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1. INTRODUCTION

Various mitigation strategies have been
developed to reduce catastrophic damages during
tsunami disasters, e.g. the effective early warning,
inundation maps, evacuation plans and increasing
tsunami awareness on society. In addition to those
countermeasures, it is also important to secure and
improve a structural resistance of coastal facilities
against tsunami attacks. Failure of these buildings
may cause great financial losses, extent the recovery
constructions for much longer period and also cause
secondary disasters. Therefore the physical
understanding of interactions between tsunami wave
and structure is imperative.

Tsunami which creates enormous forces usually
amplifies in the shallow water area and transfer into
bore type when it breaks”. Moreover, the
hydrodynamic pressure of bore type tsunamis
sometimes becomes larger than the one of gravity
waves, and it may cause impulsive force on
structures™, Many authors have been investigating
the impact of bore wave on the vertical wall
structures through experiments and numerical
simulations®™. However only several of them put
their interest on the tsunami wave interactions
against three-dimensional cylindrical structures as it
reassembles many coastal structures, such as
columns, pillars, tank storage or tsunami evacuation
building’s shape.

In order to understand the interactions between
tsunami waves and three-dimensional structures, a
numerical simulation shows great performance since
it gives principal physical quantities, such as a
pressure, velocity and free surface elevation, at any
points.

Nowadays, three-dimensional numerical
simulation has been vastly developed®®. Among
those simulations, the method based on volume of
fluid (VOF; CADMAS-SURF”) is considered one
of the promising numerical techniques to simulate
three-dimensional interactions between tsunami
waves and structures.

Therefore  this study investigates the
applicability of this numerical method to the
estimation of wave pressure and wave forces on
cylindrical structures above the dike exposed to bore
type tsunami. Few researches have been conducted
on evaluating the applicability of this numerical
model for bore inundation on to a dry dike and its
flow around a structure with arbitrary cross section.
Some characters of tsunami pressures, including the
vertical and horizontal distribution on cylindrical
structures are also discussed.

2. EXPERIMENTAL AND
SETUP

NUMERICAL

(1) Experimental facilities and procedures
Experiments were performed with using an open
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Fig. 1 Experimental setup (unit in meter)

channel of 12m long, 0.4m wide and 0.4m deep as
shown in Fig. 1. A bore with various different
heights (HI) was generated by lifting division plate
instantaneously which initially separates the
downstream quiescent water from the upstream
deeper water. The downstream water depth (£2) was
set in 0.045m. While the water level on upstream
side of the division plate (h/) was changed in the
range from 0.15-0.30m in order to obtain various
bore heights.

The model scale was assumed 1/30 in this study.
A dike with 0.11m in height was installed on the
downstream side 5.8m distance from the division
plate. At 0.3m from the dike’s corner, a cylindrical
structure with different diameter, e.g. 0.04m, 0.08m
and 0.11m, was set on the dike. The height of the
cylinders was 0.15m. The cylinder was attached to
the metal beam to measure the horizontal wave
force on it.

Three wave gauges (W1, W2, W3) and one
velocity meter (V1) were placed on the propagation
area. While in the inundation area, one wave gauge
(W4) and one velocity meter (V3) were placed
beside the cylindrical structure. One velocity meter
(V2) was placed 0.05m in front of cylinder to collect
velocity data.

To obtain force data, four stress-strain gauges
were attached to the beam as shown in Fig.1. A
moment equilibrium equation in two points was
used to estimate wave force from these gauges. Five
pressure gauges were attached to the front face of
the cylinder with 0.015m distance between two
gauges.

In these experiments, there were 12 cases
performed with different configurations; three
different diameter sizes had four cases of
impoundment height, e.g. £/=0.15m, /#/=0.20m,
h1=0.25m and A#7=0.30m.

(2) Numerical simulation configurations
Tsunami bore propagation was simulated
through VOF model by CADMAS SURF in similar

configurations as experimental setup. The numerical
flume size was 8.44m in X-axis, 0.4m in Y and
Z-axis, in where the input boundary was set at the
location of W1 in Fig.1. Therefore the total number
of grids was 5.401.600, with grid size of 0.01m in
X-axis, 0.0lm in ¥-axis and 0.005m in Z-axis.

Simulation of bore wave propagation in
CADMAS-SURF requires time history of wave
surface elevation and wave velocity on the input
boundary. In this study, following analytical
formula purposed by Fukui et., at” was employed to
estimate the fluid velocity from water surface
elevation on input boundary, because the water
surface elevation is commonly measured in
experiments and fields in comparison with the fluid
velocity:

u_CE_, [8HGTm

17 2H(H +nl)
Where U is the mean velocity, g the acceleration of
gravity, H=h+( the total depth from the datum (Fig.
2), ¢ the temporal bore height. # is the velocity

coefficient which equal to 1.03, and was taken from
the ratio of water level and wave height.

(D

Fig. 2 Borc wave profile

It can be seen in Fig. 3 that the temporal flow
velocities, which are represented by dotted lines,
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obtained from Eq.1 at W1 show good agreement
with measured velocities (solid lines) in each
impoundment height. In numerical simulation, the
time history of both water surface elevation and
fluid velocity was applied as matrix data on input
boundary at W1.
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Fig. 3 Velocity profile of experimental and Fukui estimation at
station 1{V1)

3. VERIFICATION OF SIMULATION

(1) Water Surface Elevation

Fig. 4 shows the comparison of water surface
profiles at propagation area (W2) in case of 0.11m
diameter cylindrical structure, where the solid lines
mean the measured data in experiment and dot lines
mean simulated ones.
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Fig. 4 Water surface elevation at station 2(W2)

In measured data in every impoundment height,
bore front face can be identified from the quick raise
pattern in the beginning of measurement. And then
bore propagated without significant water height
changes. At the end, the wave reflection from the
dike caused the fluctuations of wave height for case
with A/=02m and AhI=0.25m. Those dynamic
changes in experimental data were simulated fairly
good in numerical simulation in every impoundment
height.

Fig. 5 shows the water surface profile at 0.05m
beside the cylindrical structure (W4) on the dike. In
every case, measured bore height quickly increased
at the moment of passing the wave gauges. The
water depth reached the maximum after a few

second, and then it showed decreasing tendency.
The water surface profiles obtained from numerical
simulation show similar profiles to the experimental
results. Though the numerical simulation results
were slightly overestimate the maximum water
depth that occurs after the bore front passes the
wave gauges.
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Fig. 5 Water surface elevation at station 4(W4)

(2) Fluid Velocity Profile

Fig. 6 shows fluid velocities in front of 0.11m
diameter cylindrical structure on the dike (V2). In
all cases, the measured velocities quickly increased
in the same manner as the water surface profile in
Fig.4 and Fig.5. After taking the maximum value,
the velocities rapidly decreased due to the overlap of
overtopped flow and reflected one from the
cylinder.

As seen in Fig. 6, despite the differences at
impoundment height, the velocity after the bore
front show similar value as the wave completely
adjust its flow after hitting the dike wall. Even
under these complicated flow conditions, the
numerical results show good agreement with
experimental ones.
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Fig. 6 Fluid velocities at station 2(V2)

Fig. 7 shows the fluid velocities at 0.05m beside
of the cylinder (V3). In all impoundment cases, the
measured velocities quickly increased and took the
maximum values in the same manner with velocities
at the station 2, which can be seen in Fig.6. And
then, velocities started to show the gradual
decreasing tendency.
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Fig. 7 Fluid velocities at station 3 (V3)

The comparisons between experimental results
and numerical ones also show good agreement in
each case, though the simulated velocities slightly
underestimate the inundated velocities.

(3) Force Profile

Fig. 8 shows the comparison of wave forces
acting on the 0.1 1m diameter of cylindrical structure
with 0.25m impoundment height. In experimental
results, wave profiles oscillated a little after the bore
hit the cylinder. These fluctuations in experiments
came from the natural oscillation of measurement
system.
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Fig. 8 tsunami force of 250 mm impoundment height acting on
the cylindrical structure

As seen in Fig. 8, sharply increased initial force
can be observed both in experimental data and
numerical one when the wave hit the cylindrical
structure at the initial contact. While the sustain
wave force occurred a couple seconds later when the
water surface elevation reached its maximum height
on structure’s surface. Both of these forces were
well observed in the experimental results and
numerical ones. These force profiles correspond
well with other studies*”.

Fig. 9(a) shows the comparison of simulated
initial force with measures one, and Fig. 9(b) also
shows the comparison of sustains force.
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Fig. 9 Validation of wave lorces: (a) Initial wave forces, and (b)
Sustain wave forces validation.

Good agreement can be seen both in initial force
and sustain one in the wide range of bore height. In
the agreement on initial force, a correlation is
slightly lower than that in sustain force, because the
peak values of impact force usually depend on the
sampling frequency of data in experiment and
computational time interval in numerical simulation.

From above investigations, it can be concluded
that the numerical simulation based on VOF method
expanded into three-dimensional problem provide
fairly good results even in the complicated
inundation process of bore.

3. PRESSURE CHARACTERISTICS

(1) Pressure Profile

Fig. 10 shows the wave pressure profile at the
cylindrical surface of 0.11 m diameter structure in
case of h/=0.15 m. A1, A2 and A3 are the front face
with height of 0.001m, 0.02m and 0.04m from the
bottom, respectively. While B1, B2, B3 are the
diagonal face with 45 degree from the wave
direction at the same height level as front face, and
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C1, C2 are the side face with height of 0.00lm and
0.02m, respectively.
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Fig. 10. Wave pressure profile of 0.1lm diameter
cylindrical structure with impoundment of 0.15m: (a) Front face,
(b) 45 degree from stream direction and (c¢) side face.

It is clear that front face (A1,A2 and A3) received
the higher pressure compare to the other faces at the
same bore height, and the bottom of the cylinder
(Al, Bl and Cl) received the highest pressure at
each section. The initial impact pressure could be
observed well on the points along 4 and B section,
whereas the sustain pressures are recorded well in
all faces. At the height of 0.04m, only side face did
not record any pressure, because the measuring
point is located above the maximum water surface
elevation on this section.

(2) Pressure Distribution

Eq. 2 shows a design pressure distribution on a
vertical wall proposed by The Building Technology
Research Institute in Japan ',

gx = pg(3h-z) (2)

In this equation, g, is the desire pressure, p the
water density, g the acceleration of gravity, h the
bore height, and z is the height from the bottom to
the desired location. The pressure decreases
linearly from 3pgh at the bottom to zero at 34 as
shown in Fig.11.

3h

3pgh

Fig. 11 Designed tsunami wave pressure distribution

Fig. 12 shows the normalized vertical wave
pressure distributions on the front face of the
cylinder with diameter of 0.11m. The distributions
of the wave pressure calculated from Eq.2 are also
plotted in this figure with dashed lines. Normalized
wave pressure was obtained from the divided
computed or calculated wave pressure by pgh.
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Fig. 12 Vertical wave pressure distribution against cylindrical
structure with 0.11m diameter size

Nonlinear pressure distribution on the front face
of the cylinder can be observed in each case. At the
bottom section, the pressures show the same or even
excess value to the designed pressures. On the other
hand, the difference of pressure between cylinder
and vertical wall increases to upward direction. The
bore propagating on the dry bed generates nearly the
same wave pressure as a vertical structure at its foot
even in the case of cylindrical structure.

This huge pressure at the foot of cylindrical
structures may cause serious threats to the stabilities
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against the bore tsunami, such as the instability of
foundation or the whole structure to failure.
Therefore much further study on the force at bottom
section needs to be carried out in order to get the
better understanding.
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Fig. 13 Horizontal wave pressure distribution on & 0.11m
structure: (a) at top section, (b) at middle section and (¢) at
bottom section.

The normalized horizontal wave pressure
distribution along cylinder faces can be seen in Fig.
13(a), 13(b) and 13(c). At the bottom section,
maximum pressure occured on the front face and it
decreased along the cylinder face. The difference of
the pressure between front and side face becames
larger with the increase of impoundment wave
height.

4. CONCLUSIONS

The interactions between a single bore and
cylindrical ~structure are investigate through
experimental and numerical study. In the numerical
simulation of bore type tsunami, the analytical

equation derived by Fukui et., at.”’ can be used to
obtained input fluid velocity profile from water
surface elevation. The comparison between
experimental results and numerical ones showed
good agreements in term fluid velocities and water
surface elevation on both propagation area and
inundation area. Furthermore, good agreements
were also confirmed in initial wave forces and
sustain ones acting on the cylindrical structure.

In case of bore propagation over the dike, the
higher pressure occurred at the bottom section of the
vertical cylinder, and the value was similar or
exceeding the design pressure on vertical wall. In
the horizontal bore pressure distribution, the front
face received the highest wave pressure which then
the magnitude of wave pressure gradually decreased
along the circumferential direction.
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