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Abstract

This chapter describean investigation and examinatioof the complicated mechanisma of damageto
machines and structuresusad bytsunams. We attemptedo understandhe mechanism of tsunamiinduced
damagefrom a bird&-eyeview in the cae whencivil and architectural structures, machinery and equipmer
are damaged anblecome unabléo function, in addition to understandireytsunami propagating froma
seismic sourceloward thispurpose, we studieaictual phenomenthat took placaluringthe Great East Japan
Earthquake (GEJE)urthermore, weomprehensivelgxaminedhe mechanisms aéunamiinduceddamage
that mayoccur inthe future, and then aimed at obtaining useful knowledge towards fdisasterprevention
and mitigation.A vast quantityof recorded visual information on tsunamduceddamage during the GEJE
was reviewed for the investigation and examinatidioreover each member of Working Group 2 (WG2)
performed his own field survey argimulationbased researchiVe then comprehensig examired those
results
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1. Introduction

We investigated and examinélde complicated mechanisms oflamageto machines and structuresusad by
tsunams. Tsunami phenomensuch as initiation, propagation and +up might be basicallydiscussed in specialized
academic societies such #e Japan Society of Civil Engineerslowever we, as the Japan Society of Mechanical
Engineersattemptedto understandhe mechanisms asunamiinduced damge from a bird&-eyeview in the case
when civil and architectural structures, machinery and equipment anmgaged andecome unable téunction, in
addition to understanding tsunami propagatg from a seismic sourceToward thispurpose, we studied actual
phenomenathat took placeduring the Great East Japan Earthquake (GEJH)rthermore, wecomprehensively
examinedthe mechanisms dsunamiinduced damagethat mayoccur inthe future, and then we aimed at obtaining
useful knowledge towards fututisasterprevention and mitigationA vast quantityof recorded visual information on
tsunamiinduced damage during the GEJ#&as reviewed for the invegttion and examinatiorEach member of
Working Group 2 (WG2alsoperformed his own field survey and siratibnbased researckiVe thencomprehensivg
examiredthose results

1.1 Anticipated roles ofan analytical scientific approach based on a discipli@ of mechanics

During the GEJE, we werghockedby the frightfully damaging power ofhe hugetsunami and felt powerless
against the forcesf nature. However, it isinevitablethata hugetsunami willagain strikeJapandue to its proximityto
plate boudaries.Therefore it is imperative thascientists and engineers do their best to prevent and mitigate damage
causedby hugetsunams. For this purpose, we should first understatiie mechanisms dsunamiinduceddamageo
machines and structuremd seond establish measures to prevent and mitigate such damage.

Fundamentallythe propagatiorand runup ofatsunamican beregarded as phenomena of flgjidvhile damageo
machines and structuresaphenomean of solids. Therefore the tsunamiinduceddamage to machines and structures
can beregarded as mulphysics phenomena of flisdind solid. It shouldalsobe noted thatsunams caused by the
dynamics of the earth result in far more complex and severe conditions than those anticimatel@signng and
operathg machines and structure&.tsunami causetly themovement of plate boundas propagates fohundreds to
thousands of kilometers in tleeean rushes to adjacent seaanging from hundred® thousands ofeters,inundates
stretches otoagal ranging from tenso thousands ofetersin length and finally damages machines and structates
the scale of centimeters to meterhis isatypical multiscale phenomenoMulti-physics and multscale phenomena
are some of the latestcientific bpics being studied While research and developmeoft methods toanalye and
evaluaé thesephenomendave beemngoing worldwide practical methodsave not been established y@6T CREST,
2009)

We believe that approaches basedaodiscipline ofmechaics would provide uswith a birds-eyeview for
understandinghe mechanisms dsunamiinduceddamage anessentialsolutionsfor preventng and mitigatng this
damageThis would also lead ta new area of study.

1.2 Roles of simulationgor designscientific view basedon a discipline of mechanics

A quantitative andeliable methodology fotsunamiproof designof machines and structuresindispensabléor
seeking measurdsr preventng and mitigathg tsunamiinduceddamage For examplethe mecharsins of and area
damaged by 5 m high tsunami and 15 m higisunami differconsiderablyThus different but concrete measures fo
protectionagainsthosetsunamis must be designed precisely.

Measures against tsunawere enacted in several standards gmdes even before the GE(ESCE, 2002, CAO,
2005) After the GEJE, severaldditionalstandards and guidegereenacted, considerintpe actual damageaused by
the huge tsunamkor example, th&uide for Setting Tsunami InundatioAssumptionwasrevised by the Minstry of
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Land, InfrastructureTransportand Tourism(MLIT, 2012a) Therevisedguide includes a simulatiepased methotbr
guantitatively assesy) the tsunami inundatiomassumption The Ministry of Land, InfrastructureTransportand
Tourism also published thénterpretation ofRequirements taStructures ofTsunami Refuge Building and other
documents which contain atsunami proofdesign method (MLIT, 2012b). The Atomic Energy Society of Japan
publishedthe Implementation Standard Concernifigunami Probabilistic Risk Assessment of Nuclear Power Plants
(AESJ, 2011)

The @nventional design of machines and structures usually employs relatively simple design formula and safety
margins. However, it is very difficult to apply such simplified formula for measuredo prevent and mitigat
tsunamiinduced damagéecausdifferent phenomena and factors are involvédbreover, becausdgsunamirelated
phenomena ar@atual phenomenathe magnitude o tsunamd sfluence has a much wider range of utaimty, and
it is difficult to set rational and sufficient design margins ardesign standardConsequently direct computer
simulatian of the phenomenaould be the most appropriatén termsof reliability. Simulation-based desigis currently
a well-acceptedmethod for testing therash worthiness and aerodynasnielated vibration and noise automotive
design Such a trend could become indispensablethie tsunami proof design of machines and structuresor
automotive designthe reliability of the method can be improved though accumulatuegification andvalidation
(V&V) of simulationresultsvia comparison with experimeait resuls. However it is very hard to apply V&V
processes to tsunaireélated simulatios

2. Objectives and approaches

A tsunami ultimately causes various types of damage to machines and structures located in coastal areas as
result of the followingprocess (1) Generation oftsunami, A (2) Longdistarce propagation inocean A (3)
Propagation in adjacent sed, (4) Arrival at coastal land and reup. Below, the detai of each procesand related
factors are described
(1) The generation od tsunami is influenced bgarthscientific factors such as the magnitudetbé earthquake, and
fracture characteristics dhe fault and plate bound&s In the GEJE, the superposition of two different tsunami
sourcegyenerated auge tsunam{Maeda, et al., 2011Becausdsunami generation snearthscientific phenomenon,
it is very difficult to predict the magnitude of tsunaracarately. Therefore the predictioninevitablyhas a wide range
of uncertainty.

(2) The longdistarce propagation ofitsunami intheocean is influenced bihe topography of the ocean floor

(3) The popagation ofa tsunami in adjacent sgés influenced l the topography of the adjacent flears and the
geography of the adjacent lsayape and islandsin the offing of Fukushima, theesfloor in some aremfeatures
overhangghat extend away from the coaBecause ofhis uniquegeographial feature,some of the waves from the
tsunamiwere reflected and focusedaway fromthe shallow area which consequently increased the height of the
tsunami(Sato, et al., 2012Dn the other hand, in MatsushirBay of Miyagi Prefecture, a number aimalland large
islands reducedhe tsunami effectsTherefore to understand the phenomena of (2) and (3), knowledge of oceanics and
coastal engineering is very importalf@ompared with mechanical engineeringe prediction ofsuch processes
contairs an uncertain band as Wwe

(4) The arrival and ruip ofatsunami are influenced e characteristics atheland and sites, types of land use, and
spatial arrangements of buildingand other outdoor structures Therefore knowledge of civil and architectural
engineering ismportant. At TEPCQOs Fukushima DaNi Nuclear Power Plant facilities, seawater heat exchange
buildings were placed 4 m above sea level, while reactor buildings were placeddd®/ensea leveRA tsunami wave
with an estimatecheight of9 m struckthe sies.Sites4 m above sea levelere completely inundated, and seawater
enteredmost buildingsat the site Important machines and elemtic equipment were not damagedone building
because its door remained inta@n the other handyecausehere was &lope at the soutside of the site, the tsunami
waveranup the slope, reachirgites 12 mabove sea levelConsequentlyseawateenteredsome building at the site
(TEPCO, 2011)

(4) The arrival and ruuip of a tsunami is often characterized simply the tsunamiheight. In reality, the tsunami
should be characterized by the following five paramef@ajsTsunami height, (b)sunamispeed(c) Inundation depth,
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(d) Inundation heightand (e) Rurup height as schematically shown in Fig. As describedpreviously, thesefive
tsunami parametestronglydepend orthe multi-scale phenomena of {{%) in a verycomplexmanner.

{3 |
LN |
Inundation depthI

Inundation
height

Tsunami
speed | Tsunami height
—

Fig. 1 Parameterdescribinga tsunamd features
3. Damageto structures and functional loss ofmachinery due to tsunami

3.1 Characteristics of tsunamiinduced damage and their categorization

Various objects damaged hgunams can be categorized into (Asunamiprotection structures such as tide
embankmerg (B) outdoor structures such as buildings and factories, hossmsgetanksand containersand (C)
machinery and guipmentinside building and factoies
(A) Tsunami protection structures are often categorized as civil strucliunes. seismic and tsunami strengths are
expressed byheir height, strength ofhe main bodyand strength othe foundation. These are related to seismic
strength, tsunami stredgindscouring.Seismic strengthefers tostrength against seismic vibratiofrsunami strength
is strength against tsunami pressi@eouring is a phenomenon such ttietfoundation ofthetide embankment or sea
wall is eroded by the eddy flow dtie tsunami.Strictly speaking, thigliffers from the phenomenon such that tsunami
water that overflows from the top ofa tide embankment or sea wall erodes the backside ddutsdation.Scouring
causesa sudderdecreasén tsunamistrength
(B) The strength of buildings and structuisselated to seismic strength, tsunami streragit thewatertightness of
windows, doors and penelda portions (MLIT, 2012b). Buildings andstructures are first heavily shaken the
earthquakeand consequentlyight be deformed and damageéfithey are builton newly reclaimed land, thiand
liquefies and their foundation is damaged and inclifedbsequentlythe tsunamistrikes and theyare further damaged,
inclined, andtoppledby wave pressure, lift and backwastinally, the damaged buildings and structuege carried
away.In the case of outdoor structure$ power plantsuch asstoragetanksthat contairdangerousnaterialssuch as
petroleum andiquefied gas, damagt these structuragsults in firs and explosiosor therelease of toxic gasinto
the atmospherddamageo these structuresauses additional hazardf we wish to protect the main body of buildings
and structurs, one approach is to open doors and windtmast the tsunami insideOn the other hand, if we wish to
protect important machinery and equipment inside,stveuld carefully seal every gap the doors, windows and
penetréle portions, and employ wat¢ight doors and windowsn the latter case, the buildings and structures have to
withstandthe wave pressure and lift directly, so they must be desigmedrdinglyand constructed very strongly.
Because dors and windows are usually opened and closed ily dse appropriate rule for their operationin the
event ofatsunamishould be established
(C) Machinery and equipment ingiduildings and structures are shaken by seismic loadingaramtbved, deformed
and damagedThey may also lose their functio due tothe severing oglectric cable. In addition to such damage,
when a tsunamienters abuilding, motors, electric supply boards and other electrigadiywered equipment witut
sufficient watesproofing might short circuitlf precisionrotational etvices such as pumps aneindated withseawater
containing a lot of sand and mud, it is very difficult to completely clean up the sand and mud even by digassembl
washing and t will take a longer time to recover their functiddachinery and equipmé that are not completely
cleaned upafter being covered with seawater will rusoreover, f seawater containing a lot of sand and mud
inundates théntake and outlet of seawater puspthe intake and outlétecome cloggednd the pumgstop operating.
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The @nd drift caused by tsunami must also be assessed sufficiedtlysummary,the driving forces behind
tsunamiinduceddamage can be categorized into the following five types:

Type 1: Water coverage

Type 2: Coverage by seawater containing sand, anddsalt

Type 3: Deformation, fracture, floating, falling dowrarrying away by massivamounts ofwater flowing at high
speedtensof meters per second)

Type 4: Impact, deformatioandfractureby tsunamidebris

Type 5: Scouring angand drift

Once weunderstandhe driving forcesbehindtsunamiinduceddamage, we know that preventing waterasion
by improvingthe watertightness of buildings is important to protect machinery and equipment inside the buifdings.
the same timgdt is important toapdy waterproofing to machinery and equipment inside the buildings or to set them in
a sufficiently higher placéo preventwaterdamageA tsunami is not a simplicrease in the heigldf water, but a
massiveamount ofwater @n incompressible fluidYraveling at avery high speed. Thais why tsuramis have such
damaging forcelt is very difficult not onlyto design structurethat can witlstandthe massive forcef a tsunamibut
alsoto take sufficient measures against it.

For examplespherically shape storagetanks are goodor containing highly pressurized flyicdhowever,they
lack sufficient strength against local and/or mymmetric external loadin@@ecause large amount of lift is applied to
buildings and structures with high quality watightness, they are easily lifted unless they are well fixetieground.
Some outdoor structures are ottilgld tothe ground by seHweight loading or ordinary boltsThese structuresre
easily lifted,toppledand carried awayConsideringthe complex effets of both seismic loading aradtsunami, the
earthquake first breakthe support structures and damagde foundation due to liquefactioand thenthe tsunan
strikes Debris carried away bthe tsunami impacts other structures and buildingserefore it is not sufficient to
consideronly tsunami pressure, lifting force and watigihtness. It is alsonecessaryo take intoaccountimpacs from
tsunami debrishy consideringhe spatial arrangement of buildings and structuféisotol shows dargeship thatwas
sent crashing into a coastal factory by the hisgeamifollowing the GEJHYahoo!JAPAN, 2011)

Photol A large shipthat was sent crashing into a coastal factory by the tsug@mifollowing the GEJFYahoo!
JAPAN, 2011)

3.2 Simulation: the method for quantitative analysis

As described previouslyhe mechanims oftsunamiinduceddamageare very complexThe interaction between
seismic loading anthetsunami makes the phenomena more comiBexauseahey are eartlscientific phenomenat
is very difficult to accurately predicboth when theywill occur and their potential magnituds. Therefore it is
insufficient toestablishmeasures for prevention and mitigation usamdy information on tsunami heighftor example,
if the Central DsasterPrevention Council declares that the estimated maximum heigttisahami at a certain region
is 20m, would tsunamrelated problembe solvedyy constructing a hug€0 m highsea wall?The issue we are facing
is not that simple. Constructinga 20 m high sea walis costly and the surrounding communitis completely
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disconnected from the beautiful scenerytlud coast.The lifestyle of people living near the seaaiso significantly
disturbed Based on thénherentsituation of the area, thereeaalternate measures, j.eonstructing a lower sea wall in
order topreventfrequent but loweheight tsunans constructinga tsunamirefuge building with sufficient height,
tsunami strength and watBghtness, preparing a sufficient and workable ptdnevacuation to higheground
enhancingthe seismic and tsunami strength of machinery and equipment, andripgeppare equipmerdt higher
placesfor emergenies This combination of multiple measures is much more usdfldo so, wehave tounderstad
well the seismicmechanisma&nd those ofsunamiinduceddamageBased orthis understanding, we could develap
assessment methodology for prevention and mitigation of datoageil and architectural structures, machinery and
equipment, and take ntigle measures mor@ppropriatelyThe actual simulationequired are as follows

(1) Simulation of tsunami generation and propagatave(long distawesand near coastal aga

(2) Simulation oftsunamirun-up

(3) Simulation of seismic responses afistures, machinery and equipment, and that of damage assessment

(4) Simulation of water coverage, deformation and fracture dtieettsunami (pressure by massive water with a high
speed, and lift)

(5) Simulation of transportation and impact of debrishsag shipand containey

(6) Simulation of scouring and sand drift the tsunami

4. Analyses and tsunamiinduced damage and mitigation methods based oa discipline of mechanis

4.1 Coupling of three-dimensional fluid analyses and ocean tsunami propatjan analyses
4.1.10bjective

Various studiesn tsunami wave source evaluation and ocean tsunami propagatierbeemperformedbased on
nortlinear longwave theory (shallowvater theory)XImamura, et al., 1988)nversion analysigSatake, 1989and so
on. However, after the BJE which severdy damagd critical infrastructure facilities, tvaspointed out that previous
tsunami analysis approashwere insufficient for evaluaing the phenomenonincluding the inundation of land.
Regarding the evaluationf tsunami force, several formula@mamura, 1988pased on exeriments targeting
breakwates havebeen developedHowever the methods forevaluating the tsunami force on terrestrial structares
notwell established.

Tsunami analyss based omhe nonlinear longwave theory have alreadyeenusedby the Japanesgovernment
in the disaster prevention pldar estimating tsunami damag@®LIT, 2012a) In conjunction with that, it is highly
desired to establish argztical method for predicting the tsunarforce against terrestrial structuresin a
two-dimensional model for ocean tsunami propagation analysis bagbé mon-linear longwave theorythe variables
to be calculated at grid pasarethe velocity vector and sea levélowever, water pressuris not calculated directlyf
we can use the coupling approach of ocean tsunami propagation analyses alintins@nal fluid analyses
(hereinafter referred to as tleeupling tsunami analysis}t is expected that we wilbe able teevaluate tsunambfces
andunderstandomplicated tsunami phenonzein aterrestrial region.

In this section, wpresent case study of the coupling tsunami analysis foXB8E(Fujiwara, et al., 2012Port
Soma located in Fukushima Prefecture was selectdtbabjed for the analysis

4.1.20cean tsunami propagation analysis for the GJE

The Tsunami_N2 code developed by Imamgirmamura, et al., 1988¥% used for tsunami analysis basedtlos
nonlinear longwave theoryThis code is based on a finite difference moet with a staggered ledpg scheme.

The analysis region for ocean tsunami propagation analysis is a rectangular area about lIfD@adtmvest
length and 1,700 krim northi south width including the wave source region of @eJEand Port Somaasshown in
Fig. 2(a). The grid size was reduced in five steps fro@15 mto 15 mfrom the oceamoward Port Somarhe terrain
model was created based on the public dattheflapan Coast Guard, GSI, Marine Information Research Center,
General Bathynteic Chat of Oceans and elevation data of Soma Citye distribution ofthe wave source model
shown in Fig2(a) was adjusteddsed on the previous mod@luijii, et al., 2011)
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Figure 2b) shows the distribution map tfe tsunami sea level at 36in after theeathquake occurrencé&igure
2(c) shows a comparison of the simulation waveform and GPS wave gauge observttgationwide Ocean Wave
information network and HAbourS (NOWPHASJhese waveforms are the rawwfiltered data The simulation
reproduces thebserved waveform very well.
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Fig. 2(a) Analysisregion oftsunamiwave propagation inocean andsunamisource model, (b) Tsunamisealevel
distribution at 30 min after theearthquakeoccurrence, (c) Compans betweenobservedsea level (blue) and
simulationresult (red).

A tsunami source model is produced and optimized using the inversion analysis from many observed values of the
tsunami.The waveform obtained by the ocean tsunami propagation analysis as a forward analysistentwith the
naturallyobserved ond-dowever, these results indicate that, once the exact wave sourceis®etethe propagation
behavior itself of the ocean tsunami can be evaluated appropriately.

4.1.3Tsunami simulation in Port Soma by threedimensiond fluid analysis

A commercial code, FINAS/CFDusing an unstructured grid ofhe finite volume method was applied for the
threedimensional fluid analysisThe governing equatioof the threedimensional flow is an expression of momentum
conservéion and nass conservation fancompressible fluidThe speed pressure coupling method is the SIMPLEC
method(Ferziger and Peric, 20D2urther, in order to express the free surface of the tsunami, the analysis space was
modeled a a twephase fluid flow ofair ard seawatebased on theolumeof fluid (VOF) method Hirt and Nicholls,
1981).

In the threedimensional tsunami analysis, due to the limitations of computational capacitieseitassaryo
restrict the volume othe analysis region and the analysisné to a few minutesThe region of interest for
threedimensional fluid analysis of Port Soma laasarea of 1200n x 2220m, indicated by the retbox in Fig. 3. The
land area of the regiois 25m high and the water area 1% m high. The flow velocity vetor and sea level obtained
from theoceantsunami propagation analysis wexssignedo the interior of the analysis region as initial valuehe
time histoiies of the flow velocity vector and sea level obtained fréime ocean tsunami progation analys wereused
for the outer sides dhe analysis region as a boundary conditkeor. the analysis, &selected 12 min period near the

arrival time of thesecond tsuami wave This isthe timeduringwhich the sea levebse significantlyasshown in F.
4.
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Fig. 3 Analysisregion ofthreedimensionaflow simulation (Port Somarea)
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Fig. 4 Calculatedime history of sealevelchangen Port Somaluring tsunami( The posi t i othdo iign nfair k e
3.)

A bird's-eyeview of the gid model forthe threedimensional fluid analysis shown in Fig5. The grid model is
based on the terrain model generatetheéocean tsunanpropagation analysist wasmodeéed in more detail for land
structures and seafloor terraifihe cellsizeis 3 m in the horizontal directionand 1m in the vertical directionThe
number ofcellsis approximately 8 millionThis calculation was performed using the FOCUS supercomputer system
(FOCUS, 2013)Forty-eightparallel computing cosg(6 x 8 core nodejvereused andthe computatiortook 2 weeks.

&
e,

-~ <
v a
; Point 1
vig&-:r ~O S

- ! o
» :"9 Point2

Fig. 5 Grid model forthreedimensionaffluid analysis of Port Soma

The bird's-eyeviews of the calculatedwater surfacet the time poins areshown in Fig 6. These water surfase
areobtained by plothg the iso-surfaceswith anF valueof 0.5in the VOF methodFigure 7 corresponds tthe ime
when the second wave tifetsunami flowed over the leveat this time,a significant area of the land dalreadybeen
flooded by the first waveand the high second wave téharrived Figure 6(b) is a birds-eyeview when the second
wave arrives athe front ofthe building on the pie Point 1is indicatedn Fig. 5.
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Fig. 7 Calculatedime histories offloodingdepth andvavepressure apoint 1

The time history othe wave pressure othe ground surface anthat of flooding depthat point 1 (front of the
building on pier tip)areshown in Fig 7. The wave pressure and flooding dep#tve asimilar shapeWhen the stage
wave collides with the structure walt point 1 at 64.0 min, the water surface instantaneouslyrgesin front of the
wall, the flood depth becomes ™ and the deptkdecreases t6 m a few secondkter. According toa field survey
report(PARI, 201), the vulnerable slate wall of the buildireg point 1 wasdestroyedand theobserved flood deptat
thenearest pointvas6.77m. The aalysis results areughly consistentvith these observations.

A tsunami analysis based ¢ime nontlinear longwave theorywas alsgperformedin the port aregand compared
with the three-dimensonal fluid analysisThe time history and distribution ofhe flooding depth and sea level were
nearly identical in botimethod. This is a reasonable resbkcauseheterrain in the port is almost flat.

4.1.4Conclusion and future work

© 2014 The Japan Society of Mechanical Engineers
ISBN 978-4-88898-244-3



The Japan Society of Mechanical Engineers

Report ofISME Research Committee on the Great East Japan Earthquake Disaster

Due to the protection of critical infrascture such as nuclear power plants agasmstams, protective measures
such as waterproofing of the building and installatioa fdéod barrier will be conducted from now ofo design such
protective facilitiesthe wave force and floodingynamicsmust be predictedhore accurately The couping tsunami
analysis is expected toeetthis requirementAs shown in the examples described abdhvethreedimensional fluid
analysiscan be considered to lze practical solutionHowever, further technologit developments anthe studies
described below are desirable in order to apply the augigunami anlysis to safety evaluation and design.

(a) Standardization and validation of methods and models

To apply the design analysis, it is necessary to stdimethe analysis methods and models to allow for quality
control of the required levels.Numerical accuracy management and validatwifi then be required through
comparison with observations and experimgnts called V&V) It should be oted that suchan empiricd approach
covering both analgs and experimentsas been conducted in the development of numerical wave waterways,
CADMAS-SURF/3D(CDIT, 2010)for port facilities.

(b) Improvement of threglimensional fluid analysis technology

In the threedimensional fluid analysis required for the evaluation of critical infragtrectacilities, depending on
the grid size andanalysis area, the number of gpdints easily exceeds several tens of milliors. sometsunami
events, it may be required to anayhe eventontinuouslyfor tens of minutesThese types dfigh-speed calculatian
for huge models will be requireldr practical useandmore sophisticateparallel processing techniquase desired.
The use of very higlspeed supercomputers suclitas'K computet will be considereds well
(c) Analysis technology for shock wave pressure

In the fluid analysis dealing with incompressible fluid, the pressureedalngthe momentum change when the
tsunami collides against the structwan beobtained.However, generation and propagatiohthe sound pressure
(shock wave) due taompressibility of the fluidcannot be evaluatedAn explicit approach for fluid analysis
considering the compressibility is required to deal with suphenomenonThe @mputatonal load forcompressible
fluid analysis further increasecompared witincompressible fluicanalysis Advances ineéchnology for very efficient
calculation are required for this purpose. Moreover the shock wave will causa very large wave pssure
instantaneously, batheimpulse on structures witlot beverylarge in generalThereforeit is expected that the impact
on structuress not critical. Coupledstructural and fluidanalyses will be required in order to evaluate this effect
guantitatively

4.2 Tsunami propagation fromthe open seao the coast
4.2.1 Estimation ofwave height and arrival time

The coastal areas dtie Tohoku region suffered serious damage from the tsunami causethd\2011 off the
Pacific Coast of Tohoku Earthquakkat ocurred on March 11, 201MLIT, 2011). Numerical simulations are used to
develop disasteprevention measures to deal with such tsunami disa3teey. arealsoused to predict potential future
tsunami disasters, to design disagtervention facilities sth as coastal breakwaters dadees, ando predict tsunami
attacks immediately after an earthquake ocd@sto and Sato, 1993, Takahashi, 200#he Central Disaster
Prevention Counci(CDMC, 2013)prepares basic disaster prevention pland participags in the determination of
important disasteprevention matters.The Tonankai Nankai Earthquake may cause considerable damage.
Consequently, the council has been performing nurakdalculations to prediatave height andrrival time whera
tsunami redees the coast.

4.2.2 Mscous shallowwater equations

As mentioned abovehé tsunamgeneratedy theGEJEcausedserious damagm® the coastal areas tife Tohoku
region Numerical simulatioa are usedto predictdamage caused ligunams. Shallow-waterequations argenerally
usedin numerical simulatios of tsunami propagatiofrom the open seao the coastThis subsectionfocuses on
viscous shallowvater equations and attempts to generate a computational method using finite element techniques
based orthe previous investigati@of Kanayama and Ohtsuk&anayama and Ohtsuka, 1978)

In the numerical analysis of tsunanthe viscosity term is often omitte@Ulutas, 2012) In this subsection
however, a computational method tiatludesthe viscosity tem is adopted because it enables more rigorous analysis
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to be performedandthe authorsintend to include the viscosityrta in future stress analysis of tsunami

Recently,the authors have found an interestisgrvey(Bresch, 2009}hat deals withsoundmathematical topics
related to the viscous shallemater guations.

v
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Fig. 8 Simulation of tsunami wave propagation off the coast of Tohoku
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Fig. 9 Simulation results in Hakatay.

4.2.3 Setting ofcomputational conditions

In generalatsunamiis exdtedin the followingtwo ways.The first one is to considéine tsunami excitation dke
initial condition of the water surfacbut there is a lack cfufficient input informatiorfor such arartificial tsunamilike
that inHakata Bay(Kanayama and Darz014). The second one is to considBe tsunami excitatioasthe boundary
condition of the water surfacasdonein this subsectionThe computational domain iaot so wide that the above
approach may be the only way.

It is also noted that 5t at theopenboundaryfor the TohokuOki case may be too highh the computation, the
tsunami arrived at Oshika Peninsula after 20,ramd thehighest wave height reached &b These numerical results
shouldbe checked more carefullyith dataon theopen boundagy.

Figure 8shows the ordinates of the water surface (water level) df8amin. Becausdhe computational domain is
narrow it looksas ifthere isa reflection from the northern boundary in R8g.This type ofartificial reflection can be
removed byenploying suitable boundary conditions ¢ime open boundary.

In Fig. 9of the Hakata Bay casthet i me s ttwegs sestd 4 s. This time step size isnnecessarilgmall,
becausesimilar resultscan be obtainedven ifa time stegen 10 times lageris used for the sanmaesh dataAlthough
afull nonlinear stability analysis is very difficultye believe that the present linear stability conditiofKanayama
and Dan, 2014is useful.ln fact, the similastability condition of(Ushijima, 1983)n the case off = 1 produces good
estimate of thd stime stepin numerical experiments.

With open datgTohoku University and JNES, 2013@nd sufficient numerical analysis, estimationtloé wave
height andhearrival timeshould be improved.
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4.3 Issues related t@rediction of long-distance propagation of tsunams

When an earthquake occutbe Japan Meteorological Agendgsues asunami alert and warning befotke
tsunami arrives ahe coast.The alert systeremploys a databadesed mihod, andits insufficient accuracy hasften
beenpointed out.The main reasorof the inaccuracys as follows.The database consists of a priori simulatioraof
tsunamfis longdistarce propagation for a variety of tsunami paramet&€he parametric study cannsufficiently cover
everypossible parameter space.

It is easyto solve such a tsunaéilongdistarce propagatiomproblem based on shallewater approximation by
employing the latest highresolution simulation method for hyperbolic equasioNo supercomputeis needed A
tsunami simulation o& wide area shown in Fig. T@n be simulated on 8,0004,000 grid points witta 100 m width
using multiple GPUs in ternsf secondgAcuna and Aoki, 2010By increasing the number of GPUslinear speedip
can be #ained as showm Fig. 11.Figure 12 shows a snapshot tie reattime simulation othetsunami propagation
on 5123 512 grid points using one GPU equipped in an ordinaryboate PC (Acuna and Aoki, 2011)This
simulation includeshetsunamé rurrup oto land.

400km

Fig. 10Large region of tsunami propagation simulation off the coast of Sanriku

10S | m—i

/io— 10 Decomposition
1__,../"' = 2D Decomposition
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Number of GPUs
Fig. 11Speedup of computation time of tsunarpropagatiorsimulation for the number of GPUs

An attempt to start calculating tsunami propagation right after an earthapeakirs was expected to drastically
improve the accuracy dhe alert for tsunami arrival ahe coast.Although the anticipated area tife calculation of
tsunami propagation is similan sizeto the area shown in Fig. 1@ was found that such a calation of tsunami
propagation was not practically useful fatsunamialert The calculation of tsunangiropagations one ofthe initial
condition problemdor solving hyperbolietype shallowwater egations.Therefore the calculation must be started by
inputting the displacemerin shape ofthe sedloor during the earthquakeA current monitoring system of such
displacement information cannobtainvery accurate information in such a short period of tsunami propagétiis.
only possible to estimaten initial value from the observed arrival tisngf tsunams at variouscoasél areasand the
tsunami heiglg Thus the calculatioris notuseful for a tsunami early warning systef.least, it is indispensable to
equip systems formonitoring the water evel change in a wider oceanic area including seismic sources as soon as
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possible.

Not limited to tsunami propagation simulation, computational mechanics lmasadalysesof tsunami damage
tend to beonly case studiest is very difficult to obtain genet knowledge on damagnechanisms useful falisaster
prevention and mitigation/alidation of such analyses is also difficuit.general, computational mechanics is a field of
studyin which responss (results) to applied forainputs) are analyzedin many cases, we assume that the applied
force isa controllableparameter irthe simulation However, in naturatlisastes, the assumption of applied force plays
a much bigger rol¢han the simulation itselA conventionalapproacho computational mechéss does notwork very
well. To solve such problems effectively, it is necessary to develop an interdiscipdipprgachto computational
mechanicdy collaborating with other fieldsf studysuch as earthqualseience soil mechanics, oceanology, earth
science, civil engineering, information technologgydsocialengineering

e r—

Fig. 12GPU-based reatime simulation of tsunami propagation with fup.

4.4 Estimation d hydrodynamic force

To estimatethe impact forceand impulse ofa tsunami hittingwalls or buildings, it isimportant to predicthe
nortlinea motion and surface deformation of liquid, which are sometimes affectéuelsyrroundinggaseous phase.
In other words, it imecessaryo observeahe violent motion includinghe wavebreaking ofthetsunamiand to describe
it as the flow field of freesurface flow.We can look backver the last two decadesthe outstanding development of
CFD technique for the analysis of fresurface flow.Focusing omumerical methods witl fixed grid systemnot
only the convective schemes avoiding numerical diffusiothe’/OF function(Hirt and Nicholls, 1981)but also the
surface capturing methods without artificial smoothing of fluid properties arthenda$ liquid interfacehavebeen
proposed.With sich a numerical method employing these techniquepieewise linear interface calculation
(PLIC)-VOF or constrainednterpolationprofile (CIP) (Yabe and Takei, 1988)he gas liquid interfacewere captured
sharply that is, the jump of properties acrdbe interfacaverecaptured within a cell.

For example, the results ah experiment and numerical simulation fardambreaking problem with a block
(Koshizuka, et al., 1995re shown in Figl3 (Himeno, et al., 2010)n the experiment,feer the contacline of the
liquid surface running on the bottom collided with the block, the watee up over thélock and reached the right
wall. In the corresponding computationgth the liquid and gaseous phases were described by the Netoiers
equation fora homogeneous twphase flow and numerically solved the CIP based Level Set & MAREIP-LSM)
code(Himeno, et al., 2010Q)n which the CIP schem@abe and Takei, 198&nd the MARS metho(Kunugi, 2001)
are employed to solve the convective terard tre levetset techniquéSussman, et al., 199#%) also utilized to obtain
the shape othe interface.Compared with the experimental results, the shapes of the leaping water wave (a), the water
bridge and the vapor room (b) were found to be reproducedyclear
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(@) 0.20 s (b) 0.50 s
Experimental result&oshizuka, et al., 1995)

(80205 (b) 0.50 s

Simulation resultgHimeno, et al., 2010)
Fig. 13 Liquid motion of dam breaking problem with a block

For another exanip of liquid collision, the experiment and the numerical simulation of thelget decelerated by
a water brakeare shown in Fig.14 (Nakata, et al., 2013)n the experiment, the sled on straight guide rails was
accelerated by a model jehgine up ta velocity of 20 m/s.Then, rushing into an open channel containing shallow
water, the sled was deceleratedatstop. A rectangular plate was equipped the front of the sletb receive the
hydrodynamic force of watetn a series of experiments, severgpés of braking plate were testéfhen focused on
the splashing shape (a) and the braking force (b), the computations were foundrasgitgeingood agreement with
the corresponding experiments.

Thus, the numerical analysis has the potential to peohielpful assessments natural phenomes) which are
difficult to measure andepeat expementally in a costeffective mannerFurther improvements ahe numerical
method are expected to clarify various aspects ofdtetace flows for the establishnteof disastespreventon or
disastesredudion technologies.

Type S3

30mm

(a) Shape of open channel with breaking plate
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(b) Shape of splash after dslbn: Experiment (left) and simulation (right)
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(c) Braking force actingnthe braking plate
Fig. 14 Braking force by liquid collision in an open channel

4.5 Tsunamiscouring simulation

In the GEJE, damage by tsunami scounvagsobserved among a number of brokemees. Tsunamiovertopping
aleveeturns to jet flow, which attacks the foundation of tkeeee The jet flow scours the foundatipand then the
strength of the foundation afconcretdeveeis weakenedandfinally the levee collapseSimulating this phenomenon
precisely is very impdantto understand its mechanism and to find measures to prevent sematlcgddamageWe
simulated the phenomena using the following simulation metih@dcombineghe snoothedparticle hydrodynamics
(SPH method(Yagawa and Miyazaki, 200&@ndthe dscret elementmethod(DEM) (Hakuno, 1997)

We employ thesimple maker and celS(MAC)-SPH methodfor simulating flow and thé&PH elastic analysis for
simulating solid. We first performthe flow simulation and thenwe perform arelasticanalysisusingthe catulated
flow loading Based orthe stress and strain values, wabsequentlyperform fracture analysis (fracture judgment).
When the sess value othe SPH particle inthe soil foundationexceeds 10MPa, the specific region is judged as
fracture, and the the corresponding particle is converted into a free parfidie.dynamics of the free particle is
simulatedusing the DEM.

Fig. 15A levee model for SPIDEM analysis
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Fig. 16 A leveestructurein KamaishiBay.

Fig. 17 A whole model for SPHDEM analysis

The DEM analysis is used for analyzitite flow of soil particles aftethe fracture ofthe soil portion.In this
simulation, thefracture judgmentriterion was set to 10BIPa for the purpose of demonstrati¢ior a more realistic
simulation, ve need a precise study the fracture criterionlIn the DEM analysis, free soil particles are mixeith
fluid particles Figure 15 shows a twedimensional simulation modealf the levee built in the Northern pdion of
Kamaishi BayFigure 16 shows its cosssectional view, while Figl7 shows thevhole analysis modeT he length is 1
km and the height is 4. The number of particles is 132,000, and the size of each partiglé ms. The smulation
results ofthe tsunami flow are given nexthe jet flowovertoppingthe leveeis qualitativelywell reproducedThe jet
flow delivers anmpact force to the soil foundation of thevee The SPH flow method calculates water pressure and
impact load, which aresedas external loads the SPH elastic analysig/e canthenevaluatethe stress and strains
generated in the particles of the soil foundati®racture judgment is performed using the calculamiMisesstress
values.The particlegudgedasa fracturearethen treatd as DEM patrticles.

(a) Readingsunami wave

(b) Initiation of over flow

(c) Appearance of slant flaw
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(d) Generation of flow attackingveefoundation
Fig. 18 Flow analysis of a tsunami waweeera levee

The facesimpactingthe foundationare included in the equation of rtion. The pressure is then calculated
implicitly by the SMAGSPH methodThe inpact loadcaused due taej flow is included in the Newton equation of
motion assuming tha massiveamourn of fluid with a certain velocity attacks the foundatidtigure 19 showsthe
stressvaluesthat occurredin the soil foundation by fluid forceBecause othis stress generation, the foundation is
weakened andgraduallyfractures. Figure 20 shows the simulation results of cdimg analysis between DEM particles
modelingthe foundation and SPH particlesodelingfluid. Figure 21 shows the scouringffects onthe soil foundation
by the jet flow.Figure 22 showsanenlarged view of the scoured portion of the foundation.

(a) 30 s after overflow

(c) 3 min after overflow
Fig. 19 Stress distributions #veefoundation

Fig. 20A combination ottheflow analysis and ground analysis
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Fig. 22 Ground collapse bjet flow over levee

4.6 Debristranspartation simulation by tsunami
4.6.1 Objective

Debrisexacerbated theamagecaused by the tsunaithiatoccurredafterthe GEJEThe aigins of such debris are
ships in ports, automobiles, destroyed buildings and hpasesso onThe evaluation of dets impacing buildings,
structures and watdight doors was found to be importaot nuclear power plantSuch situations demand coupling
analyses between debris and fluid duratigunamds rurrup, and the impact analyses of delmadliding with buildings
and structuredf thedeformation of debris is negligible, it é@nsideredarigid body in the analysiS he phenomena of
a tsunami carrying debris cathen be solved as fluidrigid body interaction problemsThis sectionreviews a
stateof-the artparticle method for such interaction problems.

The particle method is a simulation method such that the dynamics of continuum anediansidereda
collection of particlesBecausahe method does not neadnesh or grid, it can easily simulate compleshaviors of
flow with a free surfaceThe stateof-the art review of particle methods ihe field of civil engneering is given in
referencgJSCE, 2012)

The following technologies are necess#wyanalyze tsunami ruap onto land with debris and its i@t on
buildings and structures

(a) Largescale and fast simulatidrased omarticle method
(b) Fluidi rigid body interaction method
(c) Impact analysis and its validation

Issueswith each technology are summarized in the following.

(a) Largescale andast simulatiorbased omarticle method

To simulate tsunami propagatioralistically with an actual bathometry charbf the sedloor, an area of several
kilometers wide must be calctéal in tens of minutesMoreover,current particle methodsquire auniform spatial
resolution. Assuminga tsunami height of several meters, we need to emplsypatial resolutionthat sufficiently
resolves sucha tsunami heightFor example, if we emplog 1 m size particle for 10 m high tsunami im 1 kn¥ area,
the toal number of particles reaches 10 millidrhus we need to develop a largeale and fast simulation for the
particle method.
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Flow with a free surface can be regardaslincompressible ithe flow velocity is sufficiently smaller than the
sound velocityThen a semimplicit scheme is generally employedl moving particle semi-implicit (MPS) method is a
particle methodhat employsa semiimplicit method.Recently a new method has been proposeére the sound
velocity is virtually set to be much slowtitan the real one, and a flow is solved as compressible flow usiegitit
method(Shakibaeinia and Jin, 201@urthermoreif the Mach numberwhich is the ratio of flow velocity to the sound
velocity, is setas 0.2, a critical time incremerit determined from a numerical stability condition is found to be
identical between the conventional sémplicit method and the explicit methd®ochi, et al., 2010)The error of
mass density caudelue to the assumption of virtually lower sound veloigtwithin approximatelyl% for theMach
0.2 case(Oochi, et al., 2011)n the explicit method, the pressure can be calculated from the particle number density
as:

R :nLOCZ(ni - np)

wheren, is the reference value dlfie particle number densityfhe explicit method des not need to solve a linear
equation system, being different from the conventional seplicit method As described previouslhan identical
time increment can be employebhus the calculation becomes drastically faBhe explicitMPS (Moving Partite
Simulation)method is considered to be useful in tsunamiup analyses.

Parallel algorithms for the explicit M¥ method were then studi¢Murotani, et al., 2012a)A two-layered
parallel algorithm foa heterogeneous supercomputer was developed laghigotani, et al., 2012hb)

We next show a threalimensional tsunami simulation witkctual,largescale bathometric data ttie sedloor
using the explicit MPS methoéigure 23 shows a calculation model, which is a part of Ishinon@iti (4.0 km3 3.5
km). Its lower edge isheinlet boundaryThetsunamithatoccurredafterthe GEJEand therpropagated fronits source
is calculated by solving two-dimensional shallowvater equation, antheresult isused inthe explicit MPS analysis.
The particle sie is set as 2 nThe total number of particles &pproximately21 million. To simulate25 min (1500
seconds)n real time the calculation time was 27 hours using 48 nodes (768 cores) Blijiteu FX10supercomputer
at the University of Tokyo.Figure 24 shows the simulation resulti. reproduces well the situation such thiae
tsunami flows overa sea wall and runs up torthe land.The tsunami concentrates into the river end, and the tsunami
inundated into a wider area along the riidawever, thetsunami reached the edge of the calculatiom, ae that
further run-up onto the upper area could not be calcula¥ée.need to enlarge the calculation area, and incitease
spatial resolution.The parallel calculation dahefluidi rigid body interactiorio be described next is also needed.

Fig. 23 Analysis setup of thredimensional partickbasedmnodel for tsunami rwup in IshinomakiCity.
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(a) 1,000 s

(b) 1,100 s

—— ™

(c) 1,200 s
Fig. 24 Simulation result of tsunami rewp into IshinomakiCity.

(b) Fluidi rigid body interaction analysis

In the MPS method, by applyirte Gaussian divergence theorem, an area integral of presstine uidi rigid
body interface can bransformedinto a volumetric integral ofhe pressuregradient.Using this, we can perform a
fluidT rigid body interaction analysigsingthe following simpler algorithm Consider a calculation at some time step.
We first perform fluid analysis withoudiscriminatingbetween fluid particles and rigid bogbaricles Next, for the
rigid body particles, the rigid body shape is recovered in order to cortberparallel and rotational movement of the
rigid body (Koshizuka, et al., 1998)n this algorithm, we do not need to trace the fluigid body interface gxicitly.
A number of rigid bodies can hesatedin an identical manneifhe method is suitable to simulate tsunami-upn
carryingdebris.

Next, we show some exam@ef the fluidirigid body interaction analysis using the explicit MPS algorithm
(Oochi, D12) Figure 25 shows a part of Kamaishklity. There are seven ships in the pdgurami flow is modeled as
a dam break for thidemonstrationThe ships arearriedby the tsunami rurup onto the lad. The calculation aeeis
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955m long and1,005m wide. Thereal simulation period is 3Q and heparticlesizeis set as In. The total number of
particles isapproximatelyl3 million. Figure 26 shows the simulation resulf§he ships arelearly transported by the
tsunami.ln thenear futurewe will calcdate more debris in a much wider calculation regidie. will also calculate the
fracture of buildings and transportation of the broken buildings as debris.
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(c)30s
Fig. 26 Simulation results of tsunami reup with sevenships

(c) Impact analysis and its validation

After calculating the transportation of debrisdtsunami, we would like to calculate the impatthis debris orother
structuresThroughprecise evaluation ofthe impact loading, we will quantitatively evaluate damagéuildings.In
such a case, we need to valid#te calculatel impact loading by comparing with some experimehtasuda et al.
have beerdoing this type ofresearch(Masuda, etal., 2012) Furthermoreto calculatethe invasion ofwater into
buildings, we need to applw partially refined spatial resolution in such a regi®his is one ofour future research
issues.

4.7 Two-way coupling analysis of tsunami and structure: watemvasion analysis
4.7.1 Objective

Waterrelated disasters such as fle@hd tsunansiare fluid structure interaction problems with free surface flow.
In Japansuch waterrelated diasters occur frequentlit is very important to develop some simulatimethods from
the perspectivef protecting machinery and structurd® do so, we first need to develapmethod to simulatéhe
fluidi structure interaction problem with free surface fl@@condbecausea waterrelateddisastemffectsawider area,
it is necessary to develop a laigmale simlation methodThere are very fewtudies fromsuch gperspective

The finite element method (FEM) has been widelgdufor structural mechanics problerfwever in general it
is notvery good at dealing with flowproblens with free surface flow and movinigoundaies Various methods to
capture moving boundas andthe free surface have been developed, includhegVOF method(Hirt and Nicholls,
1981)andthe Level Set methodSussman, et al., 199/ article metods such as SPfYagawa and Miyazaki, 2007)
and MPS(Koshizuka, et al., 1998Wwhich deal with fluid fow in a Lagrangian mannearegood at dealing with free
surface flow and moving boundary problerifie particle methods hawasobeen extended to strural mechanics
problems However becausé¢hose use uniformly spaced particles, it is difficult to imprthesspatial resolution locally.
In the present section, we propose to use the MPS method for analyzing floafreiéhsurface, and to use FEM for
structural analysiswWe then combine both methods by employingpartitioned coupling method(Mitsume, et al.,
2014)

4.7.2 Partitioned coupling analysis method

In this researchwe employa staggeredype twoway coupling methodFelippa, et al., 2001)n an analysis
region with FEM, we set MPS wall particles and FEM nodes in an overlapped manner on the interface Joasindary
shown in Fig. 27Physical values arsubsequentlyransferred between two regiomss for the interaction from fluid to
structue, the pressure values of MPS wall particles calculated in the MPS fluid analysisedrénthe structure
domain as FEM nodal value®n the other hand, in the interaction from structure to fluid, the displacement values of
the structure domaimre trangerredto displacementaluesof MPS wall particles.
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Fig. 27 Overlapping finite elements and MPS wall particles althredluidi solid interface

4.7.3 Verification of the method

To verify the MPSFE method, one bengotark problem(Murotani, et al., 2019awas solvedThe problem was
also solved by a spaidime FEM (Walhorn, et al.,, 2005and a particle FEMRyzhakov, et al., 2010by other
researcherd-igure 28 shows an analysis domaidereg flow caused due ta dam brealarrives and impacts aglastic
wall. The material properties ofhe elastic wall are mass density= 2,500kg/m?, Youngs modulus E = 1.8 10°
kg/m?, Poissofs ration = 0, width of 0.012 mandheightof 0.08 m Material propeiies of the fluid arenass density;
= 1,000 kg/m®, dynamic viscosityn = 1.03 10° m%s, width of 0.146 mand height of 0.292 m Gravitational
acceleratioris g = 10.0m/s* andthe time incremenis Dt = 1.03 10“ s. The elastic wall is subdivided into 406
sections Secondorder tetrahedral elements ama@oyed. Small strain and large deformation analysis is performed.
The fuid domain (column) is expressed with63 73 MPS particlesand the prticle space is 0.002.1The explicit
MPS methodOochi, et al., 2010 used for fluid analysis.

Figure 29 shows the time history oflisplacement ofhetop edge of the elastic wah the x directionFigure 30
showsseveral snapshotd the simulation result Figure 29 showsa comparison of the present simulation resulith
other resultgWalhorn, et al., 205, Ryzhakov, et al., 201L0yhe ime to collide and the peak valuetbk displacement
of the MPSFE method coincide well with the results of the particle FEM.
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Fig. 28 Analysis setting of damrbak problem with elastic obstacle
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Fig. 29 Calculated tine histories oflisplacemenof thetop edge of the elastic wall

Fig. 30 Simulation resuf of fluid flow and deformation of elastic plate

4.7.4 Water invasion analysis

Next, we performed a simulation of watgvasion right after the deformation tiie elastic wall.Figure 31 shows
the simulation result@Mitsume, et al., 2014 )As for buildings containing important machines, their structure is built to
be very strong, and furthermore watight doorsmight beequippedln such cases, even though 8teucture itself is
not destroyedand damagedthe wateitight door might be deformed kbynpulsive water pressure, ancbnsequently

water may enter the building causing damage tomportant machinesTherefore this kind of simulation is very
important to gantitatively evaluatéhe practical performance of watéight doors.
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