Mitsubishi Heavy Industries Technical Review Vol. 50 No. 1 (March 2013)

75

MHI’s Simulation Technique for
the Protection of Structures from Tsunamis
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In the 2011 Great East Japan FEarthquake, many structures were devastated by the
associated tsunamis that were much larger than conventional expectations. As the possibility of the
Tokai, Tonankai, Nankai Consolidated Type Earthquake is of recent concern, we will need to
reinforce tsunami prevention in coastal areas. In this process, it is important to evaluate the
behavior of tsunami runup rushing to the land and the tsunami forces on onshore structures.
Mitsubishi Heavy Industries (MHI) has researched techniques for studying wave forces on ships
for more than 100 years and possesses state-of-the-art comprehensive computer simulation
techniques. By combining these techniques, we have developed a method to evaluate tsunami
behaviors and forces in a 3-D analysis and have facilitated real applications. This report will
outline the analysis and evaluation techniques with an example of real plant applications.

| 1. Introduction

In tsunami prevention, such as for structures in coastal areas, it is important to estimate the
tsunami conditions hitting the targeted coastal areas while considering the specific fault model and
coastal topology to evaluate the tsunami runup behaviors and forces on onshore structures.

Fault model setting
Computation of initial vertical displacement
above the earthquake sourse
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Tsunami propagation analysis
(Tsunami heights, flow velocities and directions
in coastal areas are computed.)
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3D numerical simulation (3D-CFD) for coastal areas
(Detailed tsunami behaviors around the coastal structures
and forces acting on them are evaluated.)

Structure robustness evaluation and
tsunami prevention consideration

Figure 1 Tsunami prevention study flow
This flow shows the steps of MHI’s tsunami prevention study.

Figurel is MHI’s tsunami prevention study flow. First, the specific fault model for the
targeted earthquake is selected, and the vertical displacement above the earthquake center in the
initial tsunami phase is computed using the model. Second, the tsunami wave heights, flow
velocities and directions rushing to the targeted coastal areas are computed in the tsunami
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propagation analysis over a wide area. Third, the computed parameters are input into the 3-D
numerical simulation (3D-CFD) in narrow coastal areas to evaluate the detailed tsunami behaviors
around the coastal structures and forces acting on them, and finally the structure robustness and
tsunami prevention are assessed and considered. Hereinafter, this tsunami analysis technique is
outlined with a real plant application example' targeting the Great East Japan Earthquake.

| 2. Tsunami propagation analysis

2.1 Computation method

One of the application examples of this tsunami analysis technique is the case of the
Haramachi Thermal Power Station of Tohoku Electric Power Co., Inc., which was devastated by a
tsunami in the Great East Japan Earthquake. To identify the tsunami propagation behaviors and
properties hitting the power station, a numerical computation covering aspects from tsunami
generation to propagation was conducted for the entire Tohoku area using MHI’s proprietary
software with a shallow water theory.

The computed area ranged from 35° N to 41° N latitude in the N-S direction and 140° E to
145 ° E longitude in the E-W direction, and the water depth was based on JEGG500 of the Japan
Oceanographic Data Center (JODC). Fujii & Satake Ver. 4.2% was selected as the fault model. The
earth crust displacement was determined by the Mansinha and Smylie method (1971)°, and the
results were used as the initial water distribution of the tsunami. The simulation used an orthogonal
cross grid with a 1,350 m space lattice interval and 1 second time step, and a total reflection
condition was assigned to the land boundary and a transparent condition to the offshore boundary
(external margin of the computed area). The duration was from the occurrence of the earthquake to
2 hours later.
2.2 Computation results

Figure 2 shows the results of the tsunami propagation analysis. It shows that the tsunami
starts to propagate concentrically immediately after the occurrence of the earthquake, arrives at the
coastal area of Iwate prefecture about 30 minutes after the occurrence, then hits the power station
about 50 minutes after the occurrence.
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Figure 2 Tsunami propagation analysis results
These snapshots show the tsunamis water heights of 10, 30 and 50 minutes after the occurrence of the
earthquake, respectively.

Figure 3 is a comparison of wave forms between this analysis and the data from the
Nationwide Ocean Wave Information Network for Ports and Harbours (NOWPHAS) managed by
the Ports and Harbours Bureau of the Ministry of Land, Infrastructure, Transport and Tourism
(MLIT)*. Figure 3 shows the good reproducibility of the arrival times and heights of the maximum
tsunami wave heights, indicating the validity of this propagation analysis. Figure 4 is a chart of
tsunami water heights, flow velocities and directions at 2 km offshore from the power station. The
determined parameters were used as the input conditions of the subsequent 3D numerical
simulation.
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Figure 3 Comparison of water heights with GPS wave data
These charts show a comparison between the analysis results with GPS wave observation data of the
Great East Japan Earthquake.
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Figure 4 Parameters of tsunami hitting the power station
This chart shows the tsunami water heights, flow velocities and directions at 2 km
offshore from the power station.

| 3. 3D simulation for coastal areas

3.1 Computation method

Tsunami runup rushing to the land is subjected to onshore topology and structures, forming
complex water flows. Accurate computation of tsunami forces on structures requires the
reproduction of various phenomena such as water surges in front of structures and diffracted waves
at the back of structures. 3D numerical simulation that considers effects such as coastal structures,
topology and bathymetry is regarded as the valid method to reproduce detailed behaviors of
tsunami runup. MHI has developed a method to evaluate detailed tsunami behaviors around the
coastal structures and forces acting on them in a 3D simulation using ANSYS’s FLUENT, which is
a general-purpose fluid analysis code with easier computation grid setting'>°. The governing
equation is the 3D Navier-Stokes and the turbulent model is LES (Large-Eddy Simulation). The
shape of the free surface is determined by the VOF (Volume of Fluid)’ method, which is an
interface capture method and that has a good record in wave analyses for ships. The targeted area
of this computation is a 3.5 km (east-west) by 3.0 km (north-south) zone including , Tohoku
Electric Power Co., Inc.’s Haramachi Thermal Power Station and the station’s breakwaters.
Structures such as the buildings, tanks and breakwaters of the station, the surrounding topology and
water depths were reproduced.



Mitsubishi Heavy Industries Technical Review Vol. 50 No. 1 (March 2013)

Figure 5 is the CFD model with 0.5 m uniform lattice grids for the area around the buildings.
The grid intervals were increased with the distance from the buildings to relieve the computational
load. The water heights, flow velocities and directions at the 2 km offshore point determined in the
previous propagation analysis over a wide area as described in Section 2 and shown in Figure 4
were used as the inputs of the CFD model boundary conditions.
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Figure 5 Analyzed area and reproduced structures
These images show the analyzed area and reproduced structures in the 3D numerical simulation.

3.2 Computation results
(1)  Tsunami runup behaviors
Figure 6 shows snapshots created by the tsunami simulation. First, the tsunami invades

the area (a) and passes through the south side seawall to the premises (b). Then, it passes
through the coal host square to the premises (c). Consequently, it encompasses the power
station (d). These tsunami behaviors are in line with the evidence of witnesses who worked at
the premises at that time, indicating good reproducibility of the simulation for the vicinity of
the power station.

(a) Tsunami

propagation (b) Tsunami

runup passing
through the
south side
breakwater

—>

(c) Hit to tanks/ (d) Tsunami

Tsunami runup runup
passing through reaching the
the front of unloader whole premises

Figure 6 Behavior of tsunami runup
These snapshots show the water surfaces at the representative times of the 3D numeric simulation.

(2)  Tsunami inundation heights
Figure 7 is a comparison of inundation heights between the on-site tsunami traces and
the simulation. The inundation heights of the tsunami traces tend to decrease while heading
north, and this was also reproduced in the simulation. Although the inundation height of each
building tends to be overestimated in the simulation, the reproduction error range is within
about 10%.
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Figure 7 Comparison of inundation heights between on-site traces and simulation
The chart compares the inundation heights between on-site tsunami traces and simulated results.

(3) Tsunami forces

Figure 8 is a chronological chart of the tsunami forces on tanks determined in the
simulation and the buckling and sliding limit loads. The targeted tank did not slide, but its side
plate was buckled. In the simulation, the buckling and sliding limit loads were estimated based
on the dimensions and water storages of the tanks at the time of the disaster. The 0 second point
of the chart is the time when the tsunami starts to invade the CFD target area. Figure 8 shows
that the simulated horizontal force is more than the buckling limit load and less than the sliding
limit load, indicating that the simulation can reproduce tsunami forces corresponding to real
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Figure 8 Tsunami horizontal force on tank Figure 9 Example of virtual reality
This chart shows the relationships between the visualization
chronological wave form of the simulated tsunami forces  This is an example of the 3D full-size
and the buckling and sliding limit loads affecting the visualization images created by MHI’s Virtual
tank. Reality (VR) system.

(4) Tsunami behavior visualization
In addition to the 2D images of tsunami runup behaviors shown in Figure 6, 3D full-size
visible images can also be created with MHI’s Virtual Reality (VR) system. Figure 9 is an
example of this 3D visualization. Detailed 3D visualizations of tsunami behaviors from various
perspectives inside the targeted structures and premises (e.g., power stations) ensures a more
realistic understanding of phenomenon and evacuation simulations.

I 4. Conclusion

MHI has developed a series of analysis techniques covering tsunami occurrence,
propagation, runup to land and effects on structures to evaluate the tsunami forces on coastal
structures and assure security against tsunamis. The techniques can estimate tsunami behaviors
around structures, inundation heights and forces on structures in targeted areas. These techniques
are applicable in studies on tsunami evacuation routes and building, equipment and infrastructure
arrangements in coastal areas, as well as for the validation of the effects of breakwater heights and
arrangements.
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The prediction of possible earthquakes and tsunamis will become more sophisticated, and the

external forces will be changed. MHI will continue to develop technologies for tsunami prevention

for domestic and exported structures as well.

Special acknowledgments: We would like to express our greatest appreciation to the Haramachi

Thermal Power Station of Tohoku Electric Power Co., Inc. for providing us with the data on the

construction of the station and the tsunami damage for the development of this analysis technique.
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