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Influence of Liquefaction on Scour behind Coastal Dikes due to

Tsunami Overflow

In the present study, hydraulic model experiments were conducted to clarify the
influence of liquefaction on the scour behind coastal dikes due to tsunami
overflow. In particular, the variation of the scour profile (scour depth, scour
length and scour area) due to liquefaction was discussed. Degree of liquefaction
was controlled by upward seepage, which was induced by the head difference
between a water tank and a sand bed. Six hydraulic gradients were applied to the
sand bed. The experimental results showed that liquefaction had a significant
impact on the scour profile. At high hydraulic gradient, slope failures occurred
due to reduction of effective stress of the sand bed. As a result, scour length was
increased by the slope failures. Furthermore, the maximum scour depth and scour
area for high hydraulic gradient became smaller than that for low hydraulic

gradient.
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Introduction

An earthquake occurred off the Pacific coast of Tohoku on 11th March 2011, which
triggered massive tsunami waves of 10 m or more. The tsunami caused severe damage
to coastal structures, such as coastal dikes and seawalls. After the earthquake, field
surveys were conducted by Kato et al. (2012), Kawasaki (2012), Mikami et al. (2012),
Tokida and Koizumi (2011) and Tokida and Tanimoto (2014). Scour holes caused by
tsunami were found behind coastal dikes, as shown in Fig. 1. Scour behind coastal dikes
caused the destabilization of coastal dikes and sliding of scour protections. Therefore,

scour behind the coastal dikes has been considered as one of the reasons of their failures.

Fig.1.

Many studies on the scour behind coastal dikes have been conducted. Mitobe et al.

(2014) conducted hydraulic model experiments to clarify the characteristics of the scour

behind a coastal dike. Two flow fields at scour holes were observed and the scour



process was completely different depending on the flow field. Hatogai et al. (2008),
liboshi et al. (2014) and Iiboshi et al. (2015) examined the scour process behind a
coastal dike and the effects of scour protections. These studies revealed that scour
protections changed the direction of the overflow water, and a scour hole developed
away from the coastal dike. Tanimoto and Tokida (2012) reported that the scour hole
that appeared behind coastal dikes caused dike failures but reduced the impact of the
tsunami. The analytical tsunami simulations were conducted to verify the reduction of
the tsunami by the scour hole. It was indicated that the tsunami’s flow velocity was
reduced by approximately 40%. In the 2011 earthquake off the Pacific coast of Tohoku,
liquefaction occurred widely in the Kanto region. Conversely, there were not many
reports of liquefaction in the Tohoku coastal areas. One reason is that the tsunami
obliterated the traces of liquefaction. However, many researchers pointed out that
liquefaction did in fact occur in these coastal areas. Fukumoto et al. (2012) examined
the hydraulic data of this earthquake at the Choshi offshore area in detail. Figure 2
shows the variation of the wave height at an observation point. A massive tsunami
struck at that observation point only 4 min after the largest aftershock occurred. The
tsunami attack and the largest aftershock occurred almost simultaneously. This study
indicates that liquefaction caused by earthquakes may occur when tsunami strikes.
Actually, it was confirmed that the ground liquefied when the tsunami struck, as shown

in Fig. 3.

Fig.2.

Fig.3.
Furthermore, Nagasaka et al. (2012) and Tonkin et al. (2003) pointed out that

liquefaction might enhance the scour. Based on these reports, there is a possibility that

the ground behind coastal dikes is eroded by tsunami easily when liquefaction occurs.



Although the above studies on the scour caused by tsunami and liquefaction caused by
earthquakes have been conducted separately, the combined effects of liquefaction and
scouring are poorly known. Moreover, large-scale earthquakes with a magnitude of
around eight (such as the Tokai, Tonankai and Nankai earthquakes) are expected to
occur with a high probability within 30 years (The Headquarters For Earthquake
Research Promotion, 2016). Therefore, countermeasures against tsunami disaster caused
by such large-scale earthquakes are important, and it is necessary to clarify the
influence of liquefaction on the scour behind the coastal dikes. In the present study,
flume experiments are conducted to clarify the influence of liquefaction on the scour. In
particular, we focus on the variation of the scour profile (maximum scour depth, scour

length and scour area) due to liquefaction.

Experimental Setup

Experimental apparatus

Schematic diagrams of the experimental apparatus are shown in Fig. 4; the scale of the
experimental apparatus was 1/50. The experimental apparatus comprised a flume,
coastal dike model, sand bed and water tank. The flume was 2.0 m long and 0.3 m wide
and made of acrylic to observe the scour process. The coastal dike model was 0.2 m
long, 0.1 m high and 0.3 m wide (5 m high in the real scale). The cross-section of the
coastal dike model, corresponding to half of the slope, was determined based on coastal
dikes in the Miyagi prefecture, which had been repaired after the earthquake. The sand
bed was 0.5 m long, 0.2 m high and 0.3 m wide, and three pore-water pressure gauges
were placed on the acrylic wall.

In the experiments, liquefaction was controlled by upward seepage, which was induced
by the head difference between the water tank and the sand bed. The hydraulic gradient

of the sand bed was i = H/L. In Fig. 4 (b), H is the difference in the total head, and L is



the height of the sand bed. The hydraulic gradient of the sand bed depended on the

elevation of the water tank.

Fig.4.

Experimental conditions

Silica sand was used in the experiments. Its properties are shown in Table 1. The sand
bed was made by water pluviation method in order to achieve saturation of the sand,
and the relative density of the sand bed was about 30%. Table 2 shows the experimental
conditions. Six types of the hydraulic gradients and two flow rates of ¢ = 0.5 and 1.0
(L/s) were applied. The scour process and the scour profile were recorded by a video
camera for 1 min. The duration of the overflow was about 7 min in the real scale. The
maximum scour depth and the scour length were determined from the image captured

by the video camera, as shown in Fig. 5.

Table 1

Table 2

Fig.5.

Upward Seepage and Excess Pore-water Pressure

Figure 6 shows the relationship between the hydraulic gradient and the flow rate of the
upward seepage. It was observed that the flow rate of the upward seepage increased
linearly with the hydraulic gradient. Figure 7 shows the relationship between the excess
pore-water pressure in the sand bed and the depth from the bed surface. The effective
overburden pressure was calculated from the submerged unit weight of the silica sand.
The excess pore-water pressure increased with the hydraulic gradient and was

approximately equal to the effective overburden pressure at i = 1.0. Thus, the effective




stress on the sand bed and liquefaction could be controlled by the hydraulic gradient.
Moreover, although the critical hydraulic gradient calculated from the Terzaghi
equation was 0.86, the critical hydraulic gradient in the present experiments was 1.0,
due to the influence of the acrylic wall and the head loss between the sand bed and the

water tank.

Fig.6.

Fig.7.

Results and Discussion

Influence of Liquefaction on Scour during the Initial Stage (1~10 s)

The scour profiles during the initial stage of the experiments are described for Series 2
(g = 1.0 L/s). Figure 8 shows the scour profiles at 1 s for i = 0.0 and i = 1.0. The scour
profiles are completely different between i = 0.0 and i = 1.0. The formed scour hole for
i = 0.0 has a semi-circular shape. Conversely, the scour hole for i = 1.0 is elongated and
inclined obliquely. The overflow water sticks into the slope at the downstream part of
the scour hole. This can be attributed to the increase in the fluidity of the sand bed due

to liquefaction. These trends can be observed only for i = 1.0.

Fig.8.

Figure 9 shows the scour profiles at 8 s for i = 0.0 and i = 1.0. In addition, the scour
profiles at 9 s and 10 s are also shown in Fig. 9 with dashed lines. For i = 0.0, the scour
hole expands downstream and maintains a semi-circular shape. Conversely, the surface
shape of the sand bed, for i = 1.0, changes continually by the increase in the fluidity of
the sand bed. The surface of the sand bed becomes undulating. Furthermore, the slope at
the downstream part of the scour hole is almost vertical. These trends are observed for i
= 0.6, 0.8 and 1.0. Therefore, liquefaction has a significant impact on the scour profile

during the initial stage of scouring.



Fig.9.

Scour Profile at each Hydraulic Gradient

Figure 10 shows the time variation of the scour length and the maximum scour depth at
each hydraulic gradient. It can be observed that the scour length and the maximum
scour depth change drastically from 0 to 10 s. After 10 s, the variation of the scour
length and the maximum scour depth becomes small. The results show that the rate of
increase in the scour length and the maximum scour depth decreases with time. In both
cases, the scour length for i = 0.6, 0.8 and 1.0 becomes longer than that for i = 0.0, at
any time. The results show that the scour hole expands downstream at high hydraulic
gradients. This trend can be attributed to slope failures due to the reduction of the
effective stress of the sand bed. Slope stability is determined by the balance between
shear stress and shear strength. Shear strength decreases with the reduction of the
effective stress, and the sediment under low-effective stress conditions behaves like a
fluid. Consequently, slope failures and the expansion of the scour hole occur at high
hydraulic gradients. Especially, when the hydraulic gradient is equal to 1.0, the scour-
length increasing rate is obviously high. The scour length for i = 1.0 at the end of the
experiment is 1.20 times longer in ¢ = 0.5 and 1.59 times longer in g = 1.0, compared
to i = 0.0. In both cases, the maximum scour depth for i = 0.6, 0.8 and 1.0 becomes
smaller than that for i = 0.0, at any time. This trend can be attributed to backfilling of
the scour hole. First, slope failures occur at high hydraulic gradient through the above-
mentioned mechanism. Then, the scour hole is backfilled with sand from the slope
failures. As a result, the maximum scour depth decreases. The maximum scour depth
for i = 1.0 at the end of the experiment is 0.75 times smaller in ¢ = 0.5, and 0.77 times

smaller in ¢ = 1.0, compared to i = 0.0.



Fig.10.

Influence of Liquefaction on Scour Area

In order to evaluate the influence of liquefaction quantitatively, we calculate the scour
area at each hydraulic gradient. In past studies, the scour area under the original bed line
was used as one of the evaluation methods (Mitobe et al., 2014). However, scouring far
from a coastal dike does not affect the stability of the dike, whereas scouring near a
coastal dike has a serious impact on the stability. In other words, even if the scour areas
are equal to each other, the stability varies depending on the location of the scour.
Therefore, it is necessary to consider the range, at which the stability is affected. In this
study, the stable of the scour area was determined based on the “2H rule” (Minister of
Land, Infrastructure, Transport and Tourism, 2011). When underground structures (e.g.
buried pipeline and manhole) are placed near the foot of the dike, the following points

must be considered according to the 2H rule: 1) Underground structures should be at

least 20 m away from foot of the dike. When the height of the underground structures is

less than 10 m, the structures should be 10 m away from the foot of the dike. 2) In

other cases, underground structures should be placed outside the 1:2 line. The concept
of the 2H rule is shown in Fig. 11. Underground structures should not be placed in the
shaded area, because the stability of the coastal dikes and water leaks are affected there.
Based on 2H rule, the scour inside the shaded area is determined as the scour area in

this study.

Fig.11.

Figure 12 shows the relationship between the hydraulic gradient and the scour area at 10

s, 30 s and 1 min. In all cases, the scour area for i = 0.6, 0.8 and i = 1.0 becomes

smaller than that for i = 0.0, at any time. The scour profile at a high hydraulic gradient



is shallow and wide due to slope failures caused by the reduction of the effective stress.

As a result, the scour area near the foot of the dike becomes small. The scour area for i

= 1.0 at the end of the experiment is 0.55 times smaller in ¢ =0.5, and 0.64 times

smaller in ¢ = 1.0, compared to the values for i = 0.0. In previous studies, it has been

reported that the scour is enhanced by liquefaction. However, this trend is not seen in

this study. On the contrary, when the hydraulic gradient, that is, the degree of

liquefaction is high, the scour area becomes small.

Fig.12.

Conclusions

In order to clarify the influence of liquefaction on the scour behind coastal dikes due to

tsunami overflow, flume experiments were conducted. The following conclusions were

obtained.

1.

The scour profile for i = 0.0 at 1 s has a semi-circular shape. In contrast, the scour
profile for i = 1.0 at 1 s is elongated and inclined obliquely. The overflow water
sticks into the slope at the downstream part of the scour hole.

The scour hole for i = 0.0 expands maintaining a semi-circular shape. Conversely,
the surface shape of the sand bed changes continually for i = 1.0. The undulating
surface of the sand bed and the vertical slope downstream of the scour hole are
observed. Therefore, liquefaction has a significant impact on the scour profile
during the initial stage of scouring.

In g = 0.5 and 1.0 L/s, the scour length for i = 0.6, 0.8 and 1.0 becomes longer than
that for i = 0.0, at any time. The scour length for i = 1.0 at the end of the experiment
is 1.20 times longer in ¢ = 0.5 and 1.59 times longer in ¢ = 1.0 compared to i = 0.0.
In g = 0.5 and 1.0 L/s, the maximum scour depth for i = 0.6, 0.8 and 1.0 becomes

smaller than that for i = 0.0 at any time. The maximum scour depth for i = 1.0 at the



end of the experiment is 0.75 times smaller in ¢ = 0.5 and 0.77 times smaller in g =
1.0 compared to i = 0.0.

5. Based on 2H rule, the scour area, which affects the stability of coastal dikes, was
calculated. In ¢ = 0.5 and 1.0 L/s, the scour area for i = 0.6, 0.8 and 1.0 becomes
smaller than that for i = 0.0, at any time. The scour area for i = 1.0 at the end of the
experiment is 0.55 times smaller in ¢ = 0.5 and 0.64 times smaller in g = 1.0

compared to i = 0.0.
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Tsunami overflow

Scour hole behind
a coastal dike

Figure 1. Scour hole behind a coastal dike (modified from Iiboshi et al., 2014).
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Figure 2. Variation of wave height at Choshi offshore area (modified from Fukumoto et

al., 2012).



Liquefied
—  ground

Figure 3. Ground liquefies before a tsunami strikes (Natori City, Miyagi Prefecture).

Photo courtesy of Kyodo News Service.



Coastal dike model

Unit: mm Valve Flow meter Pump

(a) Side view of the experimental apparatus without a water tank.

Pore water pressure gauge 7  Water tank

200(=L)

Unit: mm

(b) Cross section of A.

Figure 4. Experimental apparatus.
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Figure S. Definition of maximum scour depth and scour length.
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(a)i = 0.0

(b)i = 1.0

Figure 8. Scour profiles at 1 s fori =0.0 and i = 1.0.



(a)i=0.0

(b)i=1.0

Figure 9. Scour profiles at 8, 9 and 10 s fori = 0.0 and i = 1.0.
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Table 1. Properties of silica sand.

Density of soil particle o5 (g/cm®) 2.63
Maximum dry density pmax (g/cm?) 1.64
Minimum dry density omin (g/cm®) 1.30
50% grain size Dso (mm) 0.30
Uniformity index U. 2.14

Table 2. Experimental conditions.

Series 1 Series 2

Hydraulic Hvdraulic
gs;,dient i Flow rate ¢ gr}; dient i Flow rate ¢

0.0 0.0

0.2 0.2

0.4 0.5 0.4 1.0

0.6 (L/s) 0.6 (L/s)

0.8 0.8

1.0 1.0
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