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Abstract

It has been pointed out that the damage to unsaturated embankments caused by earthquakes is attributed to the high water content brought
about by the seepage of underground water and/or rainfall infiltration. It is important to study the effects of the water content on the dynamic
stability and deformation mode of unsaturated embankments in order to develop a proper design scheme, including effective reinforcements, for
preventing severe damage. This paper presents a series of dynamic centrifugal model tests with different water contents to investigate the effect of
the water content on the deformation and failure behaviors of unsaturated embankments. By measuring the displacement, the pore water pressure
and the acceleration during dynamic loading, as well as the initial suction level, the dynamic behavior of unsaturated embankments with an
approximately optimum water content, a higher than optimum water content, and a lower than optimum water content, are discussed. In addition,
an image analysis reveals the displacement field and the distribution of strain in the embankment, by which the deformation mode of the
embankment with the higher water content is clarified. It is found that in the case of the higher water content, the settlement of the crown is large
mainly due to the volume compression underneath the crown, while the small confining pressure at the toe and near the slope surface induces
large shear deformation with volume expansion.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

The seismic vulnerability of road embankments has been
recognized as an important geotechnical problem. In past
0.1016/j.sandf.2014.12.009
5 The Japanese Geotechnical Society. Production and hosting by

g author.
ss: higo.yohsuke.5z@kyoto-u.ac.jp (Y. Higo).
angwon National University.
R West Japan Consulting Company.
TI Engineering International, Co., Ltd.
eritus.
der responsibility of The Japanese Geotechnical Society.
earthquakes, road embankments have experienced catastrophic
failures. A recent example is the collapse of highway embank-
ments caused by the 2011 off the Pacific Coast of Tohoku
Earthquake on March 11, 2011. In addition, the road embankments
constructed on the mountain/hill sides were severely damaged by
the 2009 Suruga-bay Earthquake, the 2007 Noto Hanto Earth-
quake, and the 2004 Niigata-ken Chuetsu Earthquake (e.g.,
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Fig. 1. Schematic figure of geotechnical centrifuge machine at DPRI, Kyoto
University.

Table 1
Specifications of centrifugal model test machine.

Effective rotation radius 2.50 (m)

Effective space for model installation (L�W�H) 800� 320� 800 (mm)
Allowable weight of model 120 (kg)
Test capacity 24 (g/t)
Maximum centrifugal acceleration 200(g)
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PWRI and BRI), 2008; Central Nippon Expressway, Co. Ltd.
2009). The collapse of road embankments is a very important issue
since the fragmentation of road transportation disables the supply
of relief materials and the carrying of injured persons, and also
induces the isolation of villages.

It has been pointed out that the road embankments severely
damaged during these past earthquakes contained a great deal
of water due to seepage water or rainfalls. In particular,
embankments constructed on valley-like topographies are apt
to allow underground water to flow into them. In the cases of
the Noto Hanto Earthquake and the Niigata-ken Chuetsu
Earthquake, the seepage water flow and the high water content
are possible reasons for the damage (e.g., Sasaki et al., 2008).
This suggests that the effect of the seepage water flow and the
high water content in embankments on the dynamic failure of
road embankments has to be studied in detail.

Recently, many researchers have tried to study the dynamic
stability of unsaturated embankments by taking into account
the water content history via centrifugal model tests (e.g.,
Hayashi et al., 2002; Matsuo et al., 2002; Ohkawa et al., 2008;
Okamura et al., 2013). The aim of most of these studies has
been to reveal the effect of the increase in water content on the
amount of deformation. This is because the displacement, such
as the settlement of the crown, is crucial for road embankments
as an infrastructure in the engineering sense. It is important,
however, to know the deformation modes of unsaturated
embankments in order to properly evaluate the seismic stability
and to propose effective reinforcement methods. From this
point of view, and to the authors’ knowledge, there has been
only a limited number of such studies.

In addition, a physical interpretation of the dynamic
behavior of unsaturated embankments has rarely been reported
because the physical modelling of unsaturated soils is more
complicated than that of fully saturated soils in terms of the
similarity rules for suction and the distribution of water
contents. There have been publications on static deformation
and strength characteristics, including oedometric tests (Thorel
et al., 2013) and capillary rises (Rezzoug et al., 2000; Esposito,
2000; Okamura and Tamamura, 2011) under centrifugal
conditions. They have revealed that the suction level and the
distribution of water contents in a prototype scale are almost
independent of centrifugal acceleration. It is necessary, how-
ever, to study further the deformation and failure character-
istics of unsaturated soils subjected to dynamic loading based
on the findings obtained under static conditions.

In this study, dynamic centrifugal model tests on unsaturated
road embankments with different water contents are con-
ducted in order to clarify the relation between the dynamic
stability of road embankments and the water content history of
the embankments. Embankments are generally constructed by
compaction with an approximately optimum or slightly higher
than optimum water content. It is known that unsaturated
embankments exhibit the highest strength with a slightly lower
water content owing to the effect of suction. When the embank-
ments are subjected to an increase in groundwater level and/or the
infiltration of water from the surface, due to rainfalls or seepage
flow, the water content of the embankments increases and the
suction eventually decreases. The post-survey by Sasaki et al.
(2008) on the 2007 Noto Hanto Earthquake provides that a higher
water content due to the large fines content and higher levels of
groundwater inside the embankments were observed in the
largely deformed embankments. Hence, we have conducted tests
with three different water contents, namely, an approximately
optimum water content, a lower than optimum water content, and
a higher than optimum water content.
Dynamic input motion has been applied to the model

embankments in a centrifugal acceleration field of 50G.
Through the measurement results for the displacement, the
pore water pressure, the acceleration response, and the
distribution of displacement and strain provided by the image
analysis with the particle tracking velocimetry (PTV) techni-
que, the dynamic behaviors of the unsaturated embankments
with different water contents have been studied.
2. Testing method and soil

2.1. Geotechnical centrifuge

In this study, the geotechnical centrifuge at the Disaster
Prevention Research Institute (DPRI), Kyoto University, has
been used. Fig. 1 and Table 1 show the schematic figure and
the specifications of this apparatus, respectively. The effective
rotation radius, defined as the length from the rotation axis
of the arm to the center of the model, is 2.570.05 m. The
maximum centrifugal accelerations are 200g and 50G when
using a shaking table.



Direction
of shaking

Direction of 
centrifugal force

Soil container

Direction
of rotation

Vibration controller (Servo hydraulic actuator)

Fig. 2. Schematic figure of shaking table.

Table 2
Specifications of shaking table.

Vibration control method Servo oil pressure control

Allowable centrifugal acceleration 50(g)
Displacement 75 (mm)
Maximum frequency 200 (Hz)
Input of waveform Sine wave arbitrary wave
Allowable weight of model 100 (kg)

Table 3
Material properties of Yodogawa-levee sand.

Sand (%) 74.5
Silt (%) 14.2
Clay (%) 11.3
Maximum particle diameter Dmax (mm) 2.0
Average particle diameter D50 (mm) 0.28
Particle density ρs (g/cm

3) 2.661
Optimum water content wopt (%) 13.7
Maximum dry density ρdmax (g/cm3) 1.838
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Dynamic loading is applied unidirectionally to the model
through a shaking table by the servo hydraulic actuator shown
in Fig. 2. Specifications of the shaking table are listed in
Table 2. Dynamic loading is applied by adjusting the inflow
rate of the oil to the piston from the accumulator tank by
controlling the servo hydraulic valve. The input motion of the
shaking table is conducted through a displacement control
system. Hence, the acceleration of the input dynamic loading
was measured by the accelerometer installed directly on the
shaking table.

2.2. Soil

The test sample used in this study is Yodogawa-levee sand
sieved to a diameter of less than 2.0 mm; this soil material is
classified as an SF according to the Unified Soil Classification
System of Japan. Yodogawa-levee sand has been used to repair
the embankments of the Yodo River in the Kansai area. The
material properties, the grain size cumulative curve, and the
compaction curve of Yodogawa-levee sand are shown in
Table 3, Figs. 3 and 4, respectively.

2.3. Model setting

The model container, the model configuration, and the
sensor locations are illustrated in Fig. 5. For simplicity, the
accelerometers, the pore water pressure transducers, and the
laser displacement sensors are referred to as “A”, “P”, and “L”,
respectively. The model container is basically made of
aluminum, except for the front surface of polycarbonate
plastic, through which we can view the model embankment
during the tests, even when the centrifugal machine is active,
using a video camera installed on the arm of the centrifugal
machine.
This model simulates an embankment constructed on a stiff

ground such as a mountains area. This is done because the
embankments constructed on the boundary of cutting and
filling were more severely damaged by past earthquakes
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(e.g., National Institute for Land and Infrastructure Manage-
ment, Public Works Research Institute and Building Research
Institute (NILIM, PWRI and BRI), 2008). The width and the
thickness of the foundation ground are 45 cm and 6 cm,
respectively. The width of the crest of the embankment is
5 cm and the height is 10 cm. The inclination of the embank-
ment is 1:1.8 based on the guidelines for road earthwork and
embankment construction (Japan Road Association, 2010).

The centrifugal acceleration used in this study is 50G. Thus,
in the prototype scale, the width of the crest is 2.5 m, the
height is 5 m, and the length is 7.5 m. As for the foundation
ground, the width and the thickness of the base ground are
22.5 m and 3 m, respectively.

Prior to preparing the model embankment, test samples were
mixed with water to attain the prescribed initial water contents.
Then, the model embankments were prepared in eight layers
by the compacting method. The foundation ground and the
embankment were separated into three layers (thickness:
30 mm, 15 mm, and 15 mm), and five layers (even thickness
of 20 mm), respectively. The degree of compaction Dc for all
the cases was set to be 91% (ρd¼1.675 g/cm3). Dc is
determined by the volume and the weight of the soil in
each layer.

The procedure for the construction of the model embank-
ment is shown as follows:
(1)
 Put the soil–water mixture into the model container
uniformly and compact the soil to the prescribed volume
corresponding to a Dc of 91%.
(2)
 For the image analysis explained later, insert the targets,
which are 5.0 mm in diameter and 5.0 mm in thickness,
evenly spaced at 2.5 cm along the front transparent wall of
polycarbonate.
(3)
 After the compaction of each layer, scarify the top surface
to improve the connectivity between the layers.
(4)
 Embed the accelerometers and the pore water pressure
transducers at the prescribed locations.
(5)
 Repeat steps (1) through (4), and the construction of the
foundation ground will be complete.
(6)
 Compact each layer of the embankment using the form-
works shown in Fig. 6(a).
(7)
 After removing the formworks, cut out the extra soil
(Fig. 6(b)).
Pendulum-type accelerometers (produced by SSK, Co., Ltd.,
A6H-50) and the double diaphragm type of pore water
pressure transducers (produced by SSK, Co., Ltd., P306-A)
are used. The accelerometers are 6 mm cubed. The pore water
pressure transducers are 8 mm in diameter and 6 mm in height.
The displacements of the model embankment are measured
at the crown and the toe of the embankment by the laser
displacement sensors (produced by KEYENCE, Corporation),
for which the aluminum target plates with white lacquer were
installed on the model embankment.
2.4. Pore fluid

In the centrifugal model tests, considering both the fluid flow
and dynamic motion, a viscous fluid is generally used as a



Table 4
Test cases with different water contents.

Case no Case 1 Case 2 Case 3

Water content (%)n Before compacting wbef 13.5 14.5 18.0
After testing waft 12.1 13.5 17.4

Degree of saturation (%) Before compacting Sr|bef 61.0 65.5 81.3
After testing Sr|aft 54.5 61.2 78.7

Compacted wet density (g/cm3)nn Before compacting ρt|bef 1.901 1.918 1.977
After testing ρt|aft 1.878 1.901 1.966

Maximum acceleration of input wave measured at shaking table (gal) 374.6 440.1 424.2

nOptimum water content (wopt)¼13.7%.
nnDry density for all cases¼1.675 (g/cm3), corresponding to Dc¼91%.
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substitute pore fluid in order to compensate for the difference in
similarity rules between fluid flow behavior and dynamic
behavior. As for the viscous fluid, the metolose solution
(methylcellulose) has been commonly used since the density of
the solution is almost the same as that of water and users can
easily adjust the viscous coefficient. In the case of fully saturated
soils, it is known that the mechanical characteristics of soils, such
as strength and stiffness, are not affected by the metolose solution
(Dewoolker et al., 1999). On the other hand, in the case of
unsaturated soils, the suction level is definitely affected by the
metolose solution whose surface tension is less than that of water.
For example, the surface tension of the metolose (SM100
produced by Shin-Etsu Chemical Co., Ltd.) solution, with a
concentration of 0.2% at 20 1C, is about 54� 10�3 N/m
(Metolose Brochure 2007), which is less than that of water with
a concentration of 72.75� 10�3 N/m (National Astronomical
Observatory, 2001). Ko and Dewoolker (1999) also pointed out
the decrease in surface tension by the metolose solution, and
Okamura and Tamamura (2011) reported that the capillary rise in
the metolose solution, with a viscosity 40 times that of water, is
less than that of water.

In the present study, water was used as the pore fluid in
order to avoid a reduction in suction and to correctly evaluate
the effect of suction on the deformation of the embankments.
Meanwhile, when water is used as the pore fluid, the
permeability coefficient is N times larger in a centrifugal field
of NG. The saturated permeability of Yodogawa-levee sand is
4.79� 10�6 m/s when the dry density is 1.675 g/cm3. Thus,
the permeability coefficient could be 2.40� 10�4 m/s under
the centrifugal acceleration of 50G. This permeability coeffi-
cient is larger compared to general embankment materials, but
is still within the range of permeability for road embankments.
For example, the permeability of the gravelly soil from the
coastal terrace for the road embankment damaged in the 2009
Suruga-bay Earthquake is 3.67� 10�4 m/s (Nakamura et al.,
2010).
2.5. Image analysis

In order to quantify the displacement field, an image
analysis was conducted based on the particle tracking veloci-
metry (PTV) technique. The image analysis method used in
this study is similar to that by Kodaka et al. (2001) and Higo
et al. (2006).
We took digital photographs before and after the tests. Then,

meshes were drawn by employing the center of the targets as
the nodes of the meshes from those photographs. After
digitizing the coordination of the nodes from the photographs
before and after the tests, the nodal displacements were
measured by the distance between the nodes before and after
the tests. On the bottom and both sides of the boundary, since
we could not install the targets, we assumed that the points on
the boundary were fixed, i.e., the displacements of the nodes
on the boundaries are zero. Finally, adopting the B matrix for
the four-node or the three-node isoparametric finite elements
provides the strain tensor for each element, fεg, namely,

fεg ¼ ½B�fug ð2:1Þ
in which

fεgT ¼ fεxx; εyy; 2εxyg ð2:2Þ

fug ¼ fu1x ; u1y ; u2x ; u2y ; u3x ; u3y ; u4x ; u4yg ð2:3Þ
where fug is the nodal displacement vector, and subscripts x
and y denote horizontal and vertical directions. εxx, εyy, and εxy
are the horizontal, vertical, and shear strain components,
respectively. The superscripted numbers (1 to 4: four-node
elements and 1 to 3: three-node elements) indicate the nodal
numbers of the isoparametric elements.
The deviatoric strain vector feg can be given as

fegT ¼ fexx; eyy; exyg ¼ fεxx� εv
2 ; εyy� εv

2 ; εxyg ð2:4Þ
in which, εvð ¼ εxxþεyyÞ is the volumetric strain in a two-
dimensional form.
In this study, the shear strain is defined as the second

invariant of the deviatoric strain tensor as follows:

γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2xxþe2yyþ2e2xy

q
ð2:5Þ

It should be noted that the photos, both before and after the
tests, are taken under the gravitational field. This is because the
resolution of the photos taken under the 50G field, using a
digital video camera installed on the arm of the centrifugal
machine, is not high enough to distinguish all the target points.
The settlement and the rebound, due to the changes in
acceleration from 1G to 50G and 50G to 1G, respectively,
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Fig. 7. Location and size of soil samples in model scale for measuring water
contents after tests.
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probably influence the results of the image analysis. The effect
on the obtained displacement, however, would be negligible
because the displacements caused by the changes from 1G to
50G and 50G to 1G are probably almost the same.

3. Testing program

3.1. Test cases

The test cases are listed in Table 4. The water content
“before compacting”, wbef, indicates that of the soil samples
prior to compacting. The average water contents measured
“after testing”, waft, are also listed in Table 4. The locations of
the measurements are shown in Fig. 7. The water contents after
testing in Cases 1, 2, and 3 were smaller than those before
compacting. This is because the water content decreases by 1%
to 1.5% due to the unavoidable evaporation during the whole
procedure of the tests over a period of about 8 h. However, waft

could be fairly similar to the water content during dynamic
testing, since the sampling was performed quickly, in about
40 min, after the end of the test. Consequently, the water
content during testing in Case 2, 13.5%, is nearly equal to the
optimum water content, wopt, of 13.7%, while the water
contents of Cases 1 and 3 were the lower and higher than
optimum water contents of 12.1% and 17.4%, respectively.

In general, embankments are compacted with about the
optimum water content or a slightly higher water content, as
employed in Case 2. The noticeably higher water content used
in Case 3 is aimed at an embankment with the infiltration of
water after construction, which makes the embankment
weaker. In Case 1, the lower water content involves higher
suction than that of the optimum one, which strengthens the
embankment. Through a comparison among these three cases,
the effect of the water content on the dynamic stability of
embankments has been studied.

3.2. Water content

Distributions of water contents were measured after the tests
under the 1G field and the contours have been drawn in Fig. 8.
It took 9 min to stop the centrifugal machine, from 50G to 1G,
and then, after about 30 min, the data sampling for the
measurement was done. According to the test results by
Esposito (2000), the distribution of water contents does not
change significantly, even after the centrifugation has stopped
and the acceleration has decreased to the 1G field. Conse-
quently, the distribution of water contents shown in Fig. 8 is
almost identical to that in the 50G field with the deformation
due to dynamic loading.

As for the distribution of water contents for each case at the
initial state, just before dynamic loading, it must be different from
that after testing, as shown in Fig. 8. In particular, in Case 3, the
initial distribution is probably much different from that after the
test, since a very large deformation occurs due to the dynamic
loading (see Fig. 11 later). This rather heterogeneous distribution
of water contents in Case 3 probably depends on the changes in
soil volume and/or the distribution of trapped air and/or the flows
of pore water and pore air. For example, the noticeably larger
than average water content at the toe is possibly because the
positive dilatancy, which will be discussed later, causes the soil to
expand and to induce the water inflow from the other parts.
Larger water contents are also seen near both side boundaries
probably due to the rather higher permeability between the soil
and the wall. On the other hand, the initial distributions of water
contents for Cases 1 and 2 are similar to those after the test
because the deformation is not significant (see Fig. 11 later).
Nevertheless, the initial water content at each point in the
embankment in Case 3 is much larger than that in Cases 1
and 2, and that in Case 2 is larger than that in Case 1.
It should be noted that the embankment in Case 3 was not

fully saturated, but could be partly saturated because most of
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the measured water contents are lower than the water content
of the fully saturated one of 22.1%, which is calculated using
the initial void ratio e0 of 0.589 and ρs of 2.661 g/cm3, i.e., no
volume change is assumed.

3.3. Suction

The relation between the degree of saturation Sr and the
suction for the Yodagawa-levee sand is shown in Fig. 9. The
compacted Yodogawa-levee soil specimens were prepared in the
mould for the conventional compaction tests with almost the
same Dc of 91%. Each specimen has a different Sr, ranging from
47% to 80%, for which we have measured the suction levels
using a tensiometer.
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3, the average

degrees of saturation for Cases 1, 2, and 3 are calculated to be
54.5%, 61.2%, and 78.7%, respectively. According to Fig. 9, the
initial suction in Case 1 is about 17 kPa, which is larger than that
in the other two cases: 7 kPa in Case 2 and almost zero in Case 3.
Corresponding to the distribution of the water contents, the
suction levels at the upper parts are larger than those at the lower
parts. Hence, even in Case 3, the soil in the vicinity of the
surface, e.g., at the crest, with a lower water content of 15.5%,
which corresponds to the degree of saturation of 70%, has small
suction according to Fig. 8.
It is known that the suction in the NG field could be the

same as that under the 1G field in cases where the pore sizes
are small and the influence of gravity on the capillary
force is not significant (Heibrock and Rezzoug, 1998). Other
experimental studies have shown that the capillary rise in a
prototype scale is independent of the centrifugal accelerations
until 40G when using relatively fine sand, e.g., Congleton sand
with a D50 of 0.12 mm by Rezzoug et al. (2000) and silty sand
with a D50 of about 0.07 mm by Okamura and Tamamura
(2011). The Yodogawa-levee sand used in this study
has a D50 of 0.28 mm and a fines content of 26%. The
centrifugal acceleration of 50G is a little larger, but not very
different from 40G. Thus, the suction of the Yodogawa-levee
sand under a 50G field is probably similar to that measured
under the 1G field. Additionally, this could be confirmed
because the deformation of the case with a lower water content
is much smaller than that with a higher one, as will be
mentioned later.
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3.4. Input motion

In all cases, tapered sinusoidal waves with a frequency of
1 Hz (50 Hz in the model) were used as input waves, and the
duration of the waves was 30 s (0.6 s in the model). The
amplitudes of the waves for each case are listed in Table 4. The
input waveform of the displacement-control shaking table is
shown in Fig. 10(a), and the acceleration waveforms conse-
quently measured at the shaking table for all cases are shown
in Fig. 10(b). Hereinafter, “input wave” indicates the accel-
eration wave measured at the shaking table.

The duration and the frequency of the input wave are similar
to the observed near-field earthquake with respect to the
predominant period. For example, in the 1995 Hyogoken-
Nanbu Earthquake, the predominant period at JR Takatori was
about 1 or 2 s and the duration of the main shock was about
20 s (e.g., Sakai, 2009).

3.5. Testing procedure

The model embankment was prepared by the compaction
method. During the construction, measuring instruments were
installed at the prescribed locations, as shown in Fig. 5. Four
accelerometers were embedded near the surface and inside
the model embankment. Four pore water pressure transducers
were embedded in the foundation ground and two pore water
pressure transducers were embedded in the embankment. After
the construction of the embankment, the laser displacement
sensors and the target plates were installed for measuring the
horizontal and vertical displacements at the toe of the slope
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and the vertical displacement of the crest. The sampling
interval was 0.01 s (0.2 ms in the model) employed in the
dynamic loading process.

After preparing the model embankment with the installation
of measuring instruments, the model container was placed on
the shaking table of the centrifugal machine. The centrifugal
acceleration gradually increased up to 50G spending about
12 min in the model scale. The input wave was applied for
5 min in the model scale, after the centrifugal acceleration had
reached 50G, in order to ensure the convergence of the
deformation caused by the centrifugal acceleration.
4. Test results

In the test results described in this section, the directions of
the displacements and the acceleration are indicated in each
figure. Basically, the left side of the figures corresponds to the
minus values and vice versa. For the volumetric strain, the
compression is positive.
4.1. Deformation

Fig. 11 shows the displacements measured by the laser
displacement sensors and the distribution of the displacement
vectors obtained by the image analysis for each case. Note that
the displacements during the dynamic motion do not include
those occurring before shaking due to the centrifugal accel-
eration indicated by ‘displacements before shaking’.
4.1.1. Deformation before dynamic loading
We measured the displacements induced by the centrifugal

acceleration of 50G just before applying dynamic loading.
The displacements in Case 1 are almost zero, while larger
displacements are observed in Cases 2 and 3. In particular,
both the settlement and the displacements at the toe are rather
significant in Case 3. The difference in the displacements
among the three cases is attributed to their own weight as well
as to the suction levels, i.e., higher suction contributes to
increases in stiffness, since the degrees of compaction are
the same.
4.1.2. Deformation during dynamic loading process
For all the cases, the displacements increase from the

beginning of shaking and gradually accumulate until the end
of shaking, i.e., at 30 s. After the shaking, the displacements
become negligibly small.
In Case 1, the horizontal displacement at the toe to the left,

the settlement at the toe, and the settlement at the crest are
finally observed. The directions of the displacements in Case 2
are the same as those in Case 1, but the final displacements are
slightly larger than those in Case 1.
In Case 3, on the other hand, the crest is largely displaced

vertically downward. The settlement at the crest, at the end of
the input motion, is 334.3 mm. In the meantime, the horizontal
displacement at the toe of the embankment is finally 438.0 mm
to the left. It should be noted that the target plate was largely
displaced with soil and eventually the measured displacement
at L3 increased to the upper limit of the laser displacement
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transducer. Namely, the horizontal displacement at the toe
must be larger than 438.0 mm. Thus, we employed the
displacement obtained by the image analysis, of 647.8 mm,
as the final horizontal displacement at the toe. The vertical
displacement at the toe progresses downward for a period of
20 s, and then turns upward. Finally, the vertical displacement
is 6.4 mm upward at the end of the input motion. In addition,
cyclic deformation can be observed at the toe both horizontally
and vertically, while the displacement at the crest is not
oscillated.

Fig. 12 demonstrates the distributions of shear strain γ and
volumetric strain εv obtained by the image analysis. It is seen
that both the shear and the volumetric strain levels in Case 3
are obviously larger than the others. In addition, the strain
levels in Case 2 are a little larger than those in Case 1.
It is seen in Case 1 that relatively large shear strain is

observed at both the top of the slope and the toe of the slope.
In Case 2, larger shear strain is also seen at the top of the slope.
The shear strain is rather small at the toe, but is relatively large
at the slope just next to the toe. Larger shear strain can also
be seen in the embankment beneath the crest in both Cases 1
and 2. The embankments in Cases 1 and 2 exhibit similar
distributions of shear strain. On the other hand, in the case of a
higher water content, Case 3, the largest shear strain is
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observed at the toe, and shear strain localization is seen to pass
through the toe and underneath the crest.

At the slope in all cases, the expansive volumetric strain can be
seen in the same place where shear strain is observed. Hence,
positive dilatancy occurs. The expansive volumetric strain levels
of Case 3 are much larger than those of the other two cases. Let
us discuss the dilatancy behavior seen in Case 3. In particular,
the obvious dilatancy behavior can be seen in the localization
zone of shear strain of Case 3 since the volumetric strain in the
localization zone is expansive. On the other hand, very large
volume compression can be seen widely beneath the crest. This
volume compression is consistent with the large subsidence of the
crest. Large volume compression can also be observed in the
localization zone, in which negative dilatancy occurs.

Furthermore, the shear strain levels near the left boundary
are relatively high, at which rather large volumetric compres-
sion is also observed. This is because the soils in this part are
compressed by the left side wall and the deformation of the
embankment in the left direction.

4.2. Pore water pressure

Fig. 13 shows the time histories of the pore water pressure
for the three cases at each measuring point along with the
distributions of shear strain and volumetric strain for Case 3
with the transducer locations.

4.2.1. Pore water pressure before dynamic loading
At first, let us focus on the pore water pressure levels at the

initial state, i.e., just before applying the dynamic load under
the centrifugal acceleration field of 50G. It is seen that the
initial pore water pressure levels in Cases 1 and 2 are almost
zero, while those in Case 3 are positive and higher than the
others. The pore water pressures in the model embankments
for Cases 1 and 2 are probably negative, i.e., suction, that
could not be measured by the transducers because zero air-
entry filters were used for the transducers. On the other hand,
the initial pore water pressures measured in Case 3 are
positive, which suggests that the model embankment was
partly saturated, in particular around the transducers. In other
words, the model embankment for Case 3 was not fully
saturated, but was unsaturated probably in the insular-air
saturation regime, since the suction level corresponding to
the water content in Case 3 (see Fig. 9) is almost zero and the
water content is lower than that for fully saturated soils.

4.2.2. Dynamic loading process
The pore water pressures in Cases 1 and 2 remain almost

zero. The very small pore water pressures in Cases 1 and 2
indicate that the difference in displacements between Cases 1
and 2 is mainly attributed to the difference in suction levels
between the two cases. On the other hand, the pore water
pressures of Case 3 change largely at all of the measuring
points. The pore water pressure levels at P2 and P4 increase,
and those at P1 and P5 increase even more significantly.

It is seen in the distribution of volumetric strain that larger
volume compression occurs around P1 and P5 where the larger
increase in pore water pressure is observed. The slight increase
at P2 and P4 probably corresponds to the small volume
compression in the vicinity of P2 and P4. However, small
expansive volumetric strain is observed at P2 and P4. This is
because of the coarse mesh of the target points and of the slight
difference in deformation between the place of the target point
at the front wall and the place of the pore pressure transducers
in the middle of the two walls.
The pore water pressure at P6 increases at the beginning of

the input motion, and then decreases after about 5 s. Positive
dilatancy significantly occurs around P6, since the larger shear
strain with expansive volumetric strain is observed there. The
pore water pressure of P3 also decreases, but the decrement is
much smaller than that of P6, even though the expansive
volumetric strain at P3 is comparable to that at P6. This is
probably because the pore water flowing into P3, associated
with the volume expansion, from somewhere in the upper
portions, e.g., the voids around P6.
In addition, it can be seen that the pore water pressure levels

at P3, P4, P5, and P6 in Case 3 are oscillated largely, at which
large shear strain can be seen. The increase and decrease in
pore water pressure are related to negative dilatancy and
positive dilatancy, respectively.
The maximum pore water pressure at P6 in Case 3 was 25 kPa.

The initial overburden pressure at P6 can be calculated to be
38.6 kPa by using a wet soil unit weight of 19.3 kN/m3 (obtained
with an initial void ratio of 0.589, an initial degree of saturation of
0.814, and a particle density 2.661 g/cm3) and an overburden
thickness of 2.0 m. Consequently, the maximum pore water
pressure is smaller than the initial overburden pressure. In the
same manner, it is confirmed that the pore water pressure of the
other measuring points is smaller than the initial overburden
pressure. In addition, sand boils were not observed at the surface
of the embankment after the tests. Hence, the stress of the soil
skeleton decreased due to the positive pore water pressure, but
liquefaction probably did not occur in Case 3.
After 30 s, it is seen that the pore water pressure levels at P1,

P2, and P5 dissipate gradually. The pore water pressure of P6
at 30 s becomes smaller than the initial value and gradually
decreases even further after dynamic loading. This suggests
that the pore water around P6 flows out to the lower parts.

4.3. Acceleration response

Fig. 14 shows the acceleration responses measured at the crest,
A1, beneath the crest, A2, at the toe, A3, and in the embankment
close to the toe, A4. In all cases, the amplitude of the acceleration
response of A1 is larger than that of A2 which is larger than the
input wave. Namely, the input wave was more amplified toward
the upper part, which is consistent with the amplification of waves
for linear elastic bodies based on the multiple reflection theory,
although in Case 3 significant plastic deformation probably
occurred in the embankment, i.e., the elastic stiffness may be
nonlinear. It is seen that the larger amplification occurs in the
embankments with the higher water contents. This suggests that
the shear elastic stiffness with the higher water contents is smaller,
which leads to the smaller impedance ratio.



0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50
-2000
-1500
-1000
-500

0
500

1000

0 10 20 30 40 50
-800
-600
-400
-200

0
200
400
600
800

A5

5.5

P4

3.
0

5.
0

Laser displacement sensor

Pore water pressure transducer
Accelerometer

A2A3 P6

P2

L1

P3 P1

L3

L2 A4

A1
11.8

P5

7.9

3.5

Direction of 
acceleration

amax=
629gal

amax=
599gal

amax=
752gal

amax=
564gal

amax=
501gal

amax=
494gal

Case 2 Case 3

Case 2 Case 3

amax=
589gal

amax=
580gal

amax=
1,528gal

amax=
631gal

amax=
617gal

amax=
677gal

Case 1 Case 2 Case 3

Case 2 Case 3

Time (sec)

A
cc

el
er

at
io

n 
(g

al
)

Time (sec) Time (sec)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

A
cc

el
er

at
io

n 
(g

al
)

Time (sec) Time (sec) Time (sec)

Time (sec) Time (sec) Time (sec)

Time (sec) Time (sec) Time (sec)

A4 A4 A4

A3 A3 A3Case 1

Case 1

Case 1

A2 A2 A2

A1 A1 A1

Fig. 14. Acceleration responses.

Y. Higo et al. / Soils and Foundations 55 (2015) 112–126 123
The responses at A3 and A4 for Case 1 and Case 2 are larger
than the input waves, and the amplitude of A4 is a little larger
than that of A3. This is probably because the higher location of
A4 than A3 results in the larger amplification. It is seen that the
response of A3 is asymmetric, namely, the negative amplitude
is much larger than the positive one. The embankment is
displaced in the left direction, i.e., the displacement is
negative, caused by the input motion in the left direction,
and the largest horizontal displacement is observed at the toe
where A3 is installed. On the other hand, positive displace-
ment, caused by the input motion in the right direction, is
much smaller than the negative one. This large deformation
corresponds to the fact that the acceleration response in the left
direction is much larger than that in the right direction.
5. Discussions

5.1. Deformation mode of embankment with approximate
optimum water content and lower water content

As seen in the results for Case 1 and Case 2, the deformation
of the embankments with approximately optimum or lower
than optimum water contents is limited and not significant, and
the pore water pressure levels change little during the dynamic
loading. It can be seen in the distribution of strain, however,
that both cases exhibit a similar mode. Namely, relatively large
shear strain can be observed along the slope including the top
in Case 1 and Case 2. The volumetric strain levels for these
two cases are very small, but it seems that the strain close to
the surface is expansive, i.e., positive dilatancy occurs. These
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behaviors close to the surface and at the toe are probably
caused by the relatively lower overburden confining pressure,
at which the larger stress ratio has been induced by the
dynamic shear loading.

In addition, relatively larger shear strain is also seen beneath
the crest in both cases, where the compressive volumetric
strain is observed. The compression attributes to the sub-
sidence of the crest, and this mode is more significantly seen in
Case 3 with higher water contents.

The subsidence and the volumetric strain in Case 1 are
smaller than those in Case 2. This means that the larger suction
in the case of a lower water content more effectively sustains
the original shape, excluding the small shear deformation at the
slope and the toe.
5.2. Deformation mode of embankment with higher water
content

The embankment with the higher water content in Case 3
exhibits much larger deformation and pore water pressure than
the other cases. The main reason for the larger deformation is
the suction of almost zero and the increase in pore water
pressure. Since the embankment with the higher water content
is partly saturated, the positive pore water pressure is observed
where the suction levels are zero. Pore water pressure increases
during dynamic loading at which time volume compression
occurs. The increase in pore water pressure decreases the stress
of the soil skeleton, which enhances the deformation of the
embankment.
The deformation mode of the embankment in Case 3 is

schematically illustrated and the distribution of strain compo-
nents, horizontal strain component εxx, vertical strain compo-
nent εyy, shear strain component εxy, shear strain γ, and
volumetric strain εv are shown in Fig. 15. The largest γ is
observed at the toe and a relatively large γ can be seen close to
the surface of the slope and the foundation ground. In addition,
the localization of γ can be seen from the toe to the lower part
of the crest. As for the changes in volume, large expansive
strain is observed at the toe, along the slope, and on the surface
of the foundation ground just to the left of the toe. Namely,
positive dilatancy occurs at the toe and on the surface close to
the toe of the embankment, where the overburden confining
pressure is relatively small. In particular, the obvious positive
dilatancy can be seen in the localization zone.
On the other hand, the large volume compression can be

observed at the lower part of the crest, where shear strain γ can
also be seen. Although the strain levels and the displacement
are much smaller in Case 2 than in Case 3, compressive
volumetric strain is also seen in the same place and the crest
settles down. This suggests that cyclic shear loading induces
volume compression beneath the crest, where the overburden
confining pressure is relatively large. In particular, much larger
compression occurs in the case of the lower suction levels of
the embankment with higher water contents. The compression
in the embankment with a high degree of saturation results in
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the increase in pore water pressure. The pore water pressure
decreases the stress of the soil skeleton, which enhances the
large deformation.

As shown above, we have observed two typical types of
deformation in the embankment with a higher water content:
(i) shear deformation with positive dilatancy localized at the toe
and beneath the slope surface and (ii) large compression under-
neath the crest with shear strain inducing the subsidence of the
crest. In the area with large compression underneath the crest, it is
seen that vertical strain εy and horizontal strain εx are large, while
shear strain component εxy is small. On the other hand, εxy is
large in the area close to the toe. This suggests that the
deformation mode close to the toe is similar to direct shear with
positive dilatancy, while the deformation mode underneath the
crest is like triaxial compression, i.e., indirect shear deformation.

The shear strain localization is seen to be similar to the
circular slip failure mode that has been widely known as a
failure mode of embankments. Through the measurement of
the pore water pressure and the image analysis, it has been
found that the failure mode is attributed to shear deformation
with positive dilatancy near the slope surface, including the toe
and the shear deformation with large volume compression, i.e.,
negative dilatancy, beneath the crown. In particular, the
settlement of the crown is mainly due to the volume compres-
sion which occurs under relatively large levels of confining
pressure in deeper parts, while the small levels of confining
pressure at the toe and near the slope surface involve large
shear deformation with volume expansion.

Here, let us discuss the boundary effect on the deformation
mode. Shear strain and compressive volumetric strain can be
observed at the left boundary, which suggests that the left
boundary might restrain ground movement. We prepared the
foundation ground to be as wide as possible, but it is
impossible to completely avoid the boundary effect because
of the limitation of the present centrifugal model test appara-
tus. It is worth mentioning, however, that the obtained
deformation mode is fairly similar to the failure mode observed
in reality, e.g., the collapse of a road embankment caused by
the 2007 Noto Hanto Earthquake (National Institute for Land
and Infrastructure Management, Public Works Research Insti-
tute and Building Research Institute (NILIM, PWRI and BRI),
2008), in which the failure plain passes through the crown and
the foundation ground just close to the toe of the embankment.
This fact supports the deformation mode obtained in the
present study, but it is still desirable to ensure the influence
of the boundary effect, for which numerical simulations and
extra experiments with larger model containers could be
effective.

6. Conclusions

Dynamic centrifugal model tests for well-compacted unsa-
turated embankments with the approximately optimum water
content and lower and higher than optimum water contents,
have been carried out. The degrees of compaction for all the
cases are the same. The embankment with the higher water
content was in the regime of insular-air saturation whose
suction level was almost zero. The input motion was a simple
sinusoidal wave.
The deformation of both the embankment with the approxi-

mately optimum water content and that with the lower than
optimum water content was small. In particular, the deforma-
tion of the latter with the higher suction level was smaller.
During dynamic loading, the pore water pressure changed
little. Although the deformation was small, it was found that
the shear strain with positive dilatancy at the surface of the
slope, including the toe and the shear strain with negative
dilatancy underneath the crown, could be observed.
On the other hand, the embankment with the higher than

optimum water content exhibited very large deformation. This
is mainly because of the almost zero suction and the increase
in pore water pressure. The measurement of the pore water
pressure and the displacement, as well as the image analysis,
have revealed the deformation mode of the embankment with
the higher water content:
(1)
 Shear strain localized from the toe to the lower part of
the crest.
(2)
 Large volume compression occurred underneath the crest
where the pore water pressure increased. This compressive
deformation is attributed to the large settlement of the crest
as well as the shear deformation with negative dilatancy.
(3)
 Shear deformation with large volume expansion, i.e.,
positive dilatancy, occurred at the toe and the surface of
the slope, where the pore water pressure decreased.
Volume compression can be observed at a rather deep part
under the higher confining pressure, where negative dilatancy
occurs. On the other hand, the soils close to the surface under
lower confining pressure exhibit volume expansion, where
positive dilatancy occurs.
The acceleration response is amplified as in the upper part

and/or the part close to the surface. In the case of a higher
water content, the amplification is larger than in the cases with
the optimum and lower water contents.
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