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Abstract

Many railway embankments sustained extensive damage due to the tsunami triggered by the 2011 off the Pacific Coast of Tohoku
Earthquake, and the operations of several railway lines were suspended for an extended period of time.

Numerous studies have been conducted on enhancing the earthquake resistance of embankments, and this has led to the wide appli-
cation of geosynthetic-reinforced soil (GRS) structures. However, only a few studies have been conducted on enhancing the tsunami
resistance of embankments.

Based on onsite surveys and wave model experiments, the authors concluded that the damage to embankments was mainly caused by
the large-scale earthquake occurring prior to the onset of the tsunami, and by the prolonged tsunami overflows that eroded the embank-
ment bodies and the supporting ground.

In this study, therefore, two types of model tests were performed in order to propose a sturdy tsunami-resistant soil structure that
exhibits ductile behavior against an earthquake prior to the onset of a tsunami as well as against prolonged overflowing.

It was confirmed that conventional embankments with sufficient seismic stability can be rapidly eroded by overflowing. On the other
hand, the GRS method was found to be very effective for resisting the erosion of embankments due to overflowing.

Furthermore, given that the collapse of river dikes and levees due to overflows is often reported during heavy rainfall events, the find-
ings obtained in the study are considered applicable to embankments as well as to river dikes and levees.
� 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Railway embankments sustained extensive damage (run-
offs and erosion) from the tsunami triggered by the 2011 off
the Pacific Coast of Tohoku Earthquake, and operations of
several railway lines were suspended for an extended period
Japanese Geotechnical Society.
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Fig. 2. Outlook of geotextile.
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of time (Koseki et al., 2012; Japanese Geotechnical Society,
2011).

The authors conducted an analysis based on onsite sur-
veys and wave model experiments and concluded that the
damage was primarily caused in the sequence described
below (Fig. 1, Watanabe et al., 2017).

1. The main structures and protective surfaces (embank-
ment bodies) of railway embankments sustained damage
from the earthquake prior to the onset of the tsunami.

2. The tsunami occurred when the structures were already
in a damaged condition, the embankments were eroded
by the prolonged tsunami overflows, and uplift pressure
acted on the protective surfaces.

3. The water overflowing from the embankments eroded
the supporting ground around the lower sections of
the embankments (toes of the slopes) on the inland side,
and this further destabilized the embankments.

Several studies have focused on enhancing the earth-
quake resistance of railway embankments based on critical
damage caused by the Hyogo-ken Nanbu Earthquake of
1995. The critical damage seen after the earthquake and
a precise investigation of it led to the wide application of
geosynthetic-reinforced soil structures (hereinafter referred
to as ‘‘GRS” structures), using methods such as the ‘‘RRR
Construction Method” developed by the Railway Techni-
cal Research Institute and University of Tokyo. Geotex-
tiles are planar reinforcement materials composed of high
polymer materials in lattice patterns (Fig. 2). They are used
to increase the stability of earth structures when arranged
horizontally in embankments. However, only a few studies
have focused on enhancing the tsunami resistance of rail-
way embankments.

In the current design standards for Japanese railway
structures, the required performances and the performance
indices under both seismic and non-seismic conditions are
clearly defined (RTRI, 2007), although the required perfor-
mance of railway structures against tsunamis is not defined.
Furthermore, railway embankments in coastal regions are
generally constructed on the inner side of coastal levees;
and thus, these embankments are often expected to consti-
tute secondary barriers (multiple protection) to curb the
Fig. 1. Main cause of damage by Tsunami.
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damage caused by tsunamis (prolonged overflows). Given
the aforementioned points, it is important for railway
embankments to exhibit sufficient stability and ductile
behavior against prolonged tsunami overflows in a manner
similar to coastal levees.

Several studies have focused on the erosion of embank-
ments caused by overflowing or overtopping. Powledge
et al. (1989a, 1989b) reported that erosion as a result of
overflows during flood events is a principal cause of the
failure of embankment dams and provided information
on various protection systems developed to prevent the
erosion of dams. Chevalier et al. (2014) summarized ero-
sion phenomena in rivers and waterways in terms of
‘‘Hazard Type”, ‘‘Research Approached”, and ‘‘Disci-
plines”, and reported that the erosion of embankments
due to overflows during flood events corresponds to an
important aspect of structural stability and safety.
Lachaussée et al. (2016) performed overflowing model tests
on an embankment composed of cohesive material and
suggested that overflow first produces surface erosion at
the toe of the downstream side of the embankment and
erodes the profiles propagated upstream (regressive ero-
sion), thereby increasing the hydraulic gradient, which is
responsible for triggering piping erosion (hole erosion).
Tabrizi et al. (2017) investigated the effects of soil com-
paction on the embankment breach process due to overtop-
ping via experiments. The study focused on the
degradation rate of an embankment breach for different
levels of compaction, and non-dimensional relationships
were developed for the height of the crest and the bottom
length of the embankment as a function of time.
Watanabe et al. (2014) performed large-scale wave maker
tests to evaluate the water pressure and uplift force (nega-
tive pressure) acting on a rigid embankment model
(400 mm in height). The experiment revealed that negative
pressure continuously applied to the slope of the embank-
ment (landward side) during steady overflow (Fig. 3),
thereby indicating that negative pressure caused by over-
flowing induced strong erosion phenomena from the top
corner of the embankment. However, because of the limita-
tion of the total volume of water supply, only a short-term
overflowing phenomenon was reproduced. It was deemed



Fig. 3. Velocity distribution during overtopping obtained by high speed
camera and PIV method.
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necessary to perform another model test that focused on
the resistance characteristics of the embankment against
prolonged overflowing.

Only a few studies have focused on the resistance of
GRS structures against overflowing. Matsushima et al.
(2007) proposed protecting the downstream slope by using
inclined soil bags anchored with geosynthetic reinforce-
ment to increase the stability of small earth-fill dams
against overflowing. Full-scale model tests on the hydraulic
overflow-induced collapse of the downstream slope were
performed and indicated that geosynthetic soil bags with
extended tails (GSET) were sufficiently stable against over-
flow. Yamaguchi et al. (2013) performed overflowing
model tests of tsunamis to evaluate the erosion resistance
of reinforced-embankment models (100 mm in height).
The experiments revealed that reinforcements arranged
horizontally in an embankment effectively increased the
durability of the embankment against a tsunami. However,
only overflowing caused by step waves was reproduced in
the model tests, and erosion caused by long-term overflow-
ing was beyond the scope of the study.

In the present study, therefore, two types of model tests
were performed to propose a sturdy tsunami-resistant soil
structure that exhibits ductile behavior against an earth-
quake prior to the onset of a tsunami as well as against pro-
longed overflowing.

Firstly, a series of small-scale overflowing tests on both
conventional and GRS types of small embankment models
(100 mm in height) were performed, and the erosion prop-
erties of the embankments and the supporting ground dur-
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ing the overflowing as well as the effect of the geotextile
were investigated. The material was carefully selected prior
to conducting the small overflowing model tests.

Secondly, in addition to these basic small-scale model
tests, a series of large-scale overflowing tests was per-
formed. The authors installed a new water channel into
the shaking table apparatus at the Railway Technical
Research Institute in order to analyze the effect of a
large-scale earthquake occurring prior to the onset of a tsu-
nami as well as prolonged overflowing on the stability of
the two types of embankment models (following the cur-
rent seismic design standards of Japanese railways and
both having a height of 400 mm). Prior to the overflowing
experiment, shaking table tests with a high intensity of
shaking (equivalent to Level 2 earthquake motion) were
performed on the embankment models.

2. Selection of banking materials for experiments

2.1. Example of banking materials employed in past studies

Table 1 shows examples of the banking materials used in
the model tests in previous studies. For example, three dif-
ferent uniform granular sands, having different degrees of
apparent cohesion, were used for the river embankment
model in the breaching and overtopping model tests per-
formed by Pickert et al. (2011). Silica sand (D50 = 0.064–
0.239 mm) was used in the overflowing model tests per-
formed by Mizutani et al. (2012) in which the effect of
the particle size and differences in the degree of saturation
of the embankment on the overflowing erosion were pre-
cisely investigated. Sand with a larger diameter
(D50 = 0.3 mm) was used in the model test performed by
Hatogai et al. (2012) who examined the scouring at the bot-
tom of the back slope. Suzuki et al. (2013) also used sand
for a model test that focused on the erosion characteristics
attributed to differences in the inclination of the slopes of
the embankment model.

Conversely, a sandy loam was used by Yamamoto and
Yoshino (1978) who indicated the relationship between
the erosion rate and the dry density. Miyamoto et al.
(2013) used silt-mixed sand in overflowing model tests.
The tests indicated that the suction effect was higher for
smaller particles when the embankment was unsaturated;
and thus, the erosion decreased. There was barely any ero-
sion due to overflowing on the front slope (seaward side),
and the erosion of the crest and the maximum erosion
depth on the crest and at the edge (toe) of the back slope
were decreased by constructing the back slope gently. In
addition, such factors as the flow rate, dry density of the
backfill material, and water content at the beginning of
the experiment were also observed to affect the erosion
characteristics.

The objective of the present study is to examine the
effect of the reinforcement (geotextile model) on the resis-
tance to overflow through a model experiment. Given that
various types of materials were adopted in previous studies



Table 1
List of embankment materials used in previous studies.

Literature Material D50 (mm) k (cm/s) w (%)

Pickert et al. (2011) Fine sand 0.18 5.0
Medium sand 0.34 5.0
Coarse sand 0.6 5.0

Mizutani et al. (2012) Silica sand No. 6 and No. 8 0.064–0.239 – –
Hatogai et al. (2012) Sandy soil 0.3 – –
Suzuki et al. (2013) Kiryu sand – 3.1 � 10�4 14.0–28.2

2.35 � 10�4 5.4–6.7
Yamamoto and Yoshino (1978) Sandy loam 0.1 3.1 � 10�4 14.0–28.2
Miyamoto et al. (2013) Toyoura sand – – –

Mixture of Toyoura sand and silt – – –
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based on the focus of each study, it is difficult to select an
appropriate material for the overflowing tests based only
on the information provided in Table 1.
2.2. Key points to selecting banking materials for overflowing

tests

When selecting the banking materials for the models
that will simulate the deformation of the embankment
caused by a large earthquake and erosion caused by pro-
longed overflowing, the following key points should be
considered:

(1) Erosion resistance of the material
(2) Permeability of the material
(3) Seismic stability of the model embankment
(4) Ratio of the aperture size of the reinforcement (geo-

textile model) to the particle size of the material
It is difficult to select one banking material that can sat-

isfy all the key points. Thus, in this study, different materi-
als were used for the small-scale model tests, simulating
only the overflows, and for the large-scale model tests, sim-
ulating a large earthquake and the overflows.
2.2.1. Material used for small-scale model tests

Bentonite-mixed sand was used in the small-scale model
tests by considering points (1) and (2). This was based on
the assumption that the embankment cannot be saturated
within a short duration of overflowing, due to an actual
tsunami, and that surface erosion, as opposed to the effect
of water penetration or internal erosion from the seaward
side, is the dominant factor in destabilizing the embank-
ment. Therefore, in the small-scale model tests, banking
material with lower permeability and lower resistance
against erosion was considered as more suitable than that
with higher permeability to qualitatively reproduce the
actual failure process of the embankments due to overflow-
ing. Moreover, materials used in real railway embankments
generally exhibit cohesive strength; and thus, the use of
ground material with some degree of cohesion was consid-
ered as suitable for qualitatively reproducing the process as
it most closely resembles the actual phenomenon. Oda et al.
(2007) used bentonite-mixed dry sand for the soil material
to perform jet erosion experiments. They increased the
1374
weight ratio of bentonite to sand to show that the erosion
rate decreases when the cohesive strength of the material
increases.

Based on the knowledge gained from the aforemen-
tioned studies and the ease of the availability of the mate-
rials, a good blend of silica sand No. 6 (Gs = 2.652 and
D50 = 0.237 mm) and No. 8 (Gs = 2.652 and
D50 = 0.080 mm), to which bentonite was added to provide
cohesive strength, was used as the banking material and to
support the ground model. In order to determine the
appropriate formulation of the materials and the ratio of
the bentonite mixture that would provide the optimal
banking material for the experiment, preliminary overflow-
ing experiments were conducted using a small water chan-
nel. The experiments are described in Section 2.3.
2.2.2. Material used for large-scale model tests
Gravel was used for the large-scale model tests by con-

sidering points (3) and (4). The bentonite-mixed sand that
was used for the small-scale model tests was not employed
for the large-scale model tests because the particle size of
the bentonite-mixed sand was significantly smaller than
the aperture size of the reinforcement (geotextile model);
and thus, sand particles were easily squeezed out from
the aperture during overflowing. The behavior decreased
the tensile strength mobilized in the reinforcement. It
would not have been possible for this type of behavior to
easily occur given the actual particle size of the banking
material and the aperture size of real geotextile. Further-
more, shaking table tests were performed to evaluate the
seismic stability of the embankment for the large-scale
model tests; and thus, the seismic stability of a model
embankment composed of bentonite-mixed sand would
have become excessively high.

Another issue to consider when performing shaking
table tests involves decreasing the friction between the
earth structure model and the sidewalls of the soil con-
tainer. Dry sand is typically used in most shaking table
tests to minimize the sidewall friction. However, when con-
structing an earth structure model with cohesive material
(e.g., bentonite-mixed sand), it is necessary to arrange a
lubrication layer or to create a slight gap between the
model and the sidewalls to decrease friction. However,
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for large-scale model tests, in which shaking table tests and
overflowing tests are performed continuously, a lubrication
layer or slight gap between the model and the sidewalls
could correspond to a ‘‘water path” and induce local ero-
sion and destruction.

Given the above information, gravel was used for the
large-scale overflowing model tests in consideration of
points (3) and (4) and to decrease the sidewall friction.
The actual railway embankment simulated in the model
tests was composed of well-graded gravel (named M40 in
the Japanese Industrial Standard, Dmax = 40 mm and
D50 = 7.6 mm) and the geotextile models were arranged
horizontally for the GRS embankment. As 63.4% of the
well-graded gravel (M40) passed through the aperture of
actual geotextiles (aperture mesh size: approximately
12 � 21 mm), the banking material of the model embank-
ment was obtained by sieving the M40 by 9.5 mm
(Dmax = 9.5 mm and D50 = 1.7 mm). Additionally,
61.9% of this sieved material passed through the aperture
of the model geotextiles with an aperture mesh size of
3 � 4 mm.

Froude similitude is applicable to water flow phenom-
ena; however, it is not applicable to erosion phenomena.
Considering the similarity law for bed load transport, the
ratio of the particle size of the model embankment material
to that of the prototype should be the same as the model
scale. In the case of the large-scale model tests, the ratio
of the D50 of the model embankment to that of M40 (pro-
totype material) is about 0.22, which does not match the
model scale (1/10). However, since the ratio of the aperture
size of the geotextile model to the particle size of the
embankment material is more dominant for the erosion
phenomena of GRS embankments, aforementioned point
(4) was more strongly considered in this study.
2.3. Preliminary small-scale overflowing model tests for

selecting appropriate formulation for banking material and

ratio of bentonite mixture

2.3.1. Model preparation

Fig. 4 shows the model test configuration. A small water
channel (1900 mm long, 350 mm high, and 300 mm wide)
Fig. 4. Overview of small-sca
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was used as the experimental device. Channel circulating
water, produced by several submersible pumps, was used
to reproduce the prolonged overflowing phenomenon
caused by a tsunami to the maximum possible extent. An
embankment model with a crest width of 75 mm and a
height of 100 mm or with a crest width of 110 mm and a
height of 150 mm, corresponding to a 1/40 or a 1/27 scale
from the prototype embankment, was constructed in the
water channel that was mounted horizontally. Reinforce-
ment material was not used in the model tests to select
the banking material.

The water level on the seaward side of the embankment
was statically raised at a constant flow rate of 27.9 l/min.
The time at which the water level reached the top slope
of the seaward side was considered to be the starting time
of the overflowing. The objective of the experiment was
to observe the duration of overflowing and the erosion
state of the embankment through the arrangement.

As shown in Table 2, the backfill material consisted of a
mixture of dry silica sand No. 6 and No. 8 in the ratio 1:1
or 1:3 mixed with 1.0% to 3.0% by weight of bentonite.
2.3.2. Erosion characteristics of embankment among

different types of material

Table 3 shows the erosion rate every 10 s for all cases. It
is seen that the erosion rate corresponds to the ratio of the
cross-sectional area of the eroded embankment (as
observed from the transparent side of the channel) to the
cross-sectional area of the embankment in the initial stage.
In CASE 2, the embankment exhibited the highest resis-
tance to erosion, although the backfill material formed
masses (lumps) with a diameter of approximately 10 mm
and peeled off because the ratio of the bentonite mixture
was high. Therefore, lower ratios of bentonite mixture were
used in CASES 4 and 6. In CASE 6, the fines content was
increased to maintain the erosion resistance.

Two points were confirmed for CASES 4 and 6. Firstly,
there was no distinct difference in the erosion processes
between the two cases (Table 3), thereby indicating that
increasing the fines content did not significantly affect the
erosion resistance under the present experimental condi-
tions. Secondly, the erosion of the surface in contact with
le overflowing model test.



Table 2
List of small-scale overflowing tests without reinforcement.

CASE 2 CASE 4 CASE 6 CASE 10 CASE 15

Silica sand (No. 6 : No. 8) 1:1 1:1 1:3 1:1 1:1
D50 (mm) 0.133 0.133 0.092 0.133 0.133
Bentonite contents (%) 3.0 2.0 2.0 1.0 1.0
w (%) 20 20 20 20 15
qd (g/cm

3) 1.59 1.54 1.54 1.54 1.57
Height (mm) 100 100 100 150 100
Curing days – – – 2 0.5

Table 3
Erosion rate of each experiment.

Elapsed time Erosion rate (%)

CASE 2 CASE 4 CASE 6 CASE 10 CASE 15

0 s 0.0 0.0 0.0 0.0 0.0
10 s 0.2 3.8 5.1 2.4 9.7
20 s 0.4 16.6 17.6 9.7 22.3
30 s 1.7 28.6 33.1 17.5 36.3
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the sidewalls of the water channel increased when the over-
flow continued, although initially the erosion progressed
evenly in the water channel. Hence, the central portion of
the embankment remained as shown in Fig. 5.

In the model experiment, it was desirable to maintain
uniform erosion throughout the width of the water chan-
nel, although erosion proceeded more from the sidewalls
than from the central part of the embankment because
the friction between the sidewalls of the water channel
and the embankment was generally low. This is the reason
why the central portion of the embankment was not eroded
in CASE 4 (Fig. 5).

The above information suggests that it was necessary to
further decrease the bentonite mixture. Therefore, in CASE
10, in addition to decreasing the ratio of the bentonite mix-
ture, an attempt was made to maintain the erosion resis-
tance by allowing for a few days of curing after creating
the model. Thus, it could be ensured that the erosion pro-
ceeded evenly throughout the width of the waterway in
CASE 10 where the bentonite proportion was 1%
(Fig. 6). However, it was observed that the erosion in the
crest was less than that in the back surface of the embank-
ment. The erosion resistance of the embankment surface
Fig. 5. Erosion of the embankment due to overflowing (CASE4).
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increased due to drying shrinkage during curing. Hence,
there was barely any erosion in the crest region where the
flow velocity was slow, while there was significant erosion
in the back surface of the embankment where the flow
velocity was high. Therefore, the curing time was
decreased.

2.3.3. Appropriate banking material for small overflow model

tests
Based on the above-mentioned experimental results, a

mixture of silica sand No. 6 and No. 8 was used in the ratio
of 1:1, with 1.0% bentonite and curing for half a day as the
banking material in the small-scale overflowing model
tests. Furthermore, the dry density was fixed at
qd = 1.57 g/cm3 (degree of compaction of Dc = 95% by
the standard Proctor) and the water content was fixed at
w = 15%, which approximately corresponded to the opti-
mum moisture content. Additionally, spray cement was
applied to the front slope (seaward side) of the model, up
to a thickness of approximately 1–2 mm, considering the
prevention against water penetration of protective surface.
It is usually arranged on the front surface of an actual
embankment.

The results of the verification experiment conducted for
the selected ground materials (CASE 15) are shown in
Fig. 7. They show that erosion proceeded evenly in the
width direction of the water channel. It is also observed
in the figure that the erosion progressed uniformly in the
crest and the back slope, and that water penetration was
almost nonexistent along the front slope.

3. Small-scale overflowing model tests

3.1. Models for embankment and reinforcement

The height of the embankment was the same as that in
the previous chapter (CASE 15), although the crest width
was changed to 95 mm (Fig. 8). The models were con-
structed in the same water channel (Fig. 4). The embank-
ment body was composed of bentonite-mixed silica sand,
similar to Case 15 (qd = 1.57 g/cm3 and w = wopt = 15%),
while well-graded gravel (Dmax = 4.75 mm, w = wopt = 5%,
and qd = 2.00 g/cm3) was used at the top layer (20 mm in
height) of the GRS embankment (CASES 23 and 24) to
reproduce the railway roadbed material. For comparison
purposes, the top layer of CASE 21 was composed of



Fig. 6. Erosion of the embankment due to overflowing (CASE10).

Fig. 7. Verification experiment conducted for the selected ground materials (CASE15).

Fig. 8. GRS embankment model and arrangement of geotextile.
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bentonite-mixed silica sand, which was identical to that of
the embankment body. The compaction of the banking
material was performed at intervals of 20 mm.

A polyester mesh sheet (aperture mesh size: approxi-
mately 3 � 4 mm) was used for the geotextile model for
the GRS embankment (hereafter, referred to as the rein-
forcement). In accordance with the common practice for
practical construction, the gabion model was arranged at
both edges of the embankment of each layer, and the rein-
forcement was folded by rolling it around the gabions to a
folded length of 50 mm (Fig. 8). In the arrangement of the
gabions in the height direction at the site, it was important
to obtain better contact between the upper and lower
gabions such that sufficient frictional force would be mobi-
lized. Hence, a trapezoidal gabion model was fabricated,
and the contact surface between the upper and lower



Table 5
Overflow depth above crest of embankment.

Step Elapsed time Overflow depth

1 0 s ~ 20 s 13 mm
2 20 s ~ 360 s 20 mm
3 360 s ~ 480 s 31 mm
4 480 s ~ 660 s 40 mm
5 660 s ~ 900 s 51 mm
6 900 s~ 54 mm
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gabions was secured. Moreover, the gabion model was
designed to maintain water permeability.

A supporting ground model was constructed for CASES
25, 26, and 32 to investigate the effect of the erosion of the
supporting ground on the stability of the GRS embank-
ment. The material and compaction level for the support-
ing ground model were identical to those for the
embankment body.

The reinforcement was installed in five layers. It was
arranged entirely from the left to the right edges of the
GRS embankment for CASES 21, 23, 25, 26, and 32, while
a short reinforcement (60 mm in length) was arranged from
both sides of the edges for CASE 24.

The water level on the seaward side of the embankment
was statically raised by a flow rate corresponding to 27.9 l/
min. When the embankment model was confirmed to be in
a steady condition, the water supply was increased in a
step-by-step manner by increasing the number of sub-
mersible pumps (up to six pumps) until the embankment
collapsed. Employing such a method to increase the water
supply stepwise, it became possible to compare the critical
water flow against erosion among the embankment models.
Table 4 shows the water flow rate of each step for all the
tests, and Table 5 shows the overflow depth at each step
above the seaward crest.
3.2. Effect of reinforcement on durability of embankment

without supporting ground model

Fig. 9 shows the changes in the shape of the embank-
ment model during overflowing, and Fig. 10 shows the
retention rate of the cross-sectional area after the start of
overflowing. The ratio corresponds to the cross-sectional
area of the embankment at each stage relative to the
cross-sectional area of the embankment at the initial stage;
it was calculated from video images obtained from the
front of the water channel. In CASE 15 (without reinforce-
ment), erosion from the landside of the crest commenced
immediately after the start of the overflowing. The erosion
proceeded very rapidly, and more than half of the embank-
ment body was eroded within 30 s.

Erosion from the top layer commenced in the early stage
of CASE 21 where the top layer was composed of
bentonite-mixed sand. Given the arrangement of the entire
reinforcement, which was folded by rolling it around the
Table 4
Water flow rate of each step for all tests.

Step Elapsed time Flow rate (l/min)

CASE 15 CASE 21,23,24,25 CASE 26 &32

1 0 s ~ 20 s 27.9 23.0 23.2
2 20 s ~ 360 s 51.0 48.3 49.9
3 360 s ~ 480 s – 113.5 116.9
4 480 s ~ 660 s – 171.2 167.9
5 660 s ~ 900 s – 236.4 234.3
6 900 s~ – 259.4 234.3
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gabions, it exhibited ductile behavior that significantly
exceeded that of CASE 15, although the erosion proceeded
rapidly after the flow out of the top gabion on the land-
ward side. The results revealed that the stability of the
gabions, which can be effectively increased by connecting
them to the entire reinforcement, is one of the important
factors in preventing erosion around the landward edge.

The GRS embankment with the entire reinforcement
(CASE 23) was not eroded even after 300 s. Slight surface
erosion at the top layer (gravel layer) and slight erosion at
the second layer from the top were observed in the photo
obtained at 1760 s (Fig. 9), but the embankment exhibited
high stability and ductility.

The GRS embankment with a short reinforcement
(CASE 24) also exhibited ductile behavior similar to that
of CASE 23 until 600 s (Fig. 9). However, after the gabion
model at the top layer (landward side) flowed out with a
gravel layer at 690 s, erosion rapidly proceeded to the sec-
ond layer that was composed of bentonite-mixed sand at
750 s, and the embankment exhibited brittle behavior.

The entire reinforcement, arranged from the left edge to
the right edge of the embankment (CASE 23), prevented
the progression of erosion in the vertical direction, and
the tensile force mobilized in the entire reinforcement pre-
vented the gabions from flowing out. However, the short
reinforcement that was not connected from the left to right
edges lost the tensile force mobilized in the reinforcement,
following the erosion of the banking material above it (i.e.,
a decrease in confining pressure on the reinforcement). The
results indicated that it is very effective to use the entire
reinforcement and coarse material for the top layer of an
embankment to increase the durability and restorability
of the embankment against prolonged overflowing.
3.3. Effect of supporting ground erosion on stability of GRS

embankment

3.3.1. GRS embankment on supporting ground model

(without countermeasures)

The GRS embankment with the entire reinforcement
was constructed on the supporting ground model 60 mm
in depth (Fig. 11). The same material (bentonite-mixed
sand) was used for the supporting ground model. The sup-
porting ground model for CASE 25 was constructed with-
out any countermeasures, although the ratio of the
bentonite mixture was increased to 3% in ‘‘Region A” for



Fig. 9. Erosion of the GRS embankment.

Fig. 10. Retention rate of cross-sectional area after the start of
overflowing.

Fig. 11. GRS embankment mode
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CASE 26, as seen in Fig. 11, and 2% of cement was added
in the bentonite-mixed sand in ‘‘Region B” for CASE 32.
The concept of these countermeasures is subsequently
discussed.

As shown in Fig. 12, the reinforced embankment itself
(CASE 25), constructed on the supporting ground model,
exhibited high overflow resistance similar to that for CASE
23, described in the previous section. However, the sup-
porting ground model was eroded from the embankment
bottom tip of the landward side immediately after the
experiment was started, and the erosion propagated to
the ground directly under the embankment.

Furthermore, when the erosion of the supporting
ground reached the bottom of the water channel, the ero-
sion area expanded in the left and right directions. Subse-
l and bearing stratum model.



Fig. 12. Erosion of GRS embankment model constructed on supporting ground model.
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quently, the gabion model at the bottom tip of the land-
ward side tilted downward. 240 s from the start of the over-
flow, a gap was formed above the bottom gabion model,
and the erosion of the embankment proceeded from the
gap. After 300 s, the embankment exhibited a significant
collapse.

The results indicated that the erosion of the supporting
ground due to the overflow significantly affected the stabil-
ity of the embankment. The test results are consistent with
the cases of damage to sea embankments during the
Tohoku Earthquake where significant erosion of the back
slopes (landward side) was accompanied by the scour of
the supporting ground at the edge of the back slopes
(Tokida et al., 2012). Therefore, in order to develop an
embankment that resists prolonged overflowing, it is
important to improve the supporting ground as well as
the embankment body.

3.3.2. Countermeasures for supporting ground

Ground improvements, including cement mixing for the
whole supporting ground or the placing of vertical steel
sheet piles from the toe end of an embankment, are often
used as general countermeasures for the supporting
ground. However, general countermeasures are very expen-
sive because they need to be applied along the entire long
length parallel to the railway embankment. Moreover,
the land boundary of railways is generally limited to the
embankment width, and this means that it is necessary to
acquire additional land to improve the supporting ground
outside the embankment.
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Therefore, in the present study, further experiments with
two different types of reasonable countermeasures were
performed wherein cement improvement was applied to
(1) the supporting ground below the embankment at the
landward side (Region A in Fig. 11) and (2) the bottom
layer of the embankment (Region B in Fig. 11).

The countermeasure applied to Region B (CASE 32)
simulated the application of a ‘‘cement-mixed gravel soil
slab”. The slab was composed of crushed stone for
mechanical stabilization with a small volume of cement.
These slabs are frequently applied to earth structures to
allow a limited degree of deformation. In the Japanese rail-
way field, the materials correspond to a standardized type
that is applicable to backfill material in the transition zone
behind bridge abutments of a new Shinkansen line.

Laboratory tests and on-site tests revealed that the
materials exhibited sufficient strength and deformation
characteristics equivalent to concrete (Lohani et al.,
2004). Therefore, a cement-mixed gravelly soil slab, with
a geotextile arranged for the tensile material, was applica-
ble as a bending member (e.g., a slab as a new type of coun-
termeasure method for constructing railway embankments
on soft grounds and liquefiable grounds).

This corresponds to a composite material of cement-
mixed gravelly soil (compressive member, usually approxi-
mately 50 kg/m3 of cement mixture) and the geogrid (ten-
sion member). Watanabe et al. (2011) indicated the high
bending deformation characteristic of the composite mate-
rial through bending load tests (Fig. 13), and the composite
material was applied to an actual railway project in Japan



Fig. 13. Bending load test of cement-mixed gravelly soil slab with geogrid
(Watanabe et al., 2011).

Fig. 14. Experimental apparatus for large-scale earthquake and pro-
longed overflow caused by Tsunami.
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where the embankment (maximum height = 3.5 m and
length = 110 m) was constructed on a weak cohesive soft
ground and a liquefiable ground. Given that the composite
material can be constructed in the same manner as an earth
structure with sufficient compaction control and does not
require any framework (e.g., construction work of con-
crete), the construction was completed in a considerably
easier and faster manner than reinforced concrete. In the
example, the ground improvement ratio for the cohesive
soft ground was able to be decreased by almost half, and
a large cost reduction was realized.

The model slab was applied to the bottom layer of the
GRS embankment (CASE 32). The layer was composed
of cement-mixed sand, and the geogrid reinforcement was
not arranged inside the layer. Additionally, the gabions
on the landward side were connected in the height direction
by applying a thin cohesive tape from the surface of the
gabions and assuming that simple slope work would be
performed at the site.

3.3.3. GRS embankment for supporting ground model (with

countermeasures)

Firstly, the photographs shown in Fig. 12 are used to
compare CASE 25 corresponding to the GRS embankment
without countermeasures and CASE 26 in which the sup-
porting ground below the embankment on the landward
side was improved. It is observed that, immediately after
the start of the experiment, the erosion of the supporting
ground below the bottom edge of the embankment (land-
ward side) progressed at almost the same speed in both
cases. However, the erosion of the ground improvement
part for CASE 26 was limited even 180 s after the overflow-
ing started when the bottom gabion (landward side) for
CASE 25 collapsed, and the shape of the embankment
was maintained even 300 s after the experiment com-
menced. The extent of the collapse observed 780 s after
the experiment started in CASE 26 was identical to that
observed 300 s after the experiment started in CASE 25.

Next, CASE 25 is compared to CASE 32 in which the
bottom layer of the GRS embankment was improved and
the gabion model was connected in the height direction.
The erosion process in the initial stage was similar to that
in CASE 25. However, in CASE 32, even when the erosion
reached the supporting ground under the embankment, the
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gabion model did not collapse and no erosion of the
embankment occurred. Thus, the GRS embankment main-
tained its height even 900 s after the overflow commenced
and high overflow resistance was exhibited. This is because
the shape of the embankment body was maintained by the
slab applied to the bottom layer of the embankment and by
connecting the gabions in the height direction. The collapse
of the bottom gabion and the leakage of the embankment
material due to the opening between the gabions were
prevented.

3.4. Summary of small-scale overflowing model tests

In this chapter, a series of small-scale overflowing model
tests was performed. The experiments revealed that the
GRS method is effective for preventing the erosion of an
embankment caused by overflowing and especially when
the entire reinforcement is arranged horizontally from the
left edge to the right edge of the embankment. The results
also revealed that even partial improvement of the support-
ing ground immediately below the embankment and/or the
application of a high-qualitymaterial or cement-mixed grav-
elly soil slab at the bottom layer of the embankment is very
effective for stabilizing the embankment against overflowing.

The model tests in the chapter only reproduced the pro-
longed overflowing caused by a tsunami; the large earth-
quake prior to the onset of a tsunami was not
reproduced. Hence, the model tests in the next chapter will
reproduce the large earthquake that occurs prior to the tsu-
nami by using a larger water channel on the shaking table
apparatus.

4. Large-scale overflowing model tests on geosynthetic-

reinforced soil embankment

4.1. Development of new tsunami experiment device and

model preparation

An experimental device was developed that can repro-
duce large-scale earthquakes occurring prior to the onset
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of a tsunami and the phenomenon of prolonged tsunami
overflows (Fig. 14). The apparatus can circulate water at
approximately 2 m3/min via a water tank (capacity 8 m3)
by connecting a water channel (5.0 m long, 0.70 m high,
and 0.60 m wide) to the side of a soil container on a shak-
ing table apparatus. The soil container is 2.06 m long,
1.30 m high, and 0.60 m wide. The water channel is con-
nected at a height of 400 mm from the bottom of the soil
container; and thus, an embankment model can be con-
structed on a 400-mm-thick supporting ground model.
The device does not reproduce the dynamic effects of
waves, but can statically increase the water level on the sea-
ward side of the embankment and maintain the overflow
for a long time at a flow rate corresponding to 2 m3/min.
The apparatus can reproduce an overflow at a depth of
approximately 130 mm at the crest of the embankment
(seaward side) and a flow velocity of approximately
1.0 m/sec for a 1/10 scale embankment model with a height
of 400 mm.

Fig. 15a shows a conventional railway embankment
model (CASE A) with an earthquake-resistant design using
better banking materials, sufficient compaction control,
thickness control, and the arrangement of a short geogrid
reinforcement 150 mm long (red dashed lines in Fig. 15a)
at height intervals corresponding to 50 mm that are almost
in compliance with the Railway Design Standard for Earth
Structures (RTRI, 2007).
Fig. 15. Embankment model for large scale overflowing model test. (a)
Conventional type embankment (CASE A). (b) GRS embankment (CASE
B).
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Conversely, Fig. 15b shows the GRS embankment
model (CASE B). A polyester mesh sheet (composed of
the same material as discussed in Chapter 3) was used as
the geotextile model. This reinforcement was arranged at
intervals corresponding to 50 mm. In addition, the bottom
layer of the embankment was constructed with a ‘‘cement-
mixed gravelly soil slab” composed of cement-mixed grav-
elly soil (qu = 2000 kN/m2) and a geogrid. The slab was
applied to prevent the propagation of erosion from the sup-
porting ground to the embankment body.

The inclination of the slope corresponded to 1:1.2 for
the conventional type (CASE A), 1:0.5 on the seaward side
of the GRS embankment (CASE B) with a rigid wall sim-
ulating a standard type of GRS retaining wall (RRR con-
struction method), and 1:1 on the landward side with no
slope protection. The reinforcement on the landward side
was folded by rolling it around the gabion model to a
folded length of 150 mm.

Firstly, large seismic loads were applied by horizontally
shaking the soil container by sinusoidal base acceleration
at a frequency of 5 Hz and approximately 20 cycles of
waves. The initial base acceleration was first set at
200 Gal, which corresponds to a Level 1 earthquake in
the current design standards for Japanese railway struc-
tures (RTRI, 2007), and was increased in increments of
200 Gal until 800 Gal. It was completed by applying
900 Gal of the sinusoidal wave. The maximum acceleration
almost corresponds to a Level 2 earthquake in the current
Japanese design standards which has to be considered for
the seismic design of important earth structures.

After the shaking table tests, the models were subjected
to prolonged overflow until the model collapsed.

4.2. Test results and discussion

4.2.1. Shaking table tests prior to a tsunami

Fig. 16 shows the response acceleration in the support-
ing ground and the top layer of the embankment
(300 mm in height), and the horizontal and vertical dis-
placements of the embankment at the crest for the last
shaking step. It can be seen that the embankment exhibited
dynamic fluctuation during shaking in both horizontal and
vertical directions of around 0.1 mm to 0.4 mm. The resid-
ual displacement is very small, thereby confirming that the
embankments exhibited sufficient earthquake resistance. It
should be noted that the dynamic fluctuation of the hori-
zontal displacement is larger for CASE B (GRS). This is
because the inclination of the slope on both the seaward
side and the landward side of the GRS embankment is stee-
per than that of a conventional embankment.

4.2.2. Overflowing tests after shaking table tests

Fig. 17a shows the erosion progress of the embankment
and the supporting ground. It is observed that the conven-
tional embankment (CASE A) rapidly eroded from the
upper layer on the landward side and the erosion propa-
gated from the supporting ground to the embankment



Fig. 16. Time history of acceleration and displacement of embankment
during shaking table test.

Fig. 17. Progress of erosion observed in the large-scale overflowing test
(2 min after the overflow started). (a) Conventional type embankment
(Case A). (b) GRS embankment (CASE B).
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body. Approximately half of the banking embankment is
eroded 2 min after the overflow started. Based on Froude
similitude at a scale of 1:10 for the flow condition, this is
equivalent to approximately 6 min on an actual scale.
The results indicate that an embankment having sufficient
seismic stability can be rapidly eroded by overflows.

Conversely, Fig. 17b shows that the GRS embankments
(CASE B) are less likely to erode under tsunami overflows
occurring over longer durations. Moreover, although the
roadbed material of the top layer flowed out, erosion did
not progress below the reinforcement at a depth of 5 cm
from the surface. The results are different from those in
which the erosion progressed more deeply than the installa-
tion position of the reinforcement in the small overflow
experiment using bentonite-mixed sand (CASES 21 and
23). They depend on the relationship between the aperture
size of the reinforcement and the particle size of the
embankment material, thereby indicating that Point (4) in
2.2 is one of the most important indices when selecting
the material for use in a GRS embankment model which
will be subjected to erosion.

The erosion of the supporting ground on the landward
side progressed immediately after the overflow started, as
observed in CASE A. However, the edge (toe) of the
embankment in CASE B was less likely to become unstable
even under such conditions. This is mainly due to the bend-
ing stiffness of the cement-mixed gravely soil slab placed at
the bottom layer of the GRS embankment.

Overflowing tests were continued for three minutes for
CASE A and 10 min for CASE B (Fig. 18). Although more
than the half the embankment body of the conventional
type was eroded in three minutes, the GRS embankment
maintained its stability and shape even after 10 min. This
is equivalent to approximately 30 min on an actual scale,
indicating the strong effect of the geotextile against erosion.

5. Recommendations for new geosynthetic-reinforced soil

embankment and design procedure

5.1. Recommendations for new geosynthetics-reinforced soil

embankment

Based on the experimental results, a new reinforced soil
structure was proposed (Fig. 19). It exhibits sufficient sta-
bility and ductility against large-scale earthquakes, pro-
longed overflows caused by tsunamis, and the capacity to
prevent embankments from becoming unstable due to the
erosion of the supporting ground outside railway
perimeters.

The required performance is primarily satisfied by using
a GRS structure for the embankment to sustain large-scale
earthquakes. The proposed structure corresponds to an
improvement in the conventional GRS structure. In the
structure, long strips of geotextile are arranged in the upper
and lower layers of the embankment, which can readily be
eroded by prolonged tsunami overflows, and are subse-
quently folded by rolling them around the gabions located



Fig. 18. Erosion observed at final stage of the test. (a) Conventional type
embankment (CASE A, 3 min after). (b) GRS embankment (CASE B,
10 min after).

Fig. 19. Suggestion of new geotextile reinforced-soil embankment.
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at the edges of the embankment. Furthermore, the outflow
of the protective surface due to uplift pressure (negative
pressure) during prolonged tsunami overflows can be pre-
vented by integrating the protective surface with the
geotextile.

The bottom layer of the embankment is constructed by
the ‘‘cement-mixed gravelly soil slab” to prevent the ero-
sion of the supporting ground from propagating to the
embankment body.

It should be noted that another major advantage of
applying the GRS method to an embankment is that the
facing of the retaining wall or slope of the embankment
can be constructed such that it is steeper than that in the
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conventional method without decreasing the stability of
the earth structure especially during earthquakes. Extensive
studies and a precise investigation after a severe earthquake
have already indicated that the GRS structure will exhibit
high seismic stability even if the wall or slope is steep. In
addition to the advantages of the GRS structure itself,
the study revealed the high resistance of the GRS structure
relative to overflows. This indicates a significant practical
advantage such that it is possible to construct an embank-
ment with a high resistance to earthquakes and prolonged
overflows at smaller sites compared to the conventional
method.

Given that the collapse of river dikes and levees due to
overflowing is typically reported during heavy rainfall
events, the findings obtained in the present study (e.g.,
the practical advantages of GRS structures) are considered
as being applicable to embankments as well as to river
dikes and levees. Furthermore, the proposed method can
be applied to both new constructions and to existing
embankments or river dikes to reinforce them against over-
flowing by widening the landward side using the GRS
method with less additional land acquisition.

5.2. Design procedure for GRS embankment

5.2.1. Design flow of GRS embankment

The design flow of the proposed structure is shown in
Fig. 20. The design takes into consideration the levels of
the external forces of the tsunami, in addition to those con-
sidered for ordinary designs (including seismic and non-
seismic conditions). The external forces of a tsunami acting
on an embankment and other relevant conditions are (1)
the level of the sliding stability of the embankment with
respect to the impact wave pressure during a tsunami, (2)
the level of pullout or rupture of the reinforcement materi-
als under the uplift pressure caused by tsunami overflows,
and (3) the instability of the embankment that occurs when
the supporting ground erodes. The design adopted cement-
improved gravelly soil slabs to address this concern.

5.2.2. Mechanical effect of geotextile considered in design

procedure

In the proposed design procedure (Fig. 20), the mechan-
ical reinforcing effects of the geotextile are considered as
follows.

(1) Improvement in the seismic stability of the
embankment

The use of geotextile improves the seismic stability of
the embankment and reduces the damage to the embank-
ment body due to an earthquake. It raises the initial ero-
sion resistance of the embankment against tsunamis. This
effect is considered in ‘‘(1) General design of reinforced soil
structure (seismic condition)” in Fig. 20.

(2) Prevention of the erosion of the embankment
material

As shown in Fig. 3, due to the large negative pressure
acting continuously on the slope of an embankment (land-



Fig. 20. Design flow of the proposed GRS embankment considering tsunami effect.
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ward side), the erosion of the banking materials can easily
occur especially around the top of the slope. In the present
study, the geotextile was seen to effectively reduce the trac-
tive force acting on the banking material, which increased
the erosion resistance.

The magnitude and range of negative pressure (uplift
pressure) acting on the slope of the embankment (landward
side) can be calculated by the method proposed by
Matsushima et al. (2014). The pullout and rupture of the
reinforcement due to the uplift pressure was verified in
the proposed design procedure ((3) in Fig. 20).

(3) Improvement in bending strength and stiffness of the
cement-mixed gravely soil slab

The geotextile applied to the slab increases the bending
strength and stiffness of the slab. The rupture of the rein-
forcement caused by the bending moment acting on the
slab was verified in the proposed design procedure ((4) in
Fig. 20).

6. Conclusion

In this study, small-scale and large-scale model tests
were performed to propose a sturdy tsunami-resistant soil
structure that exhibits ductile behavior relative to earth-
quakes prior to the onset of a tsunami and relative to pro-
longed overflowing. The following conclusions were
obtained.

1. A conventional type of embankment with sufficient seis-
mic stability can be rapidly eroded by overflowing. Ero-
sion in the supporting ground accelerates the erosion of
the embankment.

2. The GRS method is an effective measure against the ero-
sion of the embankment due to overflowing. It is more
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effective to use the entire reinforcement (which is hori-
zontally arranged from the left edge to the right edge
of the embankment) to improve the durability and
restorability of the embankment against prolonged
overflowing.

3. Even if the embankment itself is stable, it can collapse
due to the erosion of the supporting ground. An effective
method for preventing such a collapse involves the par-
tial improvement of the supporting ground immediately
below the embankment and/or the application of a high-
quality material or cement-mixed gravelly soil slab to
the bottom layer of the embankment.

4. Based on the experimental results, an embankment
structure with sufficient stability and ductility against
large-scale earthquakes and prolonged overflows was
developed by adopting the GRS method and applying
a cement-mixed gravelly soil slab to the bottom layer
of the embankment.

5. Several key points that must be considered when select-
ing the banking material for model tests have been sum-
marized. Given that it is almost impossible to
simultaneously satisfy all the points, the material should
be carefully chosen by considering the purpose of the
model tests and the behavior of the model on which
the focus is placed.

The study addressed the tsunami overflows that occur
after major earthquakes. However, the resisting perfor-
mance of earth structures against prolonged overflows is
of interest when tsunamis and severe rainstorms occur.
Recently, there have been many incidents of railway
embankments constructed in water catchments in moun-
tainous areas and river basins that suffered from severe ero-
sion caused by prolonged overflows. For example, during a
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severe rainstorm that occurred in the Kyushu region in
2012, railway embankments constructed in the mountain-
ous areas along the Ho-hi Line sustained extensive damage
due to erosion caused by overflows. The GRS embank-
ments that had been installed in the vicinity of the col-
lapsed embankments sustained only minimal damage
(Tatsuoka et al., 2014). In these cases, emphasis is always
placed on water drainage measures and the protection of
slopes when designing embankments against rainfall. The
GRS structure proposed in the study is also useful in the
construction of embankments in the aforementioned
locations.

Furthermore, given that the collapse of river dikes and
levees due to overflows is often reported during heavy rain-
fall events, the findings obtained in the present study (e.g.,
the practical advantages of GRS structures) are considered
applicable to embankments as well as to river dikes and
levees.
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