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ABSTRACT

In recent earthquakes, the failures of retaining walls are rare even if the structures were not designed for the seismic
loading. Mononobe-Okabe (M-O) method, extended from Coulomb’s theory assuming earthquake effects are replaced
by a pseudo-static inertia force, derived from model test at 1g shaking table. In order to understand true seismic behavior
during earthquake, this paper demonstrates the discrepancy of dynamic earth pressures based on between M-Omethod
and dynamic centrifuge tests. A series of dynamic centrifuge tests were conducted to determine the dynamic earth
pressure for inverted T-shape cantilever retaining wall models subjected to seismic loading. Centrifuge tests were carried
out on reduced-scale models in dry cohesionless soil. In pseudo-static method such as M-O, dynamic earth pressure
was determined by a uniform seismic coefficient (kn) but acceleration amplified along the height can cause an
overestimation for dynamic earth pressure. The dynamic earth pressure was not synchronized and almost zero at the
time of maximum moment of wall during the earthquake. Moreover, distribution of dynamic earth pressure is a triangle
shape and dynamic thrust is much lower than 0.6H which was used in practical design of incremental dynamic earth

pressure.

1 INTRODUCTION

The pseudo-static limit equilibrium of evaluating the
seismically induced lateral earth pressure on retaining
structures has been initially suggested by Okabe (1926)
and Mononobe and Matsuo (1929) in the 1920’s. Since
then this method has been named by Mononobe-Okabe
method (i.e. M-O method). The M-O method is a pseudo-
static extension of the classical Coulomb’s limit-
equilibrium analysis (Coulomb, 1776), where the inertial
force of the soil wedge behind wall was considered as an
added static force. Seed and Whitman (1970) proposed
simplified modification (i.e. S-W method) that separates
the dynamic earth pressure to estimate coefficient of
dynamic earth pressure approximately. The seismic
behavior of a retaining structure is related to complex soil-
structure interaction problems during earthquake. In
engineering practice, the seismic design of retaining
structures is conventionally carried out using a pseudo-
static approach to estimate the dynamic earth pressure.
Due to its simplicity and familiarity to engineers, they are
widely used as a global standard in practice. The M-O
method has some assumptions for derivation and many
researchers have conducted theoretical and experimental
research to reexamine the M-O method and evaluate the
dynamic earth pressure. However, there are still many
conflict conclusions among the researchers for M-O
method.

Even though the M-O method is a simple and powerful
tool for evaluating the dynamic earth pressure, the
assumptions of the M-O method have apparent
discrepancies compared to reality. These include the rigid
behavior of the soil wedge, and the reference location of
seismic coefficient for design, especially in the case of a

cantilever retaining wall. The M-O method was derived
based on a gravity retaining wall. Thus, it does not
consider wall geometry and flexibility of the wall stem
when estimating dynamic earth pressure. In the case of
gravity retaining walls, the entire inertial force of the
backfill failure soil wedge was considered as dynamic
earth pressure. However, dynamic earth pressure was
governed by not only by inertial force of the backfill soil
but also seismic behavior of retaining wall stem.

Over time, the field observations and studies raise
questions about the reliability of the M-O and S-W
methods. From field observation, there has been no
indication that well-designed retaining structures
experience significant failures due to seismic loading,
even in cases where the seismic load was not explicitly a
design consideration (Sitar et al. 2012). Nakamura (2006),
Al Atik and Sitar (2010) and Jo et al. (2014, 2017)
concluded that the M-O method overestimates the
dynamic earth pressure for U-shape and cantilever
retaining walls based on centrifuge test results. The earth
pressure is affected by the phase difference between
inertial force of the wall and they agreed that distribution
of dynamic earth pressure is triangular through the
experimental results. Green et al. (2008) conducted
numerical analysis and concluded that the dynamic earth
pressure computed in finite difference analyses did not
correspond with those predicted by the M-O method. This
was attributed to the flexibility of the wall and non-
monolithic motion of the driving soil wedge violate
assumptions of M-O method. Moreover, the M-O method
did not provide the position of dynamic thrust. On the
other hand the S-W method recommends that dynamic
thrust be applied at 0.6H, which translates to an inverted
triangular shape for pressure distribution and this



distribution results in a very large dynamic moment at the
base of the retaining wall stem.

Meanwhile, the M-O method use the maximum PGA
as a seismic coefficient (kn) and it leads to very large
forces at accelerations in excess of 0.6g. While, S-W
method overcome this shortcoming by approximating the
increment of dynamic earth pressure linearly. However,
both methods apply the uniform k, to the retained soil
wedge for calculating dynamic earth pressure and there
are no explicit criteria for location to determine k of site
PGA (e.g. PGA in foundation layer or surface of retained
soil). Moreover, FEMA 750 (BSSC, 2009) endorses the
use of the M-O solution or the M-O solution as simplified
by S-W method for “yielding walls”. However, while S-W
method use 0.85 PGA as the effective acceleration and it
has been a general practice to use 0.67 PGA for design
(Sitar et al. 2012). Anderson et al. (2008) mentioned the
seismic coefficient used to compute lateral seismic loads
acting on a freestanding retaining wall, which has a height
greater than 6m but less than 18m, may be reduced to
account for the effects of spatially varying ground motions
behind the wall. Thus, the detailed consideration of k; is
needed to evaluate the reliable dynamic earth pressure
using M-O and S-W method.

In this study, four dynamic centrifuge experiments
were performed to reexamine the pseudo-static methods
with differing stiffness and heights. Results obtained from
this experimental study were compared to those under the
hypothetical conditions of the M-O and S-W method.
Those results corroborate previous research and some
recommendations are proposed to change the seismic
design of an inverted T-shape retaining structure.

2  EXPERIMENTAL SETUP
21 Geotechnical Centrifuge

Over the past 20 years, centrifuge testing has evolved
from primarily a research tool to a tool capable of
resolving critical design issues for geotechnical problems.
This transition has become obvious in soil-structure
interaction problems, where alternative approaches such
as numerical simulations and 1-g shake table tests have
come with limitations and complications.

All dynamic centrifuge tests were performed with
inverted T-shape retaining wall models. The experiments
were conducted using the dynamic centrifuge at the Geo-
Centrifuge Test Center at KAIST(Korea Advanced
Institute of Science and Technology). The maximum
capacity of the KAIST centrifuge with a 5 m radius is 2400
kg for 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 all
results are presented in terms of prototype units of
measurement unless otherwise stated.

2.2 Soil Properties

In this study, the main object is the reexamination of
Mononobe-Okabe method and dynamic earth pressure
during earthquake shaking. In this study, therefore, dry
silica sand produced by a hammer crusher process was
used to simplify and exclude the water effect. Various
tests (e.g. sieve analysis, tri-axial test, SEM) were
conducted for the physical soil properties and the results
are tabulated in Table 1.

Table 1. Basic soil properties of the tested silica sand

Properties Silica sand
Unified soil classification (USCS) SP
Median particle size, Dsy (mm) 0.22
Curvature coefficient, C¢ 1.1
Uniformity coefficient, Cy 1.96
Specific gravity, Gs 2.65
Plasticity index, Pl NP
Maximum void ratio, emax 1.130
Minimum void ratio, emin 0.611

The soil specimens were prepared as a relative
density of 45%, 65% and 85%. The friction angle
parameters are obtained by triaxial test and it can be
calculated by Eq. 1, where ¢ and D, are peak friction
angle and relative density, respectively.

¢ =0.1216 D, + 33.273 1]

In order to obtain the interface friction angle between
aluminum alloy and silica sand, direct shear tests were
performed under drained conditions. The bottom ring was
replaced by aluminum alloy block, which is same material
of retaining wall models, and silica sand was poured in
the upper ring part. The inter friction angles between wall
and soil have the about 2/3 of peak friction angle of silica
sand.

2.3 Model Structures and Instrumentation

The retaining wall models used in the experiments were
made of aluminum alloy (aluminum 6061; E = 68.9 GPa).
At prototype scale, the corresponding thicknesses and
stiffness of four reinforced concrete walls were tabulated
in Table 2.

Accelerometers were used to monitor accelerations of
the wall and soil at several depths. Pairs of strain gauges
were attached to the walls to measure the bending
moments and earth pressure transducers were used to
measure the earth pressure directly on the wall. The



configuration of the model and instrumentation are shown
in Figure 3. The values of strain gages were calibrated to
bending moment calculated by the distance of each strain
gage and loading weight.

Table 2. Thickness and stiffness of four reinforced
concrete walls at prototype scale

F (Flexible) S (Stiff)
H1 H2 H1 H2

(H=5.4m) (H=10.8m) (H=5.4m) (H=10.8m)

t (m) 0.22[3]' 0.35[5] 0.634[6] 1.057 [15]

EP (kNm?m) 2.7E+5 1.1E+6 6.4E+6 3.0E+7
flexibility® 369 874 20 46
f.4(Hz) 4.37 1.82 13.11 5.46
Towar(S) 0.23 0.55 0.08 0.18

'in brackets [ ] are model scale (unit: mm)

2E(GPa) = 25 for reinforced concrete walls

*relative flexibility (Psarropoulos et al. 2005)

“calculated natural frequency of wall; v=0.2, E(GPa) = 68.9,
“Dynamics of structures”(3" edition, Chopra)

®measured natural period of wall in centrifuge test
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Figure 3. S-H2 model configuration and sensors layout

24 Model Preparation

The retaining wall spanned the width of the container (i.e.
484 mm at model scale; 2 mm smaller than the width of
the ESB container to prevent friction). Sand paper was
attached to the bottom of the wall base to increase the
friction between the soil and the wall base like rough
surface. And the wall-backfill interface is modelled smooth
surface without sand paper to minimize the reduction of
earth pressure due to inter-friction between wall-backfill
soils. The sequence of model construction is as follows.
(1) A 380 mm foundation layer was prepared by
pluviation. (2) The retaining wall was placed at its

designed location. (3) Sand was pluviated up to the
surface height again. (4) Afterward, the front soil of the
wall was removed by a vacuum cleaner. Industrial 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. The retaining soil
was prepared under loose( D, =60%, ¢ =40°) and
medium dense(D, = 78%, ¢ = 43°) conditions for model
F(flexible) and S(stiff), respectively.

25 Earthquake input motion

All models were subjected to real earthquake motions and
S-H1&H2 models were subjected to a series of sinusoidal
waves with different nominal frequencies. To determine
the natural frequency of the retaining wall, a sinusoidal
sweep signal was applied as an input motion. Ofunato
earthquake motions recorded at Miyagi-Ken Oki, Japan
(date: 1978/06/12; magnitude = 7.4), and Hachinohe
earthquake motion recorded at Tokachi Oki, Japan (date:
1968/05/16; magnitude = 7.9), were used in this study.
Ofunato record is characterized by a short-period
dominated earthquake, which is most likely to occur in
Korea. To compare these behaviors in a wide period
range, the Hachinohe record was also used,
characterized by a long period-dominated earthquake.
The intensity of input motions was increased in stages.
The frequency content parameters of input motions are
listed in Table 3.

Table 3. Frequency content parameters of input motions

T’ (s) Tp1 (s) To' (s)
Sweep 0.06~1
Ofunato 0.28 0.16 0.36
Hachinohe 0.60 0.36 0.51
Sine 1Hz 0.93 1.00 0.62
Sine 2Hz 0.49 0.50 0.34
Sine 4Hz 0.25 0.24 0.15

T mean period; Tp: predominant period; To: smoothed spectral
predominant period (Rathje et al., 1998)

2.6 Data reduction methodology

The response of acceleration, lateral earth pressure,
bending moment and wall inertia were filtered. The lateral
earth pressures were plotted for each wall by choosing
the critical time 1) at which the maximum pressure
occurred estimated by all transducers, 2) at which the
maximum moment occurred at the lowest strain gage of
each wall, and 3) at which the maximum passive
acceleration occurred on the surface in free-field like
Figure 4.
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3  EXPERIMENTAL RESULTS

3.1 Coefficient of Dynamic Earth Pressure (AKag)

Figure 5 represents the increments of static earth
pressure before the earthquake shaking events, together
with analytical earth pressure at active and at-rest states
for all models. Active and at-rest earth pressure were
calculated from Coulomb’s earth pressure and Jaky’s
equation (Jaky 1944), respectively. Measured earth
pressures have the similar phenomena, which is the
upper part had less than the predicted active pressure
and the deepest position was larger than the at-rest
prediction. This phenomenon results from the interlocking
grain fabric of the dry pluviated sand (Sitar and Al Atik,
2008). In addition, the phenomenon of larger pressure
than the predicted active earth pressure in the deepest
portion of the wall can be explained by the influence of the
base slab and insufficient lateral yielding of the wall stem
compared to the upper part of the wall (Nakai, 1985).
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Figure 5. Static earth pressure before the earthquake

In Figures 6 to 8, the measured coefficients of
dynamic earth pressure (AKag) of real earthquake events
(Ofunato and Hachinohe earthquakes) were compared
with theoretical methods such M-O and S-W methods. In
addition, kn was considered as a wall base PGA and
surface PGA (PGAx) to consider amplification of
acceleration in the retaining soil layer. In the case of AKae
vs. wall base PGA, the results of S-H1 are larger than the
dynamic earth pressures estimated using the M-O and S-
W methods. For the Max. Pressure, all results are
between S-W method and suggestion of Mikola (2012),
except the result of S-H1. For Max. Moment(Figure 7) and
Max. PGAg,(Figure 8) the estimation suggested by Mikola
provide the appropriate upper bound for AKae. Using the

wall base PGA as a kn does not account for amplification
of acceleration in the soil, and inertial force of the backfill
soil was induced by the amplified acceleration, not base
acceleration.

In the case of AKae vs. Max. PGA«(Figure 8), the
surface acceleration of free-field area was considered as
a kn. For Max. Pressure, the results of H1 models are
larger than H2 and M-O and Mikola’s suggestion are
upper bound, respectively. Most rigid wall in four models
(F-H1 & H2, S-H1 & H2) is the S-H1 and its result agree
with M-O estimation. Although the wall thickness is
increasing, increasing of wall height makes wall flexibility
increase and it cause the decreasing of dynamic earth
pressure. For Max. Moment and Max. PGA« conditions,
most results are less than those of Max. Pressure and
they are under the Mikola’s suggestion, except S-H1
models. These results imply that flexible and higher
retaining walls have lower dynamic earth pressure during
earthquake due to in-phase behaviour between retaining
soil and wall stem. These phenomena corroborate the
height-dependent PGA scaling factor(a) presented in
NCHRP Report 611 (Anderson et al., 2008). For S-H1,
the toe of the wall base penetrated into the foundation
layer, and rotating motion of the wall was more dominant
than translation of the retaining wall. In particular, the
penetration of the toe restricted the sliding motion of the
wall for Model A. Thus, it can be postulated that the
translational movement led to a smaller lateral earth
pressure, and that the rotating motion can produce a
passive state at the lowest front position of the retaining
wall, thereby increasing the dynamic earth pressure (Jo et
al., 2017). To fully understand the seismic behavior of the
retaining wall and its corresponding dynamic earth
pressure, further experimental and numerical studies are
needed.
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3.2  Position of dynamic thrust (h/H)

From the dynamic earth pressure distribution profiles of
real earthquake events (Ofunato and Hachinohe
earthquakes), the increment of moment (AM) induced by
dynamic earth pressure and magnitude of dynamic earth
pressure increment can be calculated, and their ratio
(h=AM/AP) provides the position (h) of dynamic thrust.
Figure 9 shows the position of dynamic thrust for three
critical states. Figures 9(a) and 9(b) show the results of
Max. PGAx and Max. Moment conditions respectively.
They are under the 0.3H and it means the dynamic earth
pressure have a triangular shape.

Figure 9(c) shows the position of dynamic thrust when
the maximum earth pressure occurred on the wall (i.e.
Max. Pressure). Results of flexible retaining walls (F-H1 &
H2) are higher than stiff retaining walls (S-H1 & H2) due
to the fluctuation of dynamic earth pressure between the
upper part and lower part. In the case of a stiff wall,
results are still around 0.3H and it can be considered that
they have the ftriangular shape for dynamic earth
pressure.

: EMax,I’(‘.J\" c FHI

Max. Moment

06 fmmmmmmmmmmmmmmmmmmem o 06 --4

- Tk S o TR WA =06 |
a2 |
0.4 o ® L a4 04 4 g e &
°, @ A °
o lee, pulnet
02 | Iy A
il agte gl e
: [ aaho PR aR A mA, . A &g}ﬂ_«g@% A M MAA

0 02 0.4 0.6 0.8 0 0.2 04 0.6 08 1
Surface PGA (g) Surface PGA (g)

(a) Max. PGA« (b) Max. Moment

Max. Pressure

o o
o
el oI, > WH = 06H |
T | a2k, 400 o
2 A TBxA ad s
04 + A A &
F
L)
ee :. e %o

0 02 04 0.6 08 1
Surface PGA (g)

(c) Max. Pressure
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3.3 Displacement of Wall (Newmark’s Method)

The sliding block theory was first presented by Newmark
(1965) to estimate the permanent displacement of slopes
on earth dams or embankments induced by earth-
quakes. The sliding soil mass was simplified by Newmark
as a rigid plastic block. Lateral displacement of the block
was expected to take place only when the ground
acceleration exceeded the critical or yield acceleration of
the soil mass. Once sliding commenced it was assumed
to continue at a constant acceleration equal to the critical
acceleration until the relative velocity between the sliding
mass and the base became zero.

Recently there has been a growing trend towards the
use of Newmark’s sliding block theory to develop
empirical relationships between the expected permanent
displacement of a sliding soil mass and related
earthquake characteristics (Franklin and Chang, 1977;
Richards and Elms, 1979; Whitman and Liao, 1985; Cai
and Bathurst, 1996; Sarma, 1975; Makdisi and Seed,
1978; Ambraseys and Menu, 1988; Yegian et al, 1991). In
the case of F-H1 and F-H2, displacement could not be
measured because it of a displacement transducer failure.
However, displacement measurements were made for S-
H1 and S-H2 and their results are compared with
Newmark-based estimates in the following.

To obtain the critical acceleration of the test model,
limit-equilibrium was assumed by Figure 10. Inertial forces
of the retaining wall and backfill soil were considered and
increment of dynamic earth pressure was calculated by
M-O method. The position of inertial force was same to
center of gravity and position of dynamic earth pressure
was assumed 0.6H suggested by Seed and Whitman
(1970).

Puatr e soit = (2/3) X 43° = 28.6
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R

Figure 10. Schematic diagram for calculating critical
acceleration (k) for S-H1 & H2 models

Table 4. Critical acceleration and safety factors for S-H1 &
H2 models

Model S-H1 (5.4m) Model S-H2 (10.8m)

Static Dynamic Static Dynamic
Sliding 4.05 1@041g 4.05 1@ 0429
Overturning e <BJ/6 e>BJ/2 e <B/6 e>BJ/2
Bearing 1.5 N.G 27.3 N.G
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Figure 11. Comparison between non-dimensionalized
displacements calculated from real earthquake motions of
two retaining wall models

Table 4 shows the results of safety factors for external
stability (sliding, overturning, and bearing) and critical
acceleration, which initiate the sliding in the pre-safety
check. Critical accelerations are 0.41g and 0.42g for S-H1
and S-H2 models, respectively.

Figure 11 shows the results of non-dimensional
displacement calculated from the dynamic centrifuge test
and literature suggestion published by other researcher.
Unlike the dynamic earth pressure, horizontal
displacements of the walls show a slight increasing trend
with the decreasing of the critical acceleration ratio.
Moreover, the displacements occurred although the
acceleration of the surface in free-field was smaller than
the critical acceleration calculated from the Newmark
sliding method because of discrepancy between limit-
equilibrium state and real soil behavior. Newmark sliding
analysis; in other words, the pseudo-static analysis
predicts that the wall is not in a state of limit equilibrium
during any of the applied earthquakes, as the available
strength of the soil is not fully mobilized. However, the
displacement can occur at accelerations less than the
critical acceleration due to soil nonlinearity and non-
recoverable shear strain.

Figure 11 shows the displacements of S-H1 are larger
than those of S-H2 and the results are scattered.
However most of the results are between Newmark’s
upper bound (1965) and a mean fit of Whitman and Liao
(1984). To verify and make recommendations for a
preferred displacement estimation method, more data set
are needed.

4  CONCLUSIONS

A dynamic centrifuge model test of inverted T-shape
cantilever retaining walls of different heights was
conducted in dry sand with relatively flexible and stiff
retaining walls. The models were shaken using real
earthquake ground motion records. The results provide a
number of observations and conclusions that are detailed
as follows.

1) The dynamic earth pressure depends on wall
stiffness and height. Increasing the wall height
affects the wall flexibility and it reduce the

dynamic earth pressure rather than lower height
retaining wall and it corroborate the scattering
effects of retaining soil in NCHRP Report 611.
Except the stiffest retaining wall (S-H1), the
pseudo-static  analysis overestimates the
dynamic earth pressure for the instant time of
Max. Pressure. Cantilevered retaining walls
have the wall flexibility and its own seismic
behavior induced by wall inertial force. This
behavior makes incoherence of dynamic earth
pressure along the depth, and this phenomenon
is far from the hypothesis of pseudo-static
analysis such as Mononobe-Okabe method.

2) Position of dynamic thrust for flexible retaining
walls are higher than stiff retaining walls due to
the fluctuation of dynamic earth pressure
between upper part and lower part. In the case
of stiff wall, results are still around 0.3H and it
can be considered that they have the triangular
shape for dynamic earth pressure.

3) Permanent-residual wall displacements
occurred although the acceleration of the
surface in free-field was smaller than critical
acceleration calculated from the Newmark
sliding method. Because the pseudo-static
analysis predicts that yield acceleration was not
reached during any of the applied earthquakes,
as the available strength of the soil is not fully
mobilized. However, the displacement can be
occurred under the critical acceleration because
the soil consists of particles and they can be re-
arranged during the earthquake.
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