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A novel modeling methodology is presented for cascading disasters triggered by tsunami hazards considering
uncertainties. The proposed methodology focuses on tsunami-triggered oil spills and subsequent fires, a type of
natural hazard-triggered technological (Natech) event. The methodology numerically simulates the time-varying
behavior of tsunami-triggered oil spill fires for numerous stochastically generated scenarios and performs a
probabilistic mapping of the maximum radiative heat flux as a quantitative measure of the fire hazard. To enable
these assessments, probabilistic tsunami hazard assessments are extended to include the tsunami-induced
movement of oil storage tanks, resulting oil spills, tsunami-driven oil fire spread, and thermal radiation from
fires. The uncertainty of the earthquake fault slip distribution, oil filling level of storage tanks, and fire starting
time and position is incorporated into the new assessments. To demonstrate the methodology, a realistic case
study is conducted for a coastal petrochemical industrial park in Japan conditioned on possible offshore moment
magnitude 9.1 earthquakes. Contrary to typical tsunami direct impact assessments, the results highlight the
cascading effects of tsunamis and large variability in key output variables concerning oil spills and fires. This
indicates that the methodology is useful for deepening stakeholders’ understanding of tsunami-triggered
cascading disasters and improving risk reduction plans.

1. Introduction

The emerging tsunami fire hazard [1] was highlighted by the 2011
Tohoku earthquake, which occurred off the Pacific coast of Tohoku,
Japan, on March 11, 2011 (14:46 local time) with a moment magnitude
(Mw) of 9.0. The 2011 Tohoku earthquake caused a massive tsunami
that struck an approximately 2000-km stretch along the Pacific coast of
Japan and inundated over 400 km? of land [2]. The tsunami washed
away houses, bridges, and other various items from land; hazardous
material spills were caused by damaged liquefied petroleum gas cylin-
ders for household use, automobiles, and oil storage tanks, resulting in
the occurrence of 124 fire ignitions in inundated areas [1]. Some of these
tsunami fires spread to nearby floating or accumulated combustible
materials, either torn from houses by the tsunami or constituting the
wooden houses themselves, and eventually developed into conflagra-
tions involving over 61 ha of land [1,3]. This exceeds the 46 ha
destroyed by fires following the 1995 Kobe earthquake; such conven-
tional post-earthquake fires (i.e., fires caused by ground shaking) are
seriously considered in earthquake-prone countries worldwide [e.g., 4,
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6,10,13].

Of the tsunami fires following the 2011 Tohoku earthquake, the oil
spill fire in Kesennuma Bay, Miyagi, Japan, was the most notable,
causing devastating damage to coastal communities and environments
[14]. Fig. 1 shows several images reflecting the actual situation of the
fire. The tsunami, with a height of up to 6 m, washed away 22 oil storage
tanks in the port of Kesennuma that stored fuel used for fishing ships,
resulting in 11521 KL of oil spills, mostly fuel oil as specified by Japanese
Industrial Standards (having properties close to those of diesel oil) [15].
The tsunami spread the oil throughout the bay; the oil was then ignited
in the bay even though the flash point is much higher than ordinary
temperatures. Fire experiments [16] suggest that burning floating
debris, such as wooden material, was a potential ignition source and
may have ignited the floating oil, acting as a candle wick. The fire spread
rapidly over the floating oil and eventually transformed the bay into a
sea of flames. An analysis of image records [14] indicates that the fire
front moved at velocities of over 1.6 m/s, approximately a hundredfold
faster than the flame spread rate over non-gasoline-type oil floating on
static water at ordinary temperatures [17-19]. A numerical analysis
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[14] suggests that the transport of burning oil by the tsunami greatly
contributed to the fire development; that is, it was a tsunami-driven oil
fire. The fire led to various secondary fires, e.g., building, ship, and
forest fires, resulting in approximately 247 ha of burned areas including
outside the inundation areas [14]. Notably, the fire affected tsunami
vertical evacuation buildings, which are known to be effective risk
reduction measures for coastal communities without accessible high
ground. Consequently, people who had escaped into these buildings
from the tsunami encountered fire dangers [20].

These tsunami fire experiences highlight an important aspect of
coastal area safety, particularly in areas with installations storing or
handling petroleum products. Historically, tsunamis have struck coastal
industrial zones and triggered oil spill fires following large offshore
earthquakes, e.g., the 1964 Alaska [21] and 1964 Niigata [22] earth-
quakes. Therefore, tsunami-triggered oil spill fires are a universal po-
tential hazard that many tsunami-prone countries face. However, typical
tsunami risk management has focused on the direct impact of tsunamis
on humans and assets and has not considered the impact of fires as a
secondary tsunami hazard. Therefore, improving tsunami risk manage-
ment is an important task for coastal stakeholders. This requires a
methodology for quantitatively evaluating tsunami-triggered oil spill
fire hazards.

Tsunami-triggered oil spill fires are a type of Natech event, that is, a
technological disaster triggered by natural hazards [23], the incidence
of which has significantly increased in recent decades [24]. Natech
events result from the impact of natural hazards on industrial in-
stallations storing or handling hazardous substances and can include
severe accidents, such as substance releases, triggered fires, and explo-
sions, as a consequence of equipment damage. Because improving
Natech risk management is increasingly recognized as a priority, many
studies have focused on equipment fragility assessments and Natech
hazard or risk assessments for several types of natural hazards, including

A
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earthquakes [e.g., 25-28], floods [e.g., 29-33], and lightning [e.g.,
34-36], which typically have addressed cascading disasters triggered by
domino effects [e.g., 5,7,8] and the performance of safety barriers aimed
at preventing domino effects [e.g., 9,11,12]. However, few studies have
addressed tsunamis in the context of Natech risk management. Conse-
quently, methodologies for tsunami-related Natech hazard or risk as-
sessments are not well established. However, several contributions have
been made to understanding such events. These include analyses of the
potential release of hazardous materials from tsunami damage to
equipment based on numerical tsunami simulations for hypothetical
scenarios [37], the tsunami impact on chemical industries following the
2011 Tohoku Earthquake [38], simplified modeling of the vulnerability
of industrial storage tanks to tsunamis and transported debris [39],
experimental investigations of tsunami wave loads acting on cylindrical
storage tanks and validation of empirical equations [40], two-layer
hydrodynamic modeling of oil spread on tsunami inundation flow
[22], numerical analyses of tsunami-triggered oil spills from coastal
industrial zones for a hypothetical offshore earthquake scenario [41],
computationally efficient local probabilistic tsunami hazard assessments
for a coastal oil refinery area [83], and qualitative assessments of the
potential for fires following a hypothetical scenario tsunami in ports
with petrochemical facilities [82].

The above studies on tsunami-related Natech events do not model
subsequent fires, which can lead to further catastrophic consequences.
Therefore, alone they cannot effectively improve risk management.
Conversely, a pioneering study [14] has attempted to develop a model to
numerically simulate the dynamic behavior of tsunami-triggered oil spill
fires, and validated the model performance against the tsunami fire in
Kesennuma Bay following the 2011 Tohoku earthquake by comparing
the model prediction to the fire department survey report and image
records of tsunami evacuees. Subsequently, the model was applied to a
coastal petrochemical industrial park focusing on a specific offshore
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Figure 1. Tsunami-triggered oil spill fires in Kesennuma Bay, Miyagi, Japan, after the 2011 Tohoku earthquake: images taken by (A) the Japan Coast Guard around
3:30 p.m. on March 11, 2011; Ryosuke Onodera at (B) 5:53 p.m. and (C) 6:00 p.m. on March 11, 2011; and (D) the Japan Ground Self-Defense Force at 8:12 p.m. on

March 11, 2011.
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earthquake scenario [42]. The maximum radiative heat flux was map-
ped as a quantitative fire hazard measure to understand the potential
horizontal extent of strong radiative heating. This fire hazard mapping
enables the identification of potential consequences of fires, which is
impossible in typical tsunami risk management.

Previous studies [14,42] presented a deterministic methodology for
quantitative tsunami-triggered oil spill fire hazard assessments, limiting
assessments to specific scenarios as opposed to providing probabilistic
fire hazard information. Because the behavior of tsunami-triggered oil
spill fire spreading greatly depends on the tsunami flow, tsunami vari-
ability, which primarily depends on the large uncertainty of earthquake
fault rupture scenarios, could be an important factor affecting fire haz-
ard assessments. Uncertainty in the constantly changing oil filling level
of storage tanks can also affect fire hazard assessments via the proba-
bilistic behavior of the tsunami-induced tank movement and resulting
oil spills. Furthermore, uncertainty in when and where oil is initially
ignited can significantly affect fire hazard assessments. Therefore, a
probabilistic methodology comprehensively considering various un-
certainties associated with fire hazard assessments is essential. Deter-
ministic approaches that consider only a specific worst-case scenario
may not provide realistic solutions. Conversely, probabilistic ap-
proaches could enable reasonable decision-making in Natech risk
management.

Since 2000, probabilistic tsunami hazard assessments (PTHAs) have
been well established [43,44,79,80]. PTHAs quantify the probability of
exceeding specified levels of tsunami intensity measures (e.g., inunda-
tion depth and flow velocity) at a given location within a specified time
period, and summarize this probabilistic information in hazard curves or
hazard maps for use in engineering design, risk management, and
evacuation planning. Logic trees are widely used to incorporate un-
certainties into PTHAs, expressing not only the uncertainty of the key
source parameters, but also the uncertainty due to numerical model
selection or bathymetry/topography dataset bias, with weights assigned
to their branches [e.g., 45-49]. On the other hand, random phase ap-
proaches have been used as alternative ways to consider source-related
uncertainty (e.g., slip distribution, source location, magnitude, and etc.)
as a statistical ensemble [e.g., 50-54]. The random phase approach is a
kind of Monte Carlo simulation and stochastically generates numerous
synthetic fault slip distributions with varying magnitudes based on
seismological constraints by the scaling relationships of earthquake
source parameters for subduction zones [52].

If PTHA frameworks can be extended to include tsunami-triggered
oil spill fire analyses, this would enable unprecedented assessments of
tsunami-related Natech hazards, deepening stakeholders’ understanding
of tsunami-triggered cascading disasters and promoting better tsunami
risk management, including triggered fire risks. The random phase
approach is suitable for this extension compared to the logic tree
approach because tsunami-triggered cascading disaster analyses require
a large ensemble that considers links between different physical process
models. In this case, the source-related uncertainty, one of the largest
uncertainties, is considered, although uncertainties due to numerical
model selection and bathymetry/topography dataset bias are not
considered.

This study develops a methodology for probabilistic tsunami-
triggered oil spill fire hazard assessments (PTFHAs) as an extension of
PTHAs. The methodological contribution of this study is the physics-
based integrated modeling of a sequence of tsunami-related Natech
cascading phenomena, including previously unconsidered tsunami fires,
incorporating uncertainties to provide a probabilistic basis for
enhancing safety planning for coastal areas with petrochemical facil-
ities. The proposed methodology enables a probabilistic mapping of the
maximum radiative heat flux as a quantitative measure of the fire hazard
by focusing on uncertainties in the earthquake rupture process, oil filling
condition of storage tanks, and initial oil ignition. These uncertainties
are incorporated into the PTFHA via a series of numerical simulations of
tsunami propagation and inundation, tsunami-induced movement of oil
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storage tanks and resulting oil spills, tsunami-driven oil fire spread, and
thermal radiation from fires for numerous stochastically generated
scenarios. The tsunami-induced tank movement and resulting oil spills
are modeled for atmospheric storage tanks with fixed roofs storing lig-
uids at ambient pressure. For simplicity, the PTFHA is conditioned on a
specified earthquake magnitude. Namely, uncertainty in both the loca-
tion and geometry of the fault plane and the slip distribution over the
fault plane is considered under the specified magnitude, while the
possible occurrence of earthquakes with different magnitudes is not
considered. In this sense, the PTFHA in this study is not complete, but it
can be extended to include the earthquake occurrence uncertainty using
the Gutenberg-Richter law [56]. To demonstrate the methodology, a
realistic case study is conducted for the Port of Osaka, Japan, which
contains a petrochemical industrial park with over 200 oil storage tanks,
focusing on possible offshore megathrust earthquakes. Essential points
include (1) the variability in the key outputs concerning tsunamis, oil
spills, and fires, (2) locations likely to be exposed to strong radiative
heating, (3) particular characteristics of intense fire hazard locations
and contributing factors, (4) important facilities, such as tsunami ver-
tical evacuation structures, at high risk from fire hazards, and (5) rec-
ommended fire risk reduction measures. Explosions and other types of
fires related to hazardous materials, such as tank fires and ship fires, are
not considered in the assessments and are left to future work.

This paper is organized as follows. Section 2 defines the hazard
equation for tsunami-triggered oil spill fires and presents the computa-
tional framework and implemented models. Section 3 describes the
numerical setup to illustrate the PTFHA via the case study. Section 4
presents and discusses the key results of the case study. Finally, Section 5
presents the study conclusions and potential future work.

2. Proposed methodology
2.1. Fire hazard formulation

Tsunami-triggered oil spill fires are modeled as a sequence of the
following events. (1) A tsunami is generated by an offshore earthquake.
(2) The tsunami propagates and inundates land. (3) Some oil storage
tanks move as a result of tsunami inundation flow. (4) Oil is spilled from
tsunami-driven tanks at varying locations over time. (5) The spilled oil
spreads floating on the tsunami flow. (6) A heat source ignites the
floating oil. (7) The fire spreads via the floating oil. Here, we model
atmospheric storage tanks with fixed roofs, which store liquids at
ambient pressure; other types of storage tanks are not addressed.
Therefore, oil spills resulting from liquid sloshing caused by long-period
ground motion are neglected. Seismic damage to oil storage tanks and
resulting oil spills are not considered because tanks are typically
designed to be protected from strong ground motion; however, few
measures are implemented to prevent tanks from moving under tsunami
inundation. Because oil fires typically emit much radiative energy in all
directions, strong radiative heating can extend to distant locations if
structures do not block the thermal radiation.

The proposed methodology, therefore, adopts the radiative heat flux
as a quantitative measure of the fire hazard. The radiative heat flux
changes over time. Therefore, its maximum value in a predefined
simulation period is used to quantify the fire hazard. To investigate the
probability distribution of this quantity, the proposed methodology
considers the following factors as uncertain inputs: (1) the fault slip
distribution, (2) the oil filling level of each tank, and (3) the fire starting
time and position.

Conversely, earthquake and fire occurrences are deterministically
treated by specifying the earthquake magnitude and number of ignition
incidents. While the earthquake magnitude and occurrence probability
are typically evaluated from historical records and geological and
geographical data, the fire occurrence uncertainty is problematic.
Similarly to the earthquake occurrence probability, the probability of
ignition might also be able to be modeled using data for past tsunami fire
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events. While inundated electrical equipment or metals are inferred as
possible ignition sources from past tsunami fire events [21,69], haz-
ardous materials as possible ignited fuel are constantly moving and
spreading due to the tsunami. With such a complicated ignition mech-
anism, the ignition modeling may not be straightforward, and in fact, no
ignition models are currently available. Because fire hazard assessments
vary greatly depending on how the ignition probability is given, it needs
to be handled carefully. Therefore, this study assumed that a fire is
certain to occur without modeling the ignition probability in order to
conservatively assess the fire hazard. Specifically, the proposed meth-
odology assumes that a fire starts at a single location (i.e., the number of
ignition incidents is one) and that the time and location of the ignition
incident is uncertain.

The fault slip distribution, consisting of an earthquake source model
representing the fault rupture characteristics, is an important factor
governing tsunami generation and is required to evaluate the water
surface elevation resulting from sea bottom deformation, which is used
as an initial condition in simulating tsunami propagation and inunda-
tion. Therefore, its uncertainty can significantly affect tsunami flow
variability. The constantly changing oil filling level of each tank governs
the tank movement and oil spills resulting from tsunamis. It determines
the total weight of a tank and the static friction between the bottom
plate and foundation. These quantities are used as tank movement
thresholds for tsunami wave forces acting on a tank. For tanks expected
to move, all of the initially stored oil is assumed to eventually spill.
Therefore, the oil filling level uncertainty can significantly affect the
variability of the spilled oil amount. The fire starting time and position
govern the fire spread behavior of the floating oil on the tsunami flow.
This information is used as a set of initial conditions when simulating the
tsunami-driven oil fire spread. Generally unpredictable, the fire starting
time and position need to be treated as uncertain factors.

The probabilistic definition of the fire hazard is represented as the
probability that the maximum radiative heat flux q at a specific site
resulting from fires exceeds a threshold q. given that an earthquake
with a moment magnitude m occurs and a number of ignition incidents
np occur (here, ny is set to one); this is the conditional site-specific ex-
ceedance probability of the maximum radiative heat flux resulting from
fires. This probability needs to be numerically evaluated via Monte Carlo
simulations. Each combination of the above three factors is called a fire
scenario, and the probability is computed via numerical simulations for
numerous statistically sampled fire scenarios. The probability, or fire
hazard equation, can be written as

ns

P(q > qerlm,ng) = “[wi x I(gi > qerlm, )], )

i=1

where ng is the number of fire scenarios, I(+) is an indicator function that
takes a value of 1 when the maximum radiative heat flux for the i-th fire
scenario q; is greater than or equal to g, and takes a value of 0 otherwise,
and w; is the weight coefficient assigned to each fire scenario, where

ns

i=1

The threshold value needs to be objectively specified to indicate the
potential consequences of strong radiative heating. Here, two values are
adopted: 10 kW/m?, approximately corresponding to the minimum
external heat flux required to achieve piloted ignition of wood [57,58],
and 2 kW/m?, approximately corresponding to the human tolerance
limit for exposure to radiative heat [59]. The former is introduced to
assess the possibility of fire damage to structures or secondary fires
related to hazardous installations. Although the critical heat flux for
ignition varies among combustible materials, the value for wood is
adopted here for simplicity. The latter captures the possibility of skin
burn injuries to tsunami evacuees on the rooftops of structures.
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2.2. Computational framework

Fig. 2 illustrates the computational framework for evaluating the fire
hazard equation. This framework is based on Monte Carlo simulations
and implements a series of numerical simulations of tsunami propaga-
tion and inundation, tsunami-induced tank movement, and tsunami-
driven oil fire spread for numerous stochastically generated scenarios.
It has the following nine-step procedure.

(1) Numerous synthetic fault slip distributions (hereinafter, source
models) are stochastically generated under a given moment
magnitude using empirical subduction earthquake scaling re-
lationships [55]. These correlate the moment magnitude to
various macro source parameters, including parameters related
to the probability distribution of slip values and their spatial
heterogeneity, and other typical parameters (e.g., fault length,
fault width, mean slip, and maximum slip). The source models are
basically heterogeneous slip models based on random fields with
variable fault geometries used as inputs when simulating tsunami
propagation and inundation.

(2) Tsunami propagation and inundation simulations are performed
for the source models to predict horizontal water flow velocity
fields paired with water surface elevation distributions as a
function of time. These are required to simulate tsunami-induced
tank movement and tsunami-driven oil fire spread. The tsunami
simulations calculate initial water surface elevations caused by
sea bottom deformation from the source models and numerically
solve the horizontal two-dimensional nonlinear long-wave
equations. The set of predictions obtained for each source
model is called the tsunami sample.

(3) Simulated tsunamis for use in subsequent simulations are selected
from the tsunami sample to reduce the time and effort required
throughout the assessments. The selection is based on the
maximum water surface elevation at a given nearshore location
predicted for a given source model (hereinafter, the tsunami
height). First, an empirical cumulative distribution function
(CDF), describing the percentile rank, is plotted for the tsunami
height. Then, several percentile ranks, for which corresponding
tsunami heights are linked to source models and other pre-
dictions, are specified at equal intervals to select simulated tsu-
namis with equal weights. These carefully selected simulated
tsunamis are representative of the entire population.

(4) Numerous oil filling level patterns for each tank are stochastically
generated as inputs for simulating tsunami-induced tank move-
ment. The oil filling levels are treated as independent random
variables that are uniformly distributed between the minimum
and maximum operative filling levels of the tanks. This treatment
reflects the uncertainty in the actual filling level, which may have
seasonal and/or spatial correlations. Each generated pattern is
called an oil filling pattern.

(5) Tsunami-induced tank movement simulations are performed for
combinations of the selected simulated tsunamis and generated
oil filling patterns. The simulations predict the presence/absence
of movement for each tank using a simplified physics-based
model that mathematically formulates the occurrence condi-
tions for floating and sliding, the expected behaviors of tanks
subjected to tsunami inundation flow. The locations of tanks
predicted to move are predicted as a function of time by
approximating the tank behavior as the translational motion of
the center of gravity in a horizontal two-dimensional coordinate
system. The predicted time-varying tank locations, which repre-
sent oil spilling positions, are used as inputs when simulating the
tsunami-driven oil fire spread. This step is equivalent to gener-
ating numerous oil spill patterns. All the oil initially stored in
these tanks is assumed to eventually spill.
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Figure 2. Computational framework for evaluating tsunami-triggered oil spill fire hazards considering associated uncertainties.

Oil spill patterns considered in subsequent simulations are
selected from those generated in Step 5 to reduce the time and
effort required throughout the assessments. The selection is based
on the total amount of oil spilled (i.e., the total amount of oil
initially stored in the tanks predicted to move). First, an empirical
CDF is plotted for the total amount of oil spilled. Then, several
percentile ranks are specified to select oil spill patterns linked to
simulated tsunamis. The percentile ranks are specified at shorter
intervals in the region with a smaller function gradient and are
specified at longer intervals in the region with a larger gradient.
Therefore, different interval weight coefficients are assigned to
the selected oil spill patterns. These oil spill patterns are repre-
sentative of the entire population.

Numerous fire starting time and position patterns are stochasti-
cally generated to use as inputs when simulating tsunami-driven
oil fire spread. First, the fire starting time is randomly determined
in a given period. Then, the fire starting position is determined by
randomly selecting an initial burning oil particle from the oil
particles with ignitable thicknesses at the fire starting time. Each
generated pattern is called an oil ignition pattern.
Tsunami-driven oil fire spread simulations are performed for
combinations of the selected oil spill patterns and generated oil
ignition patterns. The simulations are based on a horizontal two-
dimensional Lagrangian model that traces the behavior of indi-
vidual floating oil particles, including their burning behavior, to
describe the overall fire behavior as an assemblage of burning oil
particles [14]. The model mathematically formulates the motion
of oil particles floating on water during tsunamis and the burning
behavior of oil particles, including fire spread between oil par-
ticles. The simulations predict the heat release rate of individual
oil particles resulting from combustion and their locations as a
function of time. The radiative heat flux can then be computed at

a given location as a function of time by approximating the flame
radiation as isotropic radiation from a point source, enabling an
evaluation of the fire hazard equation.

(9) The spatial distribution of the site-specific exceedance probabil-
ity of the maximum radiative heat flux is visualized as a proba-
bilistic fire hazard map. This mapping is useful for understanding
the frequency and locations of exposure to strong radiative
heating that can lead to the ignition of combustible materials or
skin burns of evacuees on tsunami vertical evacuation structures.

More details concerning the implemented models are given in Sec-
tion 2.3; however, the framework illustrated in Fig. 2 is flexible and the
implemented models can be replaced or improved as appropriate.

2.3. Implemented models

2.3.1. Tsunami source

The tsunami source models are generated using a random phase
source modeling approach [e.g., 50-54] based on subduction zone
earthquake scaling relationships [55]. Subduction zones are located at
interfaces between oceanic and continental plates (Fig. 3). When the
leading edge of the overriding plate breaks free and springs seaward, an
earthquake occurs along the subduction zone and raises the sea floor and
water above it, resulting in a tsunami. The random phase source
modeling approach can consider the spatial uncertainty of subduction
earthquake ruptures; that is, it considers uncertainty in both the location
and geometry of the fault plane and the slip distribution over the fault
plane. The scaling relationships represent statistical properties of key
source parameters related to the geometry and slip distribution derived
from inverted finite-fault rupture models for past subduction earth-
quakes included in the SRCMOD database [60]. The source parameters
include the fault length L, fault width W, mean slip D,, maximum slip
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Figure 3. Schematic of a tsunami source model for a megathrust earthquake along a subduction zone.

Dy, Box-Cox parameter A, correlation length along strike direction A,,
correlation length along dip direction Ay, and Hurst number H. With the
strike and dip, the fault length and width determine the fault plane
geometry. The source model expresses heterogeneity by dividing the
entire fault plane into a finite number of sub-faults and assigning
different slip values to each sub-fault. The mean slip, maximum slip, and
Box-Cox parameter characterize the statistical properties of the slip
values. The correlation lengths and Hurst numbers are used to model the
spatial characteristics of the slip distribution. Most source parameters
are modeled as a function of the moment magnitude; however, the
Box-Cox parameter and Hurst number are modeled as random variables
following specific probability distributions independent of the moment
magnitude [55]. Additional details can be found in the literature [e.g.,
53].

2.3.2. Tsunami propagation and inundation

Tsunami propagation and inundation are numerically simulated
using JAGURS [81] that solves the nonlinear shallow water equations
using a leap-frog staggered-grid finite difference scheme. This study
adopted a non-dispersive model in Cartesian coordinates. The governing
equations of motion in two-dimensional space and continuity equation
are

oM 9 (M? 0 (MN on gn?

T2 () + 2 (22 = 2 - & /M N2
dt+0x<D>+0y(D> 80 o T D + 3)
ON 0 (MN 0 (N? o gn’

OV O (MNY O (NN op 8 N g R, 4
0t+6x<D)+6y<D) 805 T DI 85 “)
o oM oN

EJ’_E—"—E_O’ (5)

where 7 is the water level, M and N are the water fluxes in the x- and
y-directions, respectively, g is the gravitational acceleration, D is the
total depth, n is the Manning coefficient, and t is time. The initial water
surface elevation is evaluated from the tsunami source model using the
formulae of Okada [61] and Tanioka and Satake [62]. Nested grid sys-
tems are implemented to model the tsunami waves in the deep ocean,
over the continental shelf, near shore, and on land. The ocean bottom
and land roughness are given by the Manning coefficient. The coefficient
on land is based on land use.

2.3.3. Oil filling level of storage tanks

The storage tank oil filling level changes constantly. Survey data for
oil storage tanks damaged by the tsunami following the 2011 Tohoku
earthquake [63] show that the ratio of the quantity of oil stored at the
time of the earthquake to the tank capacity ranged from 0% to 100%
without being concentrated in specific regions. Because little informa-
tion is available concerning the actual filling level variation, the oil
filling level for each tank Hj is modeled as an independent random
variable that is uniformly distributed between certain bounds, similarly

to conventional equipment fragility assessments [e.g., 29,39]. The
minimum and maximum operative filling levels are adopted as the lower
and upper bounds, respectively.

The oil storage tanks are modeled as simple cylindrical tanks with
fixed roofs. If Dy is the tank diameter and Hj i, and Hj . are the
minimum and maximum operative filling levels, respectively (Fig. 4),
the amount of oil stored in each tank at the time of an earthquake Vj is

__zDH, D}

Vi 4 4 (Hemin + & (Hymax — Hymin) ] ©)

where ¢ is an uniform random number between 0 and 1.

2.3.4. Tsunami-induced tank movement

The presence or absence of tank movement under tsunami inunda-
tion is determined by physically formulating the occurrence conditions
of the floating and sliding behaviors of the tanks subjected to tsunami
inundation flow. Oil storage tanks are assumed to move when at least
one of the two occurrence conditions is met. Similarly to conventional
equipment fragility assessments [e.g., 29,39], the occurrence conditions
are formulated by approximating the tanks, including liquids, as rigid
bodies. The tsunami wave forces acting on the tanks vary with time and
are divided into vertical Fy(t) and horizontal Fy(t) components (Fig. 4).
The former is compared with the total tank weight to determine the
presence/absence of floating, while the latter is compared with the static
friction between the bottom plate and foundation to determine the
presence/absence of sliding. Hence, the occurrence conditions are

f DT {
m
v T&
------ Maximum filling level -----t}-—+
HL HL,max
mpg
Fy )
------ Minimum filling level -----1{--r- w
u
— FV L :|:HL,min
D —

ﬂs((mr +mL)g_FV)

Figure 4. Schematic of a simplified model for oil storage tanks subjected to
tsunami inundation flow.
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Fy(t)
—>1 7
(m»,-+mL)g2 2

for floating and

[¥r (1)
wlomr +m)g —Fo ()] ®)

for sliding, where my is the tank plate mass, my, is the oil mass, and g, is
the coefficient of static friction between the bottom plate and founda-
tion, which is set to 0.5 corresponding to the coefficient for dry stones
against soil surfaces [64] and steel materials against concrete surfaces
[65].

The tsunami wave forces are determined from the simulated tsunami
depth and velocity at a given location. Because the implemented
tsunami simulations provide the average cross-sectional flow velocity in
the horizontal direction and the water surface elevation, empirical
equations are used to compute the tsunami wave forces. According to
empirical equation performance investigations via wave basin experi-
ments [40], the measured vertical tsunami wave loads can be roughly
predicted using the buoyancy based on the static pressure; the measured
horizontal tsunami wave loads can be roughly predicted using the
Morison equation even when adopting the horizontal water velocity and
water depth measured under the condition without tanks. Accordingly,
the tsunami wave forces are computed using the water depth h,,(t) and
water flow velocity u,,(t):

xD2h,,(t)
b

Fy(t) =p,8 1 ©

o, (t) xD%h,, (1)
o 4 (10

1
FH(’) = Ecdpwuw([”uw(t) ‘DThw(t) + C,,,pw

where p,, is the water density, C4 is the drag coefficient, and C, is the
inertia coefficient. The diameter and height of the tanks are neglected in
the tsunami simulations, and the water depth and velocity at the points
corresponding to the tanks are used. Based on previous investigations
[40], values of 1.2 and 2.0 were adopted for C4 and Cp,, respectively.

The locations of moving oil storage tanks are predicted as a function
of time by numerically solving the equation of motion for each tank.
These time-varying locations are required to model oil spills occurring at
varying locations over time. Because little information is available
concerning oil release behavior from tanks during tsunamis, the
modeled oil is released from the tsunami-driven tanks at a constant flow
rate and instantaneously floats on the water surface. Similarly to con-
ventional simplified modeling of drifting objects [e.g., 3,66], the
tsunami-driven tank motion is approximated as the translational motion
of the center of gravity in a horizontal two-dimensional coordinate
system. Hence, the equation of motion for each tank is

Ju 1 xD*hy ou,,
(my +my,) a—td = Ecd/)wDThd(uw —u,)lu, —u,|+p, Z d 5
aD%hy (ou, ouy
(c, —1)—=< w_“
+ P -~ ( % o
aD*h u,
— My ((m», +mp)g —p,8 Z d) |Tj,| (t> 1),

(€8]

where uy is the velocity vector of the tank; hy is the vertical distance
between the tank bottom plate and water surface; u,4, set to 0.2 [64], is
the coefficient of dynamic friction between the tank bottom plate and
ground surface; and t; is the time the tank starts moving. Here, (t) is
omitted for variables that are a function of time. The first, second, third,
and fourth terms on the right-hand side represent the drag, force
resulting from the water flow pressure gradient, effect of added mass,
and dynamic friction against the ground surface, respectively. However,
Eq. (11) is not applied when the water depth at the predicted location at
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the next time step is smaller than the vertical distance between the tank

bottom plate and water surface at the present time step. In that case,

tanks are assumed to stop moving and their velocities are treated as zero.
The draft hy is

(my +my)g
nD.zr

P8

hy = min Shy |- 12)

If s is the volume flow rate of oil spilling from a tank, which is
assumed to be constant, the oil mass contained in a tank at a given time
my is

my = [)L[VL - S(t — tl[>] (l > ld) s (13)
where p; is the oil density. The time variation of my, is reflected in the
tank motion via Eqgs. (11) and (12). Here, s = 0.2 mg/s, matching the
value adopted in a previous numerical investigation of the tsunami fire
in Kesennuma Bay following the 2011 Tohoku earthquake [14].

The time-varying position vector of a given tank X; is predicted using
a formula [66] that represents the displacement of a drifting object as
the sum of a displacement determined by the equilibrium of forces and
an uncertain displacement resulting from water turbulence, which is
modeled as a random walk with turbulent diffusion coefficients:

X, =X, + / wdt + 3 x/24-<Ar<§k - %) (1> 1), a4

k=n,
1 d

where X}, is the initial position vector, k is a matrix in which the diagonal
elements are turbulent diffusion coefficients while the other elements
are zero, n is the present time step, ny is the time step corresponding to
ts, At is the time increment, and &, is a vector of uniform random
numbers between 0 and 1. The values of the turbulent diffusion co-
efficients are calculated based on the results of hydraulic experiments
[671.

2.3.5. Fire starting time and position

Fires typically result from contact between flammable/combustible
materials and ignition sources. Ignition sources can be categorized into
random (e.g., hot surfaces, flames, and sparks) and intentional ignition
sources [68]. Various ignition sources are expected during
tsunami-related oil spill accidents in and near industrial zones. Heat
release in a chemical reaction between metal and seawater is suspected
of having caused the ignition of floating oil during the tsunami following
the 1964 Niigata earthquake [69]. Meanwhile, burning floating debris is
suspected of having caused the ignition of floating oil in Kesennuma Bay
during the tsunami following the 2011 Tohoku earthquake [15]. The
former ignition incident occurred approximately 5 h after the tsunami
arrived [69], while the latter occurred approximately 2 h after the
tsunami arrived [15]. Accidental ignition is typically caused by a
random ignition source; therefore, when and where ignition occurs is
generally unpredictable. Here, the fire starting time is first randomly
determined in a given period. Then, the fire starting position is deter-
mined by randomly selecting an initial burning oil particle from the oil
particles with ignitable thicknesses at the fire starting time.

2.3.6. Tsunami-driven oil fire spread

Tsunami-driven oil fire spread is numerically simulated using a
particle-based computational model [14]. The model approximates
tsunami-driven oil as an assemblage of floating disc-shaped oil particles
with variable thickness and radius and mathematically formulates the
motion and burning behavior of individual oil particles to simulate the
overall fire behavior (Fig. 5). Key assumptions are the following. (1) Oil
and water are clearly separated, and chemical and biological state
changes (e.g., dissolution and emulsification) are neglected. (2)
Although spilled oil consists of different petroleum products, the
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Figure 5. Schematic of a Lagrangian model for tsunami-driven oil fire spread [14].

properties of the spilled oil particles are represented by the petroleum
product spilled in the largest volume. Accordingly, the oil particle
properties are homogeneous. (3) Oil particles follow the translational
motion of the center of gravity in the horizontal direction resulting from
the combined effect of the interface friction between oil and water,
water turbulence, and spreading resulting from gravity and viscous
forces. (4) The burning region of each oil particle expands concentrically
on the surface from its center at a rate depending on its thickness. (5)
Fires spread from burning oil particles to unburned oil particles when
burning regions contact the edges of unburned oil particles. (6) Fires are
self-extinguished when the thickness of burning oil particles becomes
smaller than 1 mm. Tsunami-driven oil particle locations are predicted
as a function of time in a horizontal two-dimensional coordinate system.
Simultaneously, the burning area and the heat release rate resulting
from combustion are predicted as a function of time for each oil particle,
as is fire spread between oil particles.

The time-varying locations of tsunami-driven oil particles are pre-
dicted similarly to the tank movement modeling described in Section
2.3.4. The position vector of a given oil particle X, is

t

X, =X + / u,dt + AX,, + AX (t>1), (15)
ty
n 1
AX, = ; \/24Km<.§k 7), (16)
_ A cos(2n¢,)
AX, = C,(t —1,) \/E{sin(Zn'Cz) ; a7

where X! is the initial position vector, AX,, is the stochastic displace-
ment representing the effect of water turbulence, AX; is the stochastic
displacement representing the oil spreading effect caused by gravity and
viscous forces, u, is the oil particle velocity vector determined by the
force equilibrium, ¢ is the time to spill for an oil particle, n; is the time
step corresponding to t;, C, is the spreading coefficient, and {; and {, are
uniform random numbers between 0 and 1. Eq. (17) is taken from
Ref. [70], where C, was found to be 0.115 in hydraulic experiments.

Assuming that the oil-water interface friction is proportional to the
square of the relative oil-water velocity, the equation of motion for each
oil particle is

ou,
ot

my, =Cip,As(u, —u,)u, —u,), 18)
where m, is the oil particle mass, p, is the oil particle density, A, is the oil
particle contact area with water, and Cs is the interface friction coeffi-
cient. Because m, is represented as p,A,d, using the oil particle thickness
d,, the time derivative of the oil particle velocity is inversely propor-
tional to the oil particle thickness. Based on hydraulic experiments, Cy is

set to 0.006 [71].

The oil particle thickness varies depending on the ambient particle
number density. Here, the volume-weighted number of oil particles per
unit area is evaluated for each square grid cell. This grid-cell-based
number density d.; is adopted as the oil particle thickness d,:

— StV
dc = Z ! s

ell — bz (1 9)

do = dcelh

where V, is the oil particle volume, b is the cell width, and 6. is a
dummy variable that takes a value of 1 when a given oil particle exists in
the cell and takes a value of 0 otherwise.

The oil particle radius r, is determined by the oil particle volume and
thickness:

A
, A fVld,
T T

Let r, be the radius of the burning region of a given oil particle. The
time derivative of r, (i.e., the flame spread rate) is modeled as a function
of the oil particle thickness based on the results of fire experiments that
investigated the flame spread rate over oil floating on static water for
kerosene and crude oil [17-19]:

(20)

0 1.2d, +0.0016 0.001 <d, < 0.007

o loo1 (0007 <d,)

Eq. (21) represents an experimental tendency: the flame spread rate
is approximately constant when floating oil is thick but becomes smaller
when floating oil is thinner because the convective flow mechanism of
floating oil changes. It is unclear whether this equation is applicable to
different types of oil; however, except for gasoline and similar oils, its
application is not thought to cause significant problems because the
flame spread rate is much lower than the travel velocity of oil trans-
ported by tsunamis.

The heat release rate of a given oil particle Q, is

Q, = AH, iy (nry), (22)
where my, is the mass loss rate per unit area of a given oil particle and
AH, is the heat of combustion. Here, m, is computed by adding the heat
loss to water to the results of pool fire experiments without a water layer:

. . 1 (k,(Ty —T,)
My = Mp pool — f di s

(23)
where 1y poo1 is the mass loss rate per unit area derived from pool fire
experiments without a water layer, T}, is the boiling point of oil, T, is the
water temperature, k, is the effective heat transfer coefficient, and L, is
the heat of vaporization. The effective heat transfer coefficient k, is

1ty oot L
_ pool =y
ka - < dmin )

T,—-T, (24)
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because it is assumed that m;, becomes zero when the oil particle
thickness decreases to the minimum ignitable thickness d,.

The volume loss rate resulting from the combustion of a given oil
particle is

aVO _ QU
o8 \AH,p,)’

If i and j indicate burning and unburned oil particles, respectively,
the occurrence condition of fire spread between oil particles is

(25)

X, —X (26

<ryi+r, and d,;>0.001,

0j

where the positional relationship between two circles is considered.

2.3.7. Thermal radiation from flames

The radiative heat flux at a given location resulting from fires is
evaluated using a point heat source modeling approach similarly to
Ref. [72]. The model approximates a flame formed above a burning
region as a point heat source that radiates uniformly in all directions
(Fig. 6). This simplified model is widely used in fire safety engineering
[73]. The point heat source model is within 5% of the correct radiative
heat flux when the distance from the source is over 2.5 times larger than
the diameter of the fire [74].

Assume that flames are formed individually above each burning oil
particle. Consider a given heat receiving surface with a unit area.
Because the radiative energy released from a flame is typically given by
multiplying the heat release rate by the radiative fraction yy, the total
radiative heat flux incident to the receiving surface from all flames
above burning oil particles q is

_ ZRQ().I(
q= ;74773‘% cosb, 27)

where k indicates a burning oil particle, s is the distance from the point
source to the receiving surface, and 6y is the angle of incidence. Here, v,
is set to 0.3 because data from large pool fire experiments show that the
radiative fraction averagely increases with the decreasing diameter of
the pool fire but is up to approximately 30% [73].

Because information concerning the potential horizontal extent of
strong radiative heating is sufficient to make risk management de-
cisions, the horizontal distance is substituted into sy neglecting the
vertical distance, that is, the point source height above the burning
surface and the receiving surface height are not modeled. Additionally,
O is assumed to be zero for all point sources, that is, the inclination of
the receiving surface is not explicitly specified, because it is impossible
to uniquely determine the inclination of the receiving surface in advance
such that the total incident heat flux becomes the largest for point
sources with time-varying locations. These assumptions overestimate
the fire hazard; however, this conservative estimation is preferred from
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a risk management perspective. Similarly, the radiation blocking effect
of structures is neglected. Note that the radiative heat flux predicted
using Eq. (27) varies with time because the locations and heat release
rates of burning oil particles change over time; however, its maximum
value in a predefined simulation period for a given scenario is used as
the value of g; when evaluating the fire hazard equation.

3. Numerical setup

The PTFHA is illustrated via a realistic case study of possible offshore
megathrust earthquakes in the Nankai Trough subduction zone off the
coast of Japan. Earthquakes with magnitudes of 7.9-8.6 have occurred
in various regions along this subduction zone at intervals of approxi-
mately 100-200 years since at least 1400 years ago. Therefore, there is a
high probability that an earthquake with a similar magnitude will occur
somewhere along this subduction zone at some point in the near future
[75]. Because improving preparedness against imminent earthquakes is
a serious priority of national and local governments in Japan, deter-
ministic tsunami hazard and consequence assessments have been con-
ducted under the assumption of a subduction zone earthquake with Mw
9.1, a worst-case magnitude [76]. These governmental assessments do
not cover fire analyses and provide no information on how frequently
predicted results could occur. The case study here also assumes the
occurrence of Mw 9.1 earthquakes but incorporates fire analyses and
associated uncertainties to better understand possible tsunami-related
Natech events.

We synthesized 300 fault slip distributions for Mw 9.1 earthquakes
along the Nankai Trough subduction zone using the scaling relationships
[55]. The subduction zone geometry was modeled using data from the
Central Disaster Management Council of the Japanese Government [76].
Fig. 7 shows examples of synthesized fault slip distributions demon-
strating that random phase modeling successfully generates various
heterogeneous slip models with different fault geometries. Because the
magnitude is extremely large, the synthesized slip models have exten-
sive fault planes and cover most of the subduction zone. Some slip
models have clusters of large slip regions on the eastern or western sides
of the fault planes, while others have large slip regions scattered over the
fault planes or forming a belt-like distribution along the trench axis
ranging from the eastern to western sides; however, the large slip re-
gions are primarily concentrated in shallow and/or slightly deep loca-
tions. Differences in the fault slip distribution can produce tsunami flows
with various characteristics.

The Port of Osaka, Japan, is approximately 200 km from the Nankai
Trough and includes a petrochemical industrial park made up of 14
companies storing or handling large amounts of oil or high-pressure gas
spanning an area of 3.5 km? (Fig. 8). The total amount of oil stored or
handled is approximately 274,000 kL [77]. Residential and commercial
areas of Osaka, the second largest city in Japan, are located in the
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Figure 6. Schematic of a point source model for radiation heat transfer from flames.
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Figure 7. Examples of synthesized fault slip distributions for Mw 9.1 earthquakes in the Nankai Trough subduction zone.

vicinity of the industrial park. A number of designated buildings for
vertical evacuation are available to elevate evacuees above the level of
tsunami inundation. These are reinforced concrete or steel reinforced
concrete buildings constructed after 1982 with three or more stories.
Detailed information concerning individual oil storage tanks in the
industrial park are based on a questionnaire survey mailed to the 14
companies on November 1, 2021. Respondents were individuals in
charge of handling or safety inspection or knowledgeable of manage-
ment conditions. The questionnaires gathered data concerning each oil
storage tank, including the location, weight, diameter, type and name of
petroleum product stored, legal storage capacity (excluding unavailable
and contingency spaces), and self-imposed maximum and minimum
operative filling levels. The type and name of the petroleum product
stored were used to determine its density. When this information was
unreported, a density of 820 kg/m® was adopted as a representative
value. When the operative filling levels were unreported, filling levels
corresponding to the legal storage capacity and the floor level were
adopted as the maximum and minimum, respectively. The response rate
was approximately 57%, with eight completed questionnaires collected
before December 3, 2021. For the remaining companies, tank locations
and diameters were determined by scanning aerial photographs pro-
vided by the Geospatial Information Authority of Japan. The tank
heights were determined based on a 2-m-resolution digital surface
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model produced by an aerial light detection and ranging company, and
the weights were estimated assuming the tank plate thickness and ma-
terial density. The legal storage capacity was estimated based on Japa-
nese hazardous material regulations. For other items, assumed values
were adopted.

A total of 231 oil storage tanks are considered in the case study,
slightly larger than the official count (213) as of March 2022 [77].
Although the case study is not based on exact data, it does represent the
actual situation; therefore, the case study results are sufficient to support
decision-making in Natech risk management. The oil storage tanks in
this industrial park are all atmospheric storage tanks with fixed roofs,
with 52% being small-scale tanks with a legal storage capacity less than
500 kL.

Tsunami propagation and inundation simulations were performed
for the 300 synthesized fault slip models. A simulation period of 10 h
from the time of the earthquake was adopted with a time increment of
0.1 s. Five nested domains, with grid sizes of 810, 270, 90, 30, and 10 m
were adopted to the computational domains from fault to land. Ba-
thymetry and topography were modeled using data from the Central
Disaster Management Council of the Japanese Government [76]. The
mean sea level of Tokyo Bay was used as the reference level to treat the
bathymetric depths and topographic elevations in an integrated manner.
Tidal changes were neglected because the date and time of earthquake
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Figure 8. Overview of the Port of Osaka, Japan (data overlaid on the aerial photograph provided by the Geospatial Information Authority of Japan).

occurrence are unknown. The bottom friction at the sea floor was
evaluated using the Manning formula and its roughness coefficient. The
resistance of land structures was evaluated using the Manning formula,
and the roughness coefficient was selected according to the land use
type. Coastal floodgates were assumed to be completely closed before
the tsunami waves arrived because there is expected to be approxi-
mately 2 h warning. Conversely, the effect of seawalls was neglected to
avoid underestimating tsunami inundation flow because seawalls may
be destroyed by seismic ground motion before tsunami waves hit. The
empirical CDF for the tsunami height (simulated at the location marked
with a cross in Fig. 8) is shown in Fig. 9. The simulated tsunami heights
range from approximately 0.52 m to 2.75 m above the mean sea level;
the expected value is approximately 1.75 m. This indicates that, even if
an extremely large earthquake occurs in the subduction zone, tsunami
waves will hardly run up on land in some cases while they will cause
extensive flooding in others. This is apparent in the inundation maps for
typical percentile-ranked simulated tsunamis (Fig. 10). For subsequent
simulations, 25 simulated tsunamis were selected corresponding to
percentile ranks from 2% to 98% at 4% intervals.

We generated 1000 oil filling patterns for use in the tsunami-induced
tank movement simulations, with the oil filling level randomly

08 |
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Figure 9. Empirical cumulative distribution function (CDF) for the tsunami
height in the 300 tsunami simulations for Mw 9.1 earthquakes in the Nankai
Trough subduction zone.
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determined between the minimum and maximum operative filling levels
for each tank. Tsunami-induced tank movement simulations were per-
formed for combinations of the 25 simulated tsunamis and the 1000 oil
filling patterns. Then, 26 combinations were selected for subsequent
simulations based on the empirical CDF for the total amount of oil
spilled. The selected combinations correspond to typical percentile
ranks (specifically, 8%, 23%, 36%, 45%, 51%, 57%, 61%, 63%, 65%,
67%, 69%, 71%, 73%, 75%, 77%, 79%, 81%, 83%, 85%, 87%, 89%,
91%, 93%, 95%, 97%, and 99%) and have different weight coefficients
corresponding to the intervals. The simulation period was 10 h, starting
at the earthquake occurrence. The time increment was 0.6 s. Tsunami
predictions for every minute were used as inputs and were linearly
interpolated when simulating tsunami-induced tank movement to
reduce the effort required to transfer the tsunami simulation data.
Simulated waveforms with a time increment of 1 s were only applied
when predicting which oil storage tanks started moving.

We considered 40 fire starting time and position patterns for each oil
spill pattern; therefore, a total of 1040 tsunami-driven oil fire spread
simulations were performed. The fire starting time was randomly
determined between 150 min and 240 min after the earthquake because
(1) tsunami simulations indicate that tsunami waves arrive at the study
area approximately 120 min after an earthquake regardless of fault slip
model and (2) preliminary analyses indicate that fires hardly spread
after 300 min because, even in the largest oil spill case, the oil thickness
becomes very thin with increasing spreading area. To reduce the
computational time, the simulation period of the tsunami-driven oil fire
spread was set to 6 h following the time of the earthquake. The time
increment was 0.6 s. Tsunami predictions for every minute were also
used as inputs and were linearly interpolated as in the tsunami-induced
tank movement simulations. The oil particle properties were repre-
sented by those of diesel oil, with a density, boiling point, heat of
vaporization, and heat of combustion of 820 kg/m?, 603 K, 250 kJ/kg,
and 42000 kJ/kg, respectively. The mass loss rate per unit area under
conditions without heat loss to water was set to 0.045 kg/s/m? based on
pool fire experiments [78]. The initial oil particle volume was uniformly
set to 0.06 m®.
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Figure 10. Inundation depth distributions for (A) 14, (B) 50, (C) 86, and (D) 98 percentile-ranked simulated tsunamis.

4. Results and discussion
4.1. Examples of simulated tsunami-driven oil fire spreading

First, several examples of simulated tsunami-driven oil fire spreading
are shown to demonstrate the time sequence of tsunami arrival, inun-
dation, oil storage tank movement, oil spreading, and fire spreading.
Fig. 11 shows examples where a total of 2044 kL of oil was spilled,
corresponding to the 99 percentile of the 25,000 oil spill patterns. The
simulated tsunami in the examples had a height of 2.46 m above the
mean sea level at the nearshore location, corresponding to the 94
percentile of the 300 simulated tsunamis.

The simulated tsunami arrived approximately 120 min after the
earthquake and inundated the industrial park and surrounding area
(Fig. 11). Ultimately, 223 of 231 oil storage tanks were inundated and 30
started moving. Some oil storage tanks drifted in the ocean to the west,
while others drifted in the inundation area on land to the east. Because
oil was spilled continuously while the tanks drifted, oil spreading areas
formed in both the ocean and the inundation area on land in the vicinity
of the tsunami-driven tanks. Because the tsunami flow field changed
over time, the tsunami carried the floating oil particles in various di-
rections and expanded the oil spreading areas with time. The fire initi-
ated with oil particles floating in the bay around 162 min after the
earthquake and then spread consecutively to surrounding oil particles.
The burning area reached its peak around 183 min after the earthquake;
subsequently, the fire decayed gradually because the oil thickness
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thinned with increasing oil spreading area over time. The peak burning
area, approximately 2.9 ha, was much smaller than the inundation area.
The complex tsunami flow field significantly contributed to the fire
development; that is, the tsunami transported and diffused burning oil
particles and the fire moved constantly while changing its burning area.
This qualitative behavior is consistent with that of the tsunami fire in
Kesennuma Bay following the 2011 Tohoku earthquake [14]. Although
the fire started in the bay in these examples, there were also cases where
the fire started in the inundation area on land.

4.2. Variability of the total amount of oil spilled

Fig. 12 shows the relationship between the predicted number of oil
storage tanks flooded or moved and the 25 selected tsunami scenarios.
The number of flooded oil storage tanks is uniquely determined for each
tsunami scenario, while the number of moved oil storage tanks varies
because 1000 oil filling patterns were considered for each tsunami
scenario. As expected, the number of flooded oil storage tanks increases
nearly monotonically with increasing tsunami height, ranging from 68
to 223 (from approximately 29% to 97% of the total). The number of
moved oil storage tanks varies similarly; that is, the expected value in-
creases nearly monotonically from 3.0 to 34.6 (from approximately 1%
to 15% of the total) with increasing tsunami height, with the difference
between the maximum and minimum values reaching 31.

Fig. 13 shows the empirical CDF for the total amount of oil spilled for
the 25,000 tsunami-induced tank movement simulations. There is
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Figure 11. Examples of simulated tsunami-driven oil fire spreading (blue arrows represent tsunami flow velocity vectors; black and red particles represent unburned
and burning oil particles, respectively).
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Figure 11. (continued).
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Figure 13. Empirical cumulative distribution function (CDF) for the total
amount of oil spilled in the 25,000 tsunami-induced tank movement
simulations.

significant variation in the total amount of oil spilled, ranging from 0 to
approximately 3784 kL, with an expected value of approximately 472
kL. The CDF has a large gradient when the total amount of oil spilled is
small and a small gradient when the total amount of oil spilled is large.
This indicates that small oil spills will occur in most cases even if an
extremely large earthquake occurs, but large oil spills are possible,
though less frequent. The local government deterministically estimated
a total spilled oil amount of 4452 KL [77]. However, such a large oil spill
is highly unlikely according to our results. Therefore, the proposed
methodology could deepen stakeholders’ understanding of possible
tsunami-related Natech events. The conservative governmental estimate
was based on a single specific tsunami scenario and assumed that each
oil storage tank was filled to a level at which the spill amount was
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Figure 14. Relationship between the total heat release (THR) of simulated fires
and the total amount of oil spilled.
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maximized.
4.3. Variability of the fire scale

Fig. 14 shows the relationship between the total heat release (THR)
of simulated fires and the total amount of oil spilled. The THR represents
the amount of heat energy released from a fire during its burning time
(the integrated heat release rate over time) and can measure the scale of
simulated fires with different starting times and development. The THR
values are plotted for 1040 tsunami-driven oil fire spread simulations.
Because the THR values (up to 107 MJ) are so large, values relative to the
mean THR for the 99 percentile-ranked oil spill pattern are plotted
instead. As expected, THR is roughly correlated with the total amount of
oil spilled, with the fire scale becoming larger with increasing amounts
of oil spilled. In addition, the dispersion relative to the mean, resulting
from fire starting time and position uncertainties, generally becomes
larger with increasing amounts of oil spilled.

4.4. Probabilistic fire hazard maps

Fig. 15 shows the probabilistic fire hazard maps obtained via 1040
tsunami-driven oil fire spread simulations. The maps display the spatial
distributions of the conditional exceedance probability of the maximum
radiative heat flux with two threshold values of 10 kW/m? and 2 kW/
m?.

The potential extent of strong radiative heating is concentrated in the
industrial park and its vicinity, including the bay and the land, and
forms two clusters on the western and eastern sides. The cluster on the
western side is centered on areas where oil storage tanks are concen-
trated, while that on the eastern side is located away from the tank
concentration areas and extends to residential areas outside the indus-
trial park. However, the potential extent of strong radiative heating is
limited compared with the potential tsunami inundation areas shown in
Fig. 10. This result (i.e., the concentrated fire impact) suggests clear
characteristics for areas where oil is liable to be transported by tsunamis.
A pathline analysis, which allows a transient flow to be followed in a
Lagrangian manner and traces massless particles to record the fluid
evolution with time, supports this finding. Fig. 16 shows the spatial
distribution of the time-averaged number of tracer particles obtained
from the analysis with the mean value for the 25 selected tsunami sce-
narios plotted. The procedure was as follows. (1) Tracer particles were
released from the initial oil storage tank locations. (2) The number of
tracer particles per minute was counted using a 200-m grid. (3) The
average number of particles for each grid during the period from 150
min to 360 min after the earthquake was calculated. (4) The mean value
was calculated by performing steps (1)-(3) for all 25 tsunami scenarios.
This analysis roughly estimates spatial differences in the degree of how
long and how much oil exists in a region of interest. The obtained dis-
tribution highlights areas where oil is liable to be transported by tsu-
namis. This distribution approximately corresponds to the fire hazard
map with a threshold value of 10 kW/m? but differs slightly from the
map with a threshold value of 2 kW/m?2. This difference is due to the
effect of the thermal radiation from fires. Because the radiative heat flux
decreases with increasing distance from a fire source, fire hazard maps
with smaller threshold values extend to larger areas than the possible
burning areas. Therefore, the fire hazard map with a threshold value of 2
kW/m? is more extensive than areas where the time-averaged number of
tracer particles is large.

The fire hazard maps suggest the following potential consequences
including frequency information. (1) In high fire hazard areas, where the
probability of exceeding 10 kW/m? is 5%-20%, tsunami fires might
ignite flammable/combustible materials and cause secondary fires to
structures that remain after tsunami waves hit, such as buildings, plants,
and hazardous installations. Fire spread to hazardous installations could
result in catastrophic damage to the industrial park and surrounding
area. (2) Ten tsunami vertical evacuation buildings are included within
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Figure 15. Probabilistic fire hazard maps obtained via 1040 tsunami-driven oil fire spread simulations: spatial distributions of the conditional exceedance prob-

ability of the maximum radiative heat flux with threshold values of (A) 10 kW/m? and (B) 2 kW/m?.
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Figure 16. Spatial distribution of the time-averaged number of tracer particles
obtained from a pathline analysis (mean value for the 25 selected
tsunami scenarios).

the potential extent of strong radiative heating. However, the proba-
bility of exceeding 10 kW/m? or 2 kW/m? is less than 5%. Therefore,
tsunami fires are not likely to cause the ignition of tsunami vertical
evacuation buildings or skin burns to evacuees on their rooftops if
typical building fire protection measures are implemented and sufficient
refuge spaces are available indoors.

These useful suggestions demonstrate that the proposed methodol-
ogy can serve as a tool for understanding potential tsunami fire risks and
promoting stakeholder decision-making concerning possible fire risk
reduction measures, which is not possible with typical tsunami risk
management. Recall that the case study neglected the effect of seawalls
on tsunamis; therefore, the evaluated fire hazards are likely over-
estimated. This is conservative from a risk management perspective. If
seawalls work well, the corresponding fire hazards will decrease
significantly.

4.5. Fire risk reduction measures

The case study results indicate the possibility of devastating conse-
quences of tsunami-triggered oil spill fires. Such consequences will not
occur frequently in this study area even if an extremely large subduction
zone earthquake occurs. However, the possibility is not negligible and
the numerical results show a probabilistic but coherent fire hazard
configuration. Therefore, measures to reduce potential fire risks need to
be implemented. Possible fire risk reduction measures include tsunami
barriers, flood gate operation, management of hazardous materials, and
fire protection of tsunami vertical evacuation buildings.

As for tsunami barriers, seawalls and flood gates existing in the study
area can effectively reduce the tsunami impact on oil storage tanks. They
can also reduce the amount of oil spilled and the resulting fire impact. As
for the management of hazardous materials, spill prevention measures
for hazardous materials are effective. While tanks are typically designed
to be protected from strong ground motion, few measures are imple-
mented to prevent oil storage tanks from moving under tsunami inun-
dation. Therefore, it is important to individually determine the
minimum operative filling level for each oil storage tank considering
possible tsunami wave forces; that is, it is important to ensure the
minimum weight required to keep a tank from moving under possible
tsunami wave forces by controlling the filling level. It is also important
to install emergency shutoff valves and develop a system to ensure their
closure. This increases the reliability of preventing oil spills. For tsunami
vertical evacuation buildings, it is important to ensure that the structural
components, exterior walls, and openings of these buildings are fire-
resistant and that these buildings have fire compartments to contain
any indoor fires within a limited area.
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5. Conclusions

A comprehensive PTFHA methodology was developed in the context
of Natech risk reduction. The methodology is based on integrated
modeling of tsunami propagation and inundation, tsunami-induced
movement of oil storage tanks and resulting oil spills, tsunami-driven
oil fire spread, and thermal radiation from fires. It incorporates un-
certainties in the fault slip distribution, oil filling level of storage tanks,
and fire starting time and position into a probabilistic mapping of the
maximum radiative heat flux as a quantitative measure of the fire haz-
ard. Its application was illustrated through a realistic case study focusing
on possible offshore Mw 9.1 earthquakes. In contrast to typical tsunami
direct impact assessments, the results highlight the cascading effects of
tsunamis, particularly the large variability in key output variables con-
cerning oil spills and fires, and demonstrate the usefulness of probabi-
listic fire hazard maps to better understand potential consequences of
fires. This methodology can promote reasonable stakeholder decision-
making for Natech risk reduction. The case study results include some
limitations; therefore, there is room for improvement. The effect of
seawalls was neglected because seawalls might be destroyed by seismic
ground motion before tsunami waves hit. However, if seawalls remain
standing and work well, the total amount of oil spilled and fire hazards
will decrease relative to the study results. The case study also assumed
that a Mw 9.1 earthquake occurs in the Nankai Trough subduction zone.
However, an earthquake with a different magnitude may occur instead.
This needs to be investigated in future work by incorporating uncer-
tainty in the earthquake occurrence. Additionally, the probability of
ignition was not modeled, and a fire was assumed to be certain to occur
in order to conservatively assess the fire hazard. Ignition probability
models need to be developed in future work to complete the PTFHA.
Furthermore, explosions and other types of fires related to hazardous
materials, such as tank fires and ship fires, were not considered. Further
improvements to the proposed methodology are essential for appro-
priate tsunami-triggered cascading disaster assessments and risk
reduction.
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