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ABSTRACT: In the 2011 off the Pacific Coast of Tohoku Earthquake, massive tsunami caused serious dam-
age to coastal dykes. One of the failure mechanisms of a coastal dyke has been considered as the local scour
at the landward toe of a coastal dyke. Furthermore, there is a possibility that liquefaction occurs around a
coastal dyke by aftershocks when tsunami strikes. In this paper, flume experiments were conducted to clarify
the influence of liquefaction on the scour at a landward toe of coastal dykes due to tsunami over flow. Moreo-
ver, simulations were conducted to evaluate the influence of the upward seepage on the scour. In the experi-
ments, scour process and scour profile is different according to the degree of liquefaction. In the simulations,
the vertical velocity at the bottom of scour hole increases by the upward seepage. However, there is little in-

fluence of the vertical velocity on the scour because the uplift force of the vertical velocity is small.

1 INTRODUCTION

On March 11, 2011, the 2011 off the Pacific coast of
Tohoku Earthquake caused enormous damage, and
the earthquake triggered massive tsunami. The tsu-
nami caused severe damage to coastal dykes and
seawalls. From the field surveys by Kato et al.
(2012), one of the failure mechanisms of a coastal
dyke has been considered as the local scour at the
landward toe of a coastal dyke as shown in Figure 1.
Moreover, it was found from the hydraulic data at
Choshi offshore that tsunami and the largest after-
shock may occur simultaneously (Fukumoto et al.,
2012). This study indicates the possibility that lique-
faction occurs when tsunami strikes.

Many studies on the scour at the landward toe
have been conducted. Mitobe et al. (2014) conducted
hydraulic model experiments to understand charac-
teristics of the local scour at the landward toe and
showed the different characteristics of the scour pro-
cess by different kinds of hydraulic jump. Hatogai et
al. (2008) and liboshi et al. (2015) examined the
scour process and the effects of landward protection.

In the previous studies, experiments and analyses
on wave-induced liquefaction have been also con-
ducted (Nagano & Maeno, 1987; Zen & Yamazaki,
1990; Sassa & Sekiguchi, 1999). The rapidly de-
creasing water level brings the pore water pressure
gradient, and the pore water pressure gradient causes
a decrease in the effective stress. When tsunami
backwash comes, the water level rapidly decreases.
Therefore, it is likely that a decrease in the effective
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Figure 1. Local scour at landward toe (rrioc-i-iﬁed from Kato et
al., 2012).

stress and liquefaction will be caused by tsunami
backwash. Actually, Sawada et al. (2014) pointed
out from the wave data that liquefaction occurred
under the condition that amplitude of changes in sea
level was large and the drawdown rapidly occurred.

Although studies on the scour by tsunami, lique-
faction by the earthquake and wave-induced lique-
faction have been conducted as described above, the
combined effects of liquefaction and the scour by
tsunami are poorly known. Moreover, in future, a
large scale earthquake with a magnitude of around 8
(referred to as the Tokai-Nankai Earthquake) is ex-
pected to occur in Japan with a high probability
within 30 years. Therefore, countermeasures against
tsunami disaster by the earthquake are important,
and it is necessary to clarify the influence of lique-
faction on the scour at the landward toe of coastal
dykes.



On the basis of the above mentioned background,
in this paper, flume experiments were conducted to
clarify the influence of liquefaction on the scour.
Liquefaction was controlled by the upward seepage.
Moreover, the upward seepage actually occurs in the
ground when the pore water pressure dissipates in
the process of liquefaction. There is a possibility that
the scour is affected by the upward seepage. There-
fore, simulations were conducted to evaluate the in-
fluence of the upward seepage on the scour. In order
to evaluate the influence of the upward seepage, dif-
ference in the velocity due to presence and absence
of the upward seepage was investigated.

2 EXPERIMENTAL SETUP
2.1 Experimental apparatus

Figure 2 shows the schematic diagram of the exper-
imental apparatus. The flume is 2.0 m long and 0.3
m wide and made of acrylic to observe the scour
process. The sand bed is 0.5 m long, 0.3 m wide and
0.2 m high, and three pore water pressure gauges
were placed on the acrylic wall. In the experiment,
liquefaction was controlled by the upward seepage.
The upward seepage was induced by the head differ-
ence between the water tank and the sand bed. The
hydraulic gradient of the sand bed is given as i (= H
/ L). In Figure 2 (b), H is the difference in total head,
and L is the height of sand bed. The hydraulic gradi-
ent of the sand bed depends on elevation of the wa-
ter tank. As a coastal dyke model, the 1:2 slope (0.2
m long, 0.1 m high, 0.3 m wide) was installed.

2.2 Experimental conditions

Silica sand was used in the experiment. The silica
sand was washed with water and sieved with a 75
um screen to eliminate fine fractions. The properties
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Figure 2. Experimental apparatus.

of the silica sand are shown in Table 1. The saturat-
ed sand bed was prepared by the water pluviation
method. Experimental conditions were shown in Ta-
ble 2. A pump was used to circulate the water, and
the flow rate was controlled by a regulating valve
and a flowmeter. The scour process and the scour
profile were recorded by a video camera. The maxi-
mum scour depth and the scour length were deter-
mined from the image captured by the video camera
as shown in Figure 3.

Table 1. Properties of silica sand.

Density of soil particle p, [g/cm’] 2.63
Maximum dry density Py [g/cm’] 1.64
Minimum dry density gy, [g/cm’] 1.30
50% grain size D5, [mm] 0.30
Relative density [%] 25-35
Uniformity index U, 2.14

Table 2. Experimental conditions.

Series 1 Series 2
Hydraulic Hydraulic
gradient 7 Flowrate ¢ gradient 7 Flow rate ¢
0.0 0.0
0.2 0.2
0.4 0.5 0.4 1.0
0.6 (I/s) 0.6 Us)
0.8 0.8
1.0 1.0
Scour length
YA
Slopa~. | S ~—}
ol
& Initial height of sand bed
£
5=
=R Sand bed

Figure 3. Definition of maximum scour depth and scour
length.

2.3 Upward seepage and excess pore pressure

Figure 4 shows the relationship between the hydrau-
lic gradient and the flow rate of the upward seepage.
It is observed that the flow rate of the upward seep-
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Figure 4. Relationship between hydraulic gradient and upward
seepage.



age increases linearly with the hydraulic gradient.

Figure 5 shows the relationships between the ex-
cess pore water pressure and the depth from the sand
bed. The effective overburden pressure was calculat-
ed from the submerged unit weight. The excess pore
pressure increases with increase in the hydraulic
gradient and is equal to the effective burden pressure
at i=1.0. The result shows that the effective stress of
the sand bed and liquefaction can be controlled by
the hydraulic gradient. Note that the critical hydrau-
lic gradient calculated by Terzaghi equation approx-
imately is equal to 0.85.
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Figure 5. Relationships between excess pore water pressure
and depth from sand bed.

3 EXPERIMENTAL RESULTS AND
DISCUSSION

3.1 Influence of liquefaction at initial stage of scour
(0~10s)

In the subsection, the scour profiles at the initial
stage (0~10 s) are described for Series 2 (¢g=1.0 L/s).
Figure 6 shows the scour profiles at 1 s for i=0.0 and
i=1.0. It is found from Figure 6 that the scour profile
is completely different between i=0.0 and i=1.0. In
i=0.0, the scour hole is formed in a semicircular
shape. In i=1.0, the scour hole is formed in an elon-
gated shape and inclined obliquely. The trend is seen
only for i=1.0.

Figure 7 shows the scour profiles at 7 s for i=0.0
and i=1.0. In addition, the scour profiles at 8 s and 9
s are shown in Figure 7 with dashed lines. In i=0.0,
the scour hole develops while maintaining the semi-
circular shape in the initial 1 min. In contrast to
i=0.0, the surface shape of the sand bed changes in-
cessantly in /=1.0. The undulating surface of the
sand bed is observed. Furthermore, the slope at the
downstream part of the scour hole is almost vertical.
The trend is seen from i=0.6 to i=1.0.

3.2 Scour profiles at each hydraulic gradient (i =
0.0~1.0)

Figure 8 shows the scour profiles at 30 s for Series 1
(¢=0.5 L/s) and Series 2 (¢g=1.0 L/s). In Figure 8,

(a) i=0.0

(b) i=1.0

Figure 6. Scour profiles at 1 s for i=0.0 and i=1.0.

(b) i=1.0

Figure 7. Scour profiles at 7 s, 8 s and 9 s for /=0.0 and i=1.0.

with increase in the hydraulic gradient, the scour
hole expands downstream, and the maximum scour
depth decreases. This trend can be attributed to the
slope failure by the decrease in the effective stress.
Slope stability is determined by the balance of shear
stress and shear strength. Shear strength becomes
smaller with the decrease in the effective stress, and
the sediment under low effective stress conditions
behaves like fluid. It is observed in the experiment
that the sediment deposited around the scour hole
behaves like fluid, and the slope failure at the down-
stream part of the scour hole and the expansion of



the scour hole occur at high hydraulic gradient. As a
result, the sediment is deposited at the scour hole. In
summary, the scour profile at high hydraulic gradi-
ent become shallower and wider than the scour pro-
files at low hydraulic gradient.

The expansion of the scour hole by liquefaction is
distinctive as described above. Therefore, the change
of the scour length at each hydraulic gradient is de-
scribed in the paragraph. The change of the scour
length with progress of time is shown in Figure 9. In
Series 1 and Series 2, when the hydraulic gradient is
equal to 1.0, the rate of the increase in the scour
length is obviously high at the initial stage of the
scour. This can be attributed to liquefaction. When
the hydraulic gradient is less than 0.8, the sand bed
is not liquefied completely as shown in Figure 5, and
the bed shear strength is held in some degree. As a
result, when the hydraulic gradient is less than 0.8,
there is little difference in the scour length at the ini-
tial stage of scour. When the hydraulic gradient is
equal to 1.0, the sand bed is liquefied completely.
Therefore, the sand bed behaves like fluid, and the
scour length increases rapidly by the slope failure.

4 INFLUENCE OF UPWARD SEEPAGE ON
SCOUR

4.1 General outline

In this paper, the upward seepage was used to repro-
duce liquefaction. Moreover, the upward seepage ac-
tually occurs in the ground when the pore water
pressure dissipates in the process of liquefaction.
There is a possibility that the scour is affected by the
upward seepage. Therefore, in order to evaluate the
influence of the upward seepage on the scour, simu-
lations were conducted. In the present simulation,
difference in the velocity due to presence and ab-
sence of the upward seepage was investigated.

For the above purpose, CADMAS-SURF (SUper
Roller Flume for Computer Aided Design of MArine
Structure) was used for the simulation. CADMAS-
SURF is a numerical simulation of wave-making
flume and commonly used for the design of facilities
in sea areas. CADMAS-SURF can simulate incom-
pressible flow with free surface using a finite differ-
ential method based on the Navier-Stokes equation.

4.2 Qutline of simulation

4.2.1 Analytical conditions

Figure 10 shows the initial configuration for the
simulation. The horizontal and vertical mesh size
were set as Ax=0.5 cm and Ay=0.5 cm. The flume,
the coastal dyke model and the bed model in the
simulation are the same size as the present experi-
ment. The coastal dyke model consists of a non-
permeable structure, and the bed model consists of a
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Figure 9. Change of scour length with progress of time.

permeable structure. The bed model is described in
detail in the next sub-subsection.

The analytical conditions and parameters used in
the simulation are shown in Table 3 and Table 4.
The water was generated from the inflow boundary.
The flow rate of 1.0 L/s was applied so that the flow



rate was the same as the experiment of Series 2
(g=1.0 L/s). In Figure 4, the flow rate of the upward
seepage is equal to 2250 ml/min at i=1.0. Therefore,
in Case 1 (with upward seepage), the flow rate of the
upward seepage was determined as 2250 ml/min. the
upward seepage was generated from the bottom of
the bed model as shown in Figure 10. In order to
evaluate influence of the upward seepage of the
scour, the horizontal velocity and the vertical veloci-
ty at the bottom of the scour hole were outputted.
The direction of arrow in Figure 10 expresses the
direction of positive velocity.

1000 | 500 K 500 |
v Sy Y Drain boundary
Inflow boundary .
(I
_

T:Vertical T:Horizontal |

Figure 10. Initial configuration and measurement point.

Table 3. Analytical conditions.

Test Case Condition
Case 1 With upward seepage
Case 2 Without upward seepage

Table 4. Parameters used in the simulation.

Time increment Auto
calculation time 10s

Ax 0.5 cm

Ay 0.5 cm
Turbulence model k- model
Kinematic viscosity coefficient 1.0x10° m?s
Difference scheme Donor-1.0

Boundary condition of pressure Slip

Boundary condition in VOF method Free
Porosity of the permeable structure 0.47
Coecfficient of inertia 1.0x10°
Drag coefficient 3.0x10°

4.2.2 Bed model

Scour process cannot be reproduced by CADMAS-
SUREF. It is necessary to determine a scour profile,
and the scour profile at 60 s captured from the ex-
periment (i=0.0, g=1.0 L/s) was used in the present
simulation.

In CADMAS-SUREF, characteristics of the per-
meable structure are determined by three parameters,
porosity of the permeable structure, a coefficient of
inertia and a drag coefficient. The porosity was cal-
culated as about 0.47 from the experimental condi-
tion.

There are no reference values in regards to the
coefficient of inertia and the drag coefficient. Thus,
the two parameters were determined by trial and er-
ror so that the experimental pore water pressure was

reproduced when the upward seepage was applied to
the bed model. Figure 11 shows relationships be-
tween pore water pressure and depth from the sand
bed. It can be observed that the simulated result is in
good agreement with the experimental data.
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4.3 Results and discussion

The comparison of the horizontal velocity at the bot-
tom of the scour hole between Case 1 (with upward
seepage) and Case 2 (without upward seepage) is
shown in Figure 12. The horizontal velocity at the
bottom of the scour hole fluctuates unsteadily in the
initial stage of simulation because the water level is
unstable. Therefore, the velocity at the bottom of
scour hole was outputted after water level becomes
stable. In Figure 12, there is little difference between
Case 1 and Case 2. It can be seen that the upward
seepage does not affect the horizontal velocity. Fig-
ure 13 shows comparison of the vertical velocity at
the bottom of the scour hole. The clear difference
between the Case 1 and Case 2 can be observed. The
vertical velocity in Case 1| is larger than Case 2.
These results show that although the horizontal ve-
locity at the bottom of the scour hole is not affected
by the upward seepage, the vertical velocity at the
bottom of the scour hole is affected by the upward
seepage. However, uplift force that a sand particle
experiences from the upward seepage calculated by
Stokes equation is smaller than submerged weight of
the particle. Therefore, the influence of the vertical
velocity on the scour is small.
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Figure 12. Variation of horizontal velocity at bottom of scour
hole.
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5 CONCLUSIONS

In order to clarify the influence of liquefaction on
the scour at the landward toe of coastal dykes due to
tsunami overflow, flume experiments were conduct-
ed. In the experiment, liquefaction was controlled by
the upward seepage which changes depending on the
hydraulic gradient (i=0.0~1.0). Moreover, the nu-
merical simulations were conducted to evaluate the
influence of the upward seepage on the scour. As a
result, the following conclusions were obtained.

1. The scour profile at 1 s for i=0.0 is formed in a
semicircular shape. In contrast to i=0.0, the
scour profiles at 1 s for i=1.0 is formed in an
elongated shape and inclined obliquely.

2. The surface shape of the sand bed changes in-
cessantly in the initial 1 min when i=1.0. The
undulating surface of the sand bed is observed.
Furthermore, the slope at the downstream part
of the scour hole is almost vertical.

3. At high hydraulic gradient, the sediment depos-
ited around the scour hole flows like fluid. As a
result, the slope failure occurs and the scour
hole expands downstream. The sediment is de-
posited at the scour hole by the slope failure,
and the maximum depth decreases. when the
hydraulic gradient is equal to 1.0, the rate of the
increase in the scour length is obviously high at
the initial stage of the scour.

4. The horizontal velocity at the bottom of the

scour hole is not affected by the upward seepage.

On the other hand, the vertical velocity is af-
fected by the upward seepage. However, uplift
force that a sand particle experiences from the
upward seepage calculated by Stokes equation is
smaller than submerged weight of the particle.
Therefore, the influence of the vertical velocity
on the scour is small.

In this paper, the simulation under specific condi-
tion was conducted. Therefore, as future work, we
plan to change analytical conditions such as a flow
rate of overtopping water, size of the scour hole and
a scour profile, and examine influence of the upward
seepage on the scour.
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