Quantifying tsunami impact on industrial facilities and production capacity in ports: An applicationto
Sendai Port, Japan

Abstract. The 2011 Great East Japan earthquake and subsequent tsunami is one of the
costliest natural hazards to date. Losaese not only from physical damage alone.
Indirect losseslue tobusiness interruptions and their consequential impacts on the rest
of the economy and supply chancount formostlossesln this study, 12 companies
across five industrial sectors in Miyagi Prefecture were interviewed to gain a better
understanding abouhe damage that were sustained by their factories during the 2011
Great East Japaarthquake antbunami as well asubsequent earthquake and tsunami
events.The study investigasqi) the vulnerability of mechanical structurestsunami
impacts,and(ii) the recoveryatesof production capacity for various industrial sectors
through interviews with companies from various industrial sedioddition,tsunami

risk assessmeris performed forfuture tsunami scenariogsing Sendai Port as a case
study. Results from this study indicate thatly 1-2 m of flow depth is enougio cause
damageto mechanical structureid most industrieswhich disrupts operationgn
addition, recovery rates gfroduction capacityary at different tsunami inundation
levels. Full recovery of production capacity can ocasquickly as x2 monthdaterand

as late as X212 monthslater depending orthe situation Tsunami risk assessment
demonstrates that using structural fragility functions alone migherestimate the
actual loss of industries arkdat most industries in Sendai Port are potentially capable
of recoveringwithin eight months after large future tsunami.

1 Introduction

Since the 2011 Great East Japan earthquake and its subgdsgoamti, an extensive body of work has been
dedicated to studying the structural damage to buildings Bl,&hd more recentlythe structural damage to
port industries [4Hue totsunami impacts. However, even when buildings remain structurally iimdastrial
facilities may lose their functions duenonstructuratlamageHere, onstructuradamage refers to damage
to mechanical structures within an industrial facjlibcludinginstallationsequipment, machineries, vehicles
and power distributio systemsiNonstructuralamage can cause significant disruption to production processes
and adversely affect business continuity. Indirect lgsagcsh as losses from busindsterruptionsdue to
major disaster eventsan be far greater than losses from physical damage alone [5].

Until recently, few studiel6] haveconsidered the vulnerability of industrial facilitiegsunami impacts.
This gap in research can be due to the infrequency of large tsunami evergsuhanlimited observations.
However, the vulnerability of industrial operatioresedgo be assessedtainimizedisruption time and losses
for the company as well as functions that depend on them. In this study, the objective is to assess the
vulnembility of industrial operation tsunami impactsusing port industries affected by th@lltsunamias
case studiesTo achieve this overarching aim, this study sets out to investigate (i) the vulnerability of
mechanical structure® tsunami impactsand (ii) the recoveryratesof production capacity for various
industrial sectors through interviews with companies from various industrial seetodkiction capacity
refers to the maximum production level of the industry ibaljinally availableresources are employed [6].
In this studythe production capacity of a company is set atgmethquake production levelBindings from
interviews condcted and additional reported information were used to perform a risk assetanfigitre
tsunami scenarios for the Sendai Roatmajor port in the Tohoku region

The following events were considered as case studies to illustrate the objectivestoidth The2011
Great Easflapan earthquake and its subsequent tsunami; 2016 November and 2021 February earthquakes and
subsequent tsunamis; 2021 March and May earthqakbte 1) Many industrial facilities, including critical
infrastructure were reprted to be affected and/or badly damaged by the 2011 &feAtjost2011 tsunami
survey carried out by the Tohoku Regional Development Bugdaiund only 13% of the 233 companies in
ports along the eastern coastline of the Tohoku rdgibe unaffected by the earthquake and tsunami. Various
types of industrial facilities are located in the ports along the coast of Tohoku region [8] and their recovery
rates varied between industries and events [4]. Therefore, case studies from ther&glorkprovides an
excellent opportunity to quantify the vulnerability of seetpecificoperations to tsunami impactsis hoped



that the findings of this study will assist in mitigation and business continuity plans for industrial facilities
locatedalong the coast, as well as prepare Sendai Port against future tsunami events.

2 Background & methods

2.1 Recent earthquakes and tsunami in the studgrea

In this study, twelve companies from five industrial sectors in Miyagi Prefecture were interviewedst asse
the extent of damage sustained in the different events, and establish their vulnerabilities and recovery
capabilities.The Miyagi Prefecturavasone of themost badlyaffectedprefectures (along with lwate and
Fukushima) during the 2011 event. The companies intervigwtds studyare located in Ishinomaki city,
Shiogama city, Sendai city (Sendai port), Natori city and Iwanumaasitghown in Fig. 1. These areas were
alsoaffectedby more recent earthquakes,[2P November 2016 (Mw 6.9), 13 February 2021 (Mw 7.1), 20
March 2021 (Mw 7.0) and 1 May 2021 (Mw 6.8pwever, theyvere not affected bthetsunami (Table 1).
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Fig. 1. Locations of study areas earthquake eplceraed dlstrlbutlons of earthquake intensities [9].
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Table 1.Earthquake (andubsequertsunami) events in the Tohoku region since the 2011 Great East Japan
earthquake derived from [9]

Date Earthquakg Maximum seismic intensity Maximum tsunami
magnitude (IMA) height (m)
(Mw)
11 Mar 2011 9.0 7 40.1
22 Nov 2016 7.4 5- 1.44
13 Feb 2021 7.3 6+ 0.20
20 Mar 2021 6.9 5+ -
01 May 2021 6.8 5+ -

2.2 Data collection through interviews
Both in-person and online interviews were conducted with input from owners or company representatives from
12 companies. The interviews were conducted between April and June 2021. In some instancegexssam in
interviews were conducted, the authors wevied to visit the facilities. The interviews wesemistructured
and centered around three core themwds;h are describeds follows

() Damage tanstallationsand mechanical structures (egquipment and vehicles)

(i) Business disruption arrécovery of production capacity

(iii) Lessons leardand mitigation measuresloptedagainst future events

In line with the key research objectives of this study, the interview consisted of five broad questions covering
the followingtopics

1) Damagesustained by the facility by ground shaking

2) Damagesustained by the facility by tsunami inundation

3) Criteria for damage to facility components in an earthquake and/or tsunami

4) Timerequiredfor damage repair and restoration

5) Period of disruption and recoveo§ productivity



2.3Numerical simulation of future tsunami scenarios

To assess potential tsunami risk for Sendai fout, main earthquake sourdeshe Tohoku region [10jvere
considered in this stud§Fig. 2). One of thesources recently identified is an M9 large earthquake along the
Japan Trench. It was estimated based on new inform&tom tsunami deposits along the Tohoku and
Hokkaido coasts [11]. A frequent source of earthquake in Miyagi and Iwate Prefecturéddsarthquake

off the coast of Miyagiwhich has relatively shorter recurrence intervals [12]. Another source of earthquake is
an M7.7 earthquake off Fukushirma local source for the Fukushima Prefecture [13]. Lastly, M8.7 -oister
earthquakes alonche eastern part of the Japan Trench have also been proposed as possible sources of
earthquakes [14]. Tsunami inundationtie Sendai Port is modelled for each of these proposed scenarios.
Initial water level for tsunami generation was calculdiaded on [15]which assumes that the water level
change is equal to the change in the seafthe to the earthquakas calculated by the proposed fault
parametersFault parameters for each earthquake scemegi® obtained from [114]. The TUNAMEN2

model was used to numerically simulate the tsunami [I6¢ TUNAMI-N2 model was first developed at
Tohoku University to model tsunami propagation and inundation onbaag@plying the nonlinear theory of

the shallow water equation, which is solved usingag@frog scheme. The nonlinear shallow water equation

is presenteth equations (1)3), wherein the finite difference method is applied to the nonlinear eqaatibn
surfacefrictionisr e pr esented by Manningbés roughness coeffic
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where— is the water level) and0 are the fluxes of water in thaandwdlrectlons,'Ois the total depthQis

the gravitational accelerationadd s Manni ngods r oAngduimatest soughness €oéfficient e nt .
of 0.025was used in this study. The simulatioras performed om nesed grid system from the largest
computational region (region 1 = 1,215 m resolution) to the smallest computational region (region 6 =5 m
resolution).A seawall of 4 m in Sendai Pontas also add#to the topography data when simulating future
tsunami butwas not includedwhen reproducing the 2011 tsunami. The simulation time is 6 hawndsthe
simulation time step is 1 secorithe tidelevel (-0.4 m) at the time of the 2011 Great East Japan Earthquake
[17] is considered in the simulatiosimulation results produced under these conditions w@rgared to
obsenational datato validate thetsunami simulation modeHowever, the damagmight be larger if an
earthquake occurs during high tide. Therefthetide level of +0.7 m is selected as the high tide levelifi8]
othertsunami casscenariosor hazard and risk assessmensections 5 and.6
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Fig. 2 Initial water levetlisplaced byifferent tsunami sources
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Fig. 3 Topography and bathymetry dafhe green circle indicatéiselocation of the simulatedaveforms in
Sendai Port.



3 Damage to industries by the 2011, 2016 and 2021 earthquakes
In a previous study [4], eight common port industries were identified in the Tohoku region based on their
occupanciesThe participants in this study could be clasdgifiato five of those industries as follows:

Cargo handling industry: Container terminals, stacking and transport facilities
Warehousing and distribution: Warehouse, cold storage and logistic support
Food industry: Food processing

Manufacturing industry: Mtal and alloy products, feed manufacturietg.
Petrochemical industry: Oil depots, reserves and refineries

arwnhpE

This section summarizes therviewoutcomes for each of the companies intervie@exble 2) The names
of the companies are ndisclosed in this manuscript to ensure confidentiality.

3.1 Cargo handling industry
Two companies from the cargo handling industry participated in the interviews. Aside from cargo handling
services, both companies also offer logistic serigesehousing and distribution industry).

3.1.1 Company A

Company A haseverabffices and its industrial facilities occupy several areas within Sendai Port. Company

A was unaffected by recent earthquakes, one occurring in 2016 and three in 2021. During the 2011 Great East
Japan earthquake, most of the damage susttriedoffices and failities wasfrom theconsequentsunami.

Ground shaking haarelatively limited impact on the offices and facilities. Most of its offices were inundated

by approximately2i 3 m, and the main container terminal was inundated up to 6.2 m. When askedabout t
threshold inundation depths for damage to occur, Company A explained that damage to smaller equipment
such as automobiles and forkliftsan starata 1 m inundation depth. On the other hand, damage to heavy
equipmentsuch as top lifters and cranstartsat2i 3 m, which is the height of their engines. Company A was
able to resume some of its operations a few months after tsunami debris removal and restmatied
However, recovery onlyeached’0i 80%oneyear after the tsunarand two yearsvere requiredo return to

the normajproduction capacitpf pre-earthquake levels.

3.1.2 Company B

Similar to Company A, Company B also has several offices and facilities within SendaLiRentise,
Company B was unaffected by the recent earthquakes occuri20d.6 and 2021. The 2011 event resulted in
approximatelyl-2 m of tsunami inundation in most of its offices, except one that had experienced inundation
up to 3.2 m. Damage caused by ground shaking to its offices was considered minor and was linailed to w
cracks. Company B commented that considerable damage can be eXpetteavy equipmentsuch as

cranes at inundationdepthsof approximately 2 m and less than 2 m for smaller equipment and vehicles
consistent with the remarks made by Company Aindmdation depth of 0i®.3 m generally only requires
cleaning and drying of the equipment. Company B was able to resume some of its operations 3 months after
the tsunamiandoneyearwas requiredo recover production capacity.

3.2 Warehousing anddistribution

3.2.1 Company A

Company A also provides logistic services. Its container warehouses sustained little damage from ground
shaking during the 2011 earthquakehe recent earthquakes. Most of the damage sustained during the 2011
eventwasdue to thedunami. The tsunami resulted in water intrusion into the containers as well as the uplift
and collision of container3. h e ¢ o myarahousées also sustained structural damage, which prompted the
elevation of warehouses above ground level after the 2@rit.e

3.2.2 Company B
Forthis company, empty containers that were statddbtecause of ground shaking from the 2011 Great East
Japan earthquake. The tsunami destroyed all of its warehouses.

3.3 Food industry

3.3.1 Company C

This company produces cold seafood products. According to its representatives, ground shaking during the
2011 Great East Japan earthquake resulted in the slippingnstétationdrom their fixed locatios, but this



slippage wasepaired in a matterfaays. However, the factory was destroyed by the tsunami that Wwas 5.
deepat its facility, which consequently led to the relocation of its business to another fsittory that had

not been in use for an extended period. Production in the reldeatedy returned to onthird of its pre
earthquake levels after 2 months and fully recovered within a year. The interview revealed that shaking with a
seismic intensity of less than 5+ on the JMA (Japan Meteorological Agency) scale is unlikely to cause
significant damage to its equipment. The critical threshold depth for damage is approximatelgDthimis

the height of its production line systems.

3.3.2 Company D

Company D produces dried seafood products. Its facility was not inundated during the @@tE&St Japan
tsunamj however ground shaking from the earthquake resuiteithe inclination of the factory building (> 3
degrees). The owner of Company D believed that the foundation of the building wassviaias built on

a former rice field. The factory was relocated to another site with better ground conditions awtég ftoast.
Production in the relocated factory restarted aftdérrBonths, and production capacity was restarféet 13
months. Company D explained that, like Company C, a seismic intensity of < 5+ is unlikely to cause significant
damage to its equipmer@n the other hand, the threshold depth for damage iswhhiohis the height of its
production line systems (Fig. 2). An inundation depth af@.2m generally only requires cleaning and drying

of the equipment.

3.3.3 Company E

Company E is a producer of oet foods (retort packaging). The size of its factory is much larger than those of
companies C and D. The seismic intensity recorded around the factory during the 2011 Great East Japan
earthquake was approximately, But ground shaking did not result iigrificant damage. In anticipation of

flash floods, the factory was builtm above road level. Therefomith the exception of damage to pumps

and air ventilation systems, the factory was relatively unaffected by the 2011 tsunami, which was 1 m in depth.
Company E was able to resume hied of its production capacity in one and a half months and return-to pre
earthquake levels within two montfulowing the earthquake. Company E believes that the critical depth for
damagédo its equipment is 0.1 m, wth differs slightly from the estimations provided Bompanie<C and

D.

3.3.4 Company F

Company F produces cold seafood products and has three factories. The seismic intensity recorded around its
factories during the 2011 Great East Japan earthquake-widsegyround shaking caused some equipment to

fall from their positionsbutthis equipment wafxed within two daysThe tsunamaffectedthe main factory

and a secondary factoryhe flowdepths at these two locations were approximately 6 m. On the other hand,
at theheadquarterfactory, the tsunami overtopped a nearby rivdrich resulted in an inundation of 0.8 m.

Most equipment in its factoriesasbadly damaged by the tsunami. Howewbe structural integrity of the
buildings remained intactvhich allowed them to restart their production after one month. Company F was
able to achieve production capacity within two months. Currently, the main factory is raised 2 m above road
level. Gontrary to the opinions expressed by other companies, Company F believes that a flow depth of 1 m is
unlikely to cause significant damagkhis finding showsthat damage is likely to staat 1.5 m, which is the

height oft h e ¢ o eguipnmemt,éasd comgile damage will occur wheheinundation depth reaches 3 m.

3.4 Manufacturing industry

3.4.1 Company G

This company produces ice for fishing boats and other fistedayed activities. The seismic intensity observed
around its factory during the 2011 Great Eaplhdaearthquake was gand tsunami inundation was9lm.

Ground shaking resulted in moderate damagsottstructuracomponents of the building.g, wall cracks

and fallen ceilings and lights. Some damage to the equipweshtlso observedce-making ma&hines are
installed on the second and third floors of the factory, and ice is loaded directly from the upper floors into
refrigerated trucks oground level for shipment. Therefordamage from the tsunami was mostly limited to
vehicles parked oground level. Company G was able to resume business 10 days after the tsunami and return
to production capacity within a month. Recent earthqualkes2016 and 202in whichtheseismic intensities

were approximately 4 around the factory, caused mndaorageincluding wall cracksto the building.



3.4.2 Company H

Company H is a precision engineering company. Recent earthquakes {ggehsH) resulted ironly minor

damage. The seismic intensity observed around its factory during the 2011 Great Eastdhpaake was

also 6-, but the tsunami inundation was 2.m. Ground shaking did not cause observable damage, but the
tsunami damaged some of the factory equipment. While half of them could be repaired, the other half had to
be replaced. Company H resuirigusiness within a month at 40% of its production capacity, and production
capacity returned to prearthquake levels after seven months. In anticipation of flash floods, the factory
building, like Company E, was elevated 1 m above road level. The facsorys wi t ¢ h braised Im wa s
higher. Company Hhostly operates mechanical press machineries. The main engines of these machineries are
approximately 1.5 to B.m above groundwhich makes them less vulnerable to flood impatizsn food
processing egpment.

3.4.3 Company |

Company | is deed manufactureAs the recorded seismic intensity was @ companyeported damage

from the 2011 Great East Japan earthquake. Ground shaking resulted in the buckling and failure of some
equipment as well as the deformation of tanks. Company | believes that such damage could be repaired within
a week. Howevemostof thedamage sustained by the factory did not originate from the ground shaking itself
but ratherfrom the tsunami that followed. Tsunami inundation was 3 m, completely submerging the ground
floor of the factory. Most equipment and contémtluding feed ingrdients on the first flogmwere completely
damaged. Company | was able to resume business six months after the 2011 event and was operating at 80%
of its production capacityexperiencedrom recent earthquakes in 2016 and 2021 have led Company | to
believe that a seismic intensity of 5 or less is unlikely to cause damaiggdotory due toground shaking.
However, contrary to the opinions expressednmgtof the interviewed companies, Company | explains that

a 0.2 0.3 m tsunami inundation depth caniasause damage to equipment found in the building basement
and content on the ground floor. AZLm flow depth can damage to equipment located on the ground floor,
while equipment installed on upper floors will be relatively safe.

3.4.4 Company J

Company J is a steel manufacturer. The seismic intensity recorded around its factory during the 2011 Great
East Japamarthquakes approximately 6+. Ground shaking caused soowstructuradamageincluding

damage to ceilings and walls as well as equigrtigat hung from the ceiling. The company also experienced

a blackout because of the earthquake. Tsunami inundation was 3.8 m and caused damage to the structure of
the building as well athe equipment and electrical system. Most of the danveagto the basement and

ground floor of the building, while damage to the second floor was relatively minor. Production was disrupted
for 4 to 6 months because of tsunami damagel production capacity only recovered after 10 months.
Company J believed that produstiwould resume quickly because most of its equipmvasstored on higher

floors. Other unintentional measures also reduced the impact of tsfioadd, including having a backp
generator and not having pagesed documents stored in the basementraungl floor. The seismic
intensities recorded in the recent earthquakes in February and March 2021 were approximately 5+. In both
events, ground shaking caused blackouts and minor structural damage to the factory. Production in the factory
was disrupted fio7 to 10 days during the February 2021 event &iddays during the March 2021 event.

3.4.5 Company K

Company K is a metal recycling company. It did not sustain any damage in the recent earthquakes in 2021.
During the 2011 Great East Japan earthquake, thmigeintensity recorded around its factory wasNo

damage was sustained through ground shaking. Most of the damage came from the tsunami, where the
maximum depth was 2mat Company KThis companys located behind a pine forest. Therefore, in additio

to tsunami waves, the factory was also impacted by debris generated by broken trees. Within the factory, all
equipment and vehicles were damaged by the tsunami. The company was able to resume operations by June
2011. Power outlets were raised 1 m higifezr the 2011 event. Company K believes that a flow depth of 0.5

m can start causing damage to vehicles, equipment and the building structure.

3.5 Petrochemical industry

3.5.1 Company L

This companyis an oil refinery companylhe seismidntensities observed around the oil facility were 6+ in

the 2011 earthquake and 5+ in the recent earthquakes in February and May 2021. Ground shaking in these
events triggered the automatic shutdowns of systems in the facility. A shutdown can takeeakswova few



months for the company to resume production. The 2011 earthquake and tsunami also triggered fires in its
facilities. Damage from the 2011 event was so severe that the company was only able to resume production
after a year. In the oil refinqnindustry, industrial fire trucks (or emergency vehicles) are adopted to reduce
fire risk. However, during the 2011 event, these trucks were badly damaged by the tsunami, affecting
firefighting efforts. After the 2011 everthe ground waslevated withirthe facility to improve the movement

of trucks inthe case of a tsunami. A new seawall was also constructed by the Miyagi Prefecture along the
coastlines of the facility to reduce tsunami risk. In addition, tanker trucks used for oil transportation were
relocated to highegroundabove the inundation height of the 2011 tsunami and away from the inundation
zone.

Table 2Summary of thelamage and recovery conditidnsachof theinterviewed companies.

Industry

Distance
from

the sea
(km)

Surrounding
conditions at
the time of the
2011 tsunami

Damage conditions

Recovery conditions

Company A

0.4 No seawall

Most of its offices were
inundated by approximatel
21 3 m. The tsunami resultg
in water intrusion into thg
containers as well as thiplift
and collision of containers.

Able to resume some of i
operations a few month
after tsunamibut recovery
only reached 780% one
year after thetsunami andg
requiredtwo yearsfor fully

recover.

Company B

0.5 No seawall

About 1-2 m of tsunami
inundation in most of ity
offices.

Able to resume some of i
operations 3 months afts
the tsunami, and one ye
was required to recove
production capacity

Company C

0.8 T.P.

seawall

6.2 m

Destroyed by the tsunami th
was 5.7 m deep at its féity,
which consequently led to th
relocation of its business f
another site.

Production in the relocate
factory returned to onthird
of its preearthquake level
after 2 months and full
recovered within a year.

Company D

Not inundated by the 201
tsunami

Inclination of the factory
building (> 3 degrees) caust
by ground shaking led t
relocation.

Production in the relocate
factory restarted after -8
months and fully restore
after 13 months.

Company E

24 T.P.

seawall

6.2 m

With theexception of damag
to pumps and air ventilatio
systems, the factory wa
relatively unaffected by th
2011 tsunami at 1 m in dept

Able to resume onthird of
its production capacity i
one and a half months af
return to preearthquake
levels within twomonths

Company F

1.0 T.P.

seawall

6.2 m

Most equipment in itg
factorieswas badly damage(
by 6 m tsunami.

Able to achieve productio
capacity within two month
as structural integrity of th
buildings remained intact.

Company G

0.05 |T.P.

seawall

21 m

Damage from 1.9 m tsunar
was mostly limited tg
vehicles parked on groun
level as machines al
installed on the second af
third floors of the factory.

Able to resume business ]
days after the tsunami ar
return to productior]
capacitywithin a month.

Company H

2.0 T.P.

seawall

6.2 m

Tsunami of 2.5 m dept
damaged equipment that h;
of them could be repaired, th
other half had to be replace

Able to resume busine
within a month at 40% of it
production capacity, an
production capety fully
returned after seven month




Company |

0.1

No seawall

Tsunami inundation of 3 n
completely damaged a
equipment and contennthe
ground floor.

Able to resume business s
months after the 2011 eve
and was operating at 80%
its production capacity.

Company J

0.1

No seawall

Tsunami inundation was 3
m and caused damage to t
structure of the building a
well as the equipment ang
electrical system.

Production was disrupte
for 4 to 6 months because
tsunami  damage and
produdion capacity only
recovered after 10 months

Company K

1.6

T.P.
seawall

6.2

All equipment and vehicle
were damaged by 2.1
tsunami and debris generat
by broken trees.

Able to fully resume
operations  after thre
months.

Company L

0.1

No seawall

Not only 7.1 m tsunami by
also fires caused complete

Able to resume productio
after a year in case of t

damage to facilities an| 2011 tsunami.

vehicles.

4 Threshold for non-structural damage and production capacity of industries

4.1 Tsunami depth threshold for non-structural damageto industries

Damage ratios (as replacement cost against the whole facilities in each factory) were calculated for each
industrysurveyed wherthenumber of dataointsis sufficient Findings fronthecargo handling industry and
warehouse and distribution industry were aggregated to develop the damadehatmsmpanies interviewed

were the same for both industries. The results are summarized in Fig. 4(a).regreasion analysis with

normal distribution is a classic method for fitting tsunami damage ttetasame athat used inf19] for

buildings andin [20] for marine vesselslhe damage ratio is calculated as a function of the standardized
normal(or lognormaldistribution function using the flow deptbr its natural logarithmas well agheirmean

and standard deviatioRarameters for developing vulnerability functions are shown in TaBlerthecargo

handling (and warehousing) industripetrate of damage increases at a slower rate beeldepth of 2 m.
However, complete damage to the industry occurs at 2 to 3 m. On the other hand, the rate of damage increase
varies for the food industry. The facility producing dried seafood appeardhe bwst vulnerable to tsunami
inundationi complete damage occurs at 1 m. Cold food facilities are less vulnerable to tsunami inundation
therate of damage onliyncreasesapidly afterl min depth and total damage occurs between 2 m and 3 m.
These aremainly because theold foodfacilities we interviewed were partially located in higlpesitions

For the manufacturing industry, minor damaggartsat 0.5 m while complete damageccursat 2 m. In

general, the threshold for complete damage acrosglabtries is approximately 2 m. F#(b) is our proposed

upper line (company E), average line (company C) and lower line (company A).
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Table3 Regressioparametersf vulnerability functionf non-structural damagtr each of the
interviewed companiassingnormaly or lognormaly distributedlinear regression

Industry Distribution Mean Standard deviation
Company A Normal 2.1283 0.7337
Company B Normal 1.3768 0.3678
Company C Normal 1.0362 0.3187
Company D Normal 0.5601 0.186
Company E Lognormal -1.34 0.5591
Company F Normal 14974 0.4763
Company H Normal 0.923 0.3397
Company | Normal 0.9446 0.3309

4.2 Recovery of production capacity after a tsunami

The productioncapacity of a company is considered to be recovered when production has returned to its
maximum or preearthquake levels. The recovery rates of production capacity after the 2011 Great East Japan
tsunami for each industry are summarized in 5ignd thei upper lines, average lines and lower lines in Fig.
6. Parameters for developing vulnerability functions are shown in TaklesTBe rates of recovery are
modeled under the tsunami conditions (maximum flow depth) that each company was found in daéifd the
tsunami. Additional data from 20 companies all over the 2011 tsusfdmcied areas fothe interruption
period after the 2011 disastgerecollected from [21]and the maximum tsunami flow depth was taken from
[22]. The recovenyof production is pdtted for three case4) companies having no tsunami inundation, 2)
companies damaged by tsunami fldepths of3 m and below and 3) companies damaged by tsunami flow
depthsabove 3 m. Fig. 5(sghowsthat production capacity was interrupted even thahghe waso tsunami
inundation. Some reasoimlude powershortages, a lack of staffho were impacted by the tsunami and
shortage of supply from other companies in the tsumanmdated zone. Nevertheless, most of the companies
could fully recoverwithin 1-2 months. There are two companies that taoBroximatelysix monthgo reach
full recovery. Onecompanyis an electronic equipment manufacturing compaarydthe othercompanyis a
petrochemical companyigs. 5p) and 5€) showthat the earliest fully recovered production capacityafor
flow depthof 3 m or less is two month#hereast is 3 months foraflow depth higher than 3 nThe general
trend of both caseshowsthatfull recoverycan be expected after one year.

In termsof industry types, the rate of recovery is much slowetHeicargo handling industrthan for
other industries. At flow depths of2Lm, the industry takes 10 months to return to production capagdiiie
at flow depths of B m,therecovery period aabe much longer. The rate of recoverytfogfood industry is
the fastesamongall industries. Ata 1 m flow depth, the industry is able to return to production capacity in
two months. At higher flow depths, recovery rates can vary depending on tigyuskits facilities after the
tsunami. A doubling of tsunami inundation depths can increase the recovery period by up to 9 months.
However, manufacturing industrieencompassa wider range of industrial occupangies.g, feed
manufacturing versus stemanufacturing, and thiactor could influencethe differences in companiés
vulnerabilitieswithin the same industry. The recovery process of the petrochemical industry istbatiké
other industriesasrecovery is a staggered proceBbe businesslosure period is similar tthe production
recovery period for the petrochemical industry.
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Fig. 6 Recovery potential for industries with different tsunami inundaitoations(upper lines, average
lines and lower lines)

Table4 Regression arameter®f vulnerability functions ohon-structural damagehere there iso tsunami
inundationusingnormaly distribuiedlinear regression

Industry Mean Standard deviation
Manufacturing (Parts processing) 0.7859 0.2543
Manufacturing (Textile) 1.0000 0.3236
Manufacturing (Paper) 1.0716 0.3185
Manufacturing (Rubber) 0.4702 0.1639
Manufacturing (Vehicle) 1.0000 0.3236
Manufacturing (Package) 0.5000 0.1618
Manufacturing (Electrical equipment 1) 3.3922 0.9182
Manufacturing (Electrical equipment 2| 0.6464 0.2400
Manufacturing (Electronic component) 1.0000 0.3236
Manufacturing (Petrochemical) 3.5583 1.2827




Table5 Regression arameter®f vulnerability functionf nonstructural damagat maximum flow depth
of less than 3 nusingnormaly distributedlinear regression

Industry Mean Standard deviation
Company A(Cargo handling/warehousing adistribution) 7.4176 2.8069
Company B(Cargo handling/warehousing and distribution) 2.7079 0.9433
Company EFood) 1.2127 0.3138
Company HFood) 0.9727 0.3229
Company H(Manufacturing) 1.7219 0.6546
Company I(Manufacturing) 4.7157 1.5260
Food 1 8.0022 2.5895
Food 2 1.2044 0.3897

Table6 Regression arameter®f vulnerability functions ohon-structural damagat maximum flow depth
of more than 3 nusingnormally distributedinear regression

Industry Mean Standard deviation

Company Q(Food) 1.749 0.5660
Company L(Petrochemical) - -

Company JManufacturing) 5.3384 1.5726
Food 3 8.5520 2.7674
Food 4 8.4306 2.7282
Food 5 3.1885 1.0254
Food 6 1.4852 0.4806
Manufacturing (Lumber 1) 4.5196 1.2705
Manufacturing (Lumber 2) 4.736 1.4354
Electric power 1.8537 0.4379

Table7 Vulnerability functions fotheupper lines and lower lines for each tsunami inundation condition
(Fig. 6). The average lines are taken as an average wppiee line and the lower line.

Tsunami inundation condition Seleced vulnerability functions
No tsunami inundation (Upper line) Manufacturing (Package)
No tsunami inundation (Lower line) Petrochemical

Maximum flow depthof less than 3 m (Upper line) | Company F

Maximum flow depthof less than 3 m (Lower line) | Food 1

Maximum flow depthof more than 3 m (Upper line)] Manufacturing (Lumber 1)
Maximum flow depthof more than 3 m (Lower line)| Food 3

5 Tsunami numerical simulationresults

The numerical tsunami model was calibrated using a performadioata i Ai d gebrsetric meai or
geometric standard deviati@proposed by [23] following equations (4) to.(8)i d K é&nda values were
usedto check theaccuracy of the modeled flow depths in Sendai Bptomparing them with observational
data TheK valueis the ratio between simulated and observed flow deptteamdueis its corresponding
standardieviations Observational data used in tlsimidy is from the2011 tsunamsurveydatacollected by
[24] and tsunami trace ddt@m Sendai Portvas used for comparison with the simulated regkits 7). The
Japan Society of Civil Engineering (JSCE) recommends values of K335 andk<1.45for modelled
results tobe infig o o d a gwitle agbservatidna datevhen evaluating tsunami source and propagation
models [25].Based on the distribution of the surveyed data andithalationresults shown in Fig. 8, the
computedK is 1.01 andk is 1.25 which indicates a good agreement between the modelled results and
observational datd.he reproducibility of the 2011 tsunami event indicates treabathymetry and topography
data used irhis studyaresuitable forthe simulation of future tsunami in the same area.
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Fig. 7 Locations of the tsunami tralseights(surveyed data) used for evaluatthgreproduction of the 2011
tsunami in this study
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Fig. 8 Comparison of the surveyedindation height and the simulated inundation height in Sendai Port

Simulated tsunami inundation maps from each tsunami source are shown in Hig.2911 tsunami
creates the largest tsunami flow dept6(® in Sendai Portyvhich can reach up to tlsecond floocompared
to theother four sources (3 m or lesahich may only inundate the first flodsimulated tsunami flow depths
from each of the case scenarios are calculated a®afahe simulatedlow depths from the 2011 tsunami
The spatialdistribution of the ratioss illustrated as map@-ig. 10. A ratio of less than 100% means tha
simulated flow deptlis smaller than the 2011 tsunamiaximum flow depthgrom othercasescenarios are
approximately70% of the 2011 tsunami @approximately40-50% more or les®n average.Simulated
waveforms from eacbase scenariareshown in Fig. 11. Inhe case of the 2011 tsunamnaximum wave
heightis the first wave of 8 nnwhich arrivesafter 70 min. For the Japan Trench earthquake, the first wave of
4.5 m arrives after 80 mimnda series oftsunami waves afnore than 4 narrive after three hours. For the
off-Miyagi earthquake, the first wa of 4 m arrives after one hgobut the maximum wave of 5 m arrives after
three hours. For the efukushima earthquake, the first wave may not overtop the sebutalhe maximum
wave of 5 m arrives after three hours. For the etiser earthquake, merthan 4.5 m of the first waerives
100 min after the earthqualess this is the longest distance from the tsunami source to Sendai Port. However,
the maximum wave of 5.5 m arrives after three hours. Although there is a case-Bbkusffiima earthquak
in which the first wave might not overtop the seawathich would allow a longer time for emergency
operations, altheinterviewed companiesaidthat theywould evacuate as soon as possible.
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Fig. 11 Waveforms of the simulated tsunami from each sour@g foe2011 tsunami with high tide, heJapan
Trench earthquake tsunami,tbp off-Miyagi earthquake tsunami, the off-Fukushima earthquake tsunami

and e)heouterrise earthquake tsunami.

6 Tsunami risk assessment in Sendai Port

Tsunami risk assessment in Sendai Port using the tsunami simulation results and the developed threshold for
nonstructural damagand production capacity are used and explained in this section. Fig. 12tkatagtory
damage maps when applying structural fragility functions (Damage State 2 = Operational only after repairs)
[4] to all five large tsunami scenas. Similar to the inundation maps (Figsartd 10, the 2011 tsunami with

high tidegenerateshe highestdamage probability (Fig. 12 a)arying between 0.41.0, while damage from

other large tsunamiFigs.12b - e) aremostly 01 orlessbut can go up tas high as 0-8.5 in some areas.

Fig. 13 showslamage probability of eadhactory buildingwhenconsideringhe developed threshold foon
structural damagesingtheaveragdine (Fig. 4 b)) under differentasescenariosln contrasto the structural
damage probability of non-structural damagé&om the 2011 tsunami with high tide almost 1.0for most
factories especially forfactories located around the center of Sendai Port.réhigt demonstratdbat using

only structural damage underestimates the actual damage when considering ttafaaifjées. Finally,
examples of production capacity maps for the 2011 tsunami with high tiddaedapan Trench earthquake
tsunami using the average produstiapacity (Fig. 6) are shown in Fig. Tthe production capacity of both
tsunami scenarios is 0.1 or lower two months after tsunami. The production capacity increases to
approximately0.4 at four months aftehe tsunami and graduallyncreasedo alnost 1.0 eight months after
thetsunami.
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Fig. 12 Factory damage maps based on the structural fragility functions [4]ter 2011 tsunami with high
tide, b) Japan Trench earthquake tsunamagffeMiyagi earthquake tsunami, @jf-Fukushima earthquake
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Fig. 13 Factory damage maps based on the developed threshotoh&iructurd damage(average line) for
a)the 2011 tsunami with high tide, b) Japan Trench earthquake tsunaffiMiyagi earthquake tsunami, d)
off-Fukushima earthquake tsunami andw@grrise earthquake tsunami.



