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In this research, we develop a numerical fluid simula-
tor coupled with a structural analysis. The purpose
of this system is to efficiently calculate all stages of
a tsunami from source to runup, including structural
deformation. We also investigate the stability of break-
waters at Kamaishi port. The numerical results are
compared with physical experiments, revealing good
agreement. The system is applied to the local condi-
tions at Kamaishi port to verify its applicability. Most
of the breakwaters are washed away, which is similar
to the actual reported damage, indicating that the pro-
posed system can effectively reproduce tsunami struc-
tural damage.

Keywords: real-time tsunami forecast, tsunami inunda-
tion, ocean bottom observation network, tsunami disaster
response

1. Introduction

To accurately predict and evaluate inundation dam-
age caused by very large tsunamis, it is necessary to ac-
curately calculate not only the overflow from defensive
structures such as breakwaters and seawalls but also the
breakage condition due to destruction of the structures. In
order to accurately calculate tsunami propagation, it is im-
portant to simulate a large area from the wave source of
the earthquake to the land. Moreover, to analyze the struc-
tural deformation with high accuracy, surrounding topog-
raphy and structural information is required. However,
current computer capacities make these calculations dif-
ficult. Therefore, multiscale and multiphysics simulation
systems are key tools for accurate predictions of tsunami
inundation damage.

However, no method has yet been developed that can
simulate tsunami waves from source to inundation along
with structural deformation. Therefore, in this study, we
developed a method to hierarchically combine various
simulators and calculate tsunami occurrence, propagation,
inundation, and destruction of structures. We then verify
the validity of this method.

2. Methodology

2.1. Overview of the System
In this research, we constructed a numerical system

that combines five different simulations in order to per-
form a series of calculations from the wave source of a
tsunami up to the destruction of structures (Fig. 1). First,
from tsunami occurrence to propagation, we used a mul-
tilayered nonlinear long wave equation assuming hydro-
static pressure (STOC-ML [1]). It connects single-phase
Navier–Stokes (NS) equations (CADMAS-SURF/3D [2])
that calculate the sea surface using the VOF (volume of
fluid) method; however, we also inserted a single-phase
NS equation that calculates the sea surface using a con-
tinuity equation (STOC-IC [1]) to act as a buffer. Fur-
thermore, to account for the influence of the gas phase,
a single-phase VOF method and a gas-liquid two-phase
VOF method (CADMAS-2F [3]) were connected. Fi-
nally, a structure-foundation simulator (STR [4]) was
added, which is calculated by FEM.

2.2. Governing Equations of Each Simulator
2.2.1. STOC-ML

The basic equations are a continuity equation (Eq. (1)),
an x direction motion equation (Eq. (2)), a y direction
motion equation (Eq. (3)), and a hydrostatic equation
(Eq. (4)) described in the Cartesian coordinate system.
The free surface equation (Eq. (5)) and the z direction flow
velocity are determined from the continuity equation.
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Fig. 1. Multiscale Multiphysics Integrated Calculator for Storm surge and Tsunami (MMICST).
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Here, x, y, z are the coordinates in the axial direction of
the Cartesian coordinate system, u, v, w are the flow ve-
locities in the x, y, z axis directions, η is the water level,
h is the water depth from the reference water surface, ρ
is the density, p is the pressure, γv is the effective vol-
ume porosity (the volume ratio of the liquid phase of the
mesh: 0.0 � γv � 1.0), γx, γy, γz are the effective areal
porosity in the x, y, z direction (areal ratio of liquid phase:
0.0 � γx,γy,γz � 1.0), g is the gravitational acceleration,
νH is the kinematic viscosity in the horizontal direction,
and νv is the kinematic viscosity coefficient in the vertical
direction. f0 is the Coriolis parameter.

2.2.2. STOC-IC
STOC-IC is a non-hydrostatic pressure model. Instead

of Eq. (4), the NS equation (Eq. (6)) is used in the vertical
direction.
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2.2.3. CADMAS-SURF/3D and CADMAS-2F
CADMAS-SURF/3D uses a continuity equation and

NS equations for a three-dimensional incompressible vis-
cous fluid based on a porous model as the basic equations
(Eqs. (7)–(10)). For the free surface analysis model, we
used the VOF method, which can analyze complex sur-
face shapes (Eq. (11)). In the gas-liquid two-phase model
(CADMAS-2F), the gas phase density (ρG) was calcu-
lated. It has a temporal and spatial distribution due to the
introduction of compressibility and ρ̇G follows Eq. (12),
which is a substantial derivative of the gas phase density.
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Here, F is the volume of fluid. SF is the source term for
wave generation, ρ∗ is the density considering buoyancy,
p is the pressure, νe is the sum of kinetic viscosity (ν)
and eddy viscosity (νt ), and λv, λx, λy, λz is expressed as
Eq. (13) with CM as the inertial force coefficient.

λv = γv +(1− γv)CM
λx = γx +(1− γx)CM
λy = γy +(1− γy)CM
λz = γz +(1− γz)CM

⎫⎪⎬
⎪⎭ . . . . . . . . (13)

Also, Dx, Dy, Dz are coefficients for the energy dissipating
zone, Sρ , Su, Sv, Sw are source terms for wave generation,
and the resistance forces from the porous body (Rx, Ry,
Rz) are modeled in a form proportional to the square of the
flow velocity (Eq. (14)), with CD as the resistance force
coefficient.
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where Δx, Δx, Δx are the grid sizes in the x, y, z direction.

2.2.4. STR

STR calculates deformation of structures and the
ground. STR receives pressure from the fluid side and
sends the deformation volume to the fluid side. The gov-
erning equation is expressed by Eq. (15):

ρs
∂ 2usi

∂ t2 = σi j, j +ρsä . . . . . . . . . . (15)

where σi j is the stress tensor, ρs is the density, ä is the
acceleration of the external force, and us is the displace-
ment. For the ground, calculations are performed using

Eqs. (16) and (17):

ρ
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σ ′
i j = σi j + p′Ii j . . . . . . . . . (17)

where ρ is the density of the ground, calculated by
Eq. (18), σ ′

i j is the effective stress tensor, p′ is the pore
water pressure, and Ii j is the unit tensor.

ρ = (1−n)ρs +nρ f . . . . . . . . . . (18)

Here, n is the porosity, ρs is the density of the soil parti-
cles, and ρ f is the density of the pore water.

A seepage analysis of the ground was also performed.
The equation of motion and the mass conservation for-
mula are as follows.
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(−∇p+ρ f ggg−ρ f üuu

)
. . . . . (19)

∇ · ẇww = −∇ · u̇uu−CK f ṗ . . . . . . . . (20)

where w is the relative displacement of the pore water to
the ground, k is the permeability coefficient, and Ck f =
n/Kf and Kf is the bulk modulus of the pore water.

2.3. Coupling Method
All connections are made using the MPI library. The

coupling method of STOC-ML and STOC-IC has pre-
viously been described in [1]. In addition, the coupling
methods of STOC-IC and CADMAS and CAMAS-2F
and STR have been described in detail in [5] and [4] re-
spectively. The same method was used for the coupling of
CADMAS-SURF/3D and CADMAS-2F as for STOC-IC
and CADMAS-SURF/3D.

2.4. Measures Against Abnormal Pressure in
CADMAS-2F Due to Structural Movement

When the structure moves, a problem arises in
CADMAS-2F whereby the pressure increases when the
gap between the structure and the fluid cell becomes too
small.

2.4.1. Mechanism of Abnormal Pressure
1) Problem of gap velocity

By repeating steps (a)–(c) below, abnormal pressure is
generated.

(a) Velocity (vA) is used to calculate the z direction mo-
mentum entering through the interface of the control vol-
ume. (b) When passing through the interface, vA should
be decelerated due to expansion of the flow area, but be-
cause vA is used in CADMAS, the temporary velocity be-
comes too large to solve the matrix solver. (c) When cor-
recting the temporary velocity using the pressure gradient
to satisfy mass conservation, a large pressure gradient oc-
curs between cells No.1 and No.2 (cell No.1 pressure >
cell No.2 pressure). The above cycle is repeated, the dis-
tance between the structure and the x direction grid line
decreases, and the pressure of cell No.1 rises, resulting in
an abnormal value (Fig. 2).
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Fig. 2. Mechanism of abnormal pressure (1).

 

Fig. 3. Mechanism of abnormal pressure (2).

2) Sudden change in density at the surface
In addition, a pressure abnormality is also caused by a

sudden change in density at the surface (Fig. 3). Using the
FF (VOF function value) and FZ (VOF function value of z
interface) value of each cell, the density at the interface is
calculated by the following equation;

ρ ′ = ρwFz +ρa (1−Fz) . . . . . . . . . (21)

where ρ ′ is the density at the interface, ρw is the density
of water, and ρa is the density of air. 1/ρ is applied to the
pressure gradient term when calculating the equation of
motion. As the density of water and the density of air dif-
fer by an order of 103, to correct the same momentum, the
pressure gradient between cell No.1 and cell No.2 must be
several hundred times the pressure gradient between cell
No.2 and cell No.3.

3) Measures
Therefore, with respect to the gap velocity, the veloc-

ity used as the z direction momentum entering the control
volume No.1 through the interface should be kept below
the value of the flow rate (areal porosity); i.e.:

v′A =
γvB

γvA
vA . . . . . . . . . . . . . . (22)

where v′A is the flow velocity after the change, γvB is the z
direction areal porosity at the interface between the struc-
ture and the x direction grid lines, and γvA is the z direction
areal porosity at the interface.

For the problem of the sudden change of density, the

Fig. 4. Difference in calculation time due to surface element
extraction processing.

lower limit of Fz between cell No.2 and cell No.3 was set
to 0.1. This reduced the imbalance in density that led to
imbalance in the pressure gradient.

2.5. Extracting Outer Surface Elements of the
Structure

In the coupled calculation of CADMAS and STR, the
outer surface elements of the structure were extracted, and
the pressure received by the structure was calculated. The
surfaces that compose each element were then collated;
if no matches were found, it was extracted as a surface
element. When searching, it takes time to process if the
constituent faces of all elements are targeted. Therefore,
the search candidates were reduced to speed up the pro-
cessing.

First, before each search, data on all surfaces whose
node is the first constituent node was held for each node.
Next, when searching for a surface that coincides with the
target surface, we set one surface data point of the target
node as a search candidate on the surface, which was re-
garded as the first constituent node. As a result, the calcu-
lation speed was improved by approximately 1500 times
(Fig. 4).

3. Validity of the Proposed System

3.1. Comparison with Experimental Data
To verify the numerical model, the simulated destruc-

tion of breakwaters due to overflow was compared with
that determined by physical experiments [6]. Fig. 5 shows
the cross-section of the numerical calculation, where the
grid size of x, y, and z was 0.010 m each. The detail
information about cross section was same as the phys-
ical experiments. Young’s modulus was 2.35 × 1011,
Poisson’s ratio was 0.333, the density of the caisson
was 2349 kg/m3, the density of the rubble mound was
2135 kg/m3, the static friction coefficient was 0.6, and the
dynamic friction was 0.2.

3.2. Results
Figure 6 shows a comparison between calculated and

experimental caisson movement, which are qualitatively
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Fig. 5. Cross section of numerical simulations.

 

 
(a) Initial position 

 

 
(b) After movement 

Fig. 6. Comparison of caisson movement between experi-
ments and calculations.

very similar.
Figure 7 shows a time series of the water level differ-

ence between the front and rear sides. The limitation of
the water level difference in the experimental condition
was 0.608 m and that in the calculation condition was
0.624 m. The mechanism of caisson movement under
tsunami overflow is due to the water level difference pro-
ducing a water force that pushes the caisson away. For
the simulation, the friction coefficient was set to 0.6. Un-
der the experimental conditions, the friction coefficient

Fig. 7. Time history of water level difference for simulations
and experiments.

ranged from 0.59–0.57 [6]. Thus, if the friction coefficient
were set to 0.59–0.57, the water level difference would be
reduced by approximately 0.01 m. However, the calcu-
lated water level difference is larger than the experimental
water level difference. Takahashi et al. [7] noted that the
penetration flow in the rubble mound decreases the bear-
ing capacity. Therefore, the reproducibility of the bearing
capacity effect under this simulator should be determined
in future work. Nevertheless, the result indicates that the
system can reproduce the water force under tsunami over-
flow.

4. Application to Local Conditions

4.1. Target Area

Finally, this model was applied to a local tsunami dis-
aster; specifically, breakwater damage due to the 2011
East Japan Earthquake Tsunami. Fig. 8 shows the ar-
rangement of breakwaters in Kamaishi bay, which con-
sists of three breakwaters: the 990-m North Breakwater,
the 670-m South Breakwater, and the 300-m submerged
breakwater at the mouth of the bay. The crest height of all
caissons is D.L. +6.0 m (T.P. +5.12 m) [6]. Caissons in
the deep region have a rubble mound that extends from a
depth of 60 m to 27 m. Almost half of the caissons were
washed away by the tsunami.

4.2. Calculation Conditions

4.2.1. Calculation Domains

Figure 9 and Table 1 show the calculation domains and
specifications of the grid size, the number of cells, etc.
The computational time was almost 3000 times longer
than the physical time. The tsunami reached Kamaishi
bay approximately 30 min after the earthquake; thus, it
took more than 60 days for the computation. As a result,
domain no.1 was made smaller to make the incident wave
closer to the coastline and save computational time.
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Fig. 8. Arrangement of the breakwaters at Kamaishi bay.

Fig. 9. Calculation domains.

Table 1. Computation conditions.

Domain 
Number Solver Grid 

size(m) 
Number of Cells 

(X) 
Number of Cells 

(Y) 
Number of 
Cells (Z) 

Number of 
CPUs 

1 STOC-ML 200 108 141 1 1 
2 STOC-ML 100 166 110 1 1 
3 STOC-ML 50 240 150 1 1 
4 STOC-ML 10 1100 690 1 1 
5 STOC-ML 10 410 500 1 1 
6 STOC-IC 10 330 400 1 1 
7 CADMAS-MG 10 260 300 52 70 
8 CADMAS-2FC 5 400 480 52 240 

STR STR See Table 2 

4.2.2. Breakwater Conditions
Figure 8 also shows the cross-section of the caisson in

each section. In order to minimize the influence on the
stability of the caisson, the slit part in front of the caisson
was eliminated in this calculation.

The property of the breakwaters and rubble mound are
shown in Table 2. The static and dynamic friction co-
efficients were 0.6 and 0.4, respectively. In Section 3.1
in the northern shallow region, the friction enhancement
mat was used; therefore, the friction coefficients were set
as 0.8 and 0.6, respectively.

4.2.3. Incident Tsunami Wave Conditions
The time series of water level derived from the GPS

wave gauge offshore of Kamaishi bay at the time of the
Great East Japan Earthquake (39◦15′31′′E, 142◦05′49′′N)

was incident from the east side boundary of the STOC
calculation region of the outermost area (Fig. 10).

In addition, in order to save calculation time, data of
the first 15 min were excluded (see Fig. 11). Furthermore,
to ensure that the water level difference between the front
and rear side of the breakwater coincides with the estimate
of Arikawa et al. [7], the water level was set to 1.3 times
greater than the observation.

4.3. Results

4.3.1. Tsunami Propagation

Figure 12 shows the tsunami propagation and the snap-
shot of domain 8 approximately 30 min after the shock.
This indicates that the calculated propagation was stable.
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Table 2. Property of breakwaters and rubble mound.

Type Position Depth Section 
Name 

Number of 
Caissons Material Young 

Modulus
Shear 

Modulus 
Poisson 

ratio 
Density
[kg/m

3
]

Breakwater 

North 
Shallow 

1-1 2 

Concrete 
without 
porosity

2.35 10
10

8.815 10
7
 0.333 

2010 
1-2 1 2040 
2-1 6 2010 
2-2 6 2020 
3-1 6 2030 
3-2 1 2000 

Deep 
1 3 1980 

2, 3 19 1980 
Submerged   13 1900 

South 
Shallow 1, 2, 3 3 2090 

Deep 
1, 2, 3 7 2030 

4 12 1980 

Mound     Foundation 
with porosity 2.00 10

9
7.692 10

8
 0.333 1900 

Fig. 10. Time history of GPS wave gauge derived wave
profile for Kamaishi bay.

 

Fig. 11. Position of the wave boundary.

4.3.2. Movement of Submerged Breakwaters

Figure 13 shows the movement of the submerged
breakwaters, which were washed away approximately
30 min after the earthquake. The velocity at the bay
mouth was over 10 m/s, which is consistent with Arikawa
et al. [8].

4.3.3. Movement of Northern Breakwaters
Figure 14 shows the movement of northern breakwa-

ters. The breakwaters in Section 3.1 remained in place af-
ter the tsunami because of the friction enhancement mat.

The water level difference between the sea side and the
harbor side is shown in Fig. 15, revealing that the caissons
were moved when the water level difference was more
than approximately 9.0 m at around 970 s. This result is
in good agreement with the qualitative results of Arikawa
et al. [6].

5. Summary

In this study, we developed a multiscale multiphysics
integrated simulator for tsunami analysis (MMICST).
This system connects five different programs to calcu-
late not only tsunami propagation but also the destruction
of structures from the epicenter to the coastal area. The
validity of the model was verified through a comparison
with physical experiments and actual damage by the 2011
East Japan Earthquake Tsunami. Both results indicated
that the proposed system can reproduce structural dam-
age due to tsunamis.

It is an important and urgent task to improve the calcu-
lation efficiency of this system to save computational time
and make it applicable to a wide range of areas. From a
physical point of view, analysis of the effects of scour and
foundation destruction caused by landslides is a key task
for future research.
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C.T.195 s (1095 s), L.T.15:04:33 

C.T. 495 s (1395 s), L.T.15:09:33 

C.T. 795 s (1695 s), L.T. 15:14:33 

C.T. 905 s (1805 s), L.T. 15:16:23 

Fig. 12. Tsunami propagation and snapshot of domain 8
(C.T.: computational time, L.T.: local time).
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