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ABSTRACT

The numerical simulator named STOC (Storm
surge and Tsunami simulator in Oceans and
Coastal areas) has been developed to estimate
the damages by tsunamis and storm surge. It
includes non-hydrostatic and three-dimensional
models of STOC-IC and STOC-VF to estimate
the flow velocity and wave force of tsunamis. In
this study, STOC was applied to tsunami
analysis; especially, the sub-model of STOC-IC
that adopted the vertically-integrated continuity
equation to determine the free water surface was
verified in comparison with the physical model
experiments in which the tsunami reduction
around an opening section of breakwaters,
tsunami transformation on a slope and tsunami
wave forces were  investigated.  The
non-hydrostatic model, STOC-IC, was able to
estimate the tsunami reduction by structures
with the use of the suitable eddy viscosity model,
and calculate tsunami wave pressure on a
vertical wall in the fine computational grid
whose size was a few meters in real scale.
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1. INTRODUCTION

The Indian Ocean Tsunami on 26 December
2004 caused severe damages in many coastal
areas along the Indian Ocean. Tsunami fluid
motion on land was complicated depending on
local topography and existence of structures.
The resultant tsunami action caused various
types of damage. For example, in Banda Aceh,
Northern Sumatra, Indonesia, almost houses
within 2-3 km of a beach were broken by the
tsunami more than 4m on the ground and a large
vessel whose length and width were
approximately 60m and 20m respectively was

floated into the land as well as small fishery
boats. On the other hand, field surveys on the
tsunami damages showed that some structures
such as breakwaters, coastal mounds, rigid
houses etc. were effective in reduction of
tsunami momentum behind them. As shown in
Picture 1, a high mound, which was a road
connecting to a bridge, reduced the destruction
of the first floor of a shop against the 10 m
tsunami. To understand and estimate these
tsunami damages and to consider suitable
measures for the reduction of damages, it is
necessary to estimate fluid velocity and wave
pressure of tsunami as well as inundation area
and its water depth.

Digital Globe

Picture 1 Reduction of tsunami damage by a
road mound in Banda Aceh

In general, tsunamis can be estimated by
horizontally two-dimensional numerical model
with the use of the hydrostatic pressure
assumption, because the tsunamis are extreme
long waves. However, Fujima et al. [1] showed
that the tsunamis had non-hydrostatic feature
around an opening section of breakwaters in
which a submerged breakwater was installed
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and non-hydrostatic numerical model calculated
such a behavior accurately. Yoneyama et al. [2]
also accomplished the calculation of 30 m-runup
on a v-shaped valley in the 1993 Okushiri
Tsunami Disaster with the use of their
non-hydrostatic model. These results suggest
that the tsunamis have non-hydrostatic features
depending on complicated topography and the
interaction with structures and therefore the
non-hydrostatic models are capable of
estimating them.

In this study a numerical simulator, STOC
(Storm surge and Tsunami simulator in Oceans
and  Coastal areas), which includes
non-hydrostatic and three-dimensional fluid
models, was applied to tsunami analysis and
verified in comparison with some physical
model experiments. Especially, the performance
of a non-hydrostatic model named STOC-IC
was examined.

2. NUMERICAL MODEL
2.1 Model Components

The numerical simulator, STOC, has been
developed to estimate tsunami behavior
including the interaction with structures such as
coastal defense facilities and buildings. The
simulator is a hybrid model consisting of
three-dimensional and non-hydrostatic models
of STOC-IC and STOC-VF and a multilevel
model of STOC-ML. The discrepancy between
STOC-IC and STOC-VF is in the calculation
method of free water surfaces. Figure 1 shows
an example of model arrangement of STOC.

Fig. 1 Example of model arrangement of STOC

STOC-ML is the multi-level model to compute

the tsunamis in a wide sea area in less
computation time. In this model, the water area
is vertically divided to some levels. The
governing equations of the model are the
continuity equation and Reynolds-averaged
Navier-Stokes equations as the momentum
equations, as described in Sec 2.2. Instead of
calculation of the vertical momentum equation,
the hydrostatic pressure is computed, since the
assumption of hydrostatic is applied in each
level.

STOC-IC is the non-hydrostatic pressure model
in three-dimensions to estimate tsunamis in a
wide area whose size is a coastal city where
there are many structures and non-hydrostatic
behavior of tsunami is induced by them. To
reduce computational time and memory than
another non-hydrostatic model of STOC-VEF,
STOC-IC uses the integrated continuity equation
to analyze the position of free water surface and
can be connected to STOC-ML. The governing
equations are also the continuity equations and
the Reynolds-averaged Navier-Stokes equations
in three-dimensions.

STOC-VF is also the non-hydrostatic pressure
model in three-dimensions. The difference of
STOC-IC is in calculation of the position of the
free water surface. STOC-VF adopts the method
of volume of fluid (VOF) [3] to determine the
free water surface in order to calculate tsunami
overtopping and impulsive wave forces. It is,
therefore, applied to analysis of .structural
destruction by the tsunami and so on.

2.2 Governing Equations

Basic governing equations of all sub-models of

STOC are the Reynolds-averaged Navier-Stokes

equations and the continuity equation in three

dimensions for incompressible fluids as follows:
- Reynolds averaged Navier-Stokes equations

in x, y and z directions, respectively
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- Continuity equation

=7

0 0 0
a(%”)ﬁ“a(?’yv)ﬁ“g(ﬂw):o 4)
in which (x, y, z) are the Cartesian coordinates,
(u, v, w) the velocity in the directions of x, y and
z, p the fluid density, py a reference density, p
the pressure, g the gravitational acceleration, v,
the eddy viscosity, and f; the Coriolis coefficient.
The porosity € and transmissivity y, 7y and y,
in each direction of x, y and z introduced by
Sakakiyama and Kajima [4] are imposed to
express configurations of the sea bottom and
structure faces smoothly.

In STOC-IC and STOC-ML, the free water
surface is determined by the vertically integrated
continuity equation:

on
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in which 7 is the free water surface elevation,
and 4 the still water depth.

In STOC-VF, the free water surface is analyzed
by the calculation of the function of volume of
fluid on the water free surface.

2.3 Numerical Scheme

The governing equations are solved by the finite
difference method in which a staggered mesh in
space and leapfrog method in time are used. The
diffusion terms are discretized with the
second-order central scheme, while the
advection terms are expanded with a hybrid
scheme where the first-order upwind scheme is
combined with the second-order central scheme
for stability.

To calculate of pressure in STOC-IC and
STOC-VEF, the method of SMAC (Simplified
Marker And Cell) [5] is applied

Connection between STOC-IC and STOC-ML is
made in overlapping zones in which the physical
quantities such as the water surface
displacement, velocities, pressure etc. in each
computational area of STOC-IC and STOC-ML
are adjusted using the interpolation technique.

3. APPLICATION TO TSUNAMIS IN
PHYSICAL MODEL EXPERIMENTS

3.1 Tsunami around an Opening Section of
Breakwaters

The model validation of STOC was investigated
in comparison with the results of physical model
experiments by Tanimoto et al. [6], in which the
water surface elevations of the tsunamis were
measured around an opening section of
breakwaters with a submerged breakwater as
shown in Fig. 2.
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Fig. 2 Experimental basin with breakwaters



In the computations, STOC was applied in the
range of 10 m in front and back of the
submerged breakwater in which the size of
computational grid was 0.25 m. In both sides of
it STOC-ML was applied and the grid size was
0.50 m. The grid size of the transverse direction
was 0.25 m in all of the computational area. The
vertical grid sizes were varied so as to be fine
grid near the free water surface. The tsunami in
the computation was reproduced as a uniform
flow whose speed was 1.00 m/s, because in the
experimental cases the tsunamis were produced
by uniform flows of 0.98 m/s and 1.05 m/s.

The comparison of the tsunami water surface
variation in space is shown in Figure 3. In the
figure, Cal. (-2, -4), for example, indicates the
numerical result using the horizontal and
vertical eddy viscosity coefficients of 10”°m?*/s
and 10"m?s, respectively, and Cal. (SGS)
shows the numerical result with the eddy
viscosity like the subgrid scale (SGS) model of
in large eddy simulation (LES) as shown by (6)
in the same way as Fujima et al. [1] following
Nakatsuji et al. [7].
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in which A = (AxxAyxAz)"* and C; = 0.2 that is
the ordinal value for the SGS model.
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Fig. 3 Free water surface around the opening
section of breakwaters

The use of eddy viscosity coefficient like
SGS-type depending on spatial variation of flow
provided good results in the numerical
simulation by STOC-IC. However, it was
necessary to investigation on the turbulent
model more since the combination of STOC-IC
and SGS-type eddy viscosity could not express
the recovery of water surface elevation behind
the breakwaters well.

3.2 Tsunami transformation on slope

Since Tsuruya and Nakano (Tanimoto et al. [8])
investigated tsunami transformation on a
uniform slope (Fig. 4) experimentally, the
computation results by STOC-IC were
compared with their experimental results in Fig.
5. Corresponding to the experimental condition,
the slope angle was 1/200 and the tsunami wave
period was 40 s, and wave steepness was
approximately 1.9 x 10™* at Point H whose water
depth was 1.0 m. In the computation, the
dimensionless grid sizes Ax/L and Az/H were 4
x107 and 0.5, respectively, in which L was the
wavelength at 1.0 m depth and H the incident
wave height of 0.02 m based on the wave
steepness in the experiment.
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Fig. 4 Tsuruya and Nakano’s experiment set up

The computed tsunami forms as a whole were
quantitatively comparable with the experimental
forms. However, considerably high tsunami was
calculated at Point C when the second incident
tsunami wave encountered with the reflected
wave of the first tsunami. This discrepancy
indicates that there are some improvements on



the numerical scheme to calculate the free water
surface when the incident and reflected waves
meet each other.
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Fig. 5 Tsunami transformation on slope

3.3 Tsunami Wave Pressure

Computed tsunami wave pressures acting on a
seawall were compared to experimental results
by Tanimoto et al. [8] in which the wave
pressures due to the main body of tsunamis
shown as P; in Fig. 6 acting on a vertical wall on
uniform slopes were analyzed.

In the time wvariations of the experimental
tsunami wave pressures in Fig. 6, the tsunami

wave pressure were categorized into three types:
impulsive wave pressure, P;, solitaly wave
pressure, P,, and wave pressure of tsunami main
body, P;. The wave pressure, P is significant to
investigate the stability of mass structures
against tsunamis.

Fig. 6 Analyzed tsunami wave pressure P

In the computations, the tsunami wave pressure
was calculated by STOC-IC, and the model
topography as shown in Fig. 7 was adopted from
the experimental cases.
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Fig. 7 Model topography to calculate tsunami
wave pressure on seawall

In the computations, the computational grid
sizes around the seawall were 0.01 m in the
tsunami propagation direction, 0.5 m in the
transverse direction, and 0.01 m in vertical
direction. The time marching step was 0.002 s.
If the model scale is 1/200, the grid size is 2.0 m
in front of the seawall and the time step is 0.028
.

Figure 8 shows the vertical distribution of the
tsunami wave pressure, P, by the experimental



and numerical simulations. The data was the
maximum value in each experimental and
numerical run, and then did not always appear
each other in the same time. The computed
tsunami wave pressures were in good agreement
with the experimental pressures. Moreover, the
computed tsunami wave pressures were also
well comparable with other experimental
pressures by Ikeno et al. [9]. Therefore, it
confirmed that the non-hydrostatic model of
STOC-IC had performance to estimate the
sustainable tsunami pressure following the
impulse pressure, which might be predominant
force for movement of massive structures like a
breakwater.
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Fig. 8 Experimental and numerical tsunami
wave pressures acting on a vertical wall

4. CONCLUSIONS

The main conclusions in this study are as

follows:
1) The numerical tsunami simulator, STOC,
was developed to estimate hydraulics and

hydrodynamics of tsunami. Especially
non-hydrostatic model of STOC-IC
showed good performance in comparison
with the hydraulic experiments.

2) The non-hydrostatic model was capable
of estimating the reduction of tsunami by
structures using the suitable eddy
viscosity model.

In the study proceeding at present, we are going
to apply the numerical simulator of STOC to
real topography in order to understand what
happen there by the tsunami striking under the
interaction with structures and to develop
“Tsunami Dynamic Hazard Map” which gives
tsunami features including tsunami
hydrodynamics as well as hydraulics visually to
the citizens, policy makers etc. Figure 8 is an
example of the numerical output which shows
the tsunami flooding in an imaginary coastal city
under the interaction with structures. This may
be one of tsunami dynamic hazard map.

Moreover, we must modify the numerical
scheme to calculate the water surface when the
incident tsunami wave encounters the reflected
wave of the previous tsunami wave. Considering
the tsunami form in front of the seawall, the
tsunami wave pressure on the seawall is also
verified in point of variation in time.

Fig. 9 Example of demonstration of tsunami
flooding in a coastal city



Fig. 9 (cont.) Example of demonstration of

tsunami flooding in a coastal city
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