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ABSTRACT: In recent years, levees collapse frequently due to a large-scale of earthquakes.
In Japan, most of ponds (dams for agriculture) have their levees lacking in anti-seismic per-
formance; and, thereby, the reinforcement of levees is thus one of important tasks. Against
this issue, a reinforcement construction method by which steel sheet piles are driven into the
existing levees is proposed. Accordingly, shaking table model tests to verify the anti-seismic
effects of steel sheet piles driven into the levee‘s bodies of the agricultural ponds have been
conducted. As a result, it is indicated that reinforced levee‘s bodies by steel sheet piles can sig-
nificantly inhibit the amount of their own settlement and horizontal deformation. In addition,
it emerges that the suffering behavior of levee‘s bodies varies with whether liquefaction occurs
in the foundation ground or levee‘s body, and according to this fact, the behavior of steel
sheet piles can also vary.

1 INTRODUCTION

In the off Pacific coast of Tohoku Earthquake 2011, the levees of ponds (dams for agriculture)
collapsed so that the casualties occurred (Yamaguchi et al. 2018). Also, many levees in
Kyushu collapsed due to the heavy rain in 2017, causing serious damage (Izumi et al. 2018).
There are more than 200,000 ponds which is surrounded by levees in Japan, and about 70% of
them were built over 100 years ago (Hori et al. 2002). It means there are many fragile levees
due to the immature construction technology. According to the survey carried out by Ministry
of Agriculture, Forestry and Fisheries (MAFF), the seismic performance of about 55% levees
are insufficient, and the resistance ability against heavy rain of about 38% levees are not
enough (Ministry of Agriculture, Forestry and Fisheries, 2018). In addition, frequently
adopted countermeasures are to suppress the sliding fracture of the levee such as creating a
relatively small embankment near the levee, and placing soil in the levee, which is impermeable
to water. However, there are not so many measures against the liquefaction. In Japan, it is
pointed out that most of the levees in those ponds not have been reinforced against earth-
quakes to date so that they lack in anti-seismic performance. It is anticipated that in the near
future of Japan, a large-scale of earthquakes such as a Nankai Trough Quake (Takahata,
2014); and, thereby, the anti-seismic reinforcement of levees including the agricultural ponds
is one of the imminent tasks to be done. Furthermore, the levees of the agricultural ponds
raise a question of their collapses due to overflowing erosion involving with the occurrence of
torrential rains in addition to earthquakes (Kato et al. 2005).
In such a context, a construction method to reinforce the existing levees by driving steel

sheet piles into them is proposed as a countermeasure against earthquakes as well as torrential
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rains (Fujiwara et al. 2017a). An advantage can be obtained that using steel sheet piles for
levee’s reinforcement allows us to save time and space in execution, and thus provides con-
struction with less environmental impacts. In addition, the method has another significant fea-
ture to allow us to execute works while levees are in service without drawing off reserved
water from agricultural ponds. A schematic diagram of reinforcement by steel sheet piles is
shown in Figure 1. As reinforcement effects thanks to steel sheet piles, it can be expected that
inhibiting deformation of the ground between the double steel sheet piles in a row allows us to
control settlement at the center of levee‘s bodies, while taking advantage of the water sealing
ability that steel sheet piles allows us to lower the water level in the levee‘s bodies. The levees,
to which this construction method was applied, have been verified to be capable of demon-
strating high anti-seismic performance, via shaking table model tests of coastal levees (Fuji-
wara et al. 2017b). However, at this present moment, the actual instances in which this
construction method was applied to the levees of agricultural ponds are limited to quite a few
projects. It is given as a feature of the levees in agricultural ponds that their bodies are usually
bearing reserved water, which is exerted on them as water pressure and penetrates into them,
so that, it is possible to cause them to liquefy.
Nevertheless, the previous studies of the present construction method were addressed solely

under limitative conditions such as in cases where the foundation ground liquefies, and, in
addition, no impacts by the reserved water were taken into consideration, and thereby, no
effects of reinforcement when the method is applied to the levees of agricultural ponds have
been elucidated. Accordingly, it has been verified how the anti-seismic reinforcement using
steel sheet piles effectively affects the levees of agricultural ponds through shaking table model
tests focused on the impacts by the reserved water.

2 TEST CONDITIONS

2.1 Test apparatus and method

Excitation tests were performed using a rigid soil container (Width: 2800 mm, x Hight 850 mm
x Depth: 700 mm) shown in Figure 2. It consists of steel frames and acrylic plates. A model

Figure 1. Effectiveness of the double sheet piles countermeasure.

Figure 2. Test container.
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levee in a geometrical scale of 1/35 representing an actual levee having a height of approxi-
mately 10 m in full scale was assumed. The test procedure is shown in Table 1. After having
made levee mockup models, excitation test was performed at the moment when passing water
was observed from the foot of the slope on the downstream side, while allowing the water level
on the upstream side of the levee‘s body to rise and leave it alone for a certain time. Running
water tinted in red was used for the reserved water in order that penetrating state of the reserved
water can be visualized. An amplitude of acceleration of 6.0 m/s2, a frequency of 5 Hz, and 20
waves of sine curves constituted a wave form in the excitation tests. Flat steel plates of a thick-
ness of 2.3 mm were used for steel sheet plates in order that the bending moment matches
between the two, based on the Law of Similarity (Iai, 1989). Tie rods were simulated by a
round bar of 4 mm in diameter with pin connection at the head of flat steel plates.

2.2 Test cases

Tests were conducted in the four cases as shown in Figure 3. Presence/absence of steel sheet piles,
and the same of liquefiable layers are parameters. The section shape and water level of the levee‘s
bodies were assumed to be common to all cases, and the length of steel sheet piles considered to
be the same in Cases 3 and 4. The reason for paying attention to the presence/absence of liquefi-
able layers is that the suffering behavior is assumed to depend upon whether liquefaction occurs
in the foundation ground or levee‘s body, according to which, the reinforcement effects and

Table 1. Test procedure.

Figure 3. Test cases.

Table 2. Test cases and ground conditions.
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deformation behavior of steel sheet piles under the respective ground conditions are predicted to
change also. The ground conditions are shown in Table 2. The foundation ground was prepared
using Silica Sand #7 by the water pluviation method. Each ground of unliquefiable layers and
liquefiable layers was targeted at a dense ground with a compaction degree Dc of 90% or more,
and a loose ground with that of 90% or less, respectively. Figure 4 shows the granularity distribu-
tion of the materials of the levee’s bodies. The materials for levee’s bodies using those with kaolin
clay and Silica Sand #7 blended so as to obtain a dry weight ratio of 1: 5 in Cases 1 and 3, and
mockup levee’s bodies were adequately compacted. On the other hand, in Cases 2 and 4, mockups
were prepared so as to obtain a loose ground with a compaction degree Dc of 90% or less, using
the materials with kaolin clay, Silica Sand #7, Silica Sand #5, and Silica Sand #3 blended so as to
obtain a dry weight ratio of 1: 5: 1: 10. The liquefaction resistance curves of each material and the
standard material called Toyoura sand (Toki, 1988) are shown in Figure 5, which are obtained by
cyclic undrain triaxial tests. The reason why the granularity distribution and relative density were
set according to the presence/absence of liquefiable layers as described above is to ensure to cause
a levee’s body to liquefy at the time of excitation, as a condition that allows the materials of the
levee’s body to tend to be liquefiable in Cases 2 and 4; and, thereby, the liquefaction strength
RL20 of the materials of the levee’s body was approximately 0.13 in Cases 1 and 3, but, in Cases 2
and 4, in contrast, approximately 0.07, resulted in approximately a half of that. The liquefaction

Figure 4. Particle size of distribution.

Figure 5. Liquefaction resistance curve.

Figure 6. Instrumentations for the tests.
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strength of Toyoura sand is approximately 0.18, so the liquefaction strength of the levees in
Case 2 and Case 4 were very low. In Cases 1 and 3, in order to visualize the deformation state of
the liquefiable layers, a mesh was created with black sand stained with China ink and arranged in
the liquefiable layers. In Cases 2 and 4, black sand was arranged in the surface layer of the unli-
quefiable layers only. The measured items and locations are shown in Figure 6. The vertical/hori-
zontal displacement, water pressure, acceleration, and the strain of the steel sheet plates were
measured.

3 TEST RESULTS AND DISCUSSIONS

3.1 Behavior of unreinforced levees

Firstly, the suffering behavior of levee’s bodies without countermeasures is verified. The state
after excitation in Cases 1 and 2 is shown in Figure 7, together with the residual displacement
in the vertical/horizontal direction. The residual settlement resulted in 58 mm in Case 1, and
23mm in Case 2. These settlements correspond to approximately 2.0 m and 0.8 m converting
to the actual scale. It is turned out from the displacement of the black sand that while a large
deformation occurred in the liquefiable layer immediately below the levee’s body along both
directions of vertical and horizontal directions in Case 1, approximately little displacement
occurred in the black sand, and thus no deformation occurred in the unliquefiable layers, but
settlement occurred only in the levee’s body in Case 2. The time history of excess pore water
pressure ratios in each Case is shown in Figure 8. It is found that liquefaction occurred in the
foundation ground alone in Case 1, the levee’s body is thus assumed to have settled due to the
lateral flow of the liquefiable layer below the levee’s body. In Case 2, water pressure rose in
the foundation ground, however, no complete liquefaction was reached, and thus, it is
revealed that complete liquefaction occurred in the levee’s body alone; and, here lies a conceiv-
able reason why settlement occurred in the levee’s body alone.

In addition, when the residual displacement of the top surface in the levee’s body in the hori-
zontal direction was checked in each Case, the horizontal displacement from the upstream side
toward the downstream side occurred in any Cases. This horizontal displacement is considered
to be due to the water pressure. In Case 1, the horizontal displacement on the top surface of the

Figure 7. Deformations after shaking tests.

Figure 8. Time histories of excess pore water pressure ratio.
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levee’s body was larger compared to that of Case 2. The possible reason for resulting in the dif-
ference between Case 1 and Case 2 is that the shear resistant force that the levee’s body can
demonstrate against water pressure was reduced by the foundation ground that was allowed to
flow in Case 1 Consequently, it can be said that the horizontal displacement of a levee’s body is
highly likely to become larger when a soft layer exists in the foundation ground.
The deformed state of the levee’s bodies after excitation is shown in Figure 9. In Case 1, the

ground surface is swollen in the downstream side, which suggests the possibility that slip
occurred on the downstream side. The very settlement amount in Case 2 is tiny, however, it is
seen that each of the slope faces of the upstream and downstream presents such a deformation
as swelling outward from the levee’s body. Here, the response acceleration of the levee’s body
and unrequefiable layer in each Case is shown in Figure 10. It is revealed that the response
acceleration of the levee’s body is smaller in Case 1, but, in contrast, larger in Case 2, com-
pared to that of the unliquefiable layer. From this outcome, it is assumed in Case 1 that the
liquefiable layer reduced the acceleration exerted on the levee’s own body, and it can be under-
stood that the deformation of the liquefiable layer is the major factor of the settlement in the
levee’s body of Case 1. Thus, it emerged that the suffering behavior significantly depends
upon in which of the foundation ground or the levee’s body the liquefaction occurs.

Figure 9. Levee deformations.

Figure 10. Time histories of response accelelations.

Figure 11. Water level in the levee before shaking tests.
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3.2 Effects of reinforcement

Secondly, the anti-seismic effects of reinforcement by steel sheet piles is verified. The measure-
ment results of the water level in the levee’s bodies just before excitation test is shown in
Figure 11. The water level was obtained according to the results of the water pressure meters
P-14 and P-15. The water level at the center of the levee’s body is down in Cases 3 and 4 in
comparison with that in each of Cases 1 and 2, therefore, it can be understood that the water
sealing ability of steel sheet piles were demonstrated. Nevertheless, a question about quantita-
tiveness with respect to the evaluation of water level variation still remains, as a rise of the
water level in the levee’s body by suction cannot be neglected in the model test in 1G field. In
this respect, verification by measurement focused on levees in centrifugal field or in full scale
will be required.
Next, structural reinforcement effects are described. The deformed state of the levee’s

bodies after excitation is shown in Figure 12. It is found that disposition of steel sheet piles
allowed the levee’s body in Cases 3 and 4 to diminish its settlement amount, compared to that
in each of Cases 1 and 2, and thus to diminish it, irrespective of presence/absence of liquefiable
layer. From the deformed state of the black sand mesh of Case 1, it is understood that the
deformation of the ground between the steel sheet piles is suppressed. In Case 4, the surface
deforms to bulge out of the levee’s body and the deformation behavior of it does not change
greatly comparison with Case 2, but in the central part of the levee, the amount of settlement
was suppressed by restraining the deformation with the steel sheet pile. In other words, the
reason why the amount of settlement was reduced by placing the steel sheet pile is that the
steel sheet pile restraining the horizontal displacement of the levee’s body caused by liquefac-
tion of the ground between the steel sheet piles. In addition, when Case 1 in which the hori-
zontal displacement occurred remarkably is used as reference, in Case 3, the horizontal
displacement amount is reduced to 43%, involving with steel sheet pile’s disposition. This is
due to the fact that the steel sheet pile exhibited the shear resistance as a reaction force of the
earth pressure in the non-liquefaction layer. Therefore, it can be said that both the settlement
amount and the horizontal displacement of the levee’s body were suppressed by the steel sheet
pile. Accordingly, it can be said that either of the settlement amount and horizontal displace-
ment of the levee’s body can be restrained by steel sheet piles. The strain distribution in the
height direction of the steel sheet piles at the time when the maximum strain occurred in them
(during excitation, but not when the maximum acceleration was input) and that after excita-
tion are shown in Figure 13. It turns out that such deformation as each steel sheet pile swells
outward from the levee’s body in both during and after excitation occurred in Case 3. Such
deformation is considered to have occurred because steel sheet piles bear soil water pressure
involving with the lateral flow of liquefaction. Meanwhile, referring Figure 13, it can be seen
that deformation occurred in Case 4 as the steel sheet piles which are inclined in the same dir-
ection during excitation, and whereby, deformation such as each steel sheet pile swelling out-
ward from the levee’s body occurred as in Case 3 after terminating excitation. Regarding
Cases 3 and 4, the plotted graphs of the relationship between the bending strain history of the
steel sheet piles at the height of the ground level and the excess pore water pressure ratio at
the occurrence point of liquefaction are shown in Figure 14. The liquefiable layer (P-7) in
Case 3 and the levee’s point (P-2) in Case 4 were defined as the occurrence point of liquefac-
tion. From these results, it is understood that each steel sheet pile started such deformation to
swell outward gradually from the levee’s body in Case 3 from a comparatively low stage of the
excess pore water pressure ratio, in contrast, it presented linear behavior in the range of an
excess pore water pressure ratio less than 1.0 in Case 4; and, whereby, having reached com-
plete liquefaction, and, approximately simultaneously having transitioned to non-linear
behavior swelling outward from the levee’s body. It emerges from the above-described out-
comes that the steel sheet piles have effects to inhibit the settlement amount and horizontal
displacement of the levee’s body irrespective of the occurrence point of liquefaction, and that
the deformation behavior significantly depends upon the occurrence point of liquefaction. In
the design of steel sheet piles, such a variance of deformation behavior must be taken into
consideration.
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Figure 12. Deformations after shaking tests.

Figure 13. Bending strains of sheet piles.

Figure 14. Bending strain of surface point of sheet piles.
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4 CONLUSION

This paper proposed a reinforcement method for agricultural pond levees by steel sheet piles
against a large-scale earthquakes with liquefaction occurrence. To evaluate the effectiveness of
the proposed reinforcement method, a series of shaking table tests were performed. In the
levees without countermeasures, the levee’s bodies settled due to the lateral flow of the foun-
dation ground or the levee’s body, and the horizontal displacement also occurred due to the
effects of water pressure in the direction from upstream toward downstream in the levee’
bodies. On the other hand, reinforced levee‘s bodies by steel sheet piles can significantly
inhibit the amount of their own settlement and horizontal deformation. In addition, it is
revealed that the suffering behavior of levee‘s bodies varies with whether liquefaction occurs
in the foundation ground or levee‘s body, and the behavior of steel sheet piles can also vary
according to this fact.
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