as 5.4 and 
10.8 m at the prototype scale.

2  EXPERIMENTAL PROCEDURE

Two dynamic centrifuge tests were performed with 
inverted T-shape retaining wall models. The experi-
ments were conducted using the dynamic centri-
fuge at the KOCED Geo-Centrifuge Test Center 
at KAIST (Fig. 1). The maximum capacity of the 
KAIST centrifuge with a 5 m radius is 2400 kg for 

1  INTRODUCTION

The seismic behavior of a retaining structure is a 
complex soil–structure interaction problem. The 
seismic wall response and dynamic earth pres-
sures are affected by the response of the backfill, 
the inertial and flexural responses of the wall itself  
and the input earthquake motions. In engineering 
practice, the seismic design of retaining structures 
is conventionally carried out using the pseudo-
static approach, where dynamic actions are con-
sidered as static D’Alembert forces proportional to 
an equivalent acceleration. The Mononobe–Okabe 
(MO) method (Mononobe & Matsuo 1929, Okabe 
1926) uses Coulomb’s earth pressure theory and 
was originally developed for gravity walls retaining 
cohesionless backfill materials.

The MO method and/or its modification by 
Seed & Whitman (1970) are widely used in prac-
tice; they are generally used as a standard for the 
seismic design of gravity- and cantilever-type 
retaining walls. In MO theory, retaining walls 
move during earthquakes under the hypothetical 
conditions of Coulomb’s theory, which assumes 
that the backfill is in a state of plastic equilibrium. 
The dynamic earth pressure can be obtained by 
applying a uniform acceleration to a specific fail-
ure wedge of the backfill. Although uncertainty 
remains regarding the position of the dynamic 
earth pressure and height effects of the site ampli-
fication, several experimental studies have agreed 
that the MO method gives appropriate results 
for seismic design (Seed & Whitman 1970, Ortiz 
1982, Steedman & Zeng 1990). The latest NCHRP 
report (Anderson et  al. 2009) recommended the 
use of the MO method for the seismic design of 
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Figure  1.  KAIST geo-centrifuge with earthquake 
simulator.

Figure 2.  Model preparation and monitoring locations.

a centrifugal acceleration of up to 100 g. Details 
on the technical specifications for the centrifuge 
are available in the literature (Kim et  al. 2013a). 
An earthquake loading was simulated by an in-
flight earthquake simulator equipped with an 
electro-hydraulic system. It can generate random 
earthquake excitations lasting up to 1 s with model 
frequencies of 30–300 Hz (Kim et al. 2013b).

In this study, the models were constructed in an 
equivalent shear beam box (Lee et al. 2013) and a 
centrifugal acceleration of 50 g was used in the two 
experiments. All results are presented in terms of 
prototype units of measurement unless otherwise 
stated.

2.1  Model structures and instrumentation

The inverted T-shape retaining wall models used 
in the experiments were made of aluminum alloy 
(Fig.  3). At the prototype scale, the heights of 
the retaining walls were 5.4 and 10.8 m. The cor-
responding thicknesses of the walls were 0.22 and 
0.35 m. The models were designed to be very flex-
ible compared with ordinary cantilever and gravity 
retaining walls, which are stiff. The wall thickness 
was selected using the minimum value that can 
resist dynamic earth pressure as calculated by MO 
theory. Ortiz (1982) used the equilibrium method 
between the dynamic earth pressure and allowable 
strength of the wall based on the material property 
of the tensile yield strength. The test setup is shown 
in Figure 2. At the prototype scale, the estimated 
natural periods of the walls were 0.23 and 0.55 s, 
respectively. Both structures spanned the width of 
the container (Fig. 4). The scale law of the mass 
was not considered. Although the inertial force is 
affected by the mass of the wall, the experiments 
were focused on comparison with the hypotheti-
cal conditions of MO theory and investigating the 

effects of the wall height and inertial force. Sand-
paper was attached to the bottom of the wall base 
to increase the friction angle between the soil and 
wall base.

The accelerometers were placed at various 
heights and locations, as shown in Figure  2. 
Locations in the model were named “wall”, 
“backheel”, “between backheel and free field” 
and “free field” as shown in Figure 2a. The earth 
pressures were measured by miniature trans-
ducers attached to the wall and back-calculated 
based on bending moments measured by strain 
gauges on the wall. The acceleration and bend-
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(2) The retaining wall was placed at its designed 
location (Fig.  4). (3) Sand was pluviated up to 
the surface height again. (4) Afterward, the front 
soil of the wall was removed by a vacuum cleaner. 
(5) Finally, the surface was smoothed with the vac-
uum cleaner. All instruments were placed at their 
pre-designed locations during pluviation. Indus-
trial grease was placed between the model wall and 
the side walls of the container to reduce friction at 
the wall–container boundaries. Plastic sheets were 
attached to prevent sand from passing through 
those boundaries.

2.3  Earthquake input motions

Two types of input motions were used to simu-
late earthquakes: Ofunato and Hachinohe. The 
Ofunato record is characterized by a short period 
dominant earthquake, which is most likely to occur 
in Korea. In contrast, the Hachinohe record is a 
long period dominant earthquake and was used 
to compare the behavior from the Ofunato record. 
The earthquake was orthogonally applied to the 
retaining wall model. Stage tests were conducted 
for each model. The peak accelerations of the bed-
rock motion were 0.04–0.35 g. The amplitude, fre-
quency and duration of input motions were scaled 
for the centrifuge test. Table 1 lists the input accel-
erations used for the stage tests.

3  Test Results and Discussions

3.1  Phase difference

To compare the behaviors in the free field, back-
fill soil and retaining wall effectively, as shown in 
Figure  5, which shows the acceleration–time his-
tories at different depths (i.e. 2.35 and 8.35 m from 
the surface) in the 10.8 m wall (Model B) with the 
Ofunato earthquake. Near the wall base, the accel-
eration of the wall was almost synchronous with 
the accelerations of the backfill soil and free-field 

Figure  3.  Retaining wall models for the test (inverted 
T-shape).

Figure 4.  Installation of retaining wall during prepara
tion.

ing moment were positive in the active directions 
(outwards from the backfill). The horizontal dis-
placements were estimated by double integration 
of  the acceleration.

2.2  Test model preparation

This experiment used silica sand produced by the 
hammer crusher process. The soil was prepared by 
dry pluviation.

The relative density was about 60% (γd = 1.45 t/m3). 
The same soil densities were produced by calibrat-
ing the drop height, opening and speed of the 
pluviator. The internal friction angle was about 
41° in a triaxial test. The shear wave velocity was 
measured using block bender elements at the same 
depths with two accelerometers in the sand under-
neath the structure. The average shear-wave veloc-
ity was about 170 m/s. The estimated natural period 
of the base soil prior to shaking was 0.48 s.

The sequence of model construction is as 
follows. (1) A 380  mm thick sand layer was pre-
pared underneath the structures by pluviation. 

Table 1.  Input motions PGA.

Earthquake

Model A, 5.4 m Model B, 10.8 m

Units: g Units: g

Ofunato 0.04 0.06
0.13 0.15
0.26 0.27
0.36 0.39

Hachinohe 0.05 0.05
0.18 0.19
0.27 0.27
0.36 0.37
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motions (Fig. 5b). However, a certain phase differ-
ence existed in time signals between the wall and 
backfill soil at shallow depths (Fig. 5a). The retain-
ing wall showed the highest acceleration amplitude 
and the largest phase difference occurred with free-
field motion.

MO theory assumes that no phase difference 
occurs between the motions of the retaining wall 
and backfill. In reality, differences in phase and 
amplitude occurred. Therefore, in contrast to MO 
theory, the acceleration of the soil wedge behind 
the wall is not uniform.

3.2  Acceleration measurements with heights

Figure 6 shows the variations in peak accelerations 
with depth at the 5.4 m and 10.8 m retaining walls 
(Models A and B, respectively) under Ofunato 
loadings from low to high magnitudes. As shown 
in the figure, the peak acceleration in the free field 
increased consistently from the bedrock to the sur-
face under weak earthquake motion, whereas the 
peak acceleration was dampened up to the depth 
of the base owing to the nonlinear characteristics 
of the soil subjected to a strong earthquake.

The amplification trends are clearly shown by 
the normalized amplification ratios on the ground 
surface in Figure 7. In both models, accelerations in 
the free field were amplified the least and accelera-
tions at the retaining walls were amplified the most. 
The average amplification ratios at the backheel 
and free field were around 2.0 for both Models A 
and B under the Ofunato loading. Amplification 
ratios of Model A under the Hachinohe load-
ing were less than 1.5. The average amplification 
ratios of the backheel and wall were 2.5 except 
for the Model A under the Hachinohe loading. 

Figure 5.  Phase difference with depth (model B).

Figure  6.  Acceleration characteristics under Ofunato 
earthquake.

Figure 7.  Amplification ratio from wall base to surface.

In particular, the amplification ratio of Model B 
for the free field, backheel and wall converged to 
2.0–2.5. The amplification ratio was also affected 
by the earthquake loading characteristics.

The NCHRP report (Anderson et al. 2009) sug-
gests a “height dependent reduction scaling factor” 
of the seismic coefficient for seismic design. In the 
present study, however, the amplification ratios 
of the backheel and retaining wall were similar in 
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both Models A and B even though the wall height 
was increased twice. Contrary to general expec-
tation (i.e. amplification increases with the wall 
height) the amplification ratios for the backfill soil 
and wall were not affected by the wall height. The 
amplification ratio at the free field in Model B was 
higher than that in Model A; this phenomenon 
may be caused by the different soil depths for the 
two models.

As shown in Figure  7, the earthquake had a 
clear effect on the amplification ratio in Model A, 
but the difference between the Ofunato and Hachi-
nohe earthquake results decreased in Model B. 
The natural frequencies of the walls in Models A 
and B were 4.35 and 1.81  Hz, respectively. The 
natural frequencies of the backfill layer above the 
wall base were 7.87 and 3.93 Hz in Models A and 
B, respectively. The Ofunato earthquake contained 
high frequencies (i.e. 2–6 Hz).

In Model A, the backfill soil was super-resonant, 
but the retaining wall was resonant. Therefore, 
the amplification ratio of the wall in Model A 
was much higher when subjected to the Ofunato 
earthquake than to the Hachinohe earthquake; 
this induced the large difference in amplification 
ratio between the wall and free field. The natural 
frequency of the wall was much lower in Model B 
than in Model A. Therefore, the high frequency 
had a reduced effect. The Hachinohe earthquake 
contained low frequencies (i.e. 1–2  Hz) and the 
retaining wall was resonant in this range. Thus, the 
difference in amplification ratio between the wall 
and free field was larger for the Hachinohe earth-
quake than for the Ofunato earthquake.

MO theory assumes that the retaining wall and 
the soil wedge behave as rigid bodies and that a 
uniform acceleration is applied to the failure wedge 
behind the wall in the estimation of dynamic earth 
pressures. However, according to the test results, 
acceleration was amplified along the depth within 
the soil wedge of the backfill above the wall base. 
Thus, the retaining wall and soil wedge cannot 
be considered as rigid bodies, contrary to MO 
theory.

3.3  Seismic earth pressure on the wall

Lateral earth pressures were measured directly 
along the entire height of the wall using soil pres-
sure transducers.

Nakamura (2006) showed that earth pressures 
change over time and that the pressure distribu-
tion changes with types of base shaking. Atik & 
Sitar (2010) reported that the maximum total earth 
pressure and bending moment profiles correspond 
to when the maximum moment is recorded at 
the lowest strain gauge on the walls and that the 
maximum earth pressure profiles monotonically 

increase with depth. However, in this study, earth 
pressures measured at different depths were not in 
phase. The earth pressure measured at the deep-
est depth had a phase opposite to those measured 
at shallow depths owing to deflection of the wall 
induced by the inertial force of the wall (Fig. 8).

Figure 9 shows the relation between the moment 
and earth pressure at the lowest strain gauge and 
pressure transducer. When the moment was a local 
maximum, which is the most critical situation for 
structural safety, the dynamic earth pressure was 
not a local maximum and actually almost zero 
in Model B. The phase difference between the 
moment and earth pressure was particularly dis-
tinct in Model B. These results indicate that bend-
ing moments of flexible walls are influenced by 
inertial effects as well as dynamic earth pressures.

MO theory does not consider the phase dif-
ference between a wall and backfill soil during 
an earthquake. MO theory considers the inertial 
force of the entire soil wedge behind the wall as 
an equivalent static force acting on the rigid wall. 
However, the flexible retaining wall was not rigid 

Figure 8.  Phase difference in earth pressure with depth.

Figure 9.  Phase difference between moment and dynamic 
earth pressure (model B).
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enough and the behavior of the wall was affected 
by the inertial force of the wall itself  along its 
height.

Figure 10 shows the dynamic moment, dynamic 
earth pressure and displacement when the maxi-
mum moment was recorded at the deepest strain 
gauge of the walls during an earthquake. Bending 
moments were at a maximum; however, dynamic 
earth pressure only appeared at the bottom area of 
the wall. Negative dynamic earth pressures imply 
a loss of contact between the wall and backfill 
soil. Displacements of the wall and soil were cal-
culated by double integration of the acceleration 
obtained on the wall along the height. The active 
direction represents the positive displacement. The 
top of the wall contained gaps between the wall 
and backfill during the earthquake. Although the 
moment was at a maximum and the wall deflected, 
the dynamic earth pressure was less than the earth 
pressure of the static state except along deeper 
parts of the wall. The gap between the wall and 

backfill soil was larger for the 10.8 m wall than for 
the 5.4 m wall.

These results illustrate that not only the 
dynamic earth pressure but also the inertial force 
of the wall itself  affects the bending moment of 
the wall. The bottom of the wall was fixed to the 
wall base and its deflection was restricted by the 
wall base; in contrast, the upper part of the wall 
was relatively free to deform. In this study, the 
flexible wall easily deformed and the backfill soil 
could not catch up with the wall displacement dur-
ing earthquakes. At this moment, a gap was gener-
ated and the earth pressure was not in phase with 
the bending moment. This phenomenon suggests 
that the inertial force of a flexible cantilever wall is 
an important factor that affects bending moments 
during earthquakes. In contrast with MO theory, 
the inertial effects of the wall have to be evaluated 
for cantilever-type retaining walls subjected to seis-
mic loads.

4  Conclusions

This study aimed to simulate two inverted T-shape 
cantilever retaining walls with different heights 
under a scaling ratio of 50 using a dynamic centri-
fuge to qualitatively present their seismic behavior. 
These two retaining walls had different heights and 
stiffness. However, their stiffness were flexible and 
the models were subjected to input motions from 
Ofunato and Hachinohe earthquakes. The accel-
erations of the backfill area were amplified up 
to around 2.0–2.5. For Model B (height: 10.8 m), 
the amplification ratio was similar to Model A 
(height: 5.4  m) and converged to 2.0. Moreover, 
the dynamic earth pressure when the maximum 
moment was recorded at the lowest strain gauge 
of the walls during the earthquake was not syn-
chronized and almost zero. The inertial force of 
the wall-induced deflection of the wall resulted in a 
gap between the wall and backfill soil. The results 
of this study can offer basic understanding about 
the seismic behavior of flexible inverted T-shape 
retaining walls. Further experiments with compar-
atively stiff  and rigid walls and numerical analysis 
are currently underway to verify the behavior of 
flexible retaining walls.
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