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ABSTRACT

Oil storage tanks in industrial zones along the coastal lines have a high risk of major oil 

spill when tsunamis attack. The 2011 Great East Japan Earthquake induced a major tsunami, 

resulting tremendous devastation along the Pacific coastline of Japanôs northern islands. At the 

entrance of the Kesennuma Bay, Miyagi Prefecture, there were heavy oil and gasoline fuel tanks 

to fuel fishing boats, which were broken and drifted into the bay along with tsunami wave resulting 

oil spill. The oil spill strengthened tsunami induced fire in Kessenuma City, and also it was found 

that mud samples in the bay had a high level of oil contamination after the disaster, showing that 

the tsunami triggered high turbid water mixed with spill oil and deposited on the sea bottom. 

Likewise, considerably dense industrial parks are distributed along the coastal line of Osaka Bay. 

Especially Osaka North Port and Sakai Senboku Industiral Parks consist of a large number of oil 

storage tanks and oil refineries.

The cabinet Office, government of Japan addresses earthquakes originating in the Nankai 

Trough, which can unleash a tsunami with an approximated maximum wave height of 6 meters 

along the coastal line of Osaka Bay. For reviewing the risk management of Osaka Bay Area, 
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estimating the scenario of tsunami triggered oil spill from these industrial parks is urgently needed 

for planning the ship evacuating routes from the bay, and the evacuation of residences nearby. 

In order to achieve this scenario, firstly, experiments and simulations were carried out to 

get deep insight of oil diffusion and movement when subjected to an incoming wave. Simple 

experiments and visualizations at a laboratory scale were carried out. Then, a numerical method, 

OpenFOAM which is an open source computational fluid dynamic technique, was used to simulate 

the whole scenario of these experiments. The simulation code includes multiphase (oil-water-air), 

convection-diffusion effect, and up most three dimensionalities. After validating the simulation 

code with the experiments, the code was used to simulate the full scale oil spill scenario of potential 

tsunami triggered oil spill from industrial parks along the coastline of Osaka Bay. 

Then, the possible maximum strength of potential tsunami around the industrial parks in 

the Osaka Bay was estimated by using the Storm surge and Tsunami Simulator in Oceans and 

Coastal Areas (STOC) developed by the port and airport research institute of Japan (PARI). By 

combination these two simulation methods, the results could build a scenario of a tsunami-

triggered oil spill from Sakai Senboku Industrial park. Also, STOC-OIL, an oil transport model 



developed by PARI using Lagragian method was used to estimate the distribution of oil spill after 

the tsunami. The results could help to add the oil spill effect in reviewing the risk management of 

industrial zones around the coastal line. 

In addition, the occurrence of major oil spill depends on the possibility of oil storage tanks 

drifting with the tsunami run up. Previously, the amount of the oil spill from these tanks was 

estimated by safety factors based on theoretical assumption according to the guideline of Fire and 

Disaster management Agency (FDMA) of Japan. Hence, experiments and numerical simulations 

were carried out to check the behavior of the tank movement due to incoming wave and to estimate 

the possible amount of oil spill. However, the result of experiments and numerical simulations 

showed that the guidelines overestimated the amount of oil spill. Therefore, a new modification 

was proposed to the guideline of FDMA.

IV



ACKNOWLEDGEMENTS

Firstly, I would like to express my sincere gratitude my advisor Prof. Dr. Naomi Kato. 

With a great inspiration on him and his kind guidance, I became a graduate student in the 

Department of Naval Architecture and Ocean Engineering, Osaka University. Also, he also 

supported me greatly throughout the entire study of my PhD and related research. His patience, 

motivation, enthusiasm and immense knowledge helped me a lot for overcoming the challenges of 

the research. I have learnt how to conduct a research from the very basics from identifying the 

research, executing research idea, organizing experiments, conducting simulation to writing 

research proposals during both my master and doctoral candidate life. He gave me a great 

motivation to go on whenever I face challenges. Without his kind guidance and support, this 

dissertation would not have been completed

I would like to show my sincere gratitude to Associate Prof. Dr. Hiroyoshi Suzuki for 

guiding and helping me after the retirement of Prof. Naomi Kato. With his always smiling and 

warm personality, I felt easy and safe in conducting my experiments. Also, his great knowledge in 

numerical simulation, I could overcome difficulties in research. I am also thankful for his guidance 

V

and support throughout my writing my dissertation. 

I would like to thank Associate Prof. Dr. Youhei Takagi for his contribution in the code 

and my coding in the research. He helped greatly and taught me how to handle the numerical 

coding and developing the coding process.

I also want to show my great thank to Assistant Prof. Dr. Hidetaka Senga for his warm and 

kind help for me. From his delicate and gentle nature, I could communicate and learn a lot from 

him during my research.

I would like to express my sincere gratitude to Prof. Dr. Shinichi Aoki and Prof. Dr. 

Yasuyuki Toda for accepting to be my doctoral thesis committee member. It was very helpful with 

their great help and thorough review on my dissertation manuscript. 

I would like to acknowledge and thank for the technical support and training of the Port 

and Airport Research Institute of Japan for contributing to the Storm Surge and Tsunami Simulator 

in Oceans and Coastal Areas (STOC), OpenCFD Ltd for OpenFOAMÈ CFD package and and IH

Cantabria for IHFOAM code. I would like to show my gratitude to ─ ┘



(Tsunami and Earthquake Analysis Cabinet Office, Japan) and ◖fiⱦ♫כ

♩ (Osaka Prefecture Petrochemical Disaster Prevention Cabinet. The Department of 

Civil Engineering, Osaka University provided the tsunami tank for conducting experiments. He 

would also like to show their gratitude to Tsunami and Earthquake Analysis Cabinet Office, Japan 

and Osaka Prefecture Petrochemical Disaster Prevention Cabinet Headquarters for the geographic 

data and their publications.

I acknowledge Japan Ministry of Education, Culture, Sports, Science andTechnology 

(MEXT) for providing Japanese Government (Monbukagakusho) scholarship for both my master 

and doctoral course in the past five years.

I would like to show my great thank to my sincere, close friend and lab member Mr. Thaw 

Tar for his help in experiments and his advises in my numerical simulation. And, I am indebted to 

Prof. Daw Myint Myint Khine and Assistant Prof. Daw Khine Myo Thwin, who contributed the 

very first encouragement to me in following this path of advanced study. 

I would like to thank Mr. Michiaki Sugiyama, Mr. Atsushi Yamada, Mr. Tatsuya Ochi, Mr. 

Liu Junling and all the other members in our research group for their contribution and useful 

VI

Liu Junling and all the other members in our research group for their contribution and useful 

advises. And, I am indebted to all the member in the laboratory for their help and encouragement 

during my research. I am also really appreciated to Ms. Kazuyo Hase, Mr. Yazuso Honda and Dr. 

Yan Naing Win , who help a lot and treat me like a family during my stay and study in Osaka 

University.

Finally, and most importantly, I am indebted to the love and support that I have received 

from my family members. Specially, I would like to show my gratitude to my father, who the 

background force for me to pursue the study and my mother who always encourage me with 

immense emotional support and warmth. And, I would like to thank my fianc®, Nan Aye Phyu 

Thin for being with me all these years with great understanding and love.



NORMENCLATURE

‌ : Phase fraction of each phase

”   : Density for each phase

όᴆ : Velocity for each phase

km : Dynamic viscosity for each phase

kDF , : Interface momentum transfer or drag force

kSF , : Surface tension force

DC : drag coefficient

Re: Reynolds number

VII

cuC : Artificial interface compression velocity

aC : Coefficient for switching interface compression

Cr: Courant number

g : Gradient of volume fraction

Ὀ : Total water depth [m] 

Ὢ : Coriolis parameter [1/s] ςɱ ÓÉÎ— ) 

g : Gravitational acceleration [m/s2] ( ωȢψ)

Ὤ : Thickness ratio of water in a computational cell (hereinafter referred to as the ñlayer thickness 

ratioò) 

Ὄ : Water depth [m] 

ὴ : Pressure [Pa]



ὴὥὸά : Atmospheric pressure [Pa] 

Ὑ : Earthôs radius [m] (assuming that the Earth is a sphere, not an ellipsoid) 

ό : x-component of flow velocity [m/s]

ὺ : y-component of flow velocity [m/s]

ύ : z-component of flow velocity [m/s] 

‎ : Porous value (porosity) [-] (π ‎ ρ, defined in Fig. 4.4) 

‎ , ‎ , ‎ : Porous values (permeability in each direction) (π ‎ ȟ‎ ρȟ ‎ ρ

– : Water level [m] 

ὺ : Horizontal kinematic viscosity coefficient [m2/s] 

ὺ : Vertical kinematic viscosity coefficient [m 2/s] 

cU : the velocity calculated by STOC
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sU : the dispersed velocities due the characteristic of the oil

dU : the dispersed velocities due to turbulent flow eddies.

0wC : binary switching coefficient for the wind effect (1, if the wind effect is calculated)

1wC : coefficient of the wind (0.035~0.02), (function of particles density in each section)

2wC : coefficient of turbulent wind (function of time) 

1cC : coefficient of the water current flow (=1)

2cC : coefficient of turbulent water current flow (function of time)

1sC : coefficient of dispersed flow (=1)

2sC : coefficient of turbulent dispersed flow (function of time)

q : the deflection due to Coriolis force.



”: Seawater density [kg/m3] 

tVF : vertical uplifting force on the tank

tHF : horizontal hydrodynamic force on the tank

r : density of seawater

a : coefficient for horizon hydrodynamic force

R : radius of the tank

b : coefficient for vertical uplifting force

maxh : maximum wave height
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CHAPTER 1

INTRODUCTION

1.1 Background

On Friday 11 March 2011 at 05:46:23 UTC, the Great East Japan Earthquake with a 

magnitude of 9.0 Mw occurred approximately 70 km east of the Oshika Peninsula of Tohoku 

region, Japan. An approximately 180-km-wide seabed at 60 m offshore from the east coast of 

Tohoku was elevated by 10 meters. This seabed elevation triggered a major tsunami, which

resulted in tremendous devastation along the Pacific coastline of Japanôs northern islands. The 

recorded tsunami observations following the earthquake along the coastline stated that most severe 

cases, corresponding to wave heights of above 7 m, occurred in Iwate, Miyagi and Fukushima 

prefectures located in the northeast part of the Japan mainland.

Meanwhile, in the Kesennuma Bay in the Miyagi Prefecture, the waves were measured to 

have a height of 9 m followed by maximum tsunami outflow currents with a speed of 11 m/s less 

than 10 minutes after the wave head. Kesennuma City stated that 22 out of 23 oil storage tanks 

(with a capacity of 40 to 3000 kiloliters), were destroyed by the tsunami in the Mianmi Kesennuma 

1

(with a capacity of 40 to 3000 kiloliters), were destroyed by the tsunami in the Mianmi Kesennuma 

District, and 11543 kiloliters of petroleum oil, mainly heavy oil as well as light oil and gasoline, 

was estimated to be spilled out.

1.2 Oil Spill from Oil Storage Tanks a nd Tsunami-Induced Fire

Among the damages, major oil spills from the oil storage tanks occurred in Kesenuma City, 

Miyagi Prefecture. The city stated that there was a major oil spill from oil storage tanks, which 

contain heavy oil and gasoline. During the disaster, those oil storage tanks were drifted and 

unleashed 11523 kiloliters of oil, mainly heavy oil as well as gasoline and light oil. The tanks, 

which were destroyed by the tsunami, were originally located at the entrance of the bay to fuel 

fishing boats. When the tsunami hit those oil tanks, most of them broke and drifted into the bay 

along with spilled oil. 22 out of 23 oil storage tanks were broken and drifted into the bay, and oil 

spill occurred through the way. After the tsunami, 18 tanks were found in different parts of the 

city, though 4 tanks went missing according to the fire department of Kessenuma city. The farthest 

drifted tank reached up to 2.4 km from the mouth of Bay. 



Also in Sendai City, Miyagi Prefecture, the tsunami inundation led to drifting of small and 

empty storage tanks, and collapsed pipes. Since the emergency shutdown valves of pipelines did 

not work because of the blackout after the earthquake, large amount of oil spilled out into the dike 

(Zama et al., 2012). Fig. 1.1 shows the heavy oil spill in dike in Sendai area. The tank was empty (Zama et al., 2012). Fig. 1.1 shows the heavy oil spill in dike in Sendai area. The tank was empty 

when the tsunami struck and submerged into the sea water up to 3.5m high form the bottom plate. 

The tank did not uplift nor displace even though it was empty. However, the broken pipelines that 

crossed near the tanks, spilled out oil into the dike (Nishi, 2012).

The Kesennuma Bay area was changed into a sea of fire during the Great East Japan 

Earthquake. The major spillage of heavy oil strengthened the fire. When the seawater and oil 

mixture came in contact with some heat source (perhaps, short-circuiting of wrecked fishing boat 

or cables), there was a start of ignition, and the fire finally reached back to the city itself. In 

Kesennuma City, 13 cases of fire occurred after the tsunami during the Great East Japan Kesennuma City, 13 cases of fire occurred after the tsunami during the Great East Japan 

Earthquake.

Fig. 1.1 Heavy oil spill out from conveying pipes in Sendai (FDMA)

Kesennuma city suffered from fire during the disaster due to tsunami triggered oil spill as 

shown in Fig. 1.2. Tsunami-induced fire is generally expanded due to the presence of petroleum 
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shown in Fig. 1.2. Tsunami-induced fire is generally expanded due to the presence of petroleum 

facilities which has a potential of discharging combustible gases and liquids. Tsunami run up 

destroyed containers of any hazardous material and, consequently, unleashed combustibles which 



could be easily ignited. According to the Fire and Disaster Management Agency (FDMA) of Japan, 

the fire was believed to be ignited from the sparks that were aroused when metal objects collided 

with each other in the tsunami run up or by short circuits of electrical appliances among the debris. 

Based on the investigation carried out by the Japan Association of Fire Science and 

Engineering (Hokugo, 2013), there are three main tsunami-induced fire breakout patterns. One of 

the patterns is tsunami-induced fire related to leak from oil storage tanks, which is the case found 

in Kesennuma Bay.

Fig. 1.2 Tsunami induced fire in Kesennuma City (Daily mail, 2012)

Normally, the grade A heavy oil spilled out has relatively high flash point. However, the 

timber, wood and other material from the collapsed buildings might have soaked the oil to become 

good source for burning. When these oil soaked debris came in contact with fire from other sources 

during disaster, they were ignited into fire like wick combustion (Hokugo, 2013). Moreover, the 

small pieces of oil-soaked wood fire scattered around acted as candle wicks and kept the fire going 

for a long time. At the same time, they were dispersed by the wind and tsunami and created a great 

fire, which even spread to the isolated island of Oshima.
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fire, which even spread to the isolated island of Oshima.

According to the publication of the analysis, research and information on accidents (ARIA) 

database operated by the French Ministry of Ecology, Sustainable Development and Energy (2013), 



the fishing port was covered with 5 cm thick precipitation layer of oil. In addition, NHE (n-hexane 

extract) from the seabed with the thickness of 10 cm was measured, assuming that the distribution 

is uniform within the thickness (Arakawa and Nakamura, 2016). The time history of the amount 

of NHE in Kesennuma Bay was determined, and it revealed that the level of NHE reached 24% of of NHE in Kesennuma Bay was determined, and it revealed that the level of NHE reached 24% of 

total spilled oil in December 2012, with the level decreasing to 11% in December 2015.

After burning out a large extent of spilled out oil on the sea, some of the left-over oil seems 

to have been carried away by the tide and wind, but there are still chances of those drifting oil 

contaminations approaching nearby coast again. Moreover, it has been found that the mud sample 

in the Kesennuma bay has a high level of oil contamination. Usually, oil is considered to be lighter 

than seawater and the oil spill never sinks down to the sea bottom. However, in a tsunami-triggered 

oil spill, the tsunami triggered high turbid seawater mixed with the oil spill out. This mixture of 

mud and oil might have settled to the sea bottom.mud and oil might have settled to the sea bottom.

Fig. 1.3 Mud sample with oil contamination in Kesennuma City (The Mainichi Newspaper, 

2012)

Unlike ordinary oil spill, tsunami triggered oil spill comes together with the phenomena of 
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mixing oil with sediment soil particles from the sea floor. Tsunami current has strong turbulence, 

which leads to the formation of high turbid sea water. When that water comes in contact with the 

oil spilled out from the fuel tanks along the coast subjected to the tsunami, there is a potential for 



mixing of the oil and soil particles. As a consequence, the relatively heavier oil-soil particles 

mixture usually sinks down to the bottom of the sea rather than floating on the sea surface as in 

case of ordinary oil spill. This leads to severe environmental problems because it is hard to locate 

and collect the precipitated oil-soil particles mixture on seabed in a relatively wide area and this 

mixture has a potential for floating up to the surface again due to the consequence of other disasters 

like storms. The mud samples in Kesennuma Bay was found to contain high levels of oil 

contamination as shown in Fig. 1.3. 

The Mainichi Newspaper (2012) reported that, from July 2011 to February 2012, surveys 

were carried out in 71 places of 30ï40 m depth seabed, and all the mud sediment samples were 

observed to include oil deposits, which is difficult to decompose the mud sediment into mud itself 

and oil. Among them, 10 survey points close to the land have 1.9 to 1.1 times higher oil 

contamination level than the national environmental standards (1000 ppm). Though any further oil 

contamination has not been detected in the seawater of Kesennuma Bay, in the future, the effect 

of oil contamination in the mud on the aquaculture of seafood needs to be considered.

1.3 Analysis of the Disaster and Countermeasures at Coastal Industrial Zones
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Before the Great East Japan Earthquake, the potential risk of destruction of oil storage 

tanks in coastal industrial zones by tsunami waves was identified, but any countermeasures were 

not taken for this case. There were certain tanks which proved to be resistant to that kind of disaster, 

comprising both earthquakes and tsunamis. During the Great East Japan Earthquake, tsunami 

waves of over 7 meters high hit the Sendai Harbour of Miyagino Ward in Sendai City. Two 

prestressed concrete (PC) structure water supply tanks were totally flooded, and 

one of them was collided with a container vessel. However, none of them had major damage to its 

main body.

Prestressed concrete (PC) structure refers to one with concrete wall stressed by piano wires 

to raise the structural strength as well as resistance, and promote durability. It is usually utilized in 

the construction of water supply tanks of high capacity to withstand relatively high water pressure. 

However, in case of fuel tanks, the structure is typically relied on steel plates.

With the adoption of the PC construction method, the fuel tanks destroyed by the tsunami 

will be reconstructed in Kesennuma City. Eight tanks with a total capacity of 7000 kiloliters will 

be built in the Minami Kesennuma District by fall 2016. Of course, the tanks with the PC 



construction have the advantage of the potential resistance to be drifted away by the tsunami of 

the same scale of the Great East Japan Earthquake, and to allow them to withstand collision from 

floating debris. However, there exists a chance of bursting out for the pipe connections to cause 

the oil leakage.

Before the Great East Japan Earthquake, the potential risk of fuel tanks in coastal industrial 

zones being destroyed by tsunami waves was identified, but virtually, there was no countermeasure 

for this case. The Fire and Disaster Management Agency analyzed the relationship between depth 

of inundation and extent of damage at fuel tanks in both Iwate and Miyagi Prefectures after the 

disaster. And it had been found that if the height of the tsunami inundation is between 2.5 to 5 

meters, the pipes start to burst, and when the inundation rises above 5 meters, the main body of 

the tank suffers damage as well.

The tsunami fire of Kesennuma Bay revealed the disaster risks that lay in the coastal 

industrial zones, where fuel tanks concentrate. Based on the data, they created a simulation model 

of tsunami damage, and instructed 33 prefectures with petrochemical complexes to review their 

disaster prevention plans. In this disaster, oil also spilled out even from damaged pipes. The Fire 
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and Disaster Management Agency expanded the subject of their requirement to install emergency 

shutdown valves, which prevent fuel leakage from the pipes, for tanks with a capacity of over 10 

thousand kiloliters to over 1000 kiloliters.

1.4 Risk Analysis in Osaka Bay

In Osaka Bay, there is an intensive distribution of industrial parks along the coastline. In 

particular, Osaka North Port and Sakai Senboku Industrial zones comprise a massive number of 

oil storage tanks. In addition, there is a potential Nankai Trough earthquake of an intensity of 6 or 

smaller. This earthquake can unleash a tsunami with a maximum wave height of 6 meters along 

the coastline of Osaka Bay. To review the risk assessment of the Osaka Bay Area, building the 

scenario of a tsunami-triggered oil spill from these industrial parks is urgently needed for planning 

the ship evacuating routes from the bay and the evacuation of nearby residences. Hence, this 

research proposes to estimate the distribution of potential oil spill in the Osaka Bay caused by a 

tsunami due to a Nankai Trough earthquake by numerical simulations. The simulation domains 

include the residential zones and bay area near the Sakai Senboku Industrial zone in order that the 

risk analysis of Osaka Bay Area can be revised by considering the effect of oil. 



CHAPTER 2

LITERATURE REVIEW

Historically, many researcher have studied tsunami waves and developed various models 

to simulate tsunami numerically. Tsunami waves are generally developed by three mechanisms: 

seismic movement, underwater landslide and meteorite fall. Researchers found that the underwater 

landslides are the most dangerous mechanism for tsunami generation. And current research focuses 

on Osaka Bay area, which is directly facing to one of Japan largest fault zone: Nankai fault. 

Most of the researchers studying tsunami waves used solitary waves. When a solitary wave 

propagates up a gradual slope, its shape changes, with the front face of the wave steepening and 

secondary waves emerging from the back face of the wave. Eventually, the waves separates into a 

series of solitary waves followed by a train of oscillatory waves (Madsen and Mei, 1969). 

Iwasaki (1987) used two dimensional linear potential theory to simulate wave generation 

by moving the domain boundary. Then, the results were very close to the results of three 

dimensional experiments. 
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Titov and GonzaLez (1997) introduced the method of splitting tsunami (MOST). The 

MOST model can simulate three processes of tsunami evolution: generation by an earthquake, 

transoceanic propagation, and inundation in dry land. 

Two dimensional horizontal coordinate tsunami model was presented by Kirby (1996) with 

several approximations, the model could make a more realistic effect like wave breaking and 

shoreline run up.

The basics of tsunami propagation and run-up for the simple geometry of a channel was 

discussed by Kowalik (2001) and modifications for numerical techniques were suggested for the 

long-distance propagation and for the nonlinear processes in tsunami waves. 

Both two-dimensional and three-dimensional calculation using the full Navier-Stokes 

equations, of a hypothetical landslide were also conducted by Gisler et al. (2006). It was suggested 

that high-amplitude waves are dangerous to nearby communities, the wavelengths and periods of 

these waves are relatively short, and they would not propagate efficiently over long distances.



Nonlinear shallow-water equations for tsunami in Cartesian coordinates were solved. By 

Zhang et al. (2007). Their research was very helpful to better understand the fundamental physics 

and phenomenon of tsunami.

In Japan, storm surge and tsunami simulation considering three dimensional characteristic 

of flow have been described by Kakinuma and Tomita (2005). This model is now fully developed 

to simulate the tsunami generation and have validated. In this research this model is used to 

estimate potential tsunami around the Osaka Bay.

Also, the transport and fate processes of oil spills were studied and various oil spill models 

have been developed. Most of these models emphasize the movement of an oil slick on the water 

surface, and a relatively limited number of publications reveal the analysis of oil spill fate 

processes and concentration distribution in a vertical water column.

Oil spill simulation for a hypothetical oil spill in the Strait of Georgia was conducted with 

the oil spill contingency and response (OSCAR) model (Niu et al., 2016). This is a three-

dimensional (3-D) particle-based model that simulates the evolution of oil on the water surface, 

along shorelines and dispersed and dissolved oil concentrations in the water column. The oil spill 
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along shorelines and dispersed and dissolved oil concentrations in the water column. The oil spill 

is modeled with a stochastic approach, and the fate and behavior were modeled by the transport of 

wind and hydrostatic model for the Strait of Georgia and the Salish Sea. In addition, simulations 

of the oil spill in the seas were conducted with a 3-D model, based on the particle approach. 

A hybrid method of the Princeton Ocean Model (POM) and the third-generation wave 

model, simulating waveôs nearshore (SWAN), was used to simulate the oil spill from a tanker in 

the Dalian coastal region as described by Guo and Wang (2009).

An oil spill from a ship collision accident in the Bohai Strait was also simulated using POM, 

and Stokes wave theory was used as demonstrated by Wang et al. (2008). 

In addition, two- and 3-D oil spill models for coastal waters was introduced by Chao et al. 

(2001). In a two-dimensional (2-D) simulation, the initial oil slick is divided into a number of small 

grids, and a set of plane coordinates are assigned to each grid. In a 3-D simulation, based on the 

rate of vertical dispersion of the oil slick, the concentration distribution of oil particles in the water 

column was predicted. A 3 -D multilevel tidal hydrodynamics model is used in both simulations. 



Also, a mathematical model that under the effect of ocean dynamic condition of tide, wind 

and wave, using a Monte Carlo method to simulate the movement of oil slick was established in 

Chen et al. (2007).

The National Oceanic and Atmospheric Administration (NOAA) has developed General 

NOAA Operational Modeling Environment (GNOME), Trajectory Analysis Planner (TAP) and 

Automated Data Inquiry for Oil Spills (ADIOS) for response and recovery from an oil spill in case 

of accidents. With the help of the online oceanographic data server, GNOME can be used to predict 

where the oil is most likely to travel and how quickly it may come ashore or threaten vulnerable 

coastal resources. TAP is used to predict which coastal area can be affected by a known oil spill 

source. ADIOS is an oil weathering model that predicts how different types of oil undergo physical 

changes in the marine environment.

However, most of the accidents resulting in oil spill occur due to the explosion or collision 

of tankers and failure in offshore structures. Hence, the source of oil spill turned out to be in the 

middle of the water body, and the transport of oil is due to gravity, inertia, viscosity and surface 

tension forces: the advection and turbulent diffusion due to the current and wind. In contrast, 

tsunami-triggered oil spill accidents have a different nature and phenomenon, as the mass inflow 

of water is dominant for the transport to oil spill, which is not initially in the water body itself, and 

the nonuniform flow due to the close existence of coastline and residential area, which reveals the 

more dangerous nature of fire breaking out. Previously, only tsunami damage level was estimated 

to depict the disaster maps for the coastline. However, apparently, these estimations did not to depict the disaster maps for the coastline. However, apparently, these estimations did not 

consider the oil spill from industries situated along the coastline, like the case of the tsunami-

triggered oil spill in Kesennuma city. The disaster caused by a tsunami-triggered oil spill from 

industrial parks will be largest in Osaka Bay among Tokyo Bay, Ise Bay and Osaka Bay, where 

large-scale industrial parks are located within metropolises because Osaka Bay area has the most 

vulnerability against a tsunami.

Hence, in this study, it is necessary to estimate the strength of the potential tsunami in the 

Osaka Bay area. Then, a new numerical method that includes both the mass inflow of water 

representing the tsunami wave and the transport of oil spill is needed to simulate the whole scenario 
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representing the tsunami wave and the transport of oil spill is needed to simulate the whole scenario 

of tsunami-triggered oil spill. It is also necessary to implement the overflow of water over the dry 

land, where the primary source of oil spill existed. Once the initial oil spill into the sea due to the 



tsunami is estimated, an oil spill response model like GNOME, TAP and ADIOS can be applied 

to predict the likely movement and behavior of the oil spill under the influence of winds, tides and 

ocean currents.

In addition, oil storage tanks are typically designed as cylindrical thin shell elements to 

support the lateral pressure of the internal fluid. Under conventional loading the wall of the 

container is subjected to tensile stresses which are readily resisted by the thin shell and standard 

welds used to fabricate the cylinder. In regions of high seismicity and in areas where high wind 

loads are possible additional design requirements are prescribed. However, Seismic and wind 

design requirements do not provide adequate protection to oil storage tanks during tsunami events. 

Although the movement of oil storage tanks and oil spill in the tsunami inundation was prominent 

especially during the 2011 Great East Japan Earthquake as shown in Fig. 2.1, the phenomena had 

been already aware of since 2004 Indonesia Tsunami (Saatcioglu et al., 2006). Also, Goto., (2005) been already aware of since 2004 Indonesia Tsunami (Saatcioglu et al., 2006). Also, Goto., (2005) 

also analyzed the failure due to sliding, floating, and buckling of oil storage tank in Banda Aceh 

and Malahayati, Indonesia as shown in Fig. 2.2. However, the damaged and drifted oil storage 

tanks during the 2004 India Ocean tsunami only resulted non petrochemical oil spill, hence, only 

the damage to the oil storage tanks were reported rather than the oil spill.

Fig. 2.1 Oil storage tanks damaged in the Port of Kuji after the tsunami of 2011 Great 

East Japan Earthquake
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East Japan Earthquake



(b)

Fig. 2.2 Relocated oil storage tanks in Malahayati, Indonesia during 2004 Indian Ocean tsunami

Fig. 2.2 Correlation between maximum inundation depth and severity of damage to oil storage 

tanks due to the 2011 Tohoku earthquake tsunami. The inundated tanks are indicated by different 
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tanks due to the 2011 Tohoku earthquake tsunami. The inundated tanks are indicated by different 

symbols representing the severity of damage. (Hatayama K., 2014)



In the 2011 Great East Japan Earthquake, 418 oil storage tanks were damaged and 157 of 

these tanks were drifted by the tsunami. Hatayama K., (2014) conducted surveys and on-site 

reconnaissance to assess the number of damaged and drifted tanks as shown in table 1 and table 2, 

and also proposed a rough but fact-based method, which hit an accuracy of 76%, to predict damage and also proposed a rough but fact-based method, which hit an accuracy of 76%, to predict damage 

to a tank from a given maximum inundation depth.

Table 2.1 Number of oil storage tanks damaged by the 2011 Great East Japan Earthquake 

tsunami with respect to storage capacity (capacity class)

Table 2.2 Number of oil storage tanks drifted by the 2011 Great East Japan Earthquake tsunami 

with respect to storage capacity (capacity class)

On the other hand, tsunami forces to oil storage tanks was estimated by smoothed particle 

hydrodynamics (SPH) methods and the effects of tsunami water intrusion into the gap between 

tank bottom plate and foundation was studied for the drifting potentials of oil storage tanks (Ibata  

et al., 2016). Also, Monte Carlo simulations were used to calculate the probability of oil storage 

tank failure and tsunami height (Ahmed et al., 2016). FDMA also conducted experiments for 

analyzing the effect of oil containment dike around the oil storage tanks in tsunami waves. Also, 
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the movement behavior of oil storage tanks of different internal amount in the inundation were 

tested. However, in these experiments, different weights were used instead of real liquid.



CHAPTER 3

PRELIMINARY ANALYSIS OF THE BEHAVIOR OF OIL MOVEMENT IN THE 

INCOMING WAVE

The analysis of the behavior of oil movement in the incoming wave was firstly conducted 

by experimental method. Then, numerical simulation methods were used to simulate the 

phenomenon to evaluate the applicability of the method for full scale oil spill scenario. 

3.1 Experimental Setup

A model of oil reservoir which contains oil with the same level of ambient water was used. 

The oil reservoir, which was filled with heavy oil, was placed at the one end of a 1 m long tank, 

while the wave was created from the opposite end. In both experiment and simulations, the wave 

was created by dam break method to represent the wave close to the tsunami case.was created by dam break method to represent the wave close to the tsunami case.

Experiments in the laboratory scale for the oil response behavior after being hit by the wave 

was carried out in laboratory of Osaka University. With the help of high speed cameras, the 

movement of oil was recorded for every split second. The experimental setup is as shown in Fig. 

3.1. When the movable slide wall (green) was lifted up, the water broke as the behavior of a dam 

breaking phenomenon. This would create a wave which heads towards the oil reservoir.

(a)
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(b)(b)

Fig. 3.1 (a) Sketch of experiment setup (b) Detail dimensions of the tank and wall positions

To achieve the precise time history of the movement of oil after removing the wall, the

area closed to the oil reservoir was scaled finely with centimeter mesh as shown in Fig. 3.2. The 

total volume of water inside the tank was 10000cm3, and 2000cm3 of oil, representing the 20% of 

the volume of water, was kept in the reservoir.
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Fig. 3.2 The tank wall just before the oil reservoir was scaled finely with centimeter mesh



3.2 Computational methodology and implementation to solve modelled phenomena

The simulation was carried out using the same material properties and computational 

domain of the same size as the experiment. The implementation of the simulation was achieved by 

the use of OpenFOAMÈ  CFD package (version 2.3.1) which provides a collection of libraries 

and utilities, which can be used to make custom CFD solver for various types of applications. The 

ómultiphaseEulerFoamô solver was used and it is developed by Wardle and Weller (2013).

The governing equations for the incompressible, isothermal flow for multifluid model was 

constructed by sets of mass and momentum equations for each phase k:
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where the subscript k stands for each phase. ‌ is the phase fraction of each phase so that the total 
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‌

summation of ‌ of all phases is 1; ‌ ρ. ” and όᴆ are the density, velocity for each phase, g

is the acceleration due to gravity. The interface momentum transfer or drag force Ὂᴆ ȟ and the 

surface tension force Ὂᴆ ȟ are interfacial forces. But for current research, surface tension force was 

neglected as its contribution was very small as the flow was mainly advection dominant flow. 

However, the solver itself includes the surface tension capability (based on the continuum surface 

force model of Brackbill et al. (1992)) and surface contact angle effects are also included in the 

solver.

Hence, the drag force Ὂᴆ ȟ is given by
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where the subscript c stands for the continuous phase and d for the dispersed phase values.

The drag force is generically calculated inside the solver. A simple advantage in the drag 

force calculation is just to return the value of K . And, also, the value of the drag coefficient DC ,

which is dominant in the equation of K , is also achieved by the various proposed model. In the 

literature, a variety models for the deduction of DC were proposed. Consequently, several 

common models have been developed in the OpenFOAMÈ. In current case, the popular model of

Schiller and Naumann (1935) was used. This model considers as DC a function of the Reynolds 

number Re as shown below:

( )
îí

î
ì
ë

>

¢
+

=
,1000,44.0

,1000,15.0124 683.0

Re

Re
Re

Re
CD (3.6)

Where

16

Where

c

dcd duu
Re

n

CC
-

= (3.7)

where ’ is the kinematic viscosity of the continuous phase.

There are two ways to calculate the drag coefficient. The first method is to specify directly 

a dispersed phase in a continuous phase. The second method is independent calculation where each 

phase is considered as ódispersed phaseô. In the latter method, the overall drag coefficient for the 

momentum equations is taken as the volume fraction weighted average of the two values. This 

scheme is called blended scheme, and useful when solving the flow in the region in which either 

phase is primary phase. In current research, only constant droplet diameter size (defined 

independently for each phase) is assumed while models for variable droplet size can be 

implemented with this flexible framework.



3.3 Interface capturing

The interface compression method developed by Weller 5) is used to implement interface 

sharpening. The comparison of the methods used for interface sharpening and interface 

reconstruction algorithms for different CFD codes was done by Gopala and van Wachen (2008). 

This comparison is helpful in conducting trade-off methods between effectiveness and cost.

This scheme of interface compression developed by Weller (2008) adds an additional 

óartificialô compression term to the left hand side of the volume fraction transport equation for 

each phase
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The value of the artificial interface compression velocity cuC is given as
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where cuC is the interface compression velocity to suppress the volume fraction field and keep a 

sharp interface. To activate this term only in the interface region, the term ( )aa -1 is added. 
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sharp interface. To activate this term only in the interface region, the term ( )kk aa -1 is added. 

And, in addition, 
a
a

Ð
Ð ensures that the direction of the interface compression velocity is always 

towards the interface to compress against the surface. 

Even in the worst case, dispersion of the interface can only occur as the same magnitude 

as the local velocity, so that the magnitude of velocity cuC is used in the interface compression 

equation. The solver has the option, to switch whether interface compression shall be used or not, 

by using the coefficient  aC . Although aC can mathematically be any arbitrary value greater 

than 0, if one restricts 1¢aC , equation (3.9) will reduce to 

a
a

a Ð
Ð
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(3.10)

Thus, aC is considered as a binary coefficient switch which turns interface compression 

on (1) or off (0). For a given phase pair, when aC is set to be 0, there will be no imposed interface 



compression, which means that there is a phase dispersion according to the multifluid model. On 

the contrary, if aC is set to be 1, VOF is applied across the interface to achieve interface capturing. 

In current simulation, aC is defined and applied independently for all phase pairs in the 

implementation of the solver. For specific phase pair interface, aC is set to 1 to keep a sharp 

interface throughout the whole simulation. (.i.e in air-oil and air-water interfaces). And conversely, 

aC can be set to 0 for dispersed phase modeling in the other phase pair (water-oil interface) so that 

there is no interface compression.

Though interface reconstruction methods, for example Piecewise Linear Interface 

Construction (PLIC) are more accurate than current interface compression method, the 

development of Weller has the advantage of being easy to implement the solver and relatively 

faster than others. In addition, the most preferable advantage is that this method is mass 

conservative 6). However on the other hand, the current method is not much desirable in small scale 

surface tension driven flow (capillary rise for the reason of the development of parasitic wavy 

current at the interface). However, for current case, the flow is mainly advective, and moreover, 

the undesirable interfacial currents can also be restricted by maintaining the Courant number Cr
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the undesirable interfacial currents can also be restricted by maintaining the Courant number Cr

by means of sub time stepping and restricting 1=aC . 

3.4 Dynamic ╒♪ switching

As described in the above outline, the interface sharpening and dispersion can be manually 

controlled by presetting the aC value. However, it is more convenient if aC value can alternate 

dynamically as necessary, as the simulation process marches. This leads to the implementation of 

an upgraded solver, which enables simulation of complex flow which includes any combination 

of flow regimes ranging from fully dispersed to fully segregated. The drawback of this 

implementation is deciding by which method the switching between the dispersion and segregation 

of the interface form. This is the main controversial work dealt by various researchers who try to 

couple the multi-fluid and VOF methods. However, according to those outlined above, in this 

solver implementation, dynamic switching of the interface sharpening can only be occurred in the 

regions where the flow is segregated through implementation of spatially non uniform aC field(s). 

There are also other proposals, and one of which is that this dynamic switching can be set according 

to predetermined flow regime map 7). Yet, this approach is merely effective in the flow in simple 



geometry; however, this current research is dealing with a relatively random nature of flow after 

the wave striking to the oil reservoir. Hence, current case asks for a more general physic based 

approach. 

From a more general point of view, one of the switching methods is that the sharp interface 

capturing method should be applied where the droplet size is sufficient enough to be able to be 

captured the curvature by the local mesh size. On the other hand, when the droplet size is smaller 

than the local mesh size, the interface capturing method cannot catch the curvature of the droplet 

and the flow regime in that area is regarded as dispersive flow. This approach will surely need a 

method to predict the local droplet size (like population balanced method) and comparison of the 

droplet size with local mesh size to decide switching aC on (1 VOF) or off (0 multi-fluid).

However, in the current solver implementation, the switching function based on the work 

by Cerne et al. (2001) is used. This switching relies on the magnitude of the gradient of the volume 

fraction, which assumes that if the gradient of the volume fraction is less than some cutoff value, 

there is only phase dispersion and the interface sharpening is deactivated. The gradient of volume 

fraction g is the normalized magnitude of phase fraction as shown below:
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( )a
ag
Ð

Ð
=
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(3.11)

Hence, when )( *gg > , there is no dispersion )1( =aC , and interface sharpening is 

activated. A cutoff value of 0.4 is recommended: but, g is the normalized value so the 

corresponding value may be somewhat different. The downside of this method is that it will apply 

interface compression to the already sharp interface if g near that interface is high, and let the 

interface dispersion where dispersion is already happened if g is low. Nonetheless it is an 

acceptable model for the coupling, and has been implemented in the solver. 

In this research, two simulations were conducted: one in which dynamic aC switching is 

on and other in which aC values are fixed. In both cases, the entrainment of air into any liquid 

phases in neglected thus aC is always 1, keeping a sharp interface for any air-liquid interfaces 

(interface sharpening is on) during the whole simulations. Conversely, only the aC setting of 

liquid-liquid interface is different between these two simulations. In the first simulation, the liquid-



liquid phase is dispersed and segregated dynamically, while in the second simulation, the liquid-

liquid interface will only be set to interdisperse and sharp interface will not be occurred.

Table 3.1 Parameters of the simulation

Geometry

Length 1 m

Breadth 0.2 m

Height 0.2 m

Transport Properties

Density of air 1.21 kg/m3

Density of water 995 kg/m3

Density of heavy oil 920 kg/m3

Kinematic viscosity air 1.57E-05 m2/s
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Kinematic viscosity of water 1.02E-06 m2/s

Kinematic viscosity of oil 5.904E-05  m2/s

Turbulences Properties

k 1.5E-04 m2/s-2

epsilon 0.1m2/s3

3.5 The solution procedure

The procedure of calculation of the Multifluid-VOF coupling hybrid solver is as shown.

1. Update time step according to Courant number limit (ratio of time step to interface transit 

time in cell)

2. Solver coupled set of volume fraction equations with interface sharpening for selected 

phase pairs ((8) with multiple sub time steps);



3. Compute drag coefficients;

4. Construct equation set for phase velocities and solve for preliminary values;

5. Solve pressure-velocity coupling according to Pressure Implicit Splitting of Operators 

(PISO) algorithm:

6. Compute mass fluxes at cell faces;

7. Define and solve pressure equation (repeat multiple times for non-orthogonal mesh 

corrector steps);

8. Correct fluxes;

9. Correct velocities and apply BCs;

10. Repeat for number of PISO corrector steps;

11. Compute turbulence and correct velocities;

12. Repeat from 1 for next time step.

3.6 Numerical considerations for stability of momentum coupling and phase conservation

In maintaining a sharp interface, the velocities on either side of the interface must be equal 

to match the nonslip interface condition. This is easy in conventional VOF simulation as the phase 
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velocities are equal everywhere in interface since all phases share a single momentum equation. 

For current method, where a sharp interface is created by the switching on the interface 

compression terms ñon topò of a multifluid formulations, there are specific momentum equations 

for each phase to be solved, so that an additional virtual drag term is necessary to maintain the 

velocities at the interface to be equal. Hence, in the implementation of the solver, small residual 

drag and residual phase fraction constants were added for each phase pair (typically both equal to 

1E-03) to stabilize the phase momentum coupling. These residual values were only added to the 

calculation of drag for momentum coupling stability and therefore did not have any effect on the 

actual phase fraction or overall phase conservation.

It is necessary to use limiters on the phase fraction and on the sum of the phase fractions 

before the explicit solution of the phase fraction equation system to ensure the phase conservation 

for the coupled phase fractions with added interface sharpening. These limiters setting are achieved 

in a new multiphase implementation of the Multidimensional Universal Limiter with Explicit 

Solution (MULES) solver framework within OpenFOAMÈ. The MULES algorithm 

implementation also improves the boundedness of the multiphase VOF-only solver 



multiphaseInterFoam. The solution of volume fraction transport equation is stabilized by sub time 

stepping over several subintervals of the overall time step according to Courant number Cr limit. 

However, for this transient solver, the overall time step is maximized for decreasing the time to 

solution.

3.7 Result and discussion

At the end of the experiment, it was found that all the oil inside the reservoir was not spilled 

out though the reservoir was totally flooded after hitting by the wave. And, in addition, most of 

the oil was spilled out the reservoir from the portion close to the wall opposite to the incoming 

wave. But, this portion of oil spilled out may be occurred only in this particular case for this kind 

of model. However, this phenomenon was very effective to estimate the oil response to the 

incoming wave.

The results of the simulations proved relative agreement with the experimental outcomes. 

The critical period of both of experiment and simulations is between t (Time) =0.6s, the time at 

which the wave starts to hit the oil reservoir, and t=2s, when the back wash of the wave returns 

back. The overall profile snapshots of experiment in this period are shown in Fig. 3.3. And, the 
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following visual demonstration shows the snapshots comparison of the experiment and two 

simulations cases: one with dynamic aC switching (in Fig. 3.4) and one with fixed preset 0=aC

value in the oil-water phase pair (in Fig. 3.5). In both simulations, aC is set to 1 (only VOF is 

activated) in the air-liquid (air-water and air-oil) phase pairs. Both simulations proved that not all 

oil was spilled out from the reservoir even though the reservoir was totally flooded. In Fig. 3.4, it 

was found that oil dispersion into the water between t=1.2s and t=2.0s shows a little closer 

representation to the experiment; unfortunately dispersion was not clearly seen in the experiment, 

due to oil sticking to transparent wall of the tank.
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Fig. 3.3 Profile view of experiment between t=0.6s and t=2.0s with emphasizing the detail 

formation of oil ball phenomenon
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Fig. 3.4 Profile snapshots of simulation with dynamic ὅ switching for oil-water phase pair 

between t=0.6s and t=2.0s with 0.2s time step



ὅ
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Fig. 3.5 Profile snapshots of simulation without dynamic ὅ switching for oil-water phase pair 

between t=0.6s and t=2.0s with 0.2s time step



Fig. 3.6 Emphasizing the detail formation of oil ball phenomenon near the oil reservoir between 

t=1.4s and t=2.0s with 0.1s time step
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In addition, the relatively significant oil ball formation phenomenon occurred between 

t=1.4s and t=2.0s. The magnified snapshots of this oil ball formation are reported in Fig. 3.6. This 

oil ball is considered to be important for the future research of submarine oil spill, which can be 



occurred when the oil mixes with the soil particles of turbid water. All the visualization of the 

results is achieved by the help of post processing tool ParaView (version 4.1).

In the experiment, the maximum depth of the oil ball penetration below the normal water 

level after flooding was approximately 7.75 cm, and occurred at t=1.8s. However, the oil ball in 

both simulations could merely reach approximately 6 cm depth at t=1.8s as shown in Fig. 3.7.

Moreover, the oil ball in experiment showed more segregated in nature than the dispersed oil balls 

in both simulations. 

(a)                (b)
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Fig. 3.7 Simulations results of oil ball formation (a) with dynamic aC switching for oil-water 

phase pair (b) without dynamic aC switching for oil-water phase pair



In this analysis, the phenomenon of oil response to the incoming wave was observed 

experimentally. This resultant response of oil dispersed and segregated flow in water is simulated 

in both dynamic aC switching (coupled VOF and multifluid) and method fixed 0=aC value 

(only multifluid) method. The formation of oil ball after the oil reservoir being hit by the wave 

was observed, however this phenomenon of oil ball formation appeared in both simulations. 

Nonetheless, simulation with dynamic aC switching has a slightly better representation of the 

phenomenon as the oil dispersion in water is shown a little closer to experiment in the post 

processing. 
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CHAPTER 4

ANALYSIS OF POTENTIAL TSUNAMI TRIGGERED OIL SPILL CASE FROM SAKAI 

SENBOKU INDUSTRIAL PARK IN OSAKA BAY

In this analysis, it is necessary to estimate the strength of the potential tsunami in the Osaka 

Bay area. Thus, combining of methods that includes the mass inflow of water representing the 

tsunami wave and the transport of oil spill is needed to simulate the whole scenario of tsunami-

triggered oil spill. It is also necessary to implement the overflow of water over the dry land, where 

the primary source of oil spill existed. 

First, the strength of the tsunami in Osaka Bay due to the movement of the Nankai fault 

was estimated by the Storm Surge and Tsunami Simulator in Oceans and Coastal Areas (STOC) 

developed by the Port and Airport Research Institute (PARI) of Japan (Kakinuma and Tomita, developed by the Port and Airport Research Institute (PARI) of Japan (Kakinuma and Tomita, 

2005; Tomita et al., 2006; Tomita and Yoem, 2012). 

Then, using the resulting local wave information of STOC near the Sakai Senboku area, 

two types of oil spill simulations were conducted: a three dimensional simulation by an open-

source computational fluid dynamics (CFD) code, OpenFOAMÈ and a two dimensional simulation 

by a STOC extension for oil spill simulation, STOC-OIL. The OpenFOAMÈ simulation can predict 

the oil spill in three-dimensions, including the vertical water column oil spill for a short time after 

the tsunami wave passes through the area, while the STOC-OIL simulation can estimate the 

distribution of the oil spill on the surface for several minutes after the tsunami attack.distribution of the oil spill on the surface for several minutes after the tsunami attack.

STOC simulation for 
estimating tsunami 

strength

hǇŜƴCh!aϯ ƳǳƭǘƛǇƘŀǎŜ ǎƛƳǳƭŀǘƛƻƴ for 
estimating short term three dimensional oil 

spill distribution

STOC-OIL particle-method simulation for estimation 
long term two dimensional oil spill distribution
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Fig. 4.1 General procedure of tsunami triggered oil spill simulation



4.1 STOC

STOC is mainly comprised of two sub programs: STOC-ML and STOC-IC. 

4.1.1 STOC-ML

STOC-ML is a multi-layered static dynamics model. It uses hydrostatic approximation to 

calculate fluid dynamics resulted from a tsunami. It is a quasi-3-dimensional model, which 

originally is based on two dimensional model, where the water surface elevation is represented as 

a parameter, since the hydrostatic approximation can be applied for prediction of the tsunamis that 

occur offshore. In STOC-ML, the fluid body can be divided into multi layers along the depth of 

water; though usually, the single layer model is used in tsunami calculation.

4.1.2 STOC-IC

On the other hand, STOC-IC is a real three dimensional model for calculating the fluid 

dynamics resulting from a tsunami, based on the most fundamental equations in fluid dynamics. 

The model is employed for calculating changes in tsunamis resulting from structures found in 

coastal areas. In general STOC-IC is used in connection with STOC-ML. By coupling the two 

models, it is possible to calculate, with high accuracy, the behavior of tsunami that occur offshore 

and then propagate oceans and hit coastal areas, such as ports or harbors.

Fig. 4.2 Relationship among the Calculations Coupled in STOC

STOC-IC is used in connection with STOC-ML by means of a domain coupling technique 

called nesting. One or more STOC-ML domains can be coupled with one STOC-IC domain to 
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called nesting. One or more STOC-ML domains can be coupled with one STOC-IC domain to 

calculate, high accuracy, the behavior of tsunamis that occur offshore and then propagate oceans 



and hit coastal areas, such as ports or harbors, simultaneously shown in example of Fig. 4.3. This 

parallel calculation is achieved by the Message Passing Interface (MPI).
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Fig. 4.3 Example of the Division of Domains in the Calculations Coupled by STOC



Table 4.1 STOC Functions

32



The functions of STOC are listed in Table 4.1. STOC -ML and IC can also be couple with 

STOC-DM, which is for simulation of ships and debris drifting in tsunami, and STOC-OIL, which 

is two dimensional oil diffusion model, especially developed for tsunami triggered oil spill.

4.1.3 Fundamental Equations in a Plane coordinate system

Although STOC-ML is a hydrostatic model and STOC-IC a non-hydrostatic model, both 

models share a number of things in common. The following sections show all the fundamental 

equations and describe the differences between the two programs where there are any. 

Fig. 4.4 Definitions of Water Level, Water Depth, and Total Water Depth
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Fig. 4.5 Definition of Porous Values
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Fig. 4.6 Definition of Layer Thickness



Although STOC-ML is a hydrostatic model and STOC-IC is a non-hydrostatic model, both 

models share a number of things in common. The fundamental equations used in STOC-ML and 

STOC-IC are a 3-dimensional continuity equation and the momentum conservation equation. Fig. 

4.4, Fig. 4.5 and Fig. 4.6 show the nomenclatures used in the fundamental equations.
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z direction (STOC-IC only)
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where, u , v   and w are the velocities in X, Y and Z-direction respectively, and p is the pressure 

(hydrostatic in case of STOC-ML) , g is the acceleration due to gravity and r is the density of 

sea water. g stands for the porous values according to Fig. 4.5.

In STOC-ML, w is calculated by performing the integrations upward from the sea floor to 

surface by assigningu and v to the continuity equation. Then, the continuity equation can be solved 

without solving the Z-direction momentum conservation equation.

Free Surface Equation

Only one water surface is defined at a certain point ( x , y ) in both STOC-ML and STOC-

IC.

0=ñ-µ
µ

+ñ-µ
µ

+
µ
µ h gh g
h

g H vdzyyH udzxxtz
, (4.5)

whereh stands for water surface elevation.

Hydrostatic Pressure Equation (STOC -ML only)

( )--= hr (4.6)
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( )zgpzp atm --= hr)( , (4.6)

In STOC-ML, the hydrostatic pressure calculation is implicit. The hydrostatic pressure is 

then calculated as a function of the vertical distance from the water surface as shown below. 

However, STOC-IC explicitly calculates the pressure by simultaneously solving the continuity and 

momentum conservation equations.

Based on the nonlinear dispersive wave theory a nonlinear dispersive wave model is 

implemented in STOC-ML to calculate the deformation behaviors of wave with good accuracy by 

adding dispersion terms.

4.1.4 Discretization Methods

A staggered grid as shown in Fig. 4.7 is used. u (i-1, j, k) is defined for the cell interface 

on the -x side of cell (i, j, k), and u (i, j, k) defined for the cell interface on the +x side. A rectangular 

grid is used. The mesh width is variable. Finite volume method is used for discretization. A hybrid 

scheme that combines the first-order upwind scheme and second-order central-differencing 

scheme is applied to discretize the advection term. The second-order central-differencing scheme 



is applied to discretize other terms. The Leapfrog method is used to perform time integration. One

layer of virtual cells outside of the computation area is deployed for processing boundary 

conditions as shown in Fig. 4.8. The 3-dimensional array size (MX, MY, MZ) is two meshes 

greater than the actual computation area size (MX-2, MY-2, MZ-2) for each direction, because greater than the actual computation area size (MX-2, MY-2, MZ-2) for each direction, because 

this layer is necessary. 

Fig. 4.7 Arrangement of Variables for Staggered Grid
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Fig. 4.8 Computational Area and Virtual Cells



4.1.5 Model Coupling with Nesting Function 

The following combinations of simulations can perform coupled calculations by nesting 

calculation: 

¶ STOC-ML and STOC-ML 

¶ STOC-ML and STOC-IC 

For example, they compute the outer wide regions with coarse meshes and compute the 

inner target points with fine meshes as shown in Fig. 4.8. Note that the time step should be the 

same for all the regions. A different process is used for each region for calculation, and data is 

exchanged between regions through Message Passing Interface (MPI). 

4.1.6 Flow of Nesting Processing

The basic flow of processing for the nesting function is as follows. 

(1)Calculate flow velocities ñuò and ñvò at the updated time.

(2) Transfer the ñuò and ñvò values, required for processing of the boundary conditions, between 

the parent and child.
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(3) Calculate flow velocity ñwò and the water level at the updated time.

(4) Transfer the ñwò and water level values, required for processing of the boundary conditions, 

between the parent and child.

(5) If the current time is not yet the time to terminate the processing, return to step (1). 

(6) Perform the termination processing. 

4.1.7 Processing of the Boundary Conditions for the Nesting Section (Overlapped Area)

The area filled with grey in Fig. 4.8 is called an overlapped area for nesting. In this area, 

the flow velocity and water level values are transferred between the parent and child, and their 

boundary condition are set. Specify the width of this area as an input parameter. Typically, i t 

should be equal to a single parent mesh. The boundary (         ), which is called the connection 

boundary, is for transferring the boundary condition from the parent to the child, and the boundary 

(              ), which is called the child connection boundary, is for transferring the boundary conditions 

from the child to the parent.



The method of updating the values in an overlapping area is as follows.

4.1.8 Parent mesh calculation

In the parent mesh, the child connection boundary (           ) is treated the same as a free 

inflow/outflow boundary, and the region within that boundary is not calculated.

The areas filled with slashes in Fig. 4.9 are processed as obstacles.

4.1.8.1 Flow velocity calculation

In the parent mesh, calculate the flow velocity (in the position indicated by        in Fig. 4.9) 

on both the connection boundary surface and overlapped area. Set the inner flow velocity (in the 

position indicated by     ) required for this calculation to the average value of flow velocities 

computed for the associated child meshes.

4.1.8.2 Water level calculation

In the parent mesh, set the water level (ƺ) in the overlapped area and the inner water level 

( ) to the average value of water levels computed for the associated child meshes.

For nesting calculations, it is strongly recommended to match the water depth in both the 

overlapped area and the area immediately inside this overlapped area to the water depth for the 

child mesh.
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Fig. 4.9 Parent Mesh Calculation



4.1.9 Child mesh calculation

In the child mesh, the connection boundary (           ) is treated the same as a fixed flow 

velocity boundary.

4.1.9.1 Flow velocity calculation

In the child mesh, calculate the flow velocity inside the connection boundary shown in Fig. 

4.9. Set the flow velocity (in the position indicated by in Fig. 4.10) at the connection boundary to 

the value obtained by linear interpolation of the flow velocity for the parent mesh. Note that the 

data is corrected after linear interpolation so the flow rate at the connection boundary for the parent 

mesh and the outer boundary for the child mesh can match each other.

4.1.9.2 Water level calculation

The water levels for the child mesh are calculated in the regular way. For the overlapped 

area, the weighted average between the water levels calculated in the parent and child meshes is 

calculated. The weighting coefficients are configured to set the weight for the parent to 1 and that 

for the child to 0 at the connection boundary (           ), as well as to set the weight for the parent to 

0 and that for the child to 1 at the child connection boundary (          ).
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Fig. 4.10 Child Mesh Calculation



4.1.10 STOC System Configuration

Fig. 4.11 shows a typical I/O data flow in STOC (where the italic Area indicates the name 

of user-defined data; the other italic NN shows a processor number in parallel computations). 

ñdata.inò defines the relationship between connections across areas and exists solely on its own. ñdata.inò defines the relationship between connections across areas and exists solely on its own. 

On the other hand, there is as many of the other files as the number of areas to be computed. Table 

4.2 shows a list of I/O data files used in STOC. 

Fig. 4.11 I/O Correlation Diagram in STOC

Table 4.2 List of I/O Files in STOC

File I/O Contents Remarks

data.in I
Defines the relationship between connections 

across areas Mandatory

area I Analysis condition Mandatory

Area.str I Topography/geometry data As required

Area.sbt I
The amount of data for the time-dependent water 

level fluctuations by seismic action As required

fault.txt I Seismic fault parameters As required
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Area.rsi I Data for restart (input) As required



File I/O Contents Remarks

Area.bci
I

Water level, flow velocity data at connection 

boundary (input) As required

Area.tim I Flow velocity/ water level time-series input data As required

Area.dpr I Permeable structure data As required

Area.ofl
I

Data for specifying the location on which to apply 

the overflow model As required

Area.fwc I Coefficient data for overflow model As required

Area.ini
I

Initial distribution data of water temperature and 

chlorine level As required

FT16_NN O Computation intermediate information Output required

FT06_NN O Debugging information 1 (maximum velocity, etc.) Output required

Area.hst O Time-series output data As required
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Area.lst O Spatial distribution data of water level/ flow velocity As required

Area.end
O

Aggregate data, including the maximum water level, 

etc. Output required

Area.rso O Data for restart (output) As required

Area.bco
O

Water level, flow velocity data at connection 

boundary (output) As required

data.in_debug
O

Debugging information 2 (relation between 

connections across areas, etc.) Output required

Area.dbg
O

Debugging information 3 (value of common 

variables, etc.) Output required

Area.ars I/O Data for automatic restart As required

*The italic Area indicates the name of user defined data. The other italic NN shows a processor 

number in parallel computations.



4.1.11 Domain preparation

In STOC simulation to predict the behavior of tsunami, four domains were used. The 

largest and first domain has a mesh size of 1350km and encompasses an area of length 1215 km 

and width 742.5km, and it includes the Honshu, Shikoku and Kyushu of Japan, and is bounded and width 742.5km, and it includes the Honshu, Shikoku and Kyushu of Japan, and is bounded 

between the latitude of 29Á 25ô16ôôN and 36Á 6ô23ôôN, and between the longitude of 128Á 27ô 

40ôôE and 141Á 26ô 23ôôE, centering the Nankai fault in the middle of the domain to predict the 

tsunami waves effectively as shown in Fig. 4.12. Then, the second domain of mesh size 450m, 

enclosing an area of length 459 km and width 270km, is used inside the first domain as shown in 

Fig. 4.13. Again, inside the second domain, the third domain of mesh size 150m, enclosing an area 

of length 108km and 90km, is used as shown in Fig. 4.14. Meanwhile, the smallest and most 

precise fourth domain has a mesh size of 50m and a dimension of 70.5km by 64.5km bounding 

the entire Osaka Bay area as shown in Fig. 4.15. the entire Osaka Bay area as shown in Fig. 4.15. 

Fig. 4.12 First domain with 1350m mesh
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Fig. 4.13 Second domain with 450m mesh
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Fig. 4.14 Third domain with 150m mesh



Fig. 4.15 Fourth domain with 50m mesh

Along the Nankai trough located south of the Japan main island, there are three main faults 

zones: Tokai fault, Tonankai fault and Nankai fault as shown in Fig. 4.1 6.
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Fig. 4.16 Location of Nankai fault (Wikipedia)



Among these fault, only the Nankai fault zone is directly facing to the Osaka Bay area, and 

hence, it was used for initial water surface elevation. Previously, Nankai Megathrust Equake 

Investigation Commission of Osaka Prefecture had estimated that there were 11 fault models of 

Nankai fault movement, which can create a tsunami to Osaka Bay. In this study, the fault model Nankai fault movement, which can create a tsunami to Osaka Bay. In this study, the fault model 

of possible maximum damage to the Osaka Bay area was used. This fault model of Nankai is 

divided into 635 patches, STOC can generically generate the initial water surface elevation based 

on each patch of the fault movement. It was considered that all these 635 patches of the fault 

movement occur simultaneously to unleash the tsunami.

Fig. 4.17 Format of topology data

All the input data for STOC calculations and fault parameters were derived from the 

Publication of Tsunami and Earthquake Analysis Cabinet Office of Osaka prefecture, Japan. These 

data were arranged in the order as shown in Fig. 4.17.
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data were arranged in the order as shown in Fig. 4.17.



Fig. 4.18 Required input filesô format for STOC calculation

However, the input files into STOC simulation had to be arranged in the opposite order as 

shown in Fig. 4.18. Hence, a new conversion Fortran code for the input of format of STOC 

simulation was created and used. The mean sea level is taken as 0.5 m above the 0 datum line simulation was created and used. The mean sea level is taken as 0.5 m above the 0 datum line 

according to tidal timetable. The simulation is carried out up to 14400s (240minutes) after the 

initial water surface elevation due to the fault movement. The output data were recorded every 60s 

(1minute). During the calculation, the domains were automatically decomposed for parallel 

computation by Massage Passing Interface. All the computations were conducted using the 

supercomputer of the Kyushu University. 

4.1.12 Node points for catching flow wave height and velocity distribution

To couple with OpenFOAMÈ, it is only possible to perform manual coupling between 

STOC and OpenFOAMÈ, therefore it was necessary to predict the wave heights and wave velocity 

47

STOC and OpenFOAMÈ, therefore it was necessary to predict the wave heights and wave velocity 

distribution around the Sakai Senboku area. Hence, STOC-ML is enough to achieve this goal. First, 

all four domains were dealt with only using STOC-ML calculations. During the simulation, 44 



node points were distributed in the Osaka Bay around Sakai Senboku area to fetch the wave heights 

and wave velocity distribution. Fig. 4.19 indicates the location of the node points where the wave 

height and velocity distribution were recorded to input into OpenFOAMÈ oil spill simulation.

Fig. 4.19 Location of wave data sampling node points near Sakai Senboku area

4.1.13 Visualization

In addition to the wave height and velocity distribution at specific points, it is also effective 

to see the complete visualization of the tsunami generation and approaching to the shore. However, 

there is no specific post processing visualization tool for STOC output. Hence, a new Fortran
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conversion code was developed to change the STOC output into the predefined format of the 

visualization tool called PARAVIEW, which is usually used with OpenFOAM È. 



4.1.14 Osaka Bay geometry nature

In Osaka Bay, there were two specific oil storage tanks concentrated areas: Osaka North 

Port and Sakai Senboku Industrial Zones as shown in Fig. 4.20. And, Fig. 4.21 depict the aerial 

view of the locations of oil storage tanks on Sakai Senboku Industrial Zones. In 2014, Osaka view of the locations of oil storage tanks on Sakai Senboku Industrial Zones. In 2014, Osaka 

Prefecture Petrochemical Disaster Prevention Cabinet Headquarters (2014) reported the estimated 

amount of potential oil spill according to tsunami inundation into the industrial parks and oil 

storage area.

Fig. 4.20 Industrial zones in Osaka Bay and Sakai Senboku Industrial Zones
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Fig. 4.21 Ariel view of oil storage tanks in Sakai Senboku Industrial Zones

4.1.15 Result of STOC simulation

50

Fig. 4.22 STOC simulation of initial water surface elevation due to Nankai fault movement



Fig. 4.22 shows the initial water surface elevation due to Nankai fault together with the 

largest domain. The other three domains are embedded inside this domain for fine calculation of 

wave distribution in Osaka bay area. The maximum wave height contribution in the fourth domain 

up to 14400s (240 minutes) is as shown in Fig. 4.23.up to 14400s (240 minutes) is as shown in Fig. 4.23.

Fig. 4.23 maximum wave height contribution in the fourth domain up to 14400s (240 minutes)

The sample water surface elevation at node 1, node 2 and node 3 (as in Fig. 4.18) with time 

progression is as shown in Fig. 4.24.
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(a)



(b)

(c)

Fig. 4.24 Water surface elevation at (a) node 1, (b) node 2 and (c) node 3 (as in Fig. 4.18) with 

time progression

  Fig. 4.25 depicts the time progression of tsunami wave after the fault movement. Before 

the arrival of tsunami wave, a significant drop in sea level is found at 110 minutes according to 

Fig. 4.26(a). Then, the sea level suddenly rise up. 
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Fig. 4.26(a). Then, the sea level suddenly rise up. 



(a)

(b)
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(c)

Fig. 4.25 Time progression of tsunami wave (a) 60 minutes (b) 120 minutes and (c) 180 minutes 

after the fault movement.

(a)
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(a)



(b)(b)

(c)

Fig. 4.26 Calculated results at the node 4 (as in Fig. 4.18) near Sakai Senboku area (a) Water 

surface elevation, (b) Velocity in X -axis, U, and (c) Velocity in Y -axis,V

The maximum wave height at the node near the Sakai Senboku area occurs at 137 minutes 
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after the fault movement. The sample result of wave height and velocity distribution at node 1, 

which is 2km from the Sakai Senboku area are shown Fig. 4.26 assuming the standard of tide 

height of 0.5m.






















































































