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ABSTRACT

ADVANCED TWO - AND THREE-DIMENSIONAL TSUNAMI MODELS:
BENCHMARKING AND VALIDATION

V E L K O jDetiz
Ph D., Department o€ivil Engineering

SupervisorProf. DrrAh met Cevdet Yal -éner
June2017, 380 pages

Field observatins provide valuable data regarding tiearshorésunami impact, yet

only in inundation areas where tsunami waves have already flooded. Therefore,
tsunami modeling is essential in order to understand tsunami behavior and prepare
for tsunami inundation. Aadytical and numerical methods are widely applied to
predict tsunami motion and inundation characteristics. On the other hand, the data
obtained from field surveys and laboratory experiments are generally used for
validation and performance assessment wherical models. Nonlinear forms of
two-dimensional deptlaveraged shallow water equations are the most common tools
that are used to estimate tsunami wave transformation and inundation. However, they
may not suffice when thre#imensional flow charactetiss, such as strong turbulent
motion, develop in shallow water zones due to varimeesrshoreconditions. In this
respect, the performance of numerical codes that are capable of predicting tsunami
motion in shallow water zones gains more importance. Tlaee numerous
numerical codes to be used for simulating tsunami motion and inundation. In this
study, two numerical codes, NAMI DANCE arﬁ.OW—BDE, are selected for
validation and performance comparison. NAMI DANCE solves nonlinear forms of
two-dimensionaldepthaveragedshallow water (2ENSW) equationsn long wave
problems, specifically tsunamisFLOW-3D%  simulates linear and nonlinear
propagating surface waves as well as long waves by solving-dhmessional
Reynoldsaveraged NavieStokes (3BRANS) eqiations. The codes are validated



and their performances are compared via analytical benchmarking, experimental
benchmarking and field benchmarking. The results are assessed according to the
accuracy and run time of the solutions. The variations betweemuheerical
solutions of twe and threedimensionaimodelsare evaluated through statistical error
analysis. By referring to the validity range determined by these comparisons,
recommendations pertinent to applying relevant models to various tsunami @oblem

are made.

Keywords: Tsunami, inundation,solitary wave, long wave, shéw water,
benchmarking, 2ENSW, 3D-RANS, NAMI DANCE, FLOW-3DF
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GELKKMKEK 'KKKKBOYUTLU TSUNAMK KINABLAMA ERK :
VEDOJRUL AMA

VELKOJLU, Deni z
Doktor a, KnkBat ¢ Mghendi sl i7Ji

Tez Danék mamhéne tP rCoefv.d eDr .Yal - @éner

Haziran2017, 380 sayfa

Saha g ° ztl seum aemiini n yakeén keyeéedaki et ki
topl anmaséna ol anak sunmaktadeér ancak bt
baskéné yakanehdel adillaebil mektedir. Bu 1
anl amak ve tsunami su baskénéna karké ©°r
yapmak gereklidir. Analitik ve sayésal

baskén karakterlerini yaggsmnnokdebkl| meglgu
yandan, ar azi -al ékmal aré ve | aboratuvar
sayésal model | erin dojrul anmaseé vV e p
kull anél maktader . KKk i boyustélju sdue rdiennlkiljeeml
dojrusal ol mayan formlareée, tsunami dal ga
i -in kullanélan en yaygén ara-|lardér. Ar
gi bi ¢- boyutlu akem ©°zel | i kdiemayabiirn ol uck
Bu bakémdan séj sul ardaki t sunami har ek ¢

performansé daha da ©°nem kazanmaktader.

baskénénén benzeti mi yapan bir -o0ok sayés
veper formans karkél akt ér masée i FLOW-3DK i say
se-i |l mi ktir. NAMI TDANGH,i kUi problsndearingha

benzeti minde, K boyutl u der i nalni jseé g °srue
(2D-NSW) denklemlerinikulla n ma k tFROe3D" i s e d ojrusal vV e
ol mayan y¢zey dalgalaré ile uzun dal ga i
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NavierStokes (BBRANS) denkl eml eri ni -%zerek benzet
anal iti k késtas probl emlveer ,aldaennseayls ek & skteasst apsr
uygul anarak dojrul anmék ve performansl aré keza
hassasiyet.i ve benzetimlerin tamamlanma zam
boyutlu modellerins ay é s a | - %z ¢ ml er iistagstikeeshata dnaliki i farkl él
uygul anar ak dejerlendirilmiktir. B¢t en bu

ge-erlilik sénérlarée g%z ©°n¢ne al énar ak, - e

igili model |l er hakkénda °nerilerde bulunul m

Anahtar Kelimele T s u n a mi ,soliteradaldga@zon ch | g a , sé] su, keyas
2D-NSW, 3D-RANS, NAMI DANCE , FLOW-3DF

viii



Al dedicate thisdissertationto
my precious familyand myhusbander di n - .

You are all dear to me.



ACKNOWLEDGMENTS

| would like to express my gratitude to my thesis adviBoofessorAhmet Cevdet

Y al -, éwhe rsupervised this study withhis invaluable guidanceand
encouragement. Without hesipport, this dissertation would never have materialised.

| would alsolike tothankP r o f e s s o r fohlyekneotivati&n;, epthusiasm, and

immense knowledge. She made great contributions to my coastal engineering
education and her guidance helped eoasiderablythroughout my studyl. am also

very greatful toD r . | kK & kfor dis endesd sappodand joyful personality. |

would like to express my graditude tAssistant ProfessorG¢ | i z ar ¥zyurt
Tar ak -a@agsistant ProfessaC ¢ n e y t foBiafgrrkireg Ime of the proper

research techniques to be adopted &ating me in th right direction while

preparing this dissertation.

| especiallywould like tothankPr of essor Ayke BndAssaciateAl t an Sak
Prof essor bftmithesikcanmuttpe wino gave me valuable guidance.

My thanks extend to the Faculty of Enginiag, Department of Civil Engineering at
the Middle East Technical University, of which | am proud to be a member of staff,

for making the realisation of thdissertatiorpossible.

| would also like to thankhe faculty staff ofCoastal Engineeringand Water
Resources Laboratories of the Middle East Technical UniverBity their

understanding and compassion towards me during this study.

The best outcome of thegeast severalyears of many academic and personal
challenges is that | got to knor d i § < mySHusbandwho gave me lots of
courage and lovandpatiently stood by me to help me persist in my eff@&inga
coastal engineenimself, he made undeniable contributiotes this study and | am

truly indebted to him.



Special thanks t&onca; n arhy precious friend and sister, for her moral support

and enjoyable moments shas alwaygiven me.She was always there for raethe

most difficult times asshe has been for the past 12 years. | am certainly grateful to
Rozita Kian my lovely companio, who guided me through this study with her
invaluable advice. She still continues to walk by my side even from ovetsealy

appreciate the assistance and suppbriny dearest friend8du st af a andAk - el i |
Ci han S awhetkok Mastrokthe burden of work off my shoulsle

| want tothank he technical support staff of Turkish branch of Flow Sciences, Inc
for their invaluableassistanceMy special thanks extend ¥ mer Far uk Kor k
who patiently ansered all my questions aboBLOW-3DF. | also appreciatdyhan

KaradenizAr i f  #&dYusukKlorkufor their moral support and encouragement.

My deepest thought goés my beloved ones; mynotherZ u h a | \aedimyo ] | u
fatherMu st af a S e rwhaare alSoealpartaf the goastal engineering family

in the Middle East Technical Universit@cean Engineering Research Centearm

very thankfulto my aundy s u n  Vweho greafly halped with the writing of this
dissertation. My familyshared withme all the joys and hardships of the experience

of conducting this study with great love and patience.

Finally, | thankMustafa KemalA T A T |, RH6 is a fearless soldier, a farsighted
statesman and the father of all Turks. I will always follow his way dredish his
guidance: Turkish Youth! Your first duty is to preserve and to defend Turkish

Independence and the Turkish Republic forever.

Xi



AB S T R A C T e et e e e anrn— e aaa \Y,
PP vii
ACKNOWLEDGMENTS.....ciiiiiiiiiiiiite e s ssieeeiieee e e e st e e e e s smmne s snaeeeaeeeeannees X
TABLE OF CONTENTS. ..o emme e rree e e e e e e aaas Xii
LIST OF TABLES. ... .o ree e e e e e e e aamans XVi
LIST OF FIGURES.......cooo ettt ea e Xviii
LIST OF SYMBOLS AND ABBREVIATIONS........coooiiiiiiiiee e sieeenciiieee e XXX
CHAPTERS
I N @ 15 1 L @ I 0 1 1
1.1. General DESCIIPLION. ......uuuiiiiiiiiiiieieieeeereee ettt e e e e e e e e e e e e rmme e e e e e e e e e e e e 1
1.2. Base Of thetBdy..........oooorreiiie e 1.
1.3. Objective Of the StUdy..........ooviieiiieie e 10
1.4. Contents Of ChapterS..........ooiiiiiiieree e 11
2. LITERATURE REVIEW... ..ot eeeme e 13
2.1. Analytical and Experimental Approaches............ccccvvvvvvvieemeeeeeeeeeeennnnns 14
2.2. Numerical MOdeliNg.........coooiiiiiiiieeme s 24
2.3. NAMI DANCE AppPlIiCAtiONS.......cooiiiiiiiiiiiiiiireer s eeereees 37
2.4, FLOW-3DE APPICALIONS........eoveeeeeeeeeeeeceeeeeeeeeeseeseee s eeeee s 44
3. THEORETICAL FRAMEWORK OF THE NUMERCAL MODELS................ 49
3.1 NAMI DANCE. ....ciiiiiiiiiiiit e eee et e e e rme e e e e e e e nsraeeeas 50
3.1.1. Model BaCKgrouNd............uuuueeiiieiiiiieeeiiiiieieeieee e 50
3.1.2.  Numerical SCREME..........uuuuiiiiiieee et vreer s 52
3.1.3.  Solution TECNNIQUE..........ceveiiiiiiice e eeee 61
3.1.4.  Initial CONAIIONS......uuiiiiiiiiiiiiiiiie et e e e e e e e e e e e e e e e e as 64
3.1.5. Boundary ConditiONnS..........ccuuuuurirmreeiimeeiirnnieieeieeeeeeeeeeeeseeeneeeeed 64
3.1.6.  Stability...ccoeeeeeieee e 66
3.1.7. MethOodOolOgy.......coevviiiii e 67
3.2 FLOWEBDE ... vemes s neene 68

TABLE OF CONTENTS

Xii



3.2.1. Model BaCKground...........cooeeiiiiiiiiiiiceeeee e 68

3.2.2.  Numerical SCheme.......ccccccceeiiiiiiiiiiccceeee e d 1
3.2.2.1. Periodic Linear WaVEeS..........ccuuuururririimeeiiiniiiinneeeeeeeeeeaeeseeans 84
3.2.2. 2. S1.0K.e.5.0... . Wa.M.€.ooiiiiiiiierccecn 86
3.2.2.3. Cnoidal WaAVE.........uueiiieeii e 89
3.2.2.4. RaNdOM WAVE.........coiiiiiiiiiiiiieees st n e 94
3.2.2.5. SOltary WaVE..........uiiiiieie et eeen e e e e 96

G720 TS Yo 111 o] o 1 I =l ] (o [V L= 98

3.2.4. Initial CoONAItIONS.....uuiiiiiieeeee e 102

3.2.5. Boundary ConditioNS...........cooiiiiiiiiiiiimmnn e eeeeaees 103

3.2.6.  StabIlity...cceeeiiiiiiiie e 109

3.2.7. MethodolOgy........cuuuuiiiiiiieei e eee e 110

4, BENCHMARKING ... .ottt eee e e e e e e e e 113
4.1. BMP 1: Solitary Vdve Runup on a Simple Beach...........cccccceeeeiienen. 119

4.1.1. Problem DescCription...........cceeeeeiiiiiiiiieeen e 119

4.1.2. NAMI DANCE MOEL........c.cvuviiieiiiiiiiiii et 127
4.1.2.1. Spatial DISCretiZation.............cuueiiiiiiiieeeeiieieeeeeee e 129
o O 1 o 1o ) SRS 131

£.1.3. FLOW-3DF MOUEL ....veeieeeeeeeeeereeeeeeeseeeeeeeeeeeeeses s s eeneeeneened 133
4.1.3.1. Spatial DiSCretization................ceeieiiiiceeeiiiiiee e e e e e eeea 134
o O B0 1 o o ) 136

4.1.4. Simulation RESUIS.........ooviiiiiieiiiimce e 138

4.2. BMP 2: Solitary Wave on a Conical Island................ccccvveeeveennnnns 154

4.2.1. Problem DescCription..........ccoeeeeiiiiiiiiieeee e 154

4.2.2. NAMIDANCE MOdEl........cooeeiiieiiiee e 167
4.2.2.1. Spatial DISCretiZation..............uuviiiiiiiiieeeiiiieeeeeee e 170
4.2.2.2. FIICHON. ...ttt ettt e e e e e e e e e e e e smmme e e e e e e e e e e e e e e 171

£.2.3. FLOW-3DFMOUEL ....veeeeeereeeeereeeeeeeseeeeeeeeseeeeeseseesessesneesseened 173
4.2.3.1. Spatial DISCretiZation..............ceveiiiiiiiieeeiiiieeiieee e 174
o T 1 o 1o ) SRR 175

4.2.4. Simulation RESUIS.........cooiiiiiiiiiiiie e 177



4.3. BMP 3: Solitary Wave Propagation over a Complex Shelf................ 197

4.3.1. Problem DescCription.............ouvuuuuiiiiiireeeeeeiiicse e e eeenaennes 197
4.3.2. NAMI DANCE MOGEL......cccceiiiiiiiiiiieiiiiieeeiiiiiee e 204
4.3.2.1. Spatial DISCretization..............ooeiieiiiiiieeeee e 206

O T 1 o 1] P 207
4.3.3. FLOW-3DF MOUEL.....oeiveieeieeeeeereeeeeeesseeeeeeeeeeeeeseseeeseseemeese. 209
4.3.3.1. Spatial Discretization..............ccouvvvvvviimemeeeeeeeeeeee e 210
4.3.3.2. FIICHON. c.ciiiiii e 212
4.3.4. Simulation RESUILS...........cooiiiiiiiiiiiieeee e 214
4.4. BMP 4: Tsunami &up onto a Complex 3D Beach: Monai Valley.....227
4.4.1. Problem DesCription...........cooouviuuuiiiiimeeeeeeeeisee e eeeaannes 227
4.4.2. NAMI DANCE MOGEL......cccccoiiiiiiiiiiieeiiiieeeiiiiiiee e 239
4.4.2.1. Spatial DISCretization.............ooooiiiiiiiiimee e 241
o 1 o 1o ] PP 242
£.4.3. FLOW-3DFEMOUEL......eieeeieeeeeeeeeeeeeeeereeeeeeeseseseseesenmesseeees 243
4.4.3.1. Spatial Discretization...............coovvvivivimemeeeeceeeeeee e 245
e B 1 o 1o ) P 246
4.4.4. Simulatian RESUIS........ccooviiiiiiieeeeeee e 247
4.5. BMP 5: Tsunami Inundation in Constructed Environments............... 256
4.5.1. Problem DescCription.............oovuuuiiiiiieeeeeeeeier e 256
4.5.2. NAMIDANCE MOdEl.......ccoeeriiiiieiieceie e 268
4.5.2.1. Spatial DiSCretization..............ooouiiiiiiiieeee e 270
N (o 1o o PR 270
4.5.3. FLOW-3DFMOUEL.......eieeeeeeeeeeeeeeeeeeeereeeeeeeesesesee s enmeesesees 274
4.5.3.1. Spatial DISCretization..............ooouieiiiiiieeee e 277
TR T8 1 o 1o ] o 1SS 277
4.5.4. Simulation RESUIS..........cooeiiiiiiiiiiiceee e 281
4. 6. BMP 6: 2011 T@hoku TIs.u.n.ami..29In
4.6.1. Problem DeSCription..........ccoouieiiiiiiiiiicc e 291
4.6.2. NAMI DANCE MOdEl.......ccoiiiiiiiiieiiiiceie e 299
4.6.2.1. Spatial DiSCretization...............ceeeeeeiiiieemeeeice e eees 301

Xiv



T2 = 1[0} 1[0 o N TP 303

4.6.3. FLOW-3DF MOUEL. ... veieeireeeeeeeseeesseeeeseeseseeesessesesseesesesenens 305
4.6.3.1. Spatial BCretization..............iieiiii i 306
A.6.3.2. FIICHOM. c.ceeieeiieeie e ernn e e e e e e e 308

4.6.4. Simulation RESUIS..........ooviiiiiiiiiiieeeeeeei e 310

5. SUMMARY AND CONCLUSIONS.......coiiiiiiiiiiiiee e esieeesiireee e e siiveeee e eee 321
REFERENGCES.......co ittt ceee ettt e e s rmmes st e e e e e et e e e s emmmne e 333
APPENDICES.......cci ittt eeesi et e e e e s s rmnas st e e e e e e e ensbneeeesemmmee e s 361
A. GOVERNING EQUATIONS OF FLUID DYNAMICS........cccooovvviieeeei e 361
A.1. Derivation of FIOW EQUALIONS.........ccciiiiiiiiiiiiiiieeeeeeeeee e 364
A.1.1 Equation of ContinUIty.............ccoovviiiiiiiiieeer e 364
A.1.2 Equations of MOLION............oooiiiiiiiiiieeee e 366

A.2. Leibniz Integral RUIE...........cciiiiiie e 371
CURRICULUM VITAE ..ottt e e mmme e e e e e e 373

XV



LIST OF TABLES

TABLES

Table 3.1 Values of Ma 1t nfor rceytairs typesoofisgdn n e s s
bottom (Imamura et al., 2006)..........ccevevrirummmiieeeeeeeeeii e 56

Table 3.2 Classification of waves with respectd..............ccccceeeeiiiiieeeninieeenn. 82

Table 4.1 Allowable error limits for model validation/verification accordin®AR-

PMEL-135 standar@Synolakis et al., 2007)..........ccccceeeeiiiieeeeiieeenns 117
Table 4.2 NAMI DANCE: Maximum runup values for differexbvalues ¢ 0.01)
..................................................................................................... 129

Table 4.3 FLOW3D: Maximum runup values for differertovalues ¢ 0.01)134
Table 4.4 The predicted maximum vertical and horizontal velocity components of a
fluid particleat the free surfactor the case were'OfQ 0.0185.....147

Table 4.5 The predicted maximum vertical and horizontal velocity components of a

fluid particleat the free surfactor the case wher€fQ 0.3........... 147
Table 4.6 NRMSE and MAX errors for the case wHEl€2 0.0185................ 149
Table 4.7 NRMSE and MAX errors for the case WHEFE® 0.3........c.ceevneen.... 150

Table 4.8 NRMSE and MAX errors for the water level dynamics at two locations,
wj Q 0.25andwj Q 9.95, for the case whei@fQ 0.0185.....151
Table 4.9 BMP 2 wave gauge locations (Briggs et al., 1995).....................ee 164
Table 4.10 NAMI DANCE: Predicted runup values at Gauge 9 for diffexent
ValUES € 0.01) it 170
Table 4.11 FLOW3D®: Predicted runup values at Gauge 9 for diffepzbtalues
GO X0 R 175
Table 4.12 The predicted maximumrizontal and vertidaselocity components of a
fluid particleat the free surfactor Case A, wheréOfQ 0.045....... 188
Table 4.13 The predicted maximurorizontal and verticalelocity components of a
fluid particleat the free surfactor Case C, wheréfQ 0.181....... 188
Table 4.14 NRMSE and MAX errors for Case A, wh€lEY 0.045................. 191
Table 415 NRMSE and MAX errors for Case B, wh&EQ 0.091................. 192

XVi

c

oe



Table 4.16 NRMSE and MAX errors for Case C, wHel€ 0.181................. 193

Tabe 4.17 BMP 3 gauge locations (NTHMP, 2011)...........ouvvvvimmmiicaeeennnnnnns 203
Table 4.18 NRMSE and MAX errors for the free surface prafiles................. 221
Table 4.19 NRMSE&nd MAX errors for the velocity components.................. 222
Table 4.20 Fault parameters of DRCa (Takahashi et al., 1995)................... 230

Table 4.21 Rearded runup for the six trials (Matsuyama and Tanaka, 2001236
Table 4.22 NAMI DANCE: Predicted runup values on the pocket beach for different
FVAIUES(E  0.012) .. .uiiiiieeeiiiiee e 241
Table 4.23 NAMI DANCE: Predicted runup values on the pocket beach for different
Manningds roug.hnes.s..coef.f.i.ci.dt s
Table 4.24 FLOW3DF: Predicted runupalues on the pocket beach for differeqi
ValuES € 0.012).cuuiieieiiiiiiieeeee e 245
Table 4.25 FLOW3D®: Predicted runup values on the pocket beach for different
Manning6s roug.hnes.s..caoef.f.i.ci. .4t s

Table 4.26 NRMSE and MAX errors for BMP.A4.........ccoooooiiiiiiiiieeei e, 253

Table 4.27 The coordinates of the measurement locations for BMP 5 (Park et al.,
120 ) PR PU S PUPPRPPRI 263

Table 4.28 The identifications and depths of current meters at observation stations
(Arcos and LeVeque, 2014).......cccoouimiiiiiniiieeeiiieeeeee e 294

Table 4.29 NRMSE and MAX errors for BMP..G.........cccciviiiiiiiiceciieeees 315

Table 5.1 Mesh properties and process time for all BMPs........................... 330

Xvii



LIST OF FIGURES

FIGURES

Figure 1.1. Tsunami wave geaipn mechanismsfa) earthquakes(b) volcanic
eruptions;(c) landslides{d) meteorite strikes (Switzer, 2005)........... 2

Figure 1.2(a) A devastated city, Banda Aceh, located on the island of Saratier
the 2004 Indian Ocean tsunami (Credit: DigitalGlolgb);another view
of Banda Aceh, the most devastated region in Indonesia, struck by the
2004 Indian Ocean tsunami (Credit: U.S. Nau\g) a yacht washed
ashore by the 2011 Great East Japanaisuirsits on top of a building in
Otsuchi, Japan (Credit: Yomiuri Shimbunf¢d) soil-liquefaction at
Shinkiba after the 2011 Great East Japan tsunami (Credit: M¢eip);
tsunami wave hitting Miyako City located in Ilwate Prefecture after the
2011 Great EastJapan earthquake (Credit: REUTERS/Mainichi
Shimbun); (f) Sendai Airport swept by the 2011 Great East Japan
tsunami (Credit: REUTERS/KYOUO).......ccvviviiiiiiiiiiiiiieeieeeeeeeee 3

Figure 1.3. A descriptive scheme for the tsunparameters.................cccccevvvveeee 4

Figure 1.4. Kalutara Beach, Sri Lank&2004 Indian Ocean earthquaka) before
tsunami, January 1, 2004h) drawback occurring few minutes before
tsunami, December 26, 200&) during tsunami, December 26, 2004

(Credit: Satellite Imaging Corporation)..............cccevvvvvvvmmeeeeeeeeennnnn.d 6
Figure 3.1 Point schematics of staggered leapfrog scheif@@ space andb) time
(Imamura et al., 2006).........ccoeeeiiiiiiiiiiiice e 63
Figure 3.2 Methodology of modeling via NAMI DANCE.............covvviviiiiiieennnee. 67
Figure 3.3 The level set function (Maguire, 2011)..........ccoovrrrririiieemeeeeeeeeeennnnd 69

Figure 3.4 Details of the VOF technigy@) surface in onalimensional column of

elements(b) surface in twedimensional grid of elements (Flow Science,

Figure 3.5 FLOW3D® meshing techniquega) linked mesh;(b) conforming mesh,
(c) nested mesHk) partially overlapping mesh (Flow Science, 20023

XVili



Figure 3.6 Progressive wave typés) periodic linear waveslb) St ok es §) wav e ;
cnoidal wave[d) Solitary Wave............cccoovvviiiiiiviimeme e 81
Figure 3.7 Applicability ranges of various wave thearies..............cccceevveeeennd 82

Figure 3.8 Linear waves coming from a flat bottom reservoir into the computational

domain (Flow Science, 2002)..........couuuuuuuummiireeeeeeeieeinnnae e eas 84
Figure 3.9 Stokesdbwaves comiecgmpltationad a f |
domain (Flow Science, 20Q2)...........ccuuuuruuuumireeeeeeneieinee e eas 86

Figure 3.10 Cnoidal waves coming from a flat bottom reservoir into the
computational domain (Flow Science, 2002).........ccccceeeviieeeeieennnnns 89
Figure 3.11 Solitary wave coming from a flat bottom reservoir into the computational

domain (Flow Science, 20Q2)............cuvvuuuuuiiccreeeeeeiriinsee e eas 96
Figure 3.12 Location of variables in a megll (Flow Science, 2002)................ 99
Figure 3.13 Methodology of modeling via FLOBD ..., 112

Figure 4.1 The procedure of testing a numénoadel via benchmarking......... 118
Figure 4.2 Scientists gathered at Hekidatt University successfully recreated a
solitary wave having smaller dimensions than the one observed by
Russell (HeremarB0L13) .......cccuuvuiiiiiiiiiiiii e 119
Figure 4.3 Russell's (1845) observation of the evolution of a solitary wave in a wave
tank (reproduced from the original drawing) (Miles, 1980).......... 120
Figure 4.4 Dimensionless solitary wave profile indicating effective wavelength (not
10 SCAIR) ..ceiiiiiiie e 122
Figure 4.5 A sketch of the canonical beach, i.e. sloping be@uhected to a constant
depth region (distorted scale) (Horrillo et al., 2015)..................... 123
Figure 4.6 Wave tank used in the experiments (not to s¢ajeschematic side view;

(b) schematic typical ross section;(c) a photograph before an

experiment (Synolakis, 1986)............cccccouuviiiiimmmniiiieeeee 125
Figure 4.7 NAMI DANCE model: a typical computational domain and the

orientation of the coordinate system (top VIeW)..........ccccceeeeeeeeiens 127
Figure 4.8 Solitary wave profiles of two experimental runs..................ccceee 127

Figure 4.9 NAMI DANCE computational domain constructed for tase where
"OrQ 0.633:(a) 2D top view;(b) 3D VIEW .......cveevieireeiiiiee e 128

XiX



Figure 4.10 NAMI DANCE convergence test for the case wi@fi® 0.0185 at:

(@) 607 the time of maximum runupfb) © 7071 the time of

MAXIMUIM TUNGOWN. .. et eee e aeaen 130
Figure 4.11 NAMI DANCE model resul ts f
(010 1Y 11 [0 (<1 0| £ TR 132

Figure 4.12 FLOV-3DF computational domain constructed for the case where
"‘OrQ 0.005: (a) meshing; (b) boundary conditionsfc) after using
FAVORE e e 133

Figure 4.13 FLOWBD® convergence test for the case whHe# 0.0185 at:(a)
0 607 the time of maximum mup; (b) © 707 the time of
MAXIMUM FUNAOWN. .....etiiiiiiieie e e e ereees s e e e e e e e e e ennne e eeeeees 135

Figure 4.14 FLOWSD® mo d e | resul ts for di fferent
COBTIICIENTS ...ttt 137

Figure 4.15 Nordimensional free surface profiles for the case wi@f@ 0.0185:

(@0 30;(b)d 40;(c)o° 50;(d)o° 60;(€)0 70 ............. 139
Figure 4.16 Nordimensional free surface profiles for the case wi@f@ 0.3:
(@06 15;(b)d 20;(c)0 25;(d)0 30 .ooiiiieiieeieeeee 140
Figure 4.17 The water level dynamics at two locatigapwj 'Q 0.25;(b) wj Q
0.0 et eennees 142
Figure 4.18 Maximum runup values on 1:19.85 slope wher0.01.................. 143
Figure 4.19 Maximum runup uas on different slopes whén 0.01 .............. 144
Figure 4.20 Evolution of vertical velocity componeint, for the case whef€rQ
015 T PR 145
Figure 4.21 Velocity time histories fdja) ' OF'Q 0.0185;(b)'OrQ 0.3 ......... 146
Figure 4.22 Error bars for the case wh&E) 0.0185:(a) % NRMSE; (b) %
IMAX BITOT .t e et s e e e e e e e e eeeeees 149
Figure 4.23 Error bars for the case wh€#) 0.3: (a) % NRMSE; (b) % MAX
LT o ] PP PPPRTR 150
Figure 4.24 Tsunami attack site in Riangkroko (CreditrjHaeh) (Yeh et al., 1994)
..................................................................................................... 154

XX

Mée



Figure 4.2%5a) Map of the Indonesian regio(ly) Map of Flores Island (Yeh et al.,

LO94) oo a e e e nnes 155

Figure 4.26 Tsunami runup heights from sea level at the time of the tsunami attack.
(Yeh etal, 1994)......cccooiiiiiiieeieeee e 156

Figure 4.27(a) Babi Island;(b) catastrophe on the back side of Babi Island (Yeh et
AL, L994)..ceeeiii i as 157

Figure 4.28 Basin geometry, coordinate system and location of gauges (not to scale)
(Credit: Frank Gonzalez) (Horrillo et al., 2015)...........cccceeeveeennen. 159

Figure 4.29 Bfinition sketch for the conical island (not to scale).................. 160

Figure 4.30 A view of the conical island and the directional spectral wave generator

from the backisle of the island (Briggs et al., 1995)..................... 161
Figure 4.31 An overhead photograph of the wave runup on the lee side of the island
..................................................................................................... 161
Figure 4.32 Schematic showing the gauge locations around the astzodl (not to
SCAIR). i eanenaas 163
Figure 4.33 The free surface elevation time series recorded at Gaugdd) @ase
A; (b) CaseB; (c) Case C (Briggs et al., 1995)..........ccccccvvviiviiiinns 166

Figure 4.34 NAMI DANCE model: a typical computational domain and the
orientation of the coordinate system (top VIeW)..............uvveenes 168

Figure 4.35 NAMI DANCE computational domain and gauge locations for BMP 2:

Figure 4.36 NAMI DANCE runup predictions accorgin t o di f ferent \Y
roughness coefficients fofa) Case A;(b) Case B{c) Case C.......... 172
Figure 4.37 FLOW3D® computational domain constructed for BMP(2) meshing
(enlarged for clarity){b) boundary conditions and gauge locatio(t;
after usi ng..EAAMQRE. ..o 173
Figure4.38FLOV\BDErunup predictions according
roughness coefficients fofa) Case A;(b) CaseB; (c) Case C.......... 176
Figure 4.39 The wave transformation around the conical island for Case A, where
‘OrQ 0.045 at:(a) Gauge 6;(b) Gauge 9;c) Gauge 16{d) Gauge 22

XXi



Figure 4.40 The wave transformation around the conical island for Case B, where
"OrQ 0.091 at:(a) Gauge 6)(b) Gauge 9;c) Gauge 16{d) Gauge 22

Figure 4.41 The wave transformation around the conical island for Case C, where
"OrQ 0.181 at:(a) Gauge 6)(b) Gauge 9;c) Gauge 16{d) Gauge 22

..................................................................................................... 180

Figure 4.42 Inundation around theripeeter of the conical island for Case A, where
OFQ  0.045 e 182

Figure 4.43 Inundation around the perimeter of the conical island for Case B, where
OFQ  0.09L ..t aaaa s 183

Figure 4.44 Inundation around the perimeter of the conical island for Case C, where
1O O T O S SO 184

Figure 4.45 Evolution of vertical velocity componait, around the conical island
for Case C, wheréfQ 0.181 at(a)0 10.7 sec(b)o 13.0 sec|c)

0 13.6sec(d)0 14.5sec (nottoscale).........ccccccvrrrrrrrreeninnnns 186
Figure 4.46 Velocity time historieof Case C at(a) constant depth regior(p)
Gauge 9(C) GAUQE 22........ovveriiiiiiiiee e eeeerr e e e e aeeen s 187
Figure 4.47 NAMI DANCE model: wave transformation around the conical island
for Case C, wherfFQ 0.181........ccccciiviiiiiiiiiiiieeeieeieeeeeeeeeees 189
Figure 4.48 Error bars for Case A, wh&EQ 0.045:(a) % NRMSE; (b) % MAX
LT o ] PP UPPPPTTI 191
Figure 4.49 Error bars for Case B, wh&EQ 0.091:(a) % NRMSE;(b) % MAX
(=T (0] PP 192
Figure 4.50 Error bars for Case C, wh€EQ 0.181:(a) % NRMSE; (b) % MAX
(=T (0] PP 193

Figure 4.51 BMP 1 discussed in the ISEC 2009 worksfepschematic sketch of
the experimental setup(b) wave gauge and ADV locationgr) a
photograph of the complex shelf (NTHMP, 2011)...........ccccevveeee. 198

Figure 4.52 BMP 2 discussed in the ISEC 2009 works(@pschematic sketch of
the experimental setup(b) wave gauge and ADV locationgr) a
photograph of the experimental setup (NTHMP, 2Q11)............... 198

XXii



Figure 4.53 3D representation of the bathymetry of BMP 3 including the coordinate

system (Velioglu et al., 2018)..........cccevvrrririiiiimmee e 201
Figure 4.54 Screenshots from the experiment at OSU, available at URRhétt(

120 L) SO PR PP 202
Figure 4.55 Screenshots from the dye study at OSU, available at URL2 (Lynett,

1220 L) PRSPPI 202
Figure 4.56 The freeusface elevation time series recorded at Gauge 1 (NTHMP,

1220 L) PR PUPPSPPRI 203

Figure 4.57 NAMI DANCE model: computational domain and the orientation of the
coordinate SysStem (0P VIEW).......uvrviiiiieeieiiiiiieeeee e 205

Figure 4.58 3D top view of NAMI DANCE computational domain for BMP.205

Figure 4.59 NAMI DANCE convergence test da) Gauge 2;(b) Gauge 3;

(C) GAUGE ...ttt e e eeee e e e e e e e e e e e e 206
Figure 4.60 NAMI DANCE results accordin
coefficients: (a) leading wave profile at Gauge 2b) leading wave
profile at Gauge 3(c) leading wave profile at Gauge @) horizontal

velocity component at Gauge &) horizontal velocity component at

Figure 4.61 FLOW3D® computational domain constructed for B\P(a) meshing

(enlarged for clarity)(b) boundary conditions and gauge locatiofc;

after using..EAAMQRE. ....ooooiviivieiieeee, 209
Figure 4.62 FLOWBD® convergence test afa) Gauge 2(b) Gauge 3;c) Gauge 7
..................................................................................................... 211

Figure4.63FLOV\8DEresuIts according t o di ffere
coefficients: (a) leading wave profile at Gauge 2b) leading wave
profile at Gauge 3(c) leading wave profile at Gae 7;(d) horizontal

velocity component at Gauge &) horizontal velocity component at

Figure 4.64 The predicted and measured free surface profil¢s) &auge 2;(b)
Gauge 3jc) Gauge 7{(d) Gauge 4]e) Gauge 51f) Gauge 6)g) Gauge
8;(N) GAUGE Qe ————— 215



Figure 4.65 The predicted and measured velocity components at Gaulyédr:

(A3 M, 0M, 0.75 M)t e eeeee e 216
Figure 4.66 The predicted and measured velocity components at Gaulfgér3:
(2L M, 0M, O0.77 M) eeeee e eeeee e e eaaes 217
Figure 4.67 The predicted and measured velocity components at Gaugeifo:
(21 M,-5 M, 0077 M)ttt e s 218
Figure 4.68 NAMI DANCE model simulatns for BMP 3 (not to scale)........... 220
Figure 4.69 FLOWBD® model simulations for BMP 3 (not to scale).............. 220
Figure 4.70 Error bars for éhfree surface profilega) % NRMSE; (b) % MAX error
..................................................................................................... 221
Figure 4.71 Error bars for the velocity componel(#: % NRMSE; (b) % MAX
LT (0] PP PRSP 222

Figure 4.72 1993 southwestf f Hokkai d@ eart hguak2 (Credit:
Figure 4.73 Bathymetry and topography of the
NanseZ Oki tsunami. Tl red dot represents the earthquake epicenter
(NTHMP, 2011) oo e e e e enne e e e 228
Figure 4.74 The distribution of runup heights around Monai (Shuto, 1994).229
Figure 4.75a) Waves overtopped roadway, west coast of Okushiri Isigmdilonai
after the tsunami with debris in the foreground, including a broken steel
reinforced concrete utility pole. This small valley leading to the ocean
experienced a&pectacular runup of 31.7 nfc) damage at Monai(d)
debris line at Monai (Credit: NOAA/NGDC, Commander Dennis J.
Sigrist. International Tsunami Information Center)...................... 229
Figure 4.76 CRIEPI way flume: (a) photographs taken at site (Credit: Central
Research Institute for Electric Power Industrfl)) schematic drawing

(Matsuyama and Tanaka, 200L)..........ccoeeeriiiiiiincceeeeeeeeeeeeees 231
Figure 4.77 Google Earth image thie area around Monai (Matsuyama and Tanaka,
122101 ) RO PRRTP PP 232

Figure 4.78@a) the bathymetry of the whole model area and the detailed topography
of the area where the maximum runup was obser¢@dihe scaled
offshore profile of the model (Matsuyama and Tanaka, 2001)....233

XXV



Figure 4.79 The partighown topographic profile of the 1:400 scale model around
Monai (Matsuyama and Tanaka, 200L)............ccccevvvvvieeeneeeeeeeenn, 234
Figure 4.80 General view of the mod@) before tsunamifb) just before the wave
reaches the highest point. The paghown topographic profile of the
1:400 scale model around Mondkc) before runup;(d) during the
flooding of the pocket beacke) during the flooding of the south valley;
(f) during the highest runugdg) a closer snapshot of the highest runup
(Matsuyama and Tanaka, 200L1)..........cccoovviriiiiieemreeeeeeeeeeeeeeiiiienns 235
Figure 4.81 Recorded runup for the six trials (Matsuyama and Tanaka,.202B6
Figure 4.82 The computational domafa) top view (Synolakis et al., 2008})) 3D

VIEW (ISEC,2004) ....ciiieeiiiiiiiiie e eceeesieee e e e e smnne e 237
Figure 4.83 Incident wave profile of BMP.4...........ccoooviiiiiiieeee e, 238
Figure 4.84 NAMI DANCE model: computational domain and the coordinatersy

..................................................................................................... 240

Figure 4.85 3D top view of NAMI DANCE computational domain for BMP.£240
Figure 4.86 FLOW3D® computational domain constited for BMP 4i(a) meshing

(enlarged for clarity){b) boundary conditions and gauge locatio(t;

after using.EAAMOQRE. ..., 244
Figure 4.87 The predicted and measured free surface profilés) &auge 5;(b)
Gauge 7(C) GAUGE 9.......coiiiiiieeieiie e 248

Figure 4.88(a) Frames 10, 25, 40, 55, and 70 from the overhead movie of the
laboratory experiment (Liu et al., 2008; NTHMP, 201(b);snapshots of
the NAMI DANCE simulation at the time intervals corresponding to the
movie frames;(c) snapshots of the FLOWD® simulation at the time
intervals corresponding to the movie frames...........ccccccvvvvieenneee. 250
Figure 4.89Runup and inundation comparisof&) runup;(b) inundation........... 251

Figure 4.90 Evolution of vertical velocity componeint,at:(a)0 15.5 sec(b) 0

16.5sec{c)0 17.0sec (NOtto SCYIe.....uuvvvreeeiiiiiiiiieeiece e 252
Figure 4.91 Error bars for BMP &) % NRMSE; (b) % MAX error .................. 253
Figure 4.92 Seaside, Oregon: 1:50 physical model reginatreroughness region

and tsunami inundation line (Park et al., 2013)..............cccevvrrnneee. 259

XXV



Figure 4.93 Photograph of 1:50 scale model of the town of Seaside, Oregon

constructed in the Tsunami Wave Basin@8U (Cox et al., 2008;

Rueben et al., 2011).....cccoiiiiiiiieiiieiee e 260
Figure 4.94 Plan and elevation view of the physical model in the Tsunami Wave
Basin (Park et al., 2013)......ccccoeiiiiiiiiiiiiiiieeee e 260

Figure 4.95 Detailed plan view of maeraughness elements of the physical model,
annotated with measurement locations (Park et al., 2Q13).......... 262

Figure 4.96(a) Rectified, merged, and cropped image from the Argus cam@ras;
difference image takemt 0 24.06 sec during wave breakin¢g)

difference image takeamt0 27.26 seduring inundation (Rueben et al.,

120 5 ) PO PEPRRP PP 264
Figure 4.97(a) Image taken atd 26.3 sec during inundatioifh) image taken at

0 28.7sec during inundatio(Rueben et al., 2011)...................... 265
Figure 4.98 Computational d@im for BMP 5 (NTHMP, 2015)...........ccceeenn. 266

Figure 4.99(a) Wavemaker displacement time serieseal data, which can be used
to drive a moving wall boundary conditio¢) incidentonly wave time
seriesat@ 5 m i simulated data, which can be used to drive a

stationary input wave boundary conditionaat 5 m (NTHMP, 2015)

Figure 4.101 3D top view of NAMI DANCE computational domain for BMRZ58

Figure 4.102 Comparison of computed aedarded free surface elevation at the

control Point, WG3......cooiiii et 269
Figure 4.103 Comparison of predicted and measured overland flow depth for
locations B1, B4B6 and B9, respectively.........cccccvvevvviiiiiiieennnen. 271

Figure 4.104 Comparison of predicted and measured -shmse velocity for
locations B1, B4, B6 and B9, respectively............cccciiiiiieeennn. 272

Figure 4.105 Comarison of predicted and measured crglssre momentum flux for
locationsB1, B4, B6 and B9, respectively..............ccccciiiiinennnnnns 273

XXVi



Figure 4.106 FLOWBD"® computational domain constructed for BMP(& meshing

(enlarged for clarity);(b) boundary conditions and gauge locatio(w;

after usi ng..EAMVQRE......oiiiiiiieeene, 275
Figure 4.107 Comparison of computed and recorded free surfaceigrestithe
control POINt, WG .. .o 276
Figure 4.108 Comparison of predicted and measured overland flow depth for
locations B1, B, B6 and B9, respectively...........ccccceeeeiieiiiieecnnnnnns 278
Figure 4.109 Comparison of predicted and measured s velocity for
locationsB1, B4, B6 and B9, respectively..........cccccvveieveiiiieecinnnne. 279
Figure 4.110 Comparison of predicted and measured-shmss momentum flux fo
locationsB1, B4, B6 and B9, respectively..............cccvvvvrvvvieeneennn. 280
Figure 4.111 Comparison of predicted and measured overland flow depth for
locationsB1, B4, B6 and B9, respectively..........ccccvvveeviiiiieecinnnne. 283
Figure 4.112 Comparison of predicted and measured -shmss velocity for
locations B1, B4, B6 and B9, respectively............cccceevieeiiicecrnnnnns 284
Figure 4.113 Comparison of mlieted and measured cresisore momentum flux for
locationsB1, B4, B6 and B9, respectively...........ccccceeviiiiiiiccnnn 285
Figure 4.114 NRMSE ofa) NAMI DANCE; (b) FLOW-3DF predictons along lines
A, B, Coand D....ooveiiieiiiiie et s 287
Figure 4.115 Snapshots () NAMI DANCE; (b) FLOW-3DF simulations at time
(o TG {0 I oSS EPRSPPPP 288

Figure 4.116(a) The epicenter of 2011 @h o k u e a (b} ¢ontaus kok ;
maximum wave amplitudes, detailing tsunami energy propagation
(Credit: NOAA); (c) the maximum tsunami heights observed after 2011
T@hoku earthquake..(.Cr.edi.t....WPRIi pedi a

Figure 4.117 Location of current velocity meter stations deployed around Hawaii,
including the two stations at Hilo Harbor, which are used in BMP 6

(Cheung et al., 2013; Arcos and LeVeque, 2014)........cccccceeee 293
Figure 4.118 Hilo Bay and the town of Hilo in 1929, the year when the breakwater

was completed (Credit: WIKipedia)..........cuvvvvvrieeeieieeniiiiiiieeeeeen 295
Figure 4.119 Google Earth images of Hawaiian IslamtsHilo Harbor............ 296

XXVil



Figure 4.1D The bathymetry of Hilo Harbor............cooooiiiiiiiiiiee e, 297
Figure 4.121 The incident wave of BMP 6: time series of mseaface elevation at
Control Point (NTHMP, 2015).........cccoeiiiiiiiieiiieeee e 298
Figure 4.122 NAMI DANCE computational domain for BMP.6..................... 300
Figure 4.123 B top view of NAMI DANCE computational domain for BMP.00
Figure 4.124 NAMI DANCE convergence test for BMP 6(aj}:Hilo tide station;(b)

HALL25;(C) HALL26 ...t enee s 302
Figure 4.125 NAMI DANCE results according t
coefficients at(a) Hilo tide stationy(b) HA1125;(c) HA1126 .......... 304

Figure 4.126FLOW-3D" computational domain constructed for BMA(& meshing

(enlarged for clarity)(b) boundary conditions and gauge locatio(;

after usi ng..EAVQRE. ..., 305
Figure 4.127 FLOWBD® convergene test for BMP 6 atfa) Hilo tide station;(b)
HAL125;(C) HALL26 ......oeveeeeeeeeeeeeees e s e 307
Figure4.128FLO\ABDEresuIts according t o di fferent
coefficients at{a) Hilo tide stationy(b) HA1125;(c) HA1126........... 309
Figure 4.129 Comparison of the free surface elevaiine series at Hilo tide station
..................................................................................................... 311

Figure 4.130 Compaon of velocity components in EW and Ni S directions at
HA1125, located at the entrance of the Hilo Harbour and at HA1126,
located inside the Hilo Harbour............cccoooviiiiiiicceeicc e 312

Figure 4.131 The distributioof the computed maximum current speed during the

entire duration of the NAMI DANCE simulation..............cc...eee.... 313
Figure 4.132 The distribution of the computed maximum current speed during the

entire duratin of the FLOW3D® Simulation.................oeeereeeveee.. 314
Figure 4.133 Error bars for BMP @) % NRMSE;(b) % MAX error ................ 315

Figure A.1 Approaches fahe continuum fluid:(a) fluid passing through a finite
control volume fixed in spacéb) finite control volume moving with the
fluid; (c) fluid passing through an infinitesimal cubical element fixed in
space; (d) an infinitesimal cubical element movingitiv the fluid
(ANderson, 2009).........uuiiiiiiiiie e 362

XXVili



Figure A.2 Fluid passing through an infinitesimal cubical element.............. 364
Figure A.3 Stress compents acting on the surface of the fluid eleméa):shear
stressib) normal stress o @plane..............cccoccvviiiiicecce e 367

Figure A.4 Surface forces thdirection exerted on the fluid element.............. 368

XXIX



€ &1 > & -

€

»

5 O © O

LIST OF SYMBOLS AND ABBREVIATIONS

Crosssectional area of flow

Fractional areas iy & ¢ directions, respectively

Eddy viscosity

Coefficient used in the higharder finite difference ntbod
Wave amplitude

Acceleration(change in velocity with time)

Flow loss across porous media

Wave celerity (speed)

Wave speed in still water

Local phase speed of the wavelike flow
Non-dimensional phase speed

Courant numbe

A constantused in the derivation ohoidal wave equations
Total water depth

Total derivative

Dissipation

Hydraulic diameter

Undisturbedlow depth

Wave energy spectrum

Friction coefficient

XXX



"Qw

Ro

o © © O

S & © X

D"l mp mp M mh
—_) —

m:

Viscous acceleration
Observed data

Fluid fraction

Fetch length
Volume-of-Fluid function

Net force inwdirection
Gravitational acceleration
Body force due to gravitational acceleration
Body acceleration

Local solitary wave height
Elevation of the ground
Wave height

Internal energy

Increment inwdirection
Number of grids irwdirection
Increment inwdirection
Number of grids irodirection
Angular wave number
Increment in time

Turbulent kindic energy
Nikuradse equivalent surface roughness

Effective wavelength o& solitary wave

XXXI



Non-dimensional effective wavelengtti a solitary wave

Mass

Discharge flux in horizontal plane alodgcoordinate
ParameterinMcCown 6s (1891) expansion
Discharge flux in horizontal plane alodgcoordinate

Finite integer

Parameter in McCowands (1891)
Number of data points

Mamni ngés roughness coefficient
Outward vector normal to the surface

Truncdion error

Pressure

Wetted perimeter

Turbulence quantity for energy

Value of some quantity

Volume flow rate

A dependent physical quantity

Earthds radius

Wave runup

Hydraulic radius

Turbulent diffusion tem

Mass source term

XXXii



Coefficient depending on the coordinate system

Radial direction irthecylindrical coordinatesystem

Fixed reference radius

Control surface

Schmidt number

Wave period

Time

Non-dimensional time

Uniform current in the direction of wave propagation

Water particle velocity i8 direction

Uniform current in8 direction

Ursell number

Wind speed 10 m above sea level

Water particle velocity imodirection

Non-dimensional water particle velocity indirection

Horizontal velocity component icvdirection atdx Q

Fluid velocity relative to the source dg ¢y & directions, respectively
Velocity of the source componentanw a directions, respectively
Control volume

Fractional volume

Velocity vector

Water particle velocity imodirection

XXXili



Angular wave frequency

Water particle velocity i direction

Nonrdimensional water particle velocity éndirection

Angular frequency at the spectrum peak

Water particle velocity in direction

Horizontalwaxis inthe Cartesian coordinate system
Dimensionless horizontal coordinate

Dimensionlessvlocation where the toe of beach slope is defined
Dimensionlessvlocationwhere height oolitary wave is defined
waxis in a moving reference system that travels with wave speed
The distance travelled by a solitamave

Horizontalwaxis inthe Cartesian coordinate system

Predicted data

Vertical g axis inthe Cartesian coordinate system

G axis in a moving reference system that travels with wave speed
Differential volume

Moment magnitud scale

Grid sizes imy wy & directions, respectively

Time step

Angular wave frequency interval

Volume of a fluid element

Shear stress

XXXV



Partial derivative

Function with two variables, spaceand timeo

Beachslope

Wave height over undisturbed water depth ratio

Turbulence dissipation rate

Wave steepness

Phase shift angle

Latitude (corresponds taxis inthe Cartesian coordinate system)
Longitude (corresponds toaxis inthe Cartesiarcoordinate system)
Wavelength

Angular speed of Earth's rotation

Dynamic viscosity

Mass diffusivity coefficient

Dimensionless wave frequency

Peak enhancement faciodONSWAP spectrum

Factor depending on angular wave frequend®@NSWAP spectrum
Free surface elevation

Non-dimensionafreesurface profile

Fluid density

Dimensionless wave number

Scaling parameter for wave energy spectrums

Azimuthal coordinate

XXXV



1D, 2D, 3D
ADCP
ADV
AF
AIAA
AWI
BEM
BIEM
BMP
CAD
CFD
CFL
CPU
CRIEPI
DART
DCRC
DHI
DoF

DSWG

Velocity potential

Dispersion coeftient

Stream function

Coordinate conversion coefficient

Onedimensional, Twalimensional, Thredimensional
Acoustic Doppler Current Profiler

AcousticDoppler Velocimeters

Area Fraction

American Institute of Aerondics and Astronautics
Alfred Wegener Institute

Boundary Element Method

Boundary Integral Equation Method

Benchmark Problem

ComputerAided Design

Computational Fluid Dynamics
CourantFriedrichsLewy

Central Processg Units

Central Research Institute for Electric Power Industry
Deepocean Assessment and Reporting of Tsunamis
Disaster Control Research Center

Danish Hydrological Institute

Degrees of Freedom

Directional Spectral Wav&enerator

XXXVI



E, N, S, W East, North, South, West

EDFT Early Detection and Forecast of Tsunami

ENO Essentially NorOscillatory

ERCOFTAC European Research Community on Flow, Turbulence and Combu:

FAVOR™  Fractional Area/Volume Obstacle Representation

FDM Finite Difference Method
FEMA Federal Emergency Management Agency
FVM Finite Volume Method

GEBCO General Bathymetric Chart of the Oceans
GIS Geographic Information System

GITEWS GermaiiIndonesian Tsunami Early Warning System

GMO General MovingObject

GMT Greenwich Mean Time

GO Grid Overlay

GUI Graphical User Interface

HP Horse Power

HWRL Hinsdale Wave Research Laboratory

ISEC Inundation Science & Engineering Cooperative
JCR European Commission Joint ReseaBanter
JMA Japan Meteorologat Agency

KdVv Korteweg deVries

KOERI Kandilli Observatory and Earthquake Research Institute
LBM Lattice Boltzmann Method

XXXVil



LDN Leadingdepression

LEN Leadingelevation

LIDAR Light Detection and Ranging

MAC MarkerandCell Method

MAX Maximum

MCDA Multi-Criteria Decision Analysis

METU Middle East Technical University

NEES Network for Earthquake Engineering Simulation
NGDC National Geophysical Data Center

NOAA National Oceanic and Atmospheric Administration
NSF National Science Foundation

NSW Nonlinear shallow water

NTHMP National Tsunami Hazard Mitigation Program

OAR-PMEL Oceanic and Atmospheric ReseaRécific Marine Environmental Lal

osu Oregon State University

PDE PartialDifferential Equations
P-M PiersonMoskowitz

RANS Reynoldsaveragd NavierStokes

SL-VOF Segment Lagrangian Volurad-Fluid

SPH Smoothed Particle Hydrodynamics
SRTM Shuttle Radar Topography Mission
STL STereoLithography

SWL Still Water Level

XXXVili



TIME
TruVOF-
UCLA
UNESCO
U.S.
USACE
USAID
USGS
UTM
uswaG

VF

VOF
WEC
WENO
WES

WG

Tsunami Inundation Modeling Exchange

Improved Volumeof-Fluid

University of Californiai Los Angeles

UnitedNations Educational, Scientifand Cultural Organization
United States

United Stateg\rmy Corps of Engineers

United States Agency for International Development
United States Geological Survey

Universal Transverse Mercator coordinate system
Ultra-Sonic Wave Gauge

Volume Fraction

Volume-of-Fluid

Wave Energy Converter

Weighted Essentially Ne@scillatory

U.S. Army Engineer Waterways p&riment Station

Wave Gauge

XXXIX






CHAPTER 1

INTRODUCTION

AThe fishermen know that the sea I
but they have never found these danger s

Vincent Van Gogh

1.1.General Description

Coastal regiondiave always been attractive settling grounds for human popdation

since theyhave provided agreat dealof marine resources and opportunities for
transportation and trad&his has led to high population densities and high levels of
development in many coastal regionBoday, a large parbfthewor | ddés popul a
inhabits coagal areasand the population density on these regioissstill growing

rapidly. However, coastal environments are dynamic natural systems anploesy
greatchalengeto human habitatiorsince they are prone twwater related hazards

suchas floods, storms and tsunamisurtams being one of themost devastating

hazards related to these dynamics.

The termtsunamioriginatesfrom Japanese and it stands @arbor wave Tsunamis
were referredo as harbor wavesefore the Great Sanriku earthquake, which occured
in Japan in 1896Nearly 27,000 peoplavere killedand over 1@00 buildings were
destroyedafter the tanamitriggered by the earthquaklt was thenthat the term
tsunamicameinto usein other languageswith its new definiton aseismic sea

waves.

A tsunami is a extremely longwave ora series ofwavesthat aregenerated by the
displacement of a substantial volume of water or perturbation of th@sem.are a

number of factors that lead to the generatioraofe displacements ia body of



water, namely disturbanceswhich are known to be primarily triggered by
earthquakeshat occurbelow or near the ocedloor, landslides, volcanic eruptions,
atmosphgc pressure changes, underwater explosions, glacier calvings or more rarely
meteorie strikesand nuclear test&igure 1.1 showsseveralgeneration mechanisn

of a tsunamiAny large body of water can lead to thecurrence of a tsunami. Even

in inland lakes, a tsunami may take place due to landslides or glacier calving. Very
small tsunamis occur frequently as a result of minor earthquakes and other events.
These are not considered to be destructive and they atahendetected without
specialized equipment.

(@)

— Tsunami —

Uplift of sea floor

Sea Floor

(d)

Sea Surface

Terrestrial and submarine
landslides

Bolide Impact

Figure 1.1. Tsunami wave generation mechanés(a) earthquakegb) volcanic eruptions;
(c) landslidesyd) meteorite strikegSwitzer, 200%

Since 1856, 440,000 lives have been lost attid damage to coastal structures and
habitatsamounts to billions of dollaras a consequence tstinamis The most recent
and destructive tsunamis arced as a result of 2004 Indian Oceantlequake and
2011 Great Easfapanearthquake.The devastating impact was created hg t
occurrence of strong tsunaimiduced currents and massive flow depths in inundation
zones Figure 1.2 portrays the effects of 2004 Indian Ocean TsunamBumatra Island

and the effects d011 Great East Jap@sunami alonghe east coasts of Japan.



Figure 1.2. (a) A devastatd city,Banda Acehlocatedon the island of Sumatsgiter the
2004 Indian Ocean tsunami (Credit: DigitalGlol@);another view of Banda Acelthe
most devastated region in Indonesia, struck by the 2004 Indian Ocean tsunami (Credit: U.S.
Navy); (c) ayacht washed ashore by the 2011 Great East Japan tssitsaom top of a
building in Otsuchi, Japan (Credit: Yomiuri Shimbua); soil-liquefaction at Shinkiba after
the 2011 Great East Japan tsuné@medit: Morio); (e) tsunamiwavehitting Miyako City
locatedin Iwate Prefecturafter the 2011 Great East daygarthquakégCredit:
REUTERS/Mainichi Shimbun)f) Sendai Airport swept by the 2011 Great East Japan
tsunami (Credit: REUTERS/Kyodo)



Tsunami waves have small wave heights and long wavékengip to hundreds of
kilometers longi offshore. As the waes move towardsnearshorgthey undergo
changes depending onthe nearshore bathymetry their celerity is reducel
considerably and thelygecomesignificantly higher When they reaclhe shoreline,
the waves generated climb up the shore and tralatively large distancesland
Thus, it is inevitable thatsunamisare a source afxtensivedamage to coastaind
marine structures, as well as causing lossnahylives andcreatinga substantial
financial burdenThe damageaused bysunamiseven leadgo the destruction of
whole settlements because tloayn dag huge objects and carry themo buildings,
scour the foundatios of buildings, collapse thehoreline due to liquefaction and

ovelflow tsunami defense structur@orreroet al, 2003).

With the excepton of the largest tsunamis, the approaching wgets onshore as a
rapidly rising turbulent surge of watearrying debris without breaking.Tsunami
wave heightyunupheightand inundation distancae thehydrodynamigparameters
that are effectig in the determination of the damage level inlgRagure 1.3).
Tsunami wave heigl$ themaximumheight of the waveabove the mean sea level
Runupis a measurement ¢fie maximum vertical height onshore abolve sea level
that isreached by a tsunanihundation distancés a horizontal measurement of the
path of the tsunami and is the maximum distance tlemshoreline at the time &t

tsunami.

Wave Propagation Direction

Tsunami Wave Height, {
i Flow Depth | Runup

. J L i | Height, R
Still Water i

Level (SWL) t :
Undisturbed . Shoreline
Seabed wesier ]?epth, 4 Continental Inundation

Shelf Distance

Figure 1.3. A descriptive scheme fdihe tsunami parameters



All waves have a positiveand negative peakcalled theridge and thetrough
respectively. During a tsunanif, the ridge is thdirst part to arrivetherewill be a
massive breaking wave or sudden floodmy land However,if the first part to
arrive is the troughthe shorelinewill recede dramatitlg and expose areas that are
normally submergedFigure 1.4). In other words, arawbackwill occur, giving a

brief warning of the approaching tsunami.

The frequency of occurrence of tsunamis varies greatly from region to region. The
highest frequency of tsunamis is observed in Raeific O@an with the rate of
25.4% due to theeismicandvolcanicactivity taking place along theacific Ring of

Fire. Next is the East Indian Ocean with 20.3%. The frequency of tsunami events on
the coasts of JapdRussia is 18.6%, it is 13.8% in the Caribbean, 10.1% in the
Mediterranen, 8.9% in the Pacific East Coast, 1.6% in the Atlantic East coast, 0.8%
in the Bay of Bengal and 0.4% in the Atlantic West Coast (Bryant, 2008).


https://en.wikipedia.org/wiki/Pacific_Ocean
https://en.wikipedia.org/wiki/Seismic
https://en.wikipedia.org/wiki/Volcanic
https://en.wikipedia.org/wiki/Pacific_Ring_of_Fire
https://en.wikipedia.org/wiki/Pacific_Ring_of_Fire

Figure 1.4. Kalutara BeachSri Lankai 2004 Indan Ocean earthquak@) before tsunami,
January 1, 2004p) drawback occurrinfew minues before tsunami, December Z&)04;
(c) during tsunami, December 26, 20@¥edit: Satellite Imaging Corporation)



1.2.Baseof the Study

Tsunami generation and the gareters that may play a role in its propertiesd to
be researchednore carefully and quantitativelso that the devastating impact of
tsunamison coastal areasan be fully understood o achieve this, the collaborative
work of different scientific anagngineering disciplines required, whereby existing
earthquake and tsunandiata can be enhanced and exchangepiographicand
bathymetricdata developedin sufficient resolution, pential or credible tsunami
scenarioselectedandavailable computatioal toolsutilized (Pamuk, 204).

The mechanismsvhich areinvolved in tsunami evolution and propagation are
generally understoodhe shallow water theoris regarded as key instrument in
analytical modeling of evolution and propagation afigovavessuch as tsunamis
(Aydin and Kanoglu2012).However, theeffectivepredicion of the tsunami motion

at coastlines still represents a formidable challenge due to the complexities of
coastline formations and the presence of numerous coastal structuratetiaat and

alter the flow. Theoretical approachiken towardghe nearshore tsunami motion
are difficult to apply due to strong nonlinearities of equations that govern tsunami
behaviors, the thredimensionality of the flow, and the turbulence that dgy® due

to shoaling effects.Thus the theoretical analysiof nearshorehydrodynamics
presents considerable difficulties.

The main part of tsunami researchcomprises physical models and laboratory
experiments since they have the qualities abservabiliy, measurability,
repeatability, input control, process canfreasonableost and robustnesk fact,
physical modeling of long waves in laboratories is still a valuable and trustworthy
option to study long wave propagatiand runup nearshorelynamcs andcomplex
nonlinear interactions of approaching wave andcreroughnesslements on the
shore (Goseberet al, 2013).



On the other handwith the rapid development of computing technologylarge
number ofmodels that cafe employed in coastal dgodynamic problem$iave
become avaliableThe numerical techniggecan be bask on the finite element
method,finite difference methodhoundary element methpéinite volume method

or EulerianLagrangan method. The timstepping algorithm can be pficit, semi
implicit, explicit or characteristibased. The shape function can be of the first order,
second ordeor a higher order. The moded can be simplified into different spatial
dimensions; a ondimensional modela two-dimensional deptaveragedmodel, a
two-dimensionallateratintegrated modela two-dimensionallayered modelor a
threedimensionamodel(Chau, 201Q)Open boundary conddns, model parameters

and numerical schentetermine the accuracy of the prediction

Numerical modelinghas poved to bean accurate and useful method mabdelng
tsunami inundations on a coastline. Howeueéris necessarythat all numerical
models used intsunami emergency planning bevalidated and verified.
Validation'verification of a numericalcode must nevercease even proven models
must betested continuouslgs new knowledge and dadee acquiredSynolakiset
al., 2008) Careful and explicivalidation/verificationof tsunami models through the
comparison oftheir predictions with benchmark analyticadutions, laboratory
experimentsand field measurement&s helped them evolve in the last two decades
A numerical code that has performed well in all benchmark waltsot necessarily
makerealistic inundation predictions every instanceHowever, inthe results of
validated/verified codeghelevel of uncertaintyd largely reduced to thencertainty
in the geophysical initiatonditions. Furthermore, wheslidated/verified codes and
reakttime freefield tsunami measurementsom tsunameters are etoged together,
they arethe only option to be able torealistically forecasttsunamiinundation
(Synolakiset al, 2008)

According tothe theory of long waves, thmgessure distribution is not affected by the
vertical motion of water particlesThe equ#dons of mass conservation and

momentum are reduced to tdonensional deptaveraged equations on the basis of



this approximation andy neglecting vertical acceleratioruntil recently, two-
dimensional deptaveraged numerical models solvidear/nonlnear shallow
water or Boussinesq equationgre employedto predictwave transformation over
complexbathymetries and interaction with coastal structumsle the use of three
dimensional NavieStokes modelsvas restricted to research studies (Watanabe

al, 2005 Christensen, 2006)Although twodimensional deptaveraged models
have been developed enough tofast, elatively accurate and reliable, they have
limited accuracy irthe prediction of wave breakingynupand wave loadingpecause

they usesimplified assumptions to desbe the variation of flow alondepth in the

surf and swash zondherefore,nearshore tsunami behavior can not be predicted
accurately by means afepthaveraged techniques, including Boussinesq models
(Lynett et al, 2002) With the progress of computer technology, the computational
cost associated with performing and ppsicessinghreedimensionalsimulations

has become affordable for engineering related problbtoseover, recent advances

in computational fluid dynam#&(CFD) have made it possible to use CFD techniques
for the investigation of nearshore tsunami motion. The development of open source
computational fluid dynamics software with advanced meshing and computational
capabilities has also promoted the use dify fthreedimensional CFD models for

engineering applications (Dimakopouleisal, 2014).



1.3. Objective of the Study

This study aims to investigate the sufficiency of nonlinear forms ofdiwensional
depthaveraged shallow water equatioms tsunami waveevolution, propagation,
amplification and inundationMoreover the variations between the numerical
solutions of twe and threedimensionalmodelsare determinedThe study focuses

on two numerical tools; NAMI DANCE andFLOW-3DF. NAMI DANCE solves
nonlinear forms of twedimensional deptiaveragedshallow water (2ENSW)
equationsn long wave problems, specifically tsunanfitOW-3DF simulates linear

and nonlinear propagating surface waves as well as long waves by solving three
dimensional Reynoldaveragd NavierStokes (3BRANS) equationsThe codes are
appliedto analytical, experimental and field benchmark problems for validation and

performance comparison.

The benchmark problems aselectedwith great careEach problem is capable of
identifying theshortcomings ohumerical models in terms of tsunambtion and
inundation parameters such as water surface elevation, current valutitynup A

total of six benchmark problems arensidered in this study.

The first benchmark probleniBMP 1) covers both analytical and experimental
investigations. The probleranalyze the evolution, propagation amdnup of a
single solitary wave climbing up a plane beach having a slope of 1. BM8%51 has

been widely used for validation of many numerical codes.

After the 1992 Flores tsunaman unexpectedly large tsunami runup height was
observed in the leside of conical Babi Island. Benchmagtoblem2 (BMP 2) is
composed ophysical model studieshich werecarried outin the coastal hydraulic
laboratory ofEngineering Research and Development Center, U.S. Army Corps of
Engineersso thata better understanding of the physical phenomenald be
provided
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Benchmark problem 3 (BMP 3) describes a series of experiments that analyze the
transformation of a singleolitary wave as it propagates up a triangular shaped shelf
with an island feature located at the offshore point of the shelf. The currents that are
formed in the vicinity of the island are also investigated in the experiments. This
problem is Benchmark Bblem 5of the 2015 National Tsunami Hazard Mitigation
Program (NTHMP) workshagpvhich was held in Portland).S.

An extremerunup height of 3.7 m was measured near the village of Monai, in
Okushiri Island after the 1993 Okushiri tsunami. Benchmarklenobt (BMP 4)
provides the data of a 400 scale laboratory experiment of the Momanup
conducted at Central Research Institute for Electric Power Industry (CRIEPI) in

Abiko, Japan.

Benchmark problem 5 (BMP 5) covers a series of experiments havinglaleng
periodwavethatpropagatsup a piecewise linear slope and onto a sisedle model

of the town of Seaside, Oregon. This problem is Benchmark Problem 4 of the 2015
National Tsunami Hazard Mitigation Program (NTHMP) workshop held in Portland,
u.s.

The last benchmark problem, Benchmark problem 6 (BMRs& field data sebf

the Japan 2011 tsunamiecordedin Hilo Harbor, Hawaii. This problem is
Benchmark Problem 2 of the 2015 National Tsunami Hazard Mitigation Program
(NTHMP) workshopwhichwas held in Portland).S.

1.4.Contents of Chapters

Chapter2 coversa review of thditeraturepertinent tothis study. It giveshe details
of different approaches tbe calculation othe parameters related tsunami motion
and inundationlt also gives information about previous numerical applications that

use twe or threedimensional tsunami models.
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In Chapter3, the numerical backgrousdof the codes solving twdimensional
depthaveraged shallow watexquations (NAMI DANCE) and thregdimensional

Reynoldsaveraged NavieBtokes equation§LOW—3DE) areexplained in detail

In Chapter4, all the benchmark problems discussed in this stadgthe results of
the two- andthreedimensionahumerical simulationbased on them are explained in
detail The codes are validated and the numerical resultscang@aed through the
application ofthesebenchmark problesl The statistical evaluatienof the results

arealso given in this chaptdor each benchmark problem

Chapter5 providesa summary and general evaluation and discussion of the results.
Moreover,suggestions for further studies are given in the lighthefconclusions

and discussions.

To summarizethis dissertationquestions the suffiency of 2D-NSW equationsin
determining tsunami behavior in shallow water zonbasre fully threedimensional

flow characteristicddevelop, and emphasizes the variations betwidne2D-NSW

and 3DRANS equationsln addition based on theesults of theanalyses, a validity
range is determinedegardingthe use oftwo- and threedimensionalnumeical
models and recommendations related to applying relevant models to varioumsitsuna
problemsare madeAs a result, the studg expectedo contribute tothe available
knowledge concerning théwo- and threedimensional numerical modeling of
tsunami motion and inundation as well as tsunami curreamsl to support the

findings of the pevious investigations.
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CHAPTER 2

LITERATURE REVIEW

In Section 2.1, theoreticalapproacheshat analyzehe offshore andnearshordong
wave behavior (i.e. evolution, propagation, amplifitan and runup are
summarizedThe improvemergtin analyticaltechniquessmployedto solve shallow
water equations are given. Sevembalytical and experimental studieshich
establish the milestone of benchmark problemsed for the validation/verificain of

tsunami numerical modetse also presented

There arenumerousstudies on the application of tsunami numerical modsiag
different processing and computational technigquelsich makes itimpossible to
summarize all of them in thidissertationA great deal oinformation about thenost
recentstudiesregardingthe developmentyalidation/verification and application of
two- and threedimensionatsunaminumericalmodelsis presentedn Section2.2

NAMI DANCE is a weltknowntsunamisimulationmodelapplied in may studies.
Section2.3 presents an overview of the masbminent and recent studies which are
conducted usin§lAMI DANCE.

FLOW-3DF specializesn the solutims of timedependenfree surfaceroblems in
one, two and three dimensionBLOW-3D% is a common modeling tool among
hydraulic engineers as well as environmental enginednde it is not employed
widely to coastal engineerg problems There are a handfuf studiesin literature
that utilizesFLOW-3D to solve threalimensional long wave motiorSection2.4

summarizes the most remarkable ones.
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2.1. Analytical and Experimental Approaches

There isa significant amount of research on analytical solutions to expésrshore
tsunami behavior and runup, and thus, on the usenasflinear shallow water
equations or Boussinesq approximatioMost of these solutionsare tested and
compared with the redsl of laboratory experimentSome of theresultingstudies

aresummarized in tis section

Airy (1845) gavea linearized description of the propagating gravity waves on the
surface of a homogeneous fluid layer with a uniform mean depth and an inviscid,
incompressible and irrotational floim his theory known as Airy Wave Theoror
Linear Wave TheoryHe al® found outthatthe fluid particle orbits wercircularin

deep water and ellgmidalin finite depth Equation R.1] representshe weltknown

linearwave theory

—d HOERD x0 ®

where—is the free surface elevaticjs the wave amplitudéQis the angular wave
number in radian/mand given byQ ¢“7_, x is the angulawave frequency in
radian/sec and given by ¢“¥°Y, _is wavelength;Yis wave periodwis the

horizontalwaxisin the Cartesian coordinate systemdois time

Stokes (1847) developelry6 £1845)linear theory furtheand extended it to cover
nonlinear wave motion using a perturbation series appraztled Stokes'Wave
Theory This theoryis usal for waveson intermediate and deep watend its

applicability is limited to small amplitude long waves.

SaintVenant §1871)equations, also known akallow water flow equationsvere
derived from Reynolds dep#iveraged forms of the Navi&tokes equations. Saint
Venant maintainedhat if the horizontal length scale was much greater than the
vertical length scale, thehevertical velocity of the fluidvassmallaccording to the
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law of conservation of maslde alsoemployedthe momentum equatido provethat
vertical pressure gradientgere nearly hydrostaticand thusthe horizontal velocity
field was constant throughd the depth of the fluidAfter these evaluations, he
vertically integragéd the NavierStokes equations, derivinghe shallow water
equations. Onedimensional (1D) SaintVenant equatioh describing the
incompressible flow in an open channel of arbitramysssectionin wdirection are

given by Equatios[2.2] and [2.3]:

T_OTOOT[ 8
1o ,16 .1 - 0OfF
T_bor_cof}‘(b 5" @

whered oD is thecrosssectional area of the flow at locatiano is the velocity of
water particles ino direction, T 6fd is the wall shear stress along the wetted
perimeter,0 ofd , of the cross sectior, is fluid densityand Qis gravitational

acceleration.

Boussinesq (1&) derived a set oéquationdor finite amplitude long waves hey
werevalid for onedimensional and constant water depth problerhg termsweak
dispersion and weak nonlinearityere accounted for in these equationke total
pressure und the wave hatboth a hydostatic and a dynamic componeBtuations
[2.4] and [2.5] arereducel to shallowwater equationsvhen the righthand sides are

set to zero

S T P16
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Equations[2.4] and [2.5] can be alsaeduced toEquation R.6]; a singlepartial

differenial equation forhe free surface elevation;,

r - Qég ag— 9= Pl = @
o o o o oo <

whereQis the undisturbed flow depth, is the horizontal velogitcomponenin @

directionat & Q

McCowan (1891)presenteda higher degree of approximatioof Boussinesq
solution in which he represeted the structure of solitary waves by a series
expansion. However, he estimated only first term of the expanBmanfree surface

profile according taMicCoward €£1891) expansions given inEquation R.7]

- ~ i Qg P T)
5 |_ v, i — v 20 1 w C&
wEe P 0 wel! 0
" and' are parameters depending-6fQandgiven byEquations 2.8] and R.9]:
[ 0
o T o9® ' P 5 &
N ¢O
—-i Q¢ —— &0
cyl & P oQ 6
whereOis wave height
McCowan(1891) accepted oOrQand’ ¢'OrQas a first approximation.
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KorteweganddeVrie® (1895) proposal was nonlinear partial differeial equation
whose solutions coultie exactly and precisely specifiethe KdV equation is a

nonlinear, dispersive partial differential equation and is giveBduation P.10]:

T 1T e m P 1

wherel and! are partial derivatives with respect dmndoand? is a function

with two variables, spaa@and timeo.

Munk (1949)publisheda studywhich was a parbf a project carried outduring

World War Il to extend wave forecasting into the surfedn his study, b gave a
summay of useful relationships derived by means of solitary wave theory and
reviewed various studies, field and laboratory observations and theoretical studies.
He recommended the expansions given by McCowan (1891) and staitid thost
applicati ons, fidaipoxnsainod saadeduatd. 1)

Ursell (1953)developed aimensionlesparametewhich indicatedhe nonlinearity

of long surface gravity waves on a fluid lay€he parametegalledUrsell number
was givenby Y "Q_7Q where’Ois wave height_ is wavelengthandQis
undisturbedwater depthUrsell (1953)emphasizedhe importanceof wave height
wavelengthand water depthrelation in the determination othe mathematical
treatment of wavenotion. Ursell (1953) stated thdor small'Q_ 7Q values, linear
wave theory wa valid; however,a nonlinear wave theory such as Boussinesq

equations should be used feaves with largéQ_ TQ values(i.e. solitary waves

Stoker (1957)is believed to hve presented the first numerical solution of the
shallow water equations using the method of dtarestics for a sloping beaclhhe
path of the shoreline during runup angthdownwas a characteristittne and this led
to efficient and @rect computation of the shoreline pathery accurate resultaiere
obtainedfor simple casesvith this method The method of characteristics now

practically out of use.
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Carrier and Greenspan (1958) proposed a method to trangfernonlinear shallow
water equationsito a set of liear equations. They used this theory to investitete

runupof periodicwaves with several different initial shapes on a pklope.

Carrier (1966)hypothesized that nonlinear effects became considerably small far
from the shoreline; therefore, the linear form of the transformation equations were
applicable there. Heonducted a theatieal study of tsunami runup. He considered
long slightly dispersive plane waves of heig@propagating in water depth ©fand

having a runupY on agentleslopg , after travelling a dimensionless distaindf€

Y w
B P o ¢ p

Van Dorn (1966) described a theoretical and experimental investigatioravd
mechanism in shoaling water up to the point of maximum runup on beaches of
arbitrary slope, considering only the case of wave propagation normal toottee sh
He regardedhe study as aattempt to bridge thgap between the sma#implitude
runup theory and theesults of numerous experimentgith waves of finite
amplitude. Hefirst carried outa series of experiments with smalplitudewaves
andthenreinterpreed the previous largamplitude experimental results ierms of

small amplitude theory with appropriate correctiois runup formula for a wave

propagating from deep water to a region of constant depth is givetybgtion

[2.12:

Y c¢'Q Co
D O — 0W® p

o 7 T P ¢

whereYis the maximum runup, is the beach slopg is the dimensionless wave

frequency given by* "QXQ ¥'Yand, is the dimensionless wave number given by
c“ ’Q=.
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Peregrine (1967) numerically calculated solutions to the Boussinesq equation for a
wave approaching a straight beach of constant slope. In addition, Peregrine (1967)

obtained analytical solutions farwave reflected off the slope by using linear theory.

Madsen and Mei (1969) solved the Boussinesqg equations numerically for the case of
a solitary wave ascending a spfatiramp. Theyvere able to experimentally confirm

the disintegration of the solitawave on the shelf into two or more solitary waves.

Fenton (1972jormulatedan exact operator equationorderto determine numerical
coefficients for an assumed form of solution to the solitary wave, which were
calculated to the ninth order. He usé@ ninthorder solution to obtain a solitary
wave with amplitude of 0.85 m and to obta@pproximations to physical quigties

associated with the solitary wavsuch as the surface profile amave speed

Tuck and Hwang (1972yorked onthe Carrier and @enspan (1958) transformation
and further used it to solve long waveunup also under prescribed initial water
surface configurations. Tuck and Hwang (1972) investigated the problem of the

generation of waves on a slopeeated by bottom disturbance.

Spielvogel (1976)also extended the Carrier and Greenspan (1958) transformation
and used it inversely to determine the long waveipassuming a logarithmic initial

surface profile on the slope at the maximumupposition.

Goringd $1978) theory for thdaboratorygeneration of long waves of permanent

form such as solitary and cnoidal waweas applied tdhe wave generators which

hada vertical plate moving horizontallfhe results of hisx@erimentscorresponded

to the generation theorfven though ecurate resultear e o bt ai ned fr om
method only forsmall amplitude solitary waves, it has remained the most commonly

employed method for decades.
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Hibbert and Peregrine (1979)ggestedolving theshallow water equatiorsy using
the LaxWendroffschemgRichtmyer and Morton1967) in orderto make gpossible
calculation of wave breaking. The researchmesagedo calculate the evolution of

a uniform bore up a sloping beach.

Thacker (1981) introducech number ofexact solutions to the nonlineanadlow
water equations. The exact solutions corresporidetime dependent motions in
parabolic basins anitl was assumed thalhe shoreline mowkfreely. He viewedthe
exact solutiongsa valuable compéon testand a more practical wdgr numerical
modelssince the numerical integration of nonlinear shallow water equationshand t

other assumptiongquiredwere not easy.

Pedersen and Gjevik (1983jsed alagrangian descriptioto develop a finite
difference scheme for the Boussinesq equatibas ®uld predict therunupprocess

and also the possibilityf wavebreaking during rundown

Freilich and Guza (1984) dgnedtwo onedimensional nonlinear modefsr the
evolution of wind wavesdvancingshoreward oveimpermeableslowly changing
topography Afterwards, they conducted a field experiment to measure wave
parameters of sea surface elevation, pressure and horizontal velocity in Torrey Pines
Beach, Chfornia in 1980. Theyprimarly aimed to determine the operational
validity of the two nonlineashoaling models they had developed. They discovered
that both nonlinear models were good predictors of the waveifidide stoaling

region for all data sets.

Synolakis (19861987 simplified the Carrier and Greenspan (1958) transformation
and appliedt to the problem of a solitary wave proaigg in a fixed watedepth
and climbingup a simple plane beadHaving introducedn approximate theoifpr
nonbreaking waveshe derived an asymptotic result for the maximuranup of
solitary waves.He conduted aseries of laboratory experiments to support the

theory. He concluded that the linear theory predictdte maximum runup
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satisfactorily, andalso described the runug solitary waves equally welHe also
discovered dferent runup regimes for therunup of breaking and ncbreaking
solitary waves.His study iscurrently beingused to explain some of the existing
empirical runup relationships andfunctions as a benchmark problenfor

validation/verification of tsunami numerical models.

Shuto (1991)discussed the effects of dispersion on tsunami propagation after
comparingthe numerical results dinear Boussinesq, Boussinesq and linear long
wavetheories in deep water. He concludbdt the linear Boussinesg and Boussinesq
equationsvere nearlythe sare asthe true solution that wagven by linear surface
wave theory anduggestd that the nonlinear term wast important in deep water

propaation of tsunamis.

Madsenet al.(1991) extended the standard Boussinesq equations to obtain improved
linear dspersive properties in deep wat&hey addedhigher order termso these
equations and stated that this additiocreasé the accuracy of the computed phase
speed in deeper watamablingthe application of the model in deeper water without
significantloss of accuracy.

Madsen ad Sorensen (1992) extended thguationsof Madsenet al. (1991) to
include the effects ofditom slope Based onthe assumptionfoa slowly varying
bottom slope, theyeglected higher order spatial derivae of the water dept and
obtaineda new set of Boussinesq equations. The equasengdto provide an

improved accuracy of both linear dispersion and shoaling properties.

Tadepalli and Synolakis (1994) waka firstorder theory and derideasymptotic
results for the marmumrunup Theyobserveda class of Nshaped waves withevy
interestingbehavia, which wes regarded as new phenomenon for tsunamnup

studies. Similar trendsmergedn the maximunrunupresults.
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Liu (1994) andWei et al. (1995) offereda set of higly nonlinear Bussinesdype
equations that coulthe applied to intermediate water depthd were capable of
simulating wave propagation with strongnlinear interactionThey alsodeveloped
a highorder numerical scheme to soltreese equation3.heysuccessfullyimproved
the usage of Boussinesgpe equationmodel sothat long wave evolution from

relatively deepvater to the breaking point could be accuraesymated

Briggs et al. (1995) and Liuet al. (1995) investigated runup of solitary wavesan
circular islandin a series of dboratory experimentsMaximum vertical runup
measurements were made around the perimeter of the idlaag. observed that
runupon the back side of the islaméhshigher tharthat onthe front sideThear data

are stillin usefor the benchmarking of tsunami numerical models.

Zhang (1996) investigated thranup associated with a solitary wawveoving to a
plane beaclat an angle antbund alinear solution for theéhreedimensionalrunup

using Fourier synthesis.

Tadepdi and Synolakis (1995, 199@emonstrated that coastaltidal wave was\-
wave likeand proved that the runup ateadingdepression (LDN) wave wdsgher
thanthat of a leadingelevation (LEN) waveTheir formulationswere based othe

depthaveraged hear and nonlinear shallometer equations.

Kanoglu and Synolakis (1998jvho investigated long waveunup on piecewise
linear topographiesieveloped a general solution methodietermne amplification
factors for different ocean topographiethat conssted of linearly varying and
constantdepth segments. Theyudiedthe evolution of solitary wavdsy using their

results

Li and Raichler(2001) conducted experiments dhe runup of solitary waves on a
uniform plane beachThey presenteca nonlinear saltion to the classical shallow

water equatioranalytically, for which they use@d hodograph transformation. They
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compared thewvater surfaceelevationresultswith the results ofthe approximate
nonlinear theory presented by Synolakis (9)%87d with theexperimentaldata.They
came to the conclusion thitte vertical velocitywas smaller than 20 of horizontal
velocity for all locations,which suppored the assumption that the effects of
nonlinearities ould be neglected near and offshore of the toe of dlope. The
results showed thalhe assumptions made by Synolakis (198)Id be satisfactorily
applied to especiallgentleslopes where the breakimgave height wa significantly

smallerthan that of the steegdopes.

Carrieret al.(2003)analyzedsurami runupand drawdown motions on a uniformly
sloping beach based on fully nonlinear shallow water thétaying transformed the
nonlinear equations of mass conservation and linear momentum to a single linear
hyperbolic equatiorthey applied the FourieBessel transforno solve the equation

with arbitrary initial conditions They discovered that the direction of both the
maximum flow velocity and the maximum momentum flux degeheh the initial

waveform.

Kanoglu (2004)analytically solved the initial alue problem of the nonlinear
evolution and shoreline motion of long wavekat climbedup sloping beaches for
different initial wave formsHe introduced a simplified equation for the calculation
of runuprundown motion bthe shoreline and then appligds approactio Gaussian
and leadinglepression Nvave initial forms presnted by Carrieet al.(2003) When
the resultsvere comparedKanoglu (2004) concluded that héslution wassimpler
andproducel identical results. He also suggested thatrhethd he proposedould

be efficient in the assessment tbe impact of long waves generatbyg seafloor

displacements and the validation otsunaminumericalmodels

Liu et al. (2005) conducted a series tiireedimensional laboratory experimerst
Oregm State Universityin which a solid wedge was used in a large wave tank to
represent underwater landslideluced tanami wavesThe data obtained from the

experiments are still being used for the benchmarking of tsunami numerical models.
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Synolakiset al. (2008) discussed analyticaxperimentabnd field benchmark tests
that could be employed to validate and veri§unami numerical models. The
benchmark testandtheir expected solutionsere described in detaih scientific
and operational evaluatioof numerical models was offereamhd the necessity of
continuous valid@on and verification processess stresssed

2.2.Numerical Modeling

Numerical computation techniquethat are employedo solve various problems
regarding water wavedsave gained populidy since thel960s(Goda, 2010)Many
different tsunami generation and propagation models have been develogrethev
past few decadedyased on different classes of governing equations, numerical
methods, spatial and temporal discretization techniqued wettingdrying
algorithnms. Depthraveraged, hydrostatic or ndrydrostatic long wave equations act
as the basis ohe majority of the currertsunami model¢Horrillo et al, 2015. The

development and description s#veraksunami modelaregiven inthis section.

Hansen (1956) formulated an approach to hydrodynamic moddfiagused a
suitably stable finite difference approximation for the time derivative and the
dependent fields were stepped forward in timde carried out numerical
computations of heavy storm surgiat struck lhe coasts of Holland, in the North
Sea in 1953. He alsogsentedhumerical solutions of nonlinear tidal propagation for

the EmsRiver, Germany.

Fischer (19591eveloped dinite differencemethod to determineater heigks and
movements in adjacerseasand transformed thevertically integrated equations of
motion and the continuityequation into an explicit system of equatioi$hese
equationswere solved stepwise in the with an electronic computer. He also
examined he effects of asmoothing technique and the mesh size of the grid on the
results.Moreover, e studiedstorm surges and tides in the North $ed compared

the resultsn selected cases with the results of other methods or with observations.
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Leendertse (1989 utilized the finite difference method to develafpwo-dimensional
vertically-averaged hydrodynamic modelln whi ch t he effects of
and bottom roughness were included, in ordesdive the differential equatiorsf

long wave propaden. The input to the numerical scheme waster depths at

certain pointsLeendertse (1967) ialso known for hissignificant contributions in

the area of numerical stability and accuraddg. and subsequently Liu built a three
dimensonal model (Leendese et al, 1973, Leendertse and Liu, 1975) and
afterwardsincluded realistic turbulent exchange processes (Leendeatsk Liy

1978). The model was tested and applied to tides, wind and density driven motion

and transport of pollutants.

Abbott and lonesc(1967) constructedn implicit finite difference scheme in order
to solve the cotinuity and momentum equations and, in particular, to sahyeform

of the Saint Venant equations (i.e. kinematic, diffusive, or dynariitls scheme
has becomehe basis Dthe widely-known MIKE modeling systemsThe Danish
Hydraulic Institie (DHI) modelingteam that Abbott initiated in 1962 has been
improving MIKE software. MIKE 21 and MIKE 3 are general hydrodynamic flow
modeling systemwhich areaimed at applicationsithin oceanographic, coastal and
estuarine environments. MIKE 21 solves tdimensional deptaveraged equations
whereas MIKE 3 deals with thr@kmensional hydrostatic equations. These model
systemscan be used whilevorking with single grids, mitiple grids and flexible

mesh.

Hwanget al. (1972)developed a numerical modéirough which theynalyzed the
generation and propagation of tsunami waves. The model was based on
hydrodynamic equations in a spherical coordinate system to account for the spherical
nature of the EarthiThey employedh multistepfinite differenceprocedurego solve

the equations of motion and continuity equatidine model was verified by
hindcasting the wave behavior following the Alaskan earthquake of M6én
compaedwith a rinup record at Cape ¥atageandtransoceanic propagation of the

tsunami wave it was found that the model was consistent with the wave behavior
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Arakawa and Lamb (1977who developed a IPayer UCLA general circulation
mode| discussed the selection dfe finite difference schemes foromogeneous
incompressible flonand nonlinear twedimensional nondivergent flawThey also
introduced theArakawa Grid Systa, which serves torepresent ancdcompute
orthogonal velocity and mass related quantities on reckanguds

LonguetHiggins and Cokelet(1976) asserted thathe existing theories were only
valid for symmetric progressive waves; therefore, thieyelogd a numerical
technique to solve periodic, tadimensional, dep water breaking wave problems.
In their method, lte only independent variablegere the coordinates and velocity
potential of markegbarticles at the free surface. The researdested thenethodon
a free, steady finite amplitudeaveandfound that it was irexcellent agreement with

theindependent calculi@ns based on Stokes's series.

Vinje and Brevick (1981)ffered a method similar to thkeonguetHiggins and
Cokeled €1976)numerial one, claiming that the latter was basegdaiential theory.
The exceptions were th#fte problemwas solved in the physical ahe and finite
depth wa introduced.

Hirt and Nichols (1981) developed sample methodbased on the concept of a
fractional volume of fluid, andhey approximatd free boundariewvia the finite
differencescheme They usedan ircompressible hydrodynamics code that used the
Volumeof-Fluid (VOF) technique to track free fluid surfaceBhe new code
demonstratedhe flexibility and efficiency of the method apdoved tobe efficient

for a wide range of complex problems.

Kim et al. (1983) developed the Boundary Integral Equation Method (BIEM) as a
tod to analyzetwo-dimensional nonlinear water wave problems such \eave
generationyavepropagation andvaverunup on steep slopes. Nonlindae surface
boundary conditiong/ereincludedin the numerical formulatiorExamplesfor either

a solitary wave or two successive sy waves were provided.
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Dold and Peregrine (198@galt with the numerical computations of the evolution of
small amplitude modulatiaon a uniform wave @in. They basedhar method of
computationon Boundary Element MethoBEM) solutions of the twalimensional
potential flow approximation of the canonical problefiey concluded that the

computations were able to clearly indicate when breaking edcur

Kobayashi et al. (1987) dsigned a numerical flow model to predict the flow
characteristicef a normally incident wave train duringe uprush and downsh on

a rough slopeThey used an explicit dissipative L-&endroff finite difference
method to solvehe finite-amplitude shallow water equations including the effects of
bottom friction numerically in the time domain. They observed that the computed
results were in agreement with the available data on wave runup, reflection, and
rundown.They concluded hatmore detailed flow measurements needed to be made

to improve and calibrate the numerical model

Grilli and Svendsen (1989 presented a computational model for highly nonlinear
two-dimensional water waveby means ofvhich they investigated the problems o
wave generation and absorption. In this modekhigh order Boundary Element
Method (BEM) was coupled with a high order explicit time stepping technique for
the temporal evolution of the waves. Grilli and Svendsen (1990) further investigated
BEM by analying the transformation of solitary waves above a mild slope, from
intermediate to shallow water and the interaction of these waves with coastal
structures located in the shallow area. Computations included wave runup,
overturning and reflection fron steepslopes ora vertical wall, and from a
combination of a slope and a submerged breakwdpon comparison of theesults

with other numerical, analytical and experimentialtg it was found thatwhen
solitary waves havingteepness up to 0.50imbed up on a relatively steep slope,
there would be significant differences between Wedocity profilesandthe depth

uniform velocity
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Zelt and Raichlen (1990) developed a Lagrangian figléenent Boussinesq wave
modelandstudiednon-breaking solitary wave rup on twe and threedimensional
bathymetries. Zelt (1991further investigate the runup of nonbreaking and
breaking solitary waves on plane impermeable beablgegsing this modelThe
comparisons witlthe laboratory datandicated that, dr the steeplgpe, excellent
agreement was tdined with the laboratory datdor the gradual slope, wave
shoaling, breaking, and subsequent collapse at the shoreline swecessfully
predicted, although the breaking algorithm did not attempt to model the detdiés of t
turbulent flow in the breaking region. In addition, Zelt (198&alysedhe landward
inundation of norbreaking solitary waves whialimb up a nonplanar slope.

Grilli et al.(1989, 1994) and Subramanya and Grilli (1994) proposed aefirient
method for the calculation of the runup of solitary wavebloseinitial height was
close to the limiting wave height. Tinefindings were in goodagreement with
laboratory data andho calibraion was neededHowever, although theytook
breaking waves into coiteration they only calculated their evolution up to the

breaking point.

LeVeque (1994) releasedhe first version of CLAWPACK,a software package
designed to solve nonlinear hyperbolic partial differential equations using high
resolution finite volume mthods based on Riemann solvers and limi#&rBortran
codewas usedor solving problems on a single, uniform Cartesian grid in one or two
space dimensions, together with some Matlab scripts for plotting solutions. Berger
and LeVeque (1998) extenddthe code to employ the highresolution wave
propagation algorithms in a more general framework. Langseth and Le\Zafi@ (
implemented threedimensional versions of the wave propagation algorithm.
CLAWPACK has been developefilirther as an open source projeahd many
CLAWPACK softwarerepositorieshave been put into use; GeoClasrxamong them.
GeoClawis widely used tosolve twadimensional deptaveraged shallow water
equations over topography for modeling tsunami generation, propagation, and
inundationat presentfMandli et al, 2016).
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Liu et al. (1994, 1998nimed to simulate tsunami wave propagation and runup, and
developeda nested mukgrid finite difference modein Fortran, calledCOMCOT
(Cornell Multi-grid Coupled Tsunami modelwhich could use eithe linear or
nonlinear forms of shallow water equations with differentesymf coordiate
systems (i.e. Cartesian opleerical). The linear and nonlinear shallow water
equations were both discretized witke explicit leapfrogfinite difference scheme.
The modelwas appliedo several numerical examples and analytical solutions and

good agreementsere observed

Imamuraet al. (1995) developedUNAMI, a tsunami propagation ndel, in the
framework of Tsunami Inundation Modeling Exchange (TIME) program tgidace

in Disaster Control Research CentPCRC) of Sendai, Japamevelopedn Fortran
and based on ndmear shallow water equationg)et modelusedthe seconeorder
explicit leapfrogfinite difference scheme for computatioi$JNAMI code is widely
usal at presentTUNAMI-N1 (T@ h o Wnui v e r Nuindrigal@\salysisModel for
Investigation ofNear field tsunamis, N&) useslinear theory with constant grids
TUNAMI-N2 (T@ h o Wnui v e r Nuindrigal@\salysisModel for Investigation of
Near field tsunamis, NB) employslinear theoy in deep watershallow water theory

in shallow water and runup on land with constant gridBUNAMI-N3 (T@h o k u
Un i v e r MumérigabAsalysis Model for Investigation ofNear field tsunamis,
No.3) solveslinear theory with varying grigsTUNAMI-F1 (T@h oWrui ver si t y o
Numerical AnalysisModel for Investigation offFar field tsunamis, Nd4) employs
linear theory for propagatioaf long waves in deep ocean spherical coordinates
and TUNAMI-F2 (T@ h o Wnui v e r NurmericaldrsalysisModel for Investigation

of Far field tsunamis, N@) employslinear theory forthe propagation of long waves
in deepocean and coastal waters.

Imamura and Imteaz (1995evelgped a linear numerical model calledfWO
LAYER, using the staggerdéapfrogscheme for computation of vea level and
discharge in ondimensional propagatio.heyusedthe Fourier transform to solve

the linearized equations for twayers analytically. The validated thenumerical
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model by comparing the results with the analytical solutions for differeumdary
conditions.Imteaz and Imamura (2001) extended the linear model to a nonlinear

model to predict the propagation of a unidirectional-taygered tsunami wave. Four
governingequations, two for each layer, wer der i ved from Eul er ds
motion and continuity, assuming a long wave approximation, negligible friction and

no interfacial mixing. The developed nonlinear modetas comparedwith the

existing validated linear model for different ndmmensional wave amplitudes.

Titov and Synolakis (185) presented model calledVTCS-2, whichis avariable
grid finite difference formulation of the shallow water equations that allihwes
calculation ofbreaking anchon-breakingwave evolutionon sloping beache&lpon
comparing the computational resultsvith analytical solutions, other numerical
computations and laboratory data for breaking mowtbreakingsolitary waves the
researchergound that themodel accurately predictethe evolution and runup of
nonbreakingwaves Titov and Synolakis (1998) iplemented a shoreline algorithm
which was the generalization of the earlier algorigmployedin the code VTCS.
Largescale laboratory data from solitary wave experimeaattacking a conical
island were used in the validation proce§she modeling ofthe 1993 Okushiri,
Japan, the 1994 Kuril IslapdRussia, and the 1996 Chimbote, Peru tsunavais
done by applying this methodt was concluded that the modskrved well in the
prediction ofoverland flow and extreme events such as then3@nup and th@0-

m/s inundation velocities measured during field surveys.

Sato (1996 modeled the energy dissipation occuring at the tsunami wave front due
to breaking by using numericalmodelbased on the Boussinesq equation, which
included the effects of frequencygispersion After the validity of the model was
tested with the existing laboratory data of dispersive wave trains breaking on,a slope
the model was applied to the simulation of the 1993 Southwesk k aartdgdake

tsunami around the gthern part of Okushiri Island.
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Zhang (1996) designed finite difference scheme for the shallow water equations
and the Boussinesq equatipmghich is usedo model the runup by remapping the

grid points at the stace according to the instant shoreline position.

Grilli and Subramanya (199@jmedto study wave breaking caused by shoaling over

a gentle plane slope and wave breaking induced by a moving lateral boundary. For
this, theyimproved and validated severaimerical aspects of an existing model for
fully nonlinear waves. The mod&las based orthe fully nonlinear potential flow
theory and combirea higherorder Boundary Element Metho@EM) to solve
Lapl aceds equation at a expamseomo updata¢he an d
time of the free surface position and potent@bth the resolution and extent of

computationsveregreatlyimprovedthrough the use of the new methods.

Grilli et al.(1997)developeda fully nonlinear potential flovecheme byenploying
boundary element techniques and used it to calculate various characteristics of
solitary wave propagation and breakiffidne scheme providedetailedinformation

about wave breaking including the shape of the plunging jet generated by the
breakingprocess However,it was not able tgredict maximunrunup becausehe

computation terminated when the plunging jet stiihekfree surface.

Titov and Gonzalez (1997mplemented and testedset of numerical simulation
codes, known as the MOST (Method $blitting Tsunami) modellntroduced asa

part of the Early Detection and Forecast of Tsunami (EDFT) prdfectmodel was
capable of simulatinghe processes of tsunami evolution such as generation by an
earthquake, transoceanic propagation, and inumdati dry land.Simulation of the
generation process in the MOST moaes based on elastic deformation theory
(Gusiakov, 1978; Okada, 198@nd the method of computing inundatioras a
derivative of the VTC model (Titov, 1997; Titov and Synolakis, 13919%,
1997). Generation and propagation capabilities were tested aghmdeep ocean
bottom pressure recorder data recorded during the 1996 Andreanov tslihami.

inundation computations were compared with field measurements of maximum
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runup on Okshiri Island which weregatheredshortly after the 1993 o k k ai d @
NanseiOki tsunami. The esults of the simulationsvere consistentwith the

observationsThe MOST modeis widely used at present.

Kirby et al.(1998) dsigneda finite difference modelatled FUNWAVE that can be

used to solve a free surface wave problem using the fully nonlinear, extended or
standard Boussinesqg equations or the nonlinear shallow water equations. Given the
inital conditions ad bathymetry, the prograntealt withfree surfae elevatios and

horizontal velocities on a rectilinear ngtaggered grid.

Lin et al. (1999) developed a numerical modelsolvethe Reynolds equations for
the mean flow field and the-r equations for the turbulent kinetic ener§yand the
turbulence dissipation rate, Then theyapplied the model to wave breaking and
runup The free surface locations and manat were tracked by théolume-of-
Fluid (VOF) technique Theresearchergbserved that thaumerical resultagreed
fairly well with the experimental results in terms of the wave profile and velocities,
butwere unabléo provide jet and splasip information.

Yoon (2002) propsed a twedimensional finite difference numericachemein

order to simulae transoceanic propagation of tsunanmger gradually varying
topography. This scheme sotiv¢he shallow water equations on a uniform grid
system. The dispersion effect of wavess considered in the computation by
utilizing the rumerical dispersion error arising from theapfrog scheme Having
testedthe modeffor severalcases)yoon (2002)concluded that the numerical model
was less accurate for short waves than the original Boussinesq equation model;
however,it was computatiomally more efficient.Thus, the model was regarded as

superior to that of the conventional finite difference models.

Lynett et al. (2002) developed a Boussinesgpe wave model, COULWAVE
(Cornell University Long and Intermediate Wave Modeling Packaghich was

used for coastal and ocean wave propagatiimey used a higtorder finite

32



difference scheme in order to soleghly nonlinear and weakly dispersive
equations in addition to an eddyiscosity modelwhich they used to investigate
breaking wave rump. They were able to validate both thevave breaking
parameterization and the moving boundary technggjuee they accurately predicted
nonbreaking and breaking solitary wave runUjne results of their investigation
into two-dimensional wave runup in @arabolic basin and around a conical island

were inexcellent agreement with the published data.

Stelling and Zijlema (2003ntroduceda numerical technique for the approximation

of vertical gradient of the nenydrostatic pressure arising in the Reylsadveraged
Navieii Stokes equations for simulating nbgdrostatic freesurface flowsThe
proposed technique wadtated to becapable of simulating reigely short wave
propagation, in whictboth frequency dispersion amnlineareffects played an
important role. The resul indicated thatthe technique was able to capture the
essential wave phenomena, such as shoaling, dispersion, refractiorffeaadiah

and was expected to be computationally competitive with the extended Boussinesq

type wave models.

Biausseret al. (2003) eferred to the study oBuignardet al. (1999, 2001) who
efficiently and accurately comped wave breaking on sloping beactwesnbining
the segment Lagrangiaviolume-of-Fluid (SL-VOF) andBoundary Element Method
(BEM) for two-dimensional flows.Biausseret al.(2003)extendedhis methodology
to threedimensional flows andverified it on two simple applications. Thiaree
dimensionalBoundary Element Metho(8D BEM) producedsimilar results for the

case of a solitary wave shoaliaigd breaking on a sloping beach.

Watts et al. (2005) developed four separate sources for the December 26, 2004
tsunami,which were based on differences in seafloor morpho&ggg a 1200 km

long rupture zoneA numerical simulation of the tsunami perfadthwith ahigher

order Boussinesq mod&td them to conclude théihe numerical result@and a few

observedunupvalueswere in reasonable agreement

33



Koh et al.(2005)from University of Malaysialeveloped a in-housetsunamimode|
TUNA, which was made umf two parts: TUNAM2 which predicted tsunami
generation and propagation and TUR® which estimated tsunami runup and
inundation. TUNA modelsedthe Okada equation for tsunami sources generation
due to an earthquak&he explicit finite difference metliband staggered scheme
were employed so that lineahallow water equationsere discretizedand tsunami
propagation could be predictedowever, nonlinear shallow water equatiomere

appliedfor the cases of tsunami runup and inundation

Synolakis and Brnard (2006)collected and summarized the approactegards
tsunami numerical calculations in their extensive studyt&mami numerical
modeling Theyfocused orthe improvements in tsunami simulations by numerical
modeling after the ebktructive2004 Sunatra tsunamiThe developments itsunami

inundation modeling tools weexplainedn ddail in terms of hydrodynamics.

Dao and Tkalich (2007¢arried outresearch into the sensitivity of the modified
version of the numerical model TUNAMNZ2 in terms ofastronomic tide, sebottom
friction, dispersion, ariolis force, and spherical curvature by modeling the 2004
Sumatra event ahe tsunami scenari® modified version of the codgd,UNAMI -
N2-NUS, was introduced later. Theode used ndmear shallow wateequations;

however jt solvedBoussinesq Equations when the dispersion efasiconsidered.

Zhang and Baptista (2008) developed a new fieiegnent model, SELFE, for cress
scale ocean modelindgt was a semi implicit EulerianLagrangian finite element
model based on the threemensional Navier Stokes equations.eiployedan
unstructured grid in horizontal dimensidor the adjustment ofcomplex coastal
topographic featuresnd coastal structuresThe researchers conducted field
application to theColumbia River estuary and plunte assess the performance of
SELFE
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Harig et al. (2008) designeda tsunami simulation model, TsunAWI, as part of the
German aid contribution in the framework of the Gerimiatilonesian Tsunami Early
Warning System (GITEWS)taAlfred Wegener Institute for Polar and Marine
Research (AWI)Based on an unstructured grid apprqoatle model used thiite
element method to solve the governing shallow water equatsntis alloweca

flexible disaetization of the model domain.

Franchello and Krausmann (2008) developldFlux2 in order to solvehe shallow
water equationswvithin the framework of European Commission Joint Research
Centeb s ( J RCJINEDMA kBject. The model wassedto predict both
tsunami surges on coastal ipmanddambreak waves in flood plainslyFlux2 was
capable ofcaptuing local discontinuities (i.e. shock waves) and reédgaumerical
diffusion and unphysical viscosity effects dominating in all finite difference methods
with the help of its basiengredient, whichwas a 2D finite volume Approximate
Riemann Solver, with a higresolution Flux Vector Splitting technique and implicit

treatment of the source terms.

Yamazaki et al. (2009) formulated, verified and validated numerical model,
NEOWAVE (Nonhydrosttic Evolution of Ocean WAVES). Thidepthintegrated,
northydrostatic model had a semiimpli ci t |, ynite di fference
formulation buit on the nonlinear shallowvater equations and utilizé a nonr

hydrostatic pressure ternm order to describe weakly dispersive waveSood

agreement witlthe availabldaboratory data fowave propagatio, transformation,

breaking, and ruwmp was observedYamazakiet al. (20118) managed toapply

NEOWAVE to recent tsunami case studies.

Abadie et al. (2010) designeda multiple fluid Navier Stokes model, THETIS, for
waves generated by idealized slide geom@etor deforming slidesAnalytical
solutions and several laboratory experiments from previous studies, including the

threedimensional landslide experiment described in &fiwal. (2005) and Synolakis
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et al. (2007), were used to validatbig mode| which acceptedall computational

domain regiongs Newtonian fluids

Horrillo et al. (2010, 2013) developed and validated a simplified tdieeensional
NavierStokes model, TSUNAMI3D (Tsunami Solution Using Navstokes
Algorithm with Multiple Interfaces).The modelemployedthe Volume of Fluid
(VOF) method to track the fluid interface and the surfasese obtained by
integrating the fluxes of each individual fluid cell along the water column. In the
momentim equation, the pressure term swdivided into hydostatic and non
hydrostaticcomponentsTheviscosity coefficient was adjusted to solve the internal

friction in a simplified manner.

Dutykh et al. (2011) develepod a tsunami numerical model, VOLN#MINg to
introducea tool for tsunami wave modeling wh coveedthe whole spectrurfrom
generation to inundation. Becaudee tmodel algorithm worked on unstructured
triangular meshest could berun in arbitrary complex domains. It solved nonlinear
shallow water equations witthe finite volume schemeThe researchers partially
validated their algorithm through several realistic test cases that they presented.

Titov et al.(2011) described a webased community tsunami model for inundation
modeling called Community Modeling Interface for Tsunamis (ComMITWhich

was initially developed for Indian Ocean countreasd suppored by the United
Nations Educational, Scientifiand Cultural Organization (UNESCO), the United
States Agency for International Development (USAID), and the National Oceanic
and Atmosphec Administration (NOAA). ComMIT which is currently being
widely useduses initial conditionsakenfrom a precomputed propagation database
and also allows incorporation of other tsunami models such as TsunAWI (@arig
al., 2008) or TUNAMI (Imamura, 199. ComMIT suppliesan interface which
makesthe selection of model input data (initial condition, bathymetry grids, etc.)
possible. h addition a platform to display model output through a graphical user

interface (GUI)is available
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Kaiser et al. (2011) carried outdetailed inundation simulationshich aimedto
support damage analysis and risk assessnegairdingthe 2004 tsunami in Phang
Nga and Phuket, Thailand’he numerical models ComMITdeveloped bythe
National Oceanic and Atmospheric Adminisimat (NOAA) Center for Tsunami
ResearchandMike 21 FM, a depthaveraged and hydrostatic wave evolution model
designed by the Danish Hydrological Institute (DHIyyere employedo gain an
understanding othe observed tsunami inundation and to draw coraigson the

effectof land cover on inundation patterns.

Roeber and Cheung (2012) developed a Boussinesq Model for Ocean and Surf Zones
(BOSZ). The model combinethe weakly dispersive properties of the Boussinesq
approximation with the conservative fomfi the nonlinear shallow water equations

up to fifth-order n Cartesian coordinate

2.3.NAMI DANCE Applications

NAMI DANCE is a tsunami numerical moddevelopedoy Middle East Technical
University (METU) Turkey and Laboratory of Special Research Bureau fo
Automation of Marine Research, Far Eastern Branch of Russian Academy of
SciencesRussia. NAMIDANCE gained importance and popularity a short span

of timein the area of coastal modeliagdwas recommended lifie United Nations
Educational, Scientiéi and Cultural OrganizationUNESCQ to be used in the

simulations of possible tsunami scenarios.

Yalcineret al.(2005)issueda reportaboutthe field survey resultsoncerningunup,
arrival time and damages tfe 2004 Indian Ocean tsunanTihey arried outthe

field surveybetween January 231, 2005 athe north oass of Sumatra Islandn
Medan andVieulaboh cities anth Simeulue Islandin addition theysimulated the
2004 Indian Ocean tsunami using NAMI DANCE and compared the numerical
results with the observed field dataf other tsunami survey teams at Sumatra,

Thailand, Sri Lanka, India and Maldives.
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Yalciner et al. (2007a) applied NAMI DANCE to five different tsunamscenarios

which werelikely to be gererated in the Eastern Mediterrane@he available data

of earthquake epicenters and magnitudes measured in the last century and subduction
zone properties of Hellenic Amere used in their simulations, whassults showed

that the south ofCrete andPeloponnesyshe north of Libya and Egypt eve all

vulnerable to tsunami waves.

Zaitsevet al.(2009) presented the data of the instrumental registration of the tsunami
on Sakalin andH o k k aslardisZas well as performimyimerical simulations of the
tsunami propagation in the Tatar StraiingsNAMI DANCE software. They found

that the numerical results were in satisfactory agreement with the observed data.

Dilmen (2009)employed NAMIDANCE to studythe possible tsunami scenarios
the Gulf of Fethiyein Turkey andfor the coasts Kyparissia, Zakynthos d@pylosin
Greece GIS based tsunami inundation map®re prepareand it was foundthat
when the superstructure was taken into antin the formation of the topographical

data, there was a reductionthe tsunami inundation.

Insel (2009)studiedthe effects of landslide parameters, density and thickness of the
slid mateial on tsunami wave generation Yalova in the Sea of Marmar The
generation of the landslide generated tsunam@iee modeled using TWQAYER
andthe propagation and coastal amplification of ldredslide generated wavesre
simulatedvia NAMI DANCE. In the study, itwas concluded that higher densities

and thickresses of slide material caddggher water surface elevations.

Yalciner et al. (2010) performed numerical simulations for a selected tsunami
scenario in Caribbean Sea using the numericalelsodUNAMI N3 and NAMI
DANCE and presented the numerical reswfotential tsunamis generated in the

region.

38



Zaitsev and Pelinovsky (2011) discussed forecasting of tsunami wave heights at the
Russian coast of the Black Sea. The calculations of the tsunami wave characteristics
were made using NAMI DANCE. The resultsof the numerical modeling of the

historical events (in 1939 and 1966¢re comparewith theavailable observedata

Onat (2011penerated a database of various seismic soruces and apfui€astern
Mediterranean by using NAMI DANCE. Thdfficulties in defning seismic source
parameters antthe effecs of dip and rake (slip) angle on seismic generated tsunamis
were alsceevaluatedSimulationswere performedn nested domains for Bodrum, Kas
and Iskenderunwhich were presenteds case studieff. was evident thathe north-

west andthe southwest of Turkeywere more vulnerable ttsunami tharthe other

regons.

Ozer and Yalciner (2011) described the tériydrodynamic demandsa parameter
used to represent the potential for tsunami drag force detlimage to structures
along coastlinesWhile performinganalyses using NAMI DANCE in two altered
regularshaped basinswith different bottom slopes they implemented the
simulations using a single sinusoidal wave with particular initial conditions, asich
leading elevation wave and leading depression wave @sofilith different wave

periods.

Ozelet al.(2011) aimed at having a better understanding of the tsunami potential of
the coasts of Turkey; therefore, they investigated the historically andnresttally
recorded tsunamis in the region. The modeling results of NAMI DANCE from
selected tsunamigenic regions, Rhodes and the southwest of Turkey were included in
the study. It was also stated that Kandilli Observatory and Earthquake Research
Institute (KOERI) had started to install 5 sea floor observation systems in the Sea of
Marmara to increase the observational capabilities and reduce the early warning time
in case of a tsunami. The researchers emphasized the short arrival times in the
Marmara and Agean Seas arekplained why it is utmost importance to estabésh

tsunami warning centen Turkey.
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Ayca (2012)developeca Web based Geographic Information System (GIS) to serve
tsunami inundation maps throughe web. Thefour main stages of the researc
methodology were(i) simulating tsunamis based on six different scenangag
NAMI DANCE; (ii) processing simulation datey means of GIS application(iii)
development of web interfaces and implementation of the developed model for Web

GIS applicaibn; (iv) validationof the creatéd model for Marmara Sea Region.

Onat and Yalciner (2013) upon creating38 possible scenariosin the Eastern
Mediterraneanby employing NAMI DANCE, carried out simulations in nested
domains for the towns of Iskenderun dfak as case studies. They aloalysedhe
uncertainties in defining seismic source paramefene north-west andthe south
west coastsof Turkeywerefound to bemore vulnerable to tsunami waves thhe

other coasts.

Dilmen et al.(2014) prepareda tsunami inundation map fahe Gulf of Fethiye by
usingNAMI DANCE based on their tsunami simulation and inundation assessment
for the region They used aigh resolution bathymetry and topograptigta sefor

14 probable tsunami scenari@md foundthat lowland nearshoreregions with
lowland topographyvere prone to a considerable level ioundation. Dilmeret al.
(2014) also claimethat, althoughthe presence ofovalye Islandlocated in front of

the baypartly prevergdthe entrance of thisunami wavest created moragitation

in the area.

Yalcineret al.(20148) modeleda hypothetical landslide tsunami at Nile Delta in the
Eastern Mediterranean Sea in order to stheyrisksit would pose to the regioithe
generation and propagation of a realistandslide scenariowas simulated
numerically, which was thieasis of the methodology usedhdtwo different moded,
TWO LAYER and NAMI DANCE were selected for the simulations. The
researchers discovered tlia¢re were wave reflections because of thel ssmolosed
nature of the eastern Mediterrangahich resultedn several wave trains arriving at

every coastal site. They recommendeat deepwater pressure gaudgpesusedso that
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anylandslidegenerated tsunamis in the Eastern Mediterranealt be dedcted and

early warning would be possible

Yalciner et al. (2014) conducteda numericalmodeling studywhose main focus
was thewestern part of Peloponnese in Greece, in the framewdEki@pean Union
funded project, SEAHELLARCIn the studysimulatians of possible tsunami source
scenarios for the Pylos, Kyparissia, Filiatra and Zakynthos regions, locatkd at
western part of Greece, were carried out by usi#gMI DANCE to estimate
extreme but possible tsunami wave effects in these reginally, the tsunami
arrival times and maximum positive and negative amplitussre computed, plotted

and compared

Necmiogluand Ozel(2014)studiedthe sensitivity of earthquake sounpgarameters
in tsunami generation and propagation, facg®n the EasterMediterraneanusing
NAMI DANCE. They concluded thatsunami hazard studies showadalysea range
of parametersand thatthe maximumgenerated tsunanmshould be taken into
considerationWhere this was not possibt@ving to computational limitatios, at
least sensitivity studieshould becarried outand in the selection of parameters, it
was importantthat those thatwould result in maximum tsunami generatiobe

favoured

Ozdemir (2014)performeda series of simulations via NAMI DANCE by inputting
previausly determined seismic sources in the Sea of Marmara in order to develop a
simple high-speed informative tsunami wang system for Marmara coasfBhe
results indicatethat themaximumexpectedsunami wave height at a gauge selected
near Haydarpadaott in the Sea of Marmara was around 1 to 2 m.

Pamulb s ( 2014) theieflaemnce ofbddildingsiahdoroughness coefficient on
tsunami motion iman inundation zoneavas based on the comparison%oftlifferent
simulations performed fdhe Belek region inAntalyausing NAMI DANCE In the
study, the results showed thdtigh resolution bathymetry and topograptwere
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necessaryfor tsunami analysis foresidential areasn order to obtain accurate
velocities and inundation depths.was statedthat when friction was includedthe
inundation distances and discharge fluxes observed in the selected wegi®n
reduced To identify possible morphological changesised by tsunami attackthe
use ofa nondimensional parametethe Rousenumber, waslso highlighted in the

study.

Sozdinleret al. (2014) employed NAMI DANCE to analyse sunami parameter
namelyhydrodynamic demanavhich expressedhe relative value aothe drag force
(i.e. damage levelpf tsunami waves in inundation zandhe maximumvalues of
inundation dept andcurrent velociy are investigated as well as those of Water
elevation and discharge fluthat took placeduring several tsunami inundation
scenarios The simulations were conductembnsidering various orientations of
regular shapedbasins The results of the analysg@sovided information aboutthe

damage levels in residential areas Hralefficiencyof coastal protection structures

Aytore (2015) assessed the tsunami resilience of Haydarpasa Port in Istanbul
according to the moseffective submarine earthquake by carrying aummerical
simulations withNAMI DANCE. Having analysed thpossible effects of increasing
data and model resolution t higher level and including existing strtiges as
elevation dataAytore (2015) conclude that he highst model and data resolution
producedmore accurate results in tsunami modeling studies.

Sozdinler et al. (2015) calculatedthe damage inflicted by tsunami waves on
structures and coastlines Kamaishi Bay in terms of the square of theuee
number Fr’, by conducting a numerical modeling studjhe aalyss were
performedvia NAMI DANCE with nested domains at a higher resolutam the
effect of the Kamaishi breakwater on the tsunami inundation distaasetested
Also, the coastal damge was evaluatedusing the conditions with breakwater
without breakwateanddamaged breakwater
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Kian et al. (2015%) used NAMI DANCE toinvestigate the resonance oscillations,
periods of free oscillations and flow patterns of long waves in Haydarpasa Po
Istanbul. The possible effects of long wave amplification and resonance oscillations

on Haydarpasa Pontere discussed

Kian et al. (2015%) investigated the response and behavior of water motions inside
the enclosed basins under long wave conditignssing NAMI DANCE.The spatial

and temporal changes of main tsunami parameters and their adverse effects on harbor
performancewere analysedyy monitoring the wave and current amplifications and
consequent variation of sediment motion in termtheRoue numberSeveral case
studies for the possible effects of tsunamis or long waves on Belek, Antalya and on

Haydarpasa Port, Istanbawkere conducted

Patel et al(2016 modeled the Makran 1945 tsunami using NAMI DANCE for the
coasts of Pakistan, Iran, lladand Oman. Thepicenterwas 25.15N- 63.48E, the

fault line was 200 km long and 100 km wide, focal depth was 15 km and strike, dip
and rake angles were 2460, 70 and 900, respectively. The bathymetry data were
obtained from General Bathymetric Chart dfetOceans (GEBCO) and land
topography data from Shuttle Radar Topography Mission (SRTM) The results were

consistent with the available reports and published data.

Cankayaet al. (2016) worked ona new methodology for tsunami vulnerability
assessmenbf aeasproneto tsunami In their proposallhe Yeni kaasé r egqgi
selectedas a case studgnd available data set from the Istanbul Metropolitan
Municipality and Turkish Navywvere usedas inputs for highresolution GlSbased
multi-criteria decision analys (MCDA) evaluation of tsunami risk ithat region.
Earthquake worst case scenarios were considered in the deterministic computation of

the tsunami hazanagsing NAMIDANCE.
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2.4.FLOW -3DF Applications

FLOW-3DF is a general purpose computational fluid dynasmmdel (CFD), which
is a direct descendant thfe work on the volume of fluid method (VOR)arried out
at the Los Alamos National Laboratory (Hirt and Nichols, 19Bll.§i)W-3D‘E solves
Navieii Stokes equations vithe finite difference methodFDM) and utilzes the

VOF method for computing free surface motion.

Choiet aI.(2007)emponedFLOW—3DE to simulate wave runup on a conical island,
based on thenexpectedly large tsunami runafevationswhich had beemwbserved

in the circularBabi Island in thel992Flores tsunami anith the pear shape@®kushiri
Island in thel993 Okushiritsunami.They maintainedthat the results obtained using
two- and three-dimensional models were good agreement with each otlasr well

as thelaboratory dataf the physical moel studies conducteglarlierin the Coastal
Hydraulic Laboratory, Engineering Research and Development Center, U.S. Army
Corps of Engineerby Briggset al.in 1994 They alsoclosely examinedhe thre&
dimensional velocity distribution around theonical island and found that the
velocity distribution along the vertical coordinatas not uniform

Choi et al.(2008) conducted an analytical and numerical analysithefrunup of a
solitary wave on a neplane beachBefore carrying out the numerical anagausing
FLOW-3DF, they applied nonlinear shallow water theorydbtain ananalytical
solution for a simplified bottom geometrysuch as an inclined channel with a
paraboliccrossslope shape After parameters such as water displacement, velocity
field ard energy dissipationvere analysedit was proventhat the existence of a
parabolic crosslope channel on the plane bedel to runup intensification, a

phenomenorommonlyobserved in podsunami field surveys.

44



Bhinderet al.(2009) studiecxperimerdl and numerical modeling afsurging point
absorber wave energy converf8YEC). After simulatingsingle degre®f-freedom
motion ofthe WECusing FLOW—3DE, theycompared the numerical reswitith the
experimental data. Thegisotested the ability offte code to simulate free surface
linear waves and wavgructure interactionThey concludedthat the solver of

FLOW-3D% wasquite soundand efficientin wave modeling.

Basuet al.(2009) assessithe impulse waves generated by the subaerial landslide at
Lituya Bay, Alaskaby conducting numerical simulatiorBLOW-3D" softwarewas

used in ordetto track the free surface and shoreline movemértts. simulation
resultswere compareavith the experimentabnesobtained in a physical model of a
real case anthey were found to be igood agreement with the measured dataas
concluded thathte model captured the basic flgwoperties which werassociated
with the timedependent evolution of the flowfield as the landslide interacts with the

bay.

Das et al. (2009) studiedthe tsunami wave generation by submarine and aerial
landslides. They used two different numeritais to simulate the time histories of
fluid motion, free surface deformation, shoreline movement and wave :runup
FLOW-3DF and SPH $modhed Rarticle Hydrodynamics the latter employinga

fully Lagrangian approach. The landslide and subsequent wave genemaoms
modeled with a freely falling wedge in the simulatiofiie numerical results
obtained from both modelvere comparedvith the expeémental data and good

agreemenivas observed

Parambath (20103mp|oyedFLOW—3DE to quantify the forces acting on an existing
wind power uit due to a tsunami bore impact. Tapplicability of FLOW-3DF to
these types of problemsas evaluatedy comparig the results obtained from the
numerical simulationswith those determined bythe smal scale laboratory

experiments.
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Lai et al. (2010) conducted experimental and numerical analyses alvew
propagation oveml coarse grained sloping beadn which the wae profile and
velocity field were simulated VigFLOW-3DF. When the mmerical resut were
compared with the experimental ortesexamine the validity of the model, it was
discovered that wave propagation ogetoarse grained sloping beach affected the

breaker types in shallow water.

Kim (2012) carried outlaboratory scale experiments of tsunami generation by
subaeriallandslideand integrated therwith the numericalsimulations His work
focusedon the numerical validation divo threedimensional Navie6Gtokes models,
namerFLOW-SDE and TSUNAMI3D. Three largescale landslide scenariogere
selectedfrom a set of laboratory experimentoneby a tsunami research team in
Georgia Institute of Technologyrhe numerical esultsobtained by bothmodels
werefound to beeliable,as they hadower error than thallowable errors indicated

by theNational TsunamHazard Mitigation Program.

Chen (2012) employeELOW—SDE to simulate internal solitary wave motion in a
density stratified fluid, in which the uppéayer is fresh water whereas tloaver
layer isbrine water Chen (2012) concluded thatFLOW-3D% was appliedusinga
very fine grid,the results would provida better understanding of the internal wave

characteristiceompared to those of tiphysical Bboratory experiments.

Choi et al. (2012) aimed at quantifying an equivalent resistance coefficient that
included the effect of drag caused by buildings and the bottom friction by means of a
series oflaboratory experiments and thrdenensional numericadimulations with
FLOW-3DF. A semtanalytical formula for the equivalent resistance coefficveas

also developedia momentum analysis. The equivalent resistance coefficient values
resulting fromthe experimental datathe numerical data, and the seamalytical

formulawere in good agreemewith each other.
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Ko et al. (2011) devisedthe internal wave generatianethod by applying anass
source, which was proposed by Lin and Liu (1996)0 FLOW-3D® code They
found that in comparisorto the existing \mvemaker scheme, the generated wave
profiles of the intemal wavemaker were inbetter agreement with the analytical

solutions even though the novdarity of wave was increased.

Pelinovsly et al. (2013) cited boththe highestwave runup which was recoedl at
Lhok Nga Twin Peaks after the 2004 Sumsaralaman earthquakand the 2011
earthquakewhich generatedextremely destructive tsunami waves up to 37.9 m in
height at the tiny fishery port Koborinaituatednorth of Miyako City in the Iwate
Prefecture Upon successfully reproducinthese extremellarge runups of tsunami
waves in both cases vRRLOW-3DF, the researchemiscovered that the water flow

that climbed the coa$tatureda strang vertical velocity component.

Kim et al.(2013)analysedhe coastal behavior of the tsunami at the Lhok Nga Twin
Peaks within the framework of fully nonlinear dispersive Reynaldsaged Naviér
Stokes equationgia FLOW-3D®. The extreme characteristics of the tsunamiia t
studied coastal area, including the obged overflow through the ddleback
between the twin peaks, were reproduced successluilys, it was recommended
thatthreedimensionahon-hydrostatic numerical modelse usedn order to predict

tsunami characteristics on steep coaststamdtimateésunami risk for such areas

Kim et al. (2013 worked on the simulation dhe extreme runup height of 37.49 m
which was observed at the Koborinai Port due to the 2011 East Japan earthquake
tsunami. The Princeton Ocean Modelvas used in the first stage d$unami
propagation (i.e. from the source to the coast) the wave runup at the Koborinai

Port was modeled via FLOW-3DF. The researchers recommendétat non
hydrostatic numerical modele usedn the prediction of tsunameharacteristics on

steep coast
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Kim et al. (2015) reproduced the dynamics of extreme runup height, which was
measured as 31.7 m at Monai Valley as a result of the HI®X k aNande#Dki
tsunami. They useBLOW-3DF in order to investigate the role of diffraction in the
extreme runupThe results revealed that the shape and layout of the coast line as well
as the diffraction of tsunami waves by the two islands located in front of the valley

had led tsunami wavée convergeleading to the extreme runup height.

Wu et al.(2016) focusd on the generation of solitary waves in a wiwae using a
pistontype wavenaker. Theymadeexperimental observationia orderto evaluate

the stability of the generatesblitary waves, defining stability as the generated
solitary wave travelling a layer distance without an apparent decdhey
discovered thathe solitary wave heights were greatigtoriated owing tothe
imperfect fitness of wave paddle to the flume. They carried out numerical
simulations usingLOW-sDE to support their experimentadsults.

In the light of these studies theliterature, thebenchmarkingandvalidation of twe
and threedimensional numerical modeling tools, namely NAMI DANCE and
FLOW-BDE, are carried out and th&trengths and weaknesseisthese numerical
modelsin the prediction of nearshore long wave behavior are deterniiiheddetails

are given in the following sections.
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CHAPTER 3

THEORETICAL FRAMEWORK OF THE NUMERICAL MODELS

The shallow water equations describe the dimiu of incompressible flow
neglecting density change along depth. Tloay be appliedo cases where the
horizontal scale of the flow is much bigger than the depth of the fliadnami
waves which have long wave periods amndavelengtls, are categorizedas shallow
water waves, witlwavelengtls much larger than the water deptherefore, tsunami

wave motion can be estated by shallow water models.

The propagation of tsunami waveffshorecan be adequately described by linear

long wavetheoryas
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wherewandware the horizontabandwaxesin the Cartegan coordinate system
respectivelypis time,—is the free surface elevatiofis gravitational acceleration,
O and 0 are the discarge fluxes o horizontal plane alongv and w axes

respectively an@ is the total water deptiiven byO Q —.

Linear shallow water equationsvhich are the simplest form of equations used in
tsunami motionprediction, do not contain the nonlinear convective terms

numerical simulations based on linear theory necessitate a relatively small amount of
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computaton, they are preferred fahe prediction of tsunami wave propagation
deep waterOn the other handhe linear long wave theory is no longer dependable
due to the nonlinear conditions in shallower regions becassésunami waves
approach shallower geons (i.e. to the shorelipenonlinear effects gain significance.
Thus nonlinear shallow water equatignghich includethe effects of bottom friction

on tsunami wave propagatioare employedto describe tsunainmotion in shallow
water zonesnspite ofthe difficulties inherent in them. There is ample evidence that
the bottom friction termexerts considerabl@fluence on the propagation of tsunami
waves in shallow water (Liet al, 2008) andhereforethe nonlinear shallow water
theory isregarded athe proper tooto predict nearshore motion of tsunami waves.

3.1.NAMI DANCE

Thenumerical scheme ddAMI DANCE is givenand ts capabilities antimitations

are explained in detail in the following subsections

3.1.1Model Background

Among the manynumerical mdels that have been developed to predict tsunami
motion both offshore andearshoreitherfor academicor operational purposes, one

of the TUNAMI models,the tsunami propagation modehown as TUNAMI-N2
(TOhoWmi versityds Numerical Anal ysis Model f
tsunamis, No.2)has becomeprominent Its source code was developad the
framework ofUNESCO Tsunami Inundation Modeling Exchange (TIME) program
which has been helish DisasterControl Research Center (DCRC) of Sendai, Japan
since1995. TUNAMI-N2 employs linear theory in deep water, long wave theory in
shallow water and runup on land with constant gfidsamura, 199p To solve
nearshore tsunami motioM,UNAMI-N2 usesthe secondorder explicit leapfrog
finite difference schemawhich supplies astable solution and shorteomputation
time in reasonable error limité this model, lhe initial wavedevelopment idbased

on the Okada (1985) calculations for s@ismic tsunamisThe shape ofthe initial
wave andhedynamic inputs of the wave at a specified location in the study domain
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can be controlled by the uséfhe model is developeah Fortranandis used in
Windows operating system with Visual Studio interfaCeINAMI-N2 was later
modified, improved and registered ihS, andcopyrightwas grantedo Professors
Imamura, Yalciner and Synolakis in 2000 (Yalciretral, 2001; Yalcineret al,
2002; Zaitsev et al., 2002yalciner et al, 2003; Kurkinet al, 2003; Zahibeet al,
2003; Yalciner et al., 2004yalciner and Pelinovsky, 2007).

NAMI DANCE is a numerical model whickervesto simulate tsunami evolution,
propagation and inundation. It has been developed by the collaboration of Ocean
Engineering Research Center, Middle tE&®chnical University, Turkey, and
Special Research Bureau for Automation of Marine Researches, Riyss@entists
Andrey Zaytsev, Ahmet Cevdet Yalciner, Anton Chernov, Efim Pelinovsky and
Andrey Kurkin NAMI DANCE uses C++ programming languaged isbased on

the computational procedures of TUNAMEP. The nonlinear forns of long wave
equationsare solvedased on a rectangular structured maaiNAMI DANCE with
respect to related initial and boundary conditiofie solution procedure is a
staggeredeapfrogschemeIn general, the explicit numerical salut of nonlinear
shallow waterequations igavouredsince the amount afomputer time and memory

it consumes is reasonakded the resultarein acceptable error limitévelioglu et

al., 2016)

NAMI DANCE, which is an improved form of TMAMI-N2, provides direct
simulations in nested domaijnallowing the user to select fromwo coordinate
systens (i.e. Cartesian oispherica) andtwo equation typs (i.e. linear or nonlinear
shallow water equatiop$n multiprocessor environmeitNAMI DANCE computes
maximum and minimum water surface elevations, velocities and directfomave
currents momentum fluxes and their directions, flow depthsFroude number and
the Rouse number irthe study domain.As opposedto TUNAMI-N2, NAMI
DANCE has the capability tareatethe initial wave by usindoth tsunamigenic
rupture parameters an earthquakeand user definedshapes of the initial water

surface disturbancerlhe calculationscan be made bysing eithera static source
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inputted as an initial wave ca dynamic source (time history of water surface
fluctuation) inputted from m arbitrary locationThe modelalso has the capacity of
preparingthreedimensionabplots of sea state at selected time intervalsuigngirg
different camera and light positiomaonitored by the user, and animating the
tsunami propagation and inundation in the study donTdie.code was modifieoh
order tomake the calculations in a mufirocessor patterrin other words, NAMI
DANCE performs the numericalcalculations by using all the prasors of the
executed computein order to increase¢he simulation speewvhile reducingthe

process time

NAMI| DANCE ha been subjected to testingia specific benchmark problems
commonlyusedby coastalscientists and it has proved to be reliable and functional.
Some of hesebenchmark problemwereintroduced ininternational Workshops on
LongWave Runup Modelsvhich were held o Catalina Islandu.S.in 1991, 1995
and 2004and funded by Nationabcience Foundation (NSKBynolakis, 1991,
Synolakis et al.1995, 2004; Liuet al, 2008). Several tsunami eventsave been
modeled by applying NAMI DANCE in more thd® institutes worldwide (4&sev

et al, 2008 Yalcineret al, 2010, 2012).

3.1.2Numerical Scheme

NavierStokes Equations, which athe governing equations in the prediction of
fluid motion, form the basis abng wavéshallow water theorj\reugdenhil, 1994).
The tsunamimotion computations arenainly based on theshallow watertheory
(Shuto 1991) in which the vertical motion of water particles is ntatken into
consideration because of itegligible effect on the pressure distributidierefore
the pressuralistribution is accepted to be hydrostatiGiven this approximation,
necessary yhamic and kinematic conditiorsse used anthe bottom friction terms
(for nonlinearity)are included so thahe fundamental equations of NAMI DANCE
are obtained and ardiscretized by means ofhe staggered leapfrog scheme
(Velioglu et al, 2016).
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Neglecting the vertical motion of water particledyet equations ofcontinuity
(conservation of mass) and momentane given by the following set of equations

(Imamuraet al, 2006)
The Continuity Equation
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whereq is the vertical axisn the Cartesian coordinate systenis the fluid density,
is the pressurep, U and0 arethe water particleelocitiesin wy wanda directions

T is thenormal or tangentiadhear stress in i direction on the j normal plane

The surface tension force betweemaater interfaceés neglectedwhich leads tohe

dynamicboundary conditiorat thefree surfacegiven by Equation [3.8]
n A0 & - o

It is acceped thata water particle which is once at the free surface remathe #itee
surface throughout the motioifthis gives he kinematic boundary conditioat the

free surfacavhichis given by Equation [3.9]:
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The kinematic boundary condition at the impermeable sea boi®rgiven by
Equation [3.10]:
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whereQis water depthEquation [3.10quals to zero in case of a ftaabottom.

Whenthe dynamic boundary condition thte free surfacé applied to hie equation

of momentum irtx direction, the hydrostatic pressudsstribution is obtained
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After integrating Equations [3.4] [3.7] from seabed, 'Q to thefree surface—,
usingthe Leibniz integral ruleandapplyingboundary conditionat the free surface
andat the seaottom,the two-dimensionaldepthaveragecdonlinearshallow water

equationsncluding the discharge fluxese obtainedimamuacet al, 2006)
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wheret andt are the shear stressesvandwdirections, respectivelgnda-is the

eddy viscosity which isssumed to be constant in space
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In the case of long waves, the horizontal eddy viscasitys neglected since its

effect is negligible canpared to the effect of bottom friction.

The discharge fluxes and0 are defined by:
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The sheastresses iwandwdirections,t andt , for the uniform flow with bottom

friction are defineds:
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where Qs the friction coeftient.

For the bed resistance flow in open channels he Manni ngdés roughne
¢, is preferred to be used rather thidwe friction coefficient"Qin most engineering

problems The use ot has alsdeen adapted to shallow water modélse formula

for the relationship betweethe Ma n n i nouglinesscoefficient and the friction

coefficientis given as
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By substituting Equatiof3.19] in Equations [3.17] and [3.18], the shear stress terms

areredefined as:
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Equations [3.20] and [3.21] suggéisat the bottom friction increases with the fluxes,
and is inversly proportional to total depticausingwave energyo dissipaé faster as

the wavepropagates in shallow water areas.

The values of Ma n ni n g ocategarizedingArcesed and coef f i ci e
Schneider (1989) and Chow (1958@nhamuraet al.(2006) also proposealues forg,

given inTable3.1, for certain types of sea bottom

Table3.1Val ues of Ma n ooefficign,s forrcartairgtypes efssasa bottom
(Imamuraet al, 200B)

Bed Material .
Neat cement, smooth metal 0.010
Rubble masonry 0.017
Smooth earth 0.018
Natural channels in good condition 0.025
Natural channels with stones/weeds/etc. 0.035
Natural channels in poor condition 0.060

However, according to Ven T@how (1959), selectingn appropriaté value from
thosetables isnot something tangible Tofiveteran engineers, this means the exercise
of sound engineering judgment and experience; for beginners, it can be no more than

a guess, and different individisawill obtaindifferent resulte.
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The alternative is to determitiee value o€ from in-situ measurements agplained
in French (198p It must be remembered theither of these methods cawose

problems.

Manningoés r ougiseresedmaualeii NAME DANCE and is

chosen as constant for a giveondition of sea bottom.

After all the assumptions and substitutiomse employedthe nonlinear shallow

water equations, which are the fundamental equations of NAMI DANCE, are

obtained and giveim Equations [3.22] [3.34] (Imamuraet al, 2006)

3
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NAMI DANCE predicts tsunami wave motion by solving Equations [312£3.24]
simultaneously and by applying proper boundary conditiblese, it is important to
note that Equations [3.22][3.24] arenon-dispersiveand valid only inthe Cartesian

coordinatesystem(i.e. & 63 ).

Equations[3.22] T [3.24] are not thenly governing equations of NAMI DANCE.
NAMI DANCE also solvedinear shallow water equationg&Equations [3.1] [3.3],
offshoreup to 50 meters depth when the simulation area is considerablyilargs

entire ocean basin.
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NAMI DANCE solves the nondispersivelinear and nonlinear shallow water
equations With the dispersionterm included in Equations [3.22]i [3.24], the
nonlinear dispersive shallow water equatiorisiown as the Boussinesq Modehre
obtained (Peregrine, 1972yhe nonlinear disperse shallow water equations are
given in Equations [3.25] [3.27]:

r-1T07160
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Dispersion(i.e. frequency dispersion) is the spreading of energy in the direction of
wave advancewingto different wave celeiiggsfor wave modes of different length
Dispersiontends to beconsidered negligible for tsunamis, especially if tleeg
earthquakenduced. However, when thisunamisource is narrow or neseismic,

the generated tsunami waves may be shortthadlispersion effect can play an

i mportant role in the transformation of
dispersionof the 2004 Indian Ocean tsunawas significanin the Bengal Bay and
Andaman Sea (loualalen et.,aP007; Horrillo et al., 2006) and it becameore
distinct atthe transoceanic distances (Glimsdal et al., 2006). Simildr&dispersion

for the longdistance propagation of the 20T13 h asunamiwasapparen{ L R v h o | t
et al., 2012b; Grilli et al., 2012). For smaller earthquakes involving sherigth
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scales, dispersion is expected toppeminentat shorter wave propagation distances

of whichthe 2009 Samoa tsunamia casén pant (Zhou et al.2012.

For transoceanic propagation of tsunamis, the nonlinearity of waves can be neglected
because the free surface displacement is much sroaligpared tahe water depth.
However, the dispersion effect should definitely taken intcaccount(Kim, 2010)

since, rather than nonlinear or bottom friction effects, the dispersion effect dominates
the transformation akletsunamigalso called faffield tsunami, tran®cean tsunami,
distantsource tsunami or oceawide tsunami). For teletsams, the linear
Boussnesq equations, which neglecbnlinear effects but includéhe dispersion
effect, can be used as a governing equation. On the other hand, naaidbattom
friction effecs becomemore important for the transformatioof tsunans in the
nearfield (i.e. shallow water) andear coastal arealn shoaling watetthe lengthto-

depth ratio of a tsunami wave increases and the dispersive elkbectases
meanwhile the amplitudef the wave grows and nonlinear effectslominate
However nonlinearityleads tothe front of the tsunami wavwe steeperand, as a
result, breakingmay occuror dispersive effectsnay reappea(i.e. development of
undularbores) (Glimsdal et al2013).

The shallow water theorgan be considered dlse best ofion for most aspects of
tsunami modeling because of its efficiency, software implementation and good
performance Yet, sometimes a dispersive wave model nieey needed. Tsunamis
generated by neseismic sources are often too short to be adequately desbiybe
the shallow water theoryAlso, a global propagation analysis may require dispersive

model s even for earthquake generated tsul

In short, the dispersion term gains importance when a wave amplifies near the shore

or when waes propagate considerably long distances on the water body.
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NAMI DANCE is also capable ofredicting tsunami motion inthe spherical

coordinatesystem(i.e.1, N, @) by takingi nt o account Earthos
forcethatstemsfromE a r t h 0 s Coriahst faceaffectmthe wave amplitudeand
the arrival time of the first wave in the case of considerably long propagation
distancesTherefore it is more convenient to formulate the nonlinear shallow water
equations inthe spherical coordinate systerfor teletsunamis The nonlinear

dispersiveshallow water equations the pherical coordinatesystenare

T — p T 0 T 0é&N
T 0 20N 11 ™ o8
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wherel is longitude,n is latitude,a is the vertical axisR is theEarth radiugaken as

6378k m a n the angularsspeed of Earth's rotatiaken as 7.27XX° rad/s
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3.1.3.Solution Technique

The differential equations mube transformed into algebraic forim order to solve
them numerically. This transformation is most commonly achieved vidirie
difference method. The continuous variables are represented by theis \ala
finite set of points, and derivatives are approximatethbylifferences betweertheir
values at adjacent points. Tistudy domainis partitioned into several discrete
horizontal layers, eachf whichis divided up into grid cells. Then the vailied are
evaluated at theenter of each cell.In the same waythe time interval under

consideration iglividedinto a finitenumber of discrete time steps.

NAMI DANCE employs theexplicit leapfrog finite difference scheme s$olve the
nonlinear shallow water equationdmamura and Goto (1988n theirinvestigaion

of different schemes for long wave simulatipaBowed that the staggered leapfrog
scheme isbetter in terms of numerical accuracyor the sake ofclarity, the
numerical scheme iappliedto the linear onalimensionalshallow waterequations
wheredispersion andéottom frictioneffectsare excluded

—a
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The finite difference méhodbased on the Taylor expansion seiseas follows:

. i - 1T —d 30 T —ad 30 T —ad
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where3-0is thetemporalgrid interval(or time step)

Theforward difference schemis obtainedby rearranging Equation [3.34]:
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where0 30 is the truncation error in the order 3. The truncation error is the

difference between the partial derivateved its finite difference representation.

If 3:0is replaced bp-ofq and 30f¢, then thecentral differencescheme withthe

second order of truncation eriisrobtained

Ty —ad — - do —
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0 30

The central difference approximation is superior to the forward difference
approximation in terms of truncation errtherefore, thestaggered leapfrog scheme
is appliedusing the central difference method’ he leapfrog scheme provides more
accurate resultdecause itincreags the calculation points and decreashe
truncation errorBy applyingthe staggered leapfrog schenteguations [3.32] and
[3.33] are discretized as:

P - Lo T 0T b m o X
30 3w - _

P . - . - ,O0 0O p .

— U ) o - - U 3w T o Y
30 - - q 3W

wherezwis grid size incdirection,30is the time stepEis the increment i

direction andEis the increment in timeThe notation- ¢fo indicates- and the
notationd ¢ represent$ __ in the staggered leapfrog schem#hichis applied
using the central difference methodvoreover, the numerical schenoé the total

water depthQ, isgivenad - Q.
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Figure 3.1 Pointschematis of staggeredeapfrogscheme ir{a) spaceand(b) time
(Imamuraet al, 2006)
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The water elevations, is calculated at different grids than the fluxesand(, in
space and time. For more accurate results, NAMI DANCE calculates the fluxes,
and0, in the halftime and halspace whereasis computed in onréme and one

space Figure3.1).
3.1.4Initial Conditions

An initial condition isa requirement for the initiation of the iterations in the
numerical shemeNAMI DANCE assumes$io motionup to timeE p as an initial

condition in the sea:

- 0 0 T 0 W

NAMI DANCE acceptsthe initial water levels-, as equal to the elevation of the

ground, Qup to timeE  p as an initial condition for rurp computatioson land

—5 (0 o8 1

The ground elevation values take a negative sigland.

3.1.5Boundary Conditions

The puresinusoidal motiorat the offshore boundary leadsadorced oscillation and
reflected wave are not allowedot pass causingadditional water elevations and
unreliable predictions. Therefqrihe open boundary corigins are used in order to
allow reflected waveto passreely through theboundary

The total derivative of water surface elevation is constant and given as:

$— T - 1T - 1 -
36 T 0 %o Mo o8 p
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When Equation [3.41] is equal to O (zerde tboundary is outgoing (open) boundary

andwhen Equation [3}1] is equal to 1.0 (ongik is reflective boundaryFor the sake
of simplicity, thevalues of6 andV are bothacceptedas "QCat thebounday. The

numerical schemfor the open boundaries defined as:

T o8 ¢

—h —h mﬁ - h —h T mﬁ —-h —-h T o8 o

The velocity inwdirection,0, is omitted atthe topand bottom boundaries of the

computational domain:

—F  ~h LS Tl B v o8 1

whereE is the number of grids icbdirection.

The velocity inwdirection,0, is omitted at the top and bottom boundaries of the

computational domain:

whereE fis the number of grids iédirection.

Wave runupcalculations are carried oby usingnonlinearshallow water equations
sincelinearity is not albwedin shallow water zoneslhe wave front conditioms
kept under controby defining thecondition ofeach cellin each time step; i.e. the

cell issubmerged or dryrheflow depth at an arbitrary call evaluateds
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| f 0O Q - 1 the cell i's submerged
| f 0O Q - 1 the cell i's dry o8 ¢

NAMI DANCE places the wave front betweesubmergd and drycells. The
condition of each cell is determined halfgrids, i.e. aE pJc¢ in the staggered
leapfrog schemeDefining the moving boundary conditions on lansl difficult. In
inundation calculationsyhen the water level of a cell is higher thitwe following

one, the water moves into the next céliherwise, the dischargeascepteds zero

3.1.6 Stability

An unexpected divergence in themerical solutiormay occurbecauséhe selected
grid size and/or time stemay leadto an instability m numerical simulationsTo
achieve astable numerical scheme,ras from various sources (roundff,
truncation etc) must be prevented from increasiig the sequence of numerical
procedures as the calculation proceeds from one marching step to thdheext.
stability is ensuredby employingthe CourantFriedrichsLewy (CFL) conditionin
NAMI DANCE. The numerical speed of the waYe¥yo, has tobe equalto or
greater than theactual speedpassing througteach grid at each time stepCFL

condition is giveras

where®is the wave celerity angd QO

NAMI DANCE calculatesthe largest time step that satisfibe stability condition
Equation [3.47] provided thathe bathymeir dataof the study domain isputted
This guaratees stable calculations because it allows the user to selatiertime

stepvaluesthan the suggestexhe
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3.1.7 Methodology

Study Area
The study area is determined according to:
- earthquakend tsunampotential
- social and economimportance
- superstructure and infrastructure

=

Data Acqusition and Processing
The raw satellite data of the study areadlected from the available sourc
The collected data is analysed and eliminated
The data is processed and digitized

Bathymetry and Gauge Files
The required resolution of the study area is determined
Bathymetric and topographic maps are created inz*fgrmat and are
converted to *.grd format via available tools
Gauge file is created in *.txt format

==

Source File
Possible tsunami sources are determined based on historical earthquak
The most effective source is determined
The source file is created bmplementing:
- Rupture source input (fault length, fault width, dip angle, etc.)
- Border source input (time series of water surface fluctuation in *.grd)

Simulation
Simulation duration, output file time interval and friction coefficient are
inputted inthis step
Initial and boundary conditions are applied; discharge fluxes, wave a
times and max./min. free surface levels are computed

Postprocessing
Results are visualized: Summary of results, 1D, 2D graphs, inund
mapping, 3D animations, etc.

Figure 3.2 Methodology of modelingia NAMI DANCE
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3.2.FLOW -3DF

The following subsectiondiscuss the numerical schemeFafOW-3DF in detail and
explain its capabilities and limitations

3.2.1Model Background

FLOW-3DF, which wasdevelopedand commercializedy Flow Sciences, Inc., &
general prpose computational fluid dynamics (CFD) software. Flow Sciences, Inc.
was founded inSanta Fe, New Mexict).S. in 1980 by Dr. C. W. (Tony) Hirt.

Dr. Hirt was one of thescientists who pioneered in the designtled Volumeof-

Fluid (VOF) techniquewhich was first reported in Nichols and Hirt (1975), and
more completely in Hirt and Nichols (1981uring their workat the Los Alamos

National Laboratory. FLOWBDE is adirect descendant of this work.

In the marine environment, the free surface, whiegresents the interface between
the water and the air, particulary interests engineers using CFD to analyse
hydrodynamic flows. Simply defined, the free surface is where there is a sharp
change at the interface, such as still water. A more complexta@fican be made if
breaking waves with air entrainment are considered. The fact thah#peand
positionof the free surface isnly known at the initial time and that its location at

later times has to be determined as part of the solution presentsatn difficulty in
dealing with free surface$he methods employed in CFD to resolve the free surface
are mostly categorized into two group$ interface tracking andii) interface
capturing (Maguire, 2a). In the firstmethod a sharp interface imaintained by
following its motion. As the mesh is adapted to the position of the free surface at
each time step, one of the boundaries is, by default, the free surface where the
boundary conditions are applied’he secondmethod is implemented on a
predeermined fixed grid. The three maiechniquesn this category are Markend

Cell (MAC) technique Level settechniqgueand VOFtechnique There are other
methods used for tracking the free surfam@mne of which are LatticBoltzmann

(LBM) method simpleFront racking anl Shockcapturing methods.
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Harlow and Welch(1965) proposed the MarkandCell (MAC) techniquejn which
there are massless tracer particles at the free surface and these are tracked throughout
the calculation. Thigechniquecan resolvenorlinearities However, especially in
threedimensions, computational high cost is a downside level set technique
whichis presented by Osher and Sethian (1988)onceptually simple. The level set
function is initially defined in each cell asetllistance from the free surface, positive
in one direction, negative in the other and zatrthe free surfaceF{gure3.3). The
level set function is easily tracked due to its smooth change across the infEnface.
implementation of level s@echniqueis relatively easy and accurate under certain
conditions.However, inthe flow regimes that havieigh vorticity or significantly
deformed interfacet is possible to encountg@roblems such awss of masandbr
volume. The third interface trackingchnique which is more efficient than the
MAC and level sesschems, is the Volume-of-Fluid (VOF) approachThe VOF
techniquds implemented in FLOWBDF and can be applied to complex free surfaces
and breaking waves$-érziger and Peric, 1999).

Figure 3.3 The level set functiarred line representbe zero level setvhich isthe
collection of points that are at height zéktaguire, 2011)

The VOFtechniqueis made p of three ingredients: a scheme to locate the surface,
an algorithm to track the surface, and a means of applying boundary conditions at the
surface.This techniqueworks on the principle afecording the fractional portion of

the cell volume that is ocpied by liquid in each grid celllhe fractional volume is
typically represented by WOF function,_ ofdold , which has a value between

andp and satisfies Equation [3.4B8] the Cartesian coordinate system
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wherew is the fractional volume open to flow, ,0 ando are the fractional areas

open to flow incy wanda directions, respeistely.

p represents the regiorfall of liquid whereas  ttindicates the liquidree
regions Figure3.4). There is a free surface wherechanges fronmto p, implying
that any elementwith an_ value lying betveenttandp hasa surface.The VOF
method does not directly define a free surface, but rather defines the location of bulk
fluid. Therefore when fluid regions merge or break upghey do not cause

computational difficulties.

(@) (b)

[T Surface Element

Figure 3.4 Details ofthe VOF technique{(a) surface in onglimensional column of
elements(b) surface in twedimensional grid of elements (Flow Scien2602

In recent years,ugh major improvements beyond the originaD¥ methodhave
been made in FLOVBDF that the dynamics in void or air regions are not computed,
and thus the speed and a@my of tracking distinct liquid ogas interfaces are
increased. The improved form of the original VOF implementatiokniswn as
TruVOF® method.
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FLOW-3D serves to compute free surface motion by mearErwfOF method
whereas Fractional Areal/ Vol ume Obgst acl e
used to model complex geometric regigngli rt and Sicil i an, 19 ¢
unique techigue which is used to describe geometric objects in a computational
domain within therectangular grid It works well with complex geometries since it

is based on the concept of Area Fraction (AF) and Volume Fraction (VF) methods

(Hirt and Sicilian, 1985)Despite being a powerful methdd AVORE i s af fect
the resolution of the computational grid, like all discrete methods. The geometrical

representation is improveuth increasing mesh resolutigne. decreasingell size).

FAVORE technique hasontibuted to thedevelopment ofthe general moving
object (GMO) modelln FLOW-3DF, the GMO modelis perceivedas a rigid body

with any kind of motion that is either usgrescribed or dynamically coupledth

fluid flow. It can have sbdegreesof-freedom orbe subject tanotion constraints
such as a fixed axigr fixed point. The GMO modeinvolves multiple rigid bodies
under independent motion types as well as rigid body interactions including

collisions and continuous contact.

In FLOW-3DF, the STereolLithgraphy (STL) formais usedto represent complex
geometries, regardless of the application aregacro fluids, metal casting, water and
environmental, aerospace, elthe STL files are produced usingarious types of
Computeraided Design (CAD) softwardt is also possible to convert small scale
bathymetry and/or topography data to STL via online converter tdbis. STL
format iscommonly used by many industries to represent and Sftgreowever, in
the water and environmental industries suddceen representations of the
environmentare favouredThe raster file format known &SRI ASCIlis employed
to import the terrain data directly to FLO®BDE. All GIS software packages are able

to export the *.asc format.

Surface roughness is @ucial paramete in modeling of flood waves, tsunami

inundation etc In FLOW—3DE, with a uniformly roughsurface it is possible to
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adgpt a constant roughness value; howewetth a nonuniform surface an
equivalent roughness valubat will supply accurate resultsnud be selectedA
local, spatiallyvarying surface roughness another choice for modeling surface
roughness This is done by transferringhé surface roughness coefficienisto
FLOW-3DF in ESRI ASCII rasteformat

When an equivalent roughness value isquired t he Manningos

coefficient,n, can be convertet the friction coefficienof FLOW—3DE, f, by:

Mo d
e o8 ¢ IO R X ¢ o8 w

whereO 1Y is the hydraulic diameter and is the hydraulic radius and:

od T

_<
c4l 0s

whered is the crossectional area of the fluid anidis the wetted perimeter.

FLOW-3D" defines surface roughness as the average heigimiformly distributed
roughness elements and udikuradse equivalergurface roughnes¥). Nikuradse
(1933) measured the velocity profile and pressure drop in smooth and rough pipes
andrelated ke friction factorto mean flow velocity anthe Reynolds numberlt is
possible toconvertthe Nikuradse equivalensurfaceroughnessQ, to n using the

relationderived by Yen (198 for wide open channels of impervious rigid boundary

. €
T8ro Y w

od p

The relation given in Equation [3.51] is a practical tawdl ased in this dissertation

inordertoconvert the Manni ngausstoiQoughness coef fi
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FLOW-3DF has a variety of meshing techniques. The simplicity of meshing is
attributed to thestructured mestthat is used by FLOVBDE, whereas various
features enabled by mubiock meshingprovide the efficiency and robustness
Owing to theuse of nultiple mesh bloks local refinement irthe areas of interess
possibleandthere issignificant redutton in computational resources required for a
given simulationThere areseveral multiblock meshing capabilities such as linked,
conforming, nested and/or partialbyerlapping mesh block$igure3.5). These can

be used to accurately resolveall obstacles, complex geometrigglahin channels

that are smaller thatthe overall domain size. Linked mesh blosksve onlyto mesh

the areas of interest and limit the total number of computational cells. Nested mesh
blocks enhance the resolution around an area of interest. Conforming and partially
overlapping mesh blockare employedto resolve irregularly shaped features with
shap changes in sde. These meshing techniquegrovide userswith the flexibility

to createsimple yet efficientmeshesIn this way,solver performanceé improved

andprocesdime is reduced.

(d)

Figure 3.5 FLOW-3DF meshing technique$a) linked mesh{b) conforming mesh(c)
nested meshg) partially overlapping mesfilow Science2002
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FLOW-3D® offers a unique hybrid shallow water/3D flow modiirough which
standard shallow water or 3D eqoat are selected and employed the
computational domain. In other words, FLGBDF is capable of simulating both 2D

shallow water models and 3D models.

With the capacity to simulate multiphysics including fhsiducture interaction, -6

DoF moving objed, and multiphase flow, thHELOW-3DF software also simulates
incompressible and compressible flows as well as laminar and turbulent Aows.
variety of physicsmodels are offeredfor sediment scour and transport, density
stratification and mixing, bubblesnd cavitation (i.e. air entrainment), evaporation
and phase change, chemical fate and transport and porous rivathiipal
hydraulics, river planning and restoration, dam safety, hydroelectric and spillway
operations, design, and optimization, reservmiaintenance and planning, and
coastal and estuary engineeriage among the many applications of FLEADE,

whichis currently used in commerciaademic, and government fields.

FIl owSightE is an advanced viEsasst@rbo;eszoa,t ion tool
which is used to pogirocess and visualiZELOW-3DF outputdata The tool has

capabilities such asanalyzing and comparing multiple simulation results

simultaneously, volume rendering, defining new variables such as time averages,

integrated valuedimensionless parameters, etc., creating multiple ~tianging 2D

and 3D animated plots anisualizing thestreamlinesvith moving arrows or cones

Moreover,F1 owSi ght E of fers an integrated graphin
level ofanalytical adity to general history, diagnostics, and mesh dependentatata,

it showsdifferent simulation data comparatively.

FLOW-3DF, being aCFD model, should be approached cautiously since, like any
numerical analysis, CFD is liable to error and uncertaintg. mhjority of fluid flow
processes are satisfactortigscribed by the Navie€Stokes eqgations. To obtain a
solution in CFD, the governing continuous equations must be replaced with a

discrete representation and numericautons to these approximate edunswill
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be available through the use afcomputer. Errors are likely to arise in this
discretisation process. There will also be errors if the chosen governing equations do
not adequately represent the fluid flow of interest. Moreoweruseris bownd to

make mistakes in the definition of the problem or the analysis and interpretation of

the results.

According to the European Research Community on Flow, Turbulence and
Combustion (ERCOFTAC, 2002), errors and uncertainty can be caused by seven
different sourcegMaguire, 2011)

(i) Model error and uncertaintyDefined as being the difference between the real
flow and the exact solution of the model equations, modeling errors and
uncertainty are causdxy solving the wrong equations.

(i) Discretisation or nurarical error: This type of error is defined as théference
between the exact solution of the modeled equations and the numerical solution
on a mesh of finite grid point®wing to the use of finite differences to represent
exact derivatives. As the numbof grid points is increased, the likelihood of
this error will decrease and will tend to zero at a rate determined by the order of
the numerical method employed.

(iii) Iteration or convergence errorThe difference between a fully converged
solution on a firie number grid points and a solution that is not fully converged
leads to this type of error (MARNET, 2002hese errorsould only be avoided
if the iterative process was allowed to continue indefinitely, which is not
possible since modelers have timastoaints and convergence limits are set to
tolerances on accuracies.

(iv) Roundoff error: This type of error is the difference between the calculated
approximation of a number and its exact mathematical value. It is caused by the
fact that computers can stoaegiven value only through a limited number of
digits, namely 16, 32 and 64 bits.
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(v) Application uncertaintiesWWhen the problem is complex and can not be defined
accurately, these errors may ari§hese uncertainties include, but are not
limited to, geom#y definition, boundary conditions or whether thewl is
steady ounsteady.
(vi) User errors A t any stage of the ué¢egedmsetryi nteract.i
generation, meshing, ppFocessing or pogirocessinyerrors can be made. The
more experiencethe user, the fewer errors there will be.
(vii)Code errors Often known asprogramming errors or bugs, these are
unintentionalprogramming errors in the implementation of models or compiler
errors on the computer hardwaréhey can primarily be detected thréug

verification and validation of the code, which often proebedifficult.

It is obvious that any numerical analygmrticularly CFD, will always be subject to
error and uncertainty. Therefore, it is necessary that errors and uncertainty be
quantified and error bounds be placed upon the results so as to make sure that the

results presented using a numerical model can be trusted.
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3.2.2Numerical Scheme

FLOW-3D® solves the fully threedimensionalmass continuity and momentum
(Naviefi Stoke$ equationsvia the finite difference or finite volume methoa the
Cartesian coordinate systemifufx to describe fluid motion.For cylindrical
coordinates, | - , cw-coordinate is interpreted as the radial direction,c-
coordinate is transformed to the amiimal coordinate— and & is the axial
coordinate. FLOWSD® adds additional terms to Cartesian equations of motion for
cylindrical geometry. These termseancluded with a coefficient,, such that 1

corresponds to Cartesian geometry, while p corresponds to cylindrical geometry.

All equations are formulated with area and volume porosity functiens,V OR E
(i.e. obstacles are defined byravolume porosity regions Area and volume
fractions are time independeint FLOW-3DF. However, these quatigs vary with
time when theéGMO is employed.

The generamass continuity equatids given by (Flow Science, 2002):

where'Y is a turbulent diffison term andY is a mass source.

The velocity componentsofbh) are defined in  afuhx or i1 h-Rx coordinate
systems.The coefficientT depends on the coordinate systemch thatwhen

cylindrical coordinates are usadderivativesarecorverted to azimuthal derivatives:

T—, —— od o

whereT i, 1 —andi is a fixed reference radius. Ithe Cartesian

coordinate systenT is unity and 1T
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The tubulent diffusion term’Y , is effective for turbulent mixing processes in

fluids that havea noruniform densityandis defined as:

.17 ! rea T Tornr

Y Jo— 1—70T—, —1 60— ,——. od
e °To Td °TToid °Ta o710

wherg is a coefficient anfl Y »,in which® is dynamicviscosity andY is

referred to as the turbulent Schmidt number

The density source terry, , is commonly employedto model mass injection

through porous obstacle surface

Compressible flow problemsecessitatéhe solution of the full density transport
equation as stated iBquation [3.5P For incompressible fluid$, is constant and

Equation [3.2] reduces to:

The equations of motiorior the fluid velocity component®hh) in ¢ wanda
directions are the NaviegBtokes equations with some additional terms (Flow
Science, 2002):
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where"O, "O and"O are body acceleration4;, A and/Aare viscous accalations
ando , @ and are the flow lossesacrossporous medidn & wandd directions,

respectivelyThe last terms account for the injectiomudiss at a source.

The viscous accelerations for a variable dynamic viscdsjtgre given as:
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The parameters , 0 and0 represent the velocity of the source component,

which is nonzero for a mass sourcetime GMO model.

The parameteré , 0 andU represent the fluid velocities at the surface of the
source relative to the source itsé¥ 6 RO ) ) andit is computed in each

control volume as:

Y 'QGT
506 B Y

whereQ Vis the mass flow raté,0 is the fluid source densit{) dis the area of the

source surface in the cell ahds the outward/ectornormal to the surface

At a stagnation pressure sourcdluid is assumed to enter the domain at zero
velocity. A deflating balloon orltid tha emergsat the end of a rocket are some
examples othe stagnation pressure source. Atatic pressure sourcduid velocity

is computed from the mass flow rate dhd surface area of the source, which can be

illustrated byfluid coming out ofa longstraigt pipe.

Applied to a widerangeof fluid flow and heat transfer phenomeri%i_OW-BDE
employshighly specializechumerical techniques to solve the equations of motion for
fluids to obtain transient, thredtmensional solutions to musicak, multiphysics

flow problems.
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FLOW-3DF is equipped withvarious types of boundary conditionise( slip/neslip

wall boundary conditions, open boundary conditions, moving solid boundary
conditions incident wave boundary conditions, ¢td@.his dissertation facses solely

on wave hydrodynamics; thus, in the following sections only the numerical schemes

of thewave generation module of FLOWDF are described.

The wave generation moduleusedto generate a certain type of wave in the area of
interest as amcident wave boundary conditioRLOW-3DF is capable of generating
periodic |Iinear waves and nonlinear wave
solitary wave through its wave generation modiigre 3.6). It is also possible to
integratethe time history of water surface fluctuation data, which is defined by the

user,into FLOW-3DF as an initial wave profile at the boundary.

(@) Periodic linear waves N
O
O
) —>
(c) Cnoidal wave
SWL 0
_________________________ - AT

Figure 3.6 Progressive waviypes:(a) periodic linear wavegp) St o k e s @) crwidal e ;
wave;(d) solitary wave(The vertical dimension is exaggerajed
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In FLOW-3D® wavesare classifiedas deep water, intermediate water or shallow
water waves according to the water depth andelesngth ratioQf , values which
are given inTable 3.2. The applicability ranges for linear wave, Stokes wave and

other wave theories are givenkigure3.7.

Table 3.2 Classification of waves withespect t&f

Region Wy
Deep Water 0.501 D
Intermediate Water 0.057 0.50
Shallow Water 0.007 0.05

0.05 -

0.02 |-

0.01 |-
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0.002 -

gT?

0.001 |-
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0.0005 WAVE

0.0002
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|
|
|
l
l
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H¥/d® = 26

STOKES 2™ ORDER

LINEAR THEORY

INTERMEDIATE DEPTH
WAVES

y/. 4

0.001  0.002 0.005 0.01

d_
gT?

0.02 0.05 0.1 0.2

Figure 3.7 Applicability ranges bvarious wave theories
(U.S. Army Corps of Engineer2009
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Waves in FLOW3DF are generated at mesh boundar@acea wave enters the
computational domain, it is supposed to transform amg type & wave with or
without breaking the bottomdoes noteed to be flat any longeand flow can be
inviscid, laminar or turbulent. The wave may also breaide the computational
domain.

The numerical scherseof FLOW-3DF thatareused togeneratdinear and nonlinear

waves argiven in detail in the followig subsections.
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3.2.2.1.Periodic Linear Waves

The surface profileof a linear wave is sinusoidabnd the amplitude is small
compared to the wavelength and fluid degthlinear waveis characterized by the
parameters(i) wave amplitude¢, (i) wavelength,_, (iii) wave period;Y, (i)

angular wave frequency, ¢*7°Y and(v) wave numberQ ¢* 7_.
The linear wave model of FLOMDFisbag d o n (1845)lingar wave theory:
—afd i BD %o oD w

where%dis the phase shift angle in degrees. The default phase shift is zero, which

means at tim@ Tthe wave elevation is zero and is on the rise.

It is assumed thahe linear wavecomes from aninfinite reservoir vhich hasa flat
bottom andassumed to exist outside the computational domeinmediately
adjacent to the mesh bounddFRrgure 3.8). The generation of the wave at the mesh
boundary is based dhis assumption.

propagation

direction
———i—

-— Wave length () —=

z
Me?g ;»:iiter \ Mesh
¥ boundary

Wave e 1

amplitude (aj
. Mean BTEgUIBI. 3D
Reservoir fluid computational
(outside computational domain) depth (d) domain
—» Current velocity (U) 1
Flat bottom

F7 7777 A A A A A A Y A | T rrrr rirriTy ff!fff!f!g?_m

Figure 3.8 Linear wava coming from a flat bottom reservoir into the computational domain
(Flow Science, 2002)
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FLOW-3D® makes theexistence of a constant net currént(inflow or outflow) in
any horizontal directiopossible However, the linear wave solution is valid as long
as the current velocit{, is slower than the wave speedThe current is assuméal

be uniform across the boundary.

The linear wave theory is based on thidowing assumptions:
(i) fluid is inconpressible, inviscid and irrotational.
(i) flow is two-dimensional.
(iii) the waveamplitude, is small compared to thendisturbedvaterdepth,Q

and wavelength.

Accordingly, the velocity potentiaJe oD , and velociy components in x and z
directions 0 ofofd and0 ool are obtained as

e o (X OEQRE Q0 ORO X0

L Qi VB0 ox
s 5 PODERQI Q wé W x0 %o

(0] 9 i "Q}‘:TQ,Q 0-& p
) D OODERQY Q | T xO0 %o

v o [ @FQQ oX ¢

The dispersion equation in FLOW®DE is given in terms ofvave speedp x IQ

"0 )
w 5 ?26) WR'QQ o o
Equation [373] indicates that the wave frequency angavelength are
interdependentgiven eitrer the wave frequency owavelengththe other quantity is

calculated by the dispersion equation.
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3.222St ok eaged W

A Stoke® wave is a nonlinear waweith sharper crests and ftat troughs than a
linear wave FLOW-3Dusese i t her Fent on ohedoRhe fifth-order seri es n
Stoke® wave theory developed by Fent¢i985)t o gener at es Tl®et okes b6 wa:
formeri s t he favoured St ok eligher wderaccuragyge ner at or d
provides Unlike the linear wave theorfy Ai r y 0 sthetStole@vavetheory is a

nonlinear theory fofinite-amplitude progressive surface waves.

Similar to the Ilinear wave, the Stokesd wav
reservoir with a flat bottom, which is outside the computational domain and
immediately adjacertb the mesh boundaf¥igure3.9).
Wave
propagation

direction
_-..

Mean water
level \ Mesh

T boundary

<—— Wave length (]) —»

Mean Irregular 3D
Z fluid computational

| = Current velocity (U) depth (d) domain
X

:_L_? r’r‘-':\}-’—f T

Figure 39St o k e sdomirgvrem a flat bottom reservoir into the computational domain
(Flow Science, 2002)

A St ok eis éharaeterizesl byi) wave height,Q, (ii) wavelength,_ and (iii)
wave period,Y The free surface elevation, is timedependent and measured along
adirectionfrom the bottom to the water surface.cAnstant net current, U, (inflow

or outflow) in any horizontal direction is allowed.
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The Stokesd wave theory assumes potent

incompressible and irrotational. Therefore, the stream function,exists and

satisfies the Laplace equation:

6 —. AT AQ — o v

With the further assumption that wave cresfcursat®w mwheno T, and
employing the boundary conditions at the free surface and at the sea bed, the Laplace
equation for is solved usg a perturbation method. The perturbation parameter is
the wave steepness, ‘Q@c. The solution for the water elevation and velocity

with fifth-order accuracy with respeictj is given as:

DY T Yooy 7 Tn n G / n T n T oo S A 7 n
-aD Q T €1l Q% W ECIQW o we il QweaQw
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where® @ @andQ®d Qo xo. The coefficients ," , and# are nonlinear

functions of Q(presented by Fenton (1985).

The wave number and wave frequency are dependent parameters and satisfy the

nonlinear equation:

¥ — # — # ™ 0¥ W

where# ,# and# are nonlinear functions d'(presented by Fenton (1985).

It is not possible to input botlvavelengthand wave periodsimultaneouslywhena
waveis generatect the mesh boundarif the wavelengthis given, then the wave
period is obtained frorkquation [379]. If wave period is known, the&avelengthis

calculated fronEquation [379] iteratively. The first aproximation of Gis:

o LT iy
0@ i By Q

where; X Q-candr Vi ED.

The fifth-or der St o k e scan bw appledo wavesarr both deep and
shallow wateif: (i) wave steepness small (i) waves do not breakiji) wavelength

is shortcompared to water deptfthe upper limit for waviength is "Y'XQ
_FQ p r(Fenton, 1985\ Beyond t his | iienserigs mé&midstaon 6 s

morereliable way to genera®t ok es 6 waves.

88

Four



3.2.2.3.Cnoidal Wave

A cnoidal wave is a nonlinear oscillatory wave in shallow water, which has sharper
crests and flatter troughs than a Stdkesmwve.Fent onod s Fourier
(Fenton, 999) is employed to generate cnoidal wavesLioW-3DF.

A steadystate wave traims assumed texist in a flatbottom reservoir outside the
computational domain, and it propagates into the computational domaugiha
mesh boundaryRigure3.10).
Wave
propagation

direction
—_—

Mean water
level \ Mesh

i bt ( J T boundary

<—— Wave length (1) —=

Mean Irregular 3D
z fluid computational

| = Current velocity (U) depth (d) domain
X

Figure 3.10 Cnoidal wave coming from a flat bottom reservoir into the computational
domain(Flow Science, 2002)

A Cnoidal wave is characterized Ky} wave height;Q (i) undisturbed water depth,
Q) (iii) wavelength,_ and(vi) wave period;Y Thewavelength, and wave periodY

are dependent parameters and thus are not inputted at the sam®& tiomstant net

current, U, (inflow or outflow) in any horizortdirectionmayalsoexist

At first, the nontransient solution of acnoidal wave is obtained in &eoving
reference systen8h that travels with the wave speed Afterwards the transient
solution of the wave in thetationary systemaft is fourd througha coordinate

transformation. The transformation equations are given as:
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whered and0 denote thebandd components of water velocity ithe stationary
system ity , respectively’Yandc denotethe particle velocititesn the moving
referencesystem 8h , respectively.

The transformation afonstant neturrentin wdirection between the two systems is:
5 5 o o

where5 is theconstant neturrent in 8t system.

It is assumed that the flow is incompressible and irrotational. Therefore, the stream

function, 8h ,existsin 8t system and satisfies the Laplace equation:
n 8h 11t ot

"Yandw are relatedto 8h as:

. o )
YT_8 Al Aw T of) v

Two kinematic boundary conditions exist for Equatio@4B.

ghm m at the sea bed o @

C

8h- 8 at the fr=g8® )surface ( oYX

whereD is the volume flow rate iB direction per unit length i8.
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The Bernoulli equation athe free surface provides the thieshd last boundary

condition, which is a dynamic boundary condition:

L TT_ $& I at the f:=d8 )surf acapey (

wherei is a constant

The crest and tugh of the wave are assumed to ocatB Tmand8 _J¢,

respectivelyandthe Fourier series mettidgs applied to represent 8h :

~

- Q [ OEQ .

8h 5: ) m@&em o} w

where" E pltio8 &h is adimensionless coefficient andis a fnite integer.

Equation [389] automaticallysatisfies the Equations B and [386]. Equations
[3.87] and [388] are solved simultaneously to determitie coefficient” . The

numerical scheme to soltiee problem is described below.

The wave is fist divided from8 mto8 _J¢ into. equal intervals; having
E plkiv8 &h  p denote the discrete points. Tiecoordinate of point is
8 T p _T ¢_, which gives® T p“7. .Equation [389 is substituted
into Equations [B7] and [388] at pointl , yielding:

0 o
0 n O TT

Y e il = ¢ S

and
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0

Equations [30] and [391] provide ¢. ¢ nonlinear equations witlt. v

dimensionless variables for p points: (i) @ forT plglw8 & p; (i) " for
E pltfos & ; (i) 5 TQ(v) Q@and(v)i rQ

Threemore equationsre requiredo obtain a closedorm soluton. The first one

employs the trapezoidal rule of integration for the undisturbed water dpth,

P q 0
C.

?

The second equation redagtthe wave heightDand free surface elevation,

Iy 7 Iy ,"C)

Q Q Q% L1 od0 0
The third andast equation is applicable if the wavelengthis known:

. Q

QQ ¢cnH ™ o T
When the wavelength is unknown, kilné wave period;Y is known, Equation [34]
is replaced by Equain [395]:

N~ -
oty Qg e —>_ n 08 U
QO Y 00
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The known variables ar®, 'Q, 5 and either_or Y. There areg. v unknown
dimensionless variables far v nonlinear equationsproviding a closedorm
solution The nonlinearaggt i ons are iteratively solved
transient fluid velocity in the stationary systedity is calculated via Equations

[3.96] i [3.99) afterthe unknown variales are determined.

oo 5 2 g LfEY e %

0 Wt 0 wa(E)(?s & GO o e

0 aohd D E ooefmf) WEQL @ o8 X
e % T T N T

— oo 3 %wéiE p Quw wo odo Y

% is calculated by numerical integration for pigtlo8 e p:

- 7 .
% Ep p

o080 W

whered represents a trapezoiegpe summation
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3.2.2.4 Random Wave

FLOW-3DF treats arandom waveas the superposition bmany linear component
waves of different amplitudes, periods and initial pha$ee wave amplitudes are
calculated using wave energy spectrlthOW-BDE is equipped withwo internally
defined energy spectrRiersonMoskowitz (PM) spectrum(Pierson and/loskowitz,
1964) and JONSWAPspectrum(Hasselmanret al, 1973).The wind speed 10 m
above the sea levhhsto be provided for both spectrums. Tieéch lengthandpeak
enhancement fact@renecessary parametasbe defined for JONSWAP spectrum.
The default value of the peak enhancement factor is h&. wave energy spectrum

can also be definagsing an external data file.

The wave componentsinitially exist in a flatbottom reservoir and propagate
simultaneously into the computational domain thfoulge mesh boundary. Their
water elevations and velocities at the mesh boundary are summed up respectively
wherebythe boundary condition for the random wave simulatsoabtained Water

elevation of the random wave is expressed as

— OAT O x0 %o oP T T

The wave energy spectrun© x , is used to calculatehe parameters of the
component wavesTherange of the anguldrequency x , is dividedequally into.
intervals, each of which reggents a linear wave component ands the midpoint
value ofx in theE interval.A is calculated as:

W (Ox 3x oP TP

forE plglo8 eh wheresx is thex interval.
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Qis calculated using the dispersion equation for linear siageause it is a function
of % and'Qand the component waves areelar.%. is a real numbewhich is

randomly selected between 0 ariff .

FLOW-3D" automatically generates 1000 linear component waves at the wave
boundary for a random wave simulation (i.e. p 1 1) TThe wave periods are
evenly distributed between 0.2csand 2.0 sec

The PiersonrMoskowitz (PM) spectrumcan be applied irffully developed sea
conditionswith a sufficiently largefetch length andufficiently long wind duration

The only necessary parameter is the wind speed. Tepectrum is given by

: 1TQ, L X
O x x_an?T o T C

wherex @ v'FY is the angular frequency at the spectrum p&ékis the

wind speed 10 m alve the sea level afd 1@t 11 Yipthe scaling parameter.

The JONSWARpectrums applicable for fetctimited conditions. It is given by:

: o~ s X

O x goun Qwn T % r op Mo

wherex ¢ CQT ™Y, & ,&isthefetch lengthy T8ty &, 7 &Q 8 ,r
is the peak enhancement factor gndr  X,g T8t )forx X andg T8I W

forx x .
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3.2.2.5.Solitary Wave

A solitary wave is anonlinear noroscillatory wave whicthas a single crest and no

trough and is completely above the undisturbed water level. A tsunami wave is often

defined by a solitary wavein numerical simulationsFLOW-3D® attributes the

solitarywave solution toMc Cowandés t heory (McCowan, 1891) ,
order accuracy than Boussinesqd6s theory (Bou
Munk (Munk, 1949).

The solitary wavesolutionis derived for an infinite reservoir with flat bottom,
which is assumed to exist outside the computational domain and immediately
adjacent to the mesh boundary. The solitary wave is initially located outside the
computational domain. By defaulfye initial distance from the crest to the wave
boundary is one d&f of the wavelengti{Figure 3.11). FLOW-3D® defines the
wavelength of a solitary wawasthe extent of the wave in its propagation direcgtion
which is measured between two points at opposite sides of the creseé \the
surface displaament is 1% of the wave height.
Wave
propagation

direction
—_—

Half
<—— Wave length (L/2) —»

\ Mesh

Wave

height (H) boundary
== 1 R . Irregular 3D
eservoir :
oy . . . computational
Undisturbed (outside computational domain) Hinsin

water
depth (d)

1|

/;/1I//1////,//,//,/,/111////111//1//:171{(?)—”\'
Flat bottom

———» Current velocity (U)

7

Figure 3.11 Solitary wave coming from a flat bottom reservoir into the computational
domain(Flow Science, 2002)
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In the solitary wave modgh constat net current5, can existin any horizontal

direction at the wave boundaifythe currents slower than the speeaf the solitary

wave 5 is acceptedo beuniform across the boundary.

The ejuationsto determinavater elevation—, wvelocity, 0, &-velocity, 0, and wave

speed®are (Munk ,1949

- i 0t p =
0 - oPp 1

A4S ""r!(:X?',,, A
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: ¢ A o U
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W Lo A oPp MY
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where "QQ 'O is the wave speed in still watés, & 5and® @ @O
' and satisfy
P
- ;70 wec—! p - o X
o T Y
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- Q& —-
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Equations [3L04 i [3.10§ are nonlinear and are solvada NewtonRaphsn

method. The initial estimates of and are! Vio- and’ ¢-. The initial

estimate of-istheBoussi nesqdés solsution for solitary w
= om IO

— - —= Tw

0 T 0 o

3.2.3.Solution Technique

The fluid flow takes place over a continuous region or continuinerethe fluid
equations of motion, NavieBtokes equations, applyHowever, continuous
governing partial differential equationarc not be solved by computers. Therefore,
the continuumhas tobe discretised into finite spatial and tempatments Thee
are variougechniques used to discretise the governing equatiorthdéytall aimto
turn a calculus problem into an algebraimeo Some of the methods employed to
discretise the spatial volumes a(e: finite difference (ii) finite volume and (iii)
finite element.The discretisatiormethodsinvolve a variety ofschemesuch as{i)
central schems, (ii) flux vector splitting scheme (iii) flux difference splitting
scheme(iv) upwind schemeg(v) Essentially NorOscillatory (ENO) scheme arfgli)
Weighted ENO (WENO) schem&he equations are discretised up@ha structured
and/or(ii) anunstructured mesh.

A computational meslis the numerical space that replaces the physical one and it
forms the basis of a numerical modél. serves todefine the flow parameters at
discrete locations, sdoundary conditions and develop numerical approximations
for the fluid motion equations. Aomputational mesks composedf a number of
interconnected elements, or cells. The cells subdivide the physical space into small
volumes with several nodé¢kat are used to store values of the unknowns, such as

pressue, temperature and/or velocity.
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In FLOW-BDE, the flow domainis dividedinto a grid of rectangular cells, called
brick elementsThe computational cells are numbered in a consecutive manner using

three indicesEn c-direction,Bn wdirection andEin o-direction.

The finite difference and finite volume methodsvhich are the coremethodsof
FLOW—3DE, ae used to deal with theumerical approaches. The finite difference
method(FDM) is based on the properties tbie Taylor expansionwhichis one of
the oldest methodsgsed to solvalifferential equationsEuler (1768) isbelievedto
havedevelomdthe first applicatiorof the Taylor expansigra firstorder numerical
procedure for solving ordinary differential equations with a given initial value.
the other handas the finite volune method(FVM) is derived directly from the
integral form of the conservation laws for fluid motipit alreadypossesses the
conservation propertiesn brief, in FDM, the partial derivatives of the governing
equations are replaced withTaylor expansio representatiofollowing each node,
whereasn FVM, the governing equations are integrated over a volume (i.e..cells)

Fluid velocities and pressures are located at staggered mesh lacaton® are
locatedat the centers of celaces normal toxdirection,0 ando are located at the
centers of cell faces normal dedirectionandbv and0 are located at the centers of
cell faces normal ta-direction. Pressured), fluid fractions "Q fractional volumes,
w , densities] , internal energyQturbuence quantities for energy, dissipation, ,

and viscosity* , areall locatedat cell centergFigure3.12).

Figure 3.12 Location of variables in a mesh cell (Flow Science, 2002)
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A solutionis advancedhrough one increment in tim¥g, in three steps:

(i) The initial values of the new tirevel velocities are computeda explicit

approximations of the moamtum equations, Equations [8]5 [3.58].

(i) The pressures are iteratively adjusted in each celatisfy the catinuity

equation, Equation [3.%2r Equation [3.5], and the velocity changes induced

by each pressurhange are added to thelecities computed in Step (1).

(i) When there is a fresurface or fluid interface, it is updated usitige VOF

function so thatthe new fluid configurations determined For compressible

fluid problems, density and energy are update orderto reflect advective,

diffusive, and source processes. Turbulence quantities and wall temperatures are

also updated.

A solution can be advancethrough any desired time intervhy repeating these

steps At each step, of course, suitable bougdamditionshaveto be imposed at all

mesh, obstacle, and fid®undary surfaces.

The general forms for the finite difference approximatiormaimentum equations

are given below:
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where"OY®MOY@nd O"Y @re the advective flugs of &, U andv ,  "O"Yd'O ™ dnd

w "O™4re they wandd componert of viscous acceleration, (6 @andd aarethe

flow loss for a baffle normal tay wandd directionsandw "Y"Ogdo "Y'Oandw "Y'O®

are the viscous wall acceleratisrin @, wandd directions "O, "O and O terms

include gravitational, rotational, and general +oertial accelerationin &y wandda

directions, respectivelgnd

(9]

coordinate systen

”""S'/(b ” "'(b
v AR AR
"Yo o .
—hR C
and
p8t Cartesian
T . w i . .
- e 5 cylindrical coordi
ip E(JO w

nates

The simplest finite difference approximatitmat FLOWS3D" usesis the first-order

centered differencecheme, whicls simple and computatiofig stable.

In some caseshowever,the cost of usinghe mesh resolution necessary for an

accurate firsbrder solutioncan be too highThis can be avoided by employirag

secondorder accurate approximation for the advective and viscous accelerations.

This algoithm is the most CPU intensive.

The otherhigher orderfinite difference schemé a secondrder, monotonicity

preserving upwindlifference methoqVan Leer, 1977)This schemeis derived by

using seconwbrder polynomial approximationsf the adected quantity in edn of

the coordinate directions (Broniand Hirt 1991).
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To illustrate the higheorder method, e flux passingthrough a celtface for a

variabled advected irkdirection,0?, is givert

p ¢ Yo oPppo

N
l
Yall o)

where0 is the celicentered value, is the Courant numbeandYw is cell size
Coefficient’ is computed from two neighboring first derivativesing linear
interpolation, provided the derivatives are secorder accurateEquation 8.114] is
the secondrder accurate first derivative dfat the point betweedr andd

0 0

Q 0
o Yo Yo 0P p T

To ensure monotonicity (Van Leer, 1977):

! i E,Qﬁh—vnﬁ o p U
AR SRR o ®P

If the two centered derivatives appearing iru&pn [3.115] are of opposite sign,

then' is set to zero and the firstder finite difference approximation is used.

3.2.4]nitial Conditions

The initial state of the solutiofi.e. at timed ) for transient fluid flow problems
has to be known in order tbtaina solution The accuracy of the initial conditions is
not asimportantasthat of the boundary conditions because their effedingnished

as time progressePue tothis effect, itcan beassumd that the pressure and
velocity fields are uniform. This typically produces good resultsiwighrelatively
short time where the solution is affected by physical initial conditions. Initial

conditions in FLOW3DF are defined ta global sca or in more localized regions.
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Each problem that is modeled using FLEBB® has different solution techniques
and thus various initial conditionghe ®litary wave motion is the primary focus
here, since solitary waves are the numericatesgntatios of tsunami waves. The
initial conditions used to solv@e solitary wave motion, Equation3.104]1 [3.10§,
are given in SectioB.2.2.5 Furthermore, it is also possible to definewe motion as
an initial condition. The wave is allowed to initially exist throughout the
computational domaim order to shorten theomputation time to reach steady wave
motion. To achievethis, the initial wave elevation ahaf fluid velocity are generated

by usingexternal data

3.2.5Boundary Conditions

The equationshat goverrthe motion of fluid floware inthe category of initial and
boundary valugroblems,which meaghat the solution at the boundarieas to be
known at the initial time in order to solve the Iplem. The solution of thegoverning
partial differential equations inside the domanebased orthe initial and boundary
conditions which implies that the solution of the problem is fundamentally defined
by wha is assumed at the boundaries.

In FLOW-3DF, the appropriate boundary conditiongge automatically applied to
componentsdependingon the component type and active physical model(s).
However, the boundary conditions on the faces of the mesh blocld (i.e@

U ,U ,U andU ) haveto beset manually for each mesh blodk.is
possible to set a variety of conditions using the layer of fictitious cells surrounding
the mesh (i.e. the boundary separating the i=1 and i=2 layer of cells). The i=1 cells
areregarded afictitious becauseariable values are set, not calculated, in these cells
to satisfy the boundary conditiondsLOW-3DF has ten different boundary

conditions:

Wall Boundary ConditionWhenaboundary conditions to reflect the properties of a
rigid wall, the normal velocity igaken aszero and the tangential velocity set to

any value for a nslip type of wall. Tle wall boundary conditions are:
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Continuative Boundary Conditio continuative boundary caiition is made umf

zero normal derivatives at the boundary for all quantities. The zero derivative
condition represents a smooth continuation of the flow through the boundary. The
continuative boundary conditiaiioes not have physical basislt is a m@hematical
statement that may or may not provide the desired flow behavior, especially for low
speed or incompressible flows. As a general riilés essential that physically
meaningful boundary condition (i.e. a specified pressure condition) be tised a
outflow boundaries whenever possible. When a continuative cond#iosed, it
should be placed as far as possible from the main flow respothatthe adverse

effects on the main floware reduced.

The continuative boundary conditions used at Ehep layer are the vanishing

normal derivatives of

Or Onn
VTV
O 0 ki
O O
" w7 R op p X

When thedirection of theflow is out ofthe computational domain, the conditions
given in Equation [3.117] are valid. If the flodirectionis into the computational
domain, then althe conditions given by Equation [3.117] are applied except for the
normal velody component, which is set to zero to make inward flow more
difficult.
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Outflow Boundary ConditionA boundary condition that allows outgoing waves to
smoothly leave the computational mesh with minimum refleatiost be employed
for wave propagationrpblems. FLOW3DF uses theadiationboundarycondition
whichwas originally proposed by SommerfélP12) for mathematical physidater
revised by Orlanski (1976) for hydraulic floandimplemented in FLOWBDF by
Hirt (1999). The Sommerfeld radiationdundary conditons a simple mathematical

continuationthat haghe form of outgoing waves (Hirt, 1999):

—n

N WT N
whereN is adependent physicalugqntity, @points out of the boundandwis the

local phase speed tife assumed wavelike flow.

Equation [3.18] states that any flow quantity, at the boundary translates across
the boundary with speed, When there is no time variation, Equation [®B]lis

reducedo continuative boundary conditioof zero normal drivative.

The seconarder difference approximatioi.e. in space and tinjeof Equation
[3.118] is givenbelow in terms o  (maximumwboundary of the computational
region(Hirt, 1999)

alhel
Fal el

M M T aP p w

whereEs the index of the spatial location on the boundahgre a value of some
quantity M is required The first two terms of Equation [3l9] are the time
derivatives centered abolit pf¢. One term is at locatioBand the other & p,

so their average is centered ab@ut E pXc. The last term contains an average of
two wderivatives centered abokt pf¢ at timesi andl p. This term is also
centered abouf pXc andl  pXc. It should benota that the grid spacing/a

and time intervalYdare assumetb beconstant. Rearranging Equation [BIl:
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wheres &0 ¥¢,!S the nordimensional phase speed.

TheEndex is shifted one node to the left to solvedor

P Cp

Substituting Equation [321] into Equation [3.20] gives the needed boundary value
forM  (Hirt, 1999)

Therearetwo cases that limit the use Bfjuation [3.21]: (i) the value oD has to be
positive since onlyhe outgoing waves are considered and the incoming flow has to
be supressea@nd(ii) the value ob has to be less than or equal to umityensurehe

computational stability (i,eax 6 p).

Symmetry Boundary ConditioA symmetry boundary condition imposes fsigp
conditions by setting all velocity derivatives to zero (zgradient condition) at the

boundary. Moreover, the velocity normal to the boundary is taken as zero.

Specified PressurBoundary ConditionFLOW-3DF has thecapability of specifying
a pressure condition at one or more boundaries of a computational legigmeral
a pressure conditiodoes not apply in the case afboundary where velocities are

also specifiegincevelocities are ifluenced bypressure gradients.

The two types of pressure conditions atatic or stagnation pressureonditions
When the pressure g&atic, it iscontinuous across the boundary and the velocity at
the boundary is assigned a value based orera mormalderivative condition.

However if a stagnation pressure conditiexists outside the boundatiie upstream
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velocity at the boundary is zerand thepressure drapacross the boundary fohe
flow to enter the computational regiofhe stagnation pressure conditios
generally more physical angields more specific results than the static pressure

condition; therefore, it isscommended for most applications.

The case of the flow of a fluidh a pipe sectionllustrates the differences between
these two condition clearly. If the upstream end of the computational region
corresponds tohe physical entrance to the pipeis necessary to use stagnation
condition toapproximatethe conditions of a large reservoir of stationary fluid. On
the other hand, if the upsam boundary of the computing region is inside the pipe,
and away from the entrance, then the static pressure condition would be a more

reasonableepresentation

Volume Flow Rat8oundary ConditionAt a specified volume flow rate boundary,

the flow rde at the boundary has to be indicated.

Specified VelocityBoundary Condition At a fixed velocity bounday, the normal
velocity and the tangential velocitiesg. 6, 0 and0 ) at the boundarhave to be
specified.It should be notedhat scalar quantities are defined at the centers of the
boundary cells which are half a cell away from the actual mesh boundary location,
and thisaffects the gradients of the tangahtelocities at all open mesh boundaries.

The normal boundary velocities are always set at the edge of the boundary.

Periodic Boundary ConditionPeriodic boundaries are applied in pairs,anceach
pair, any fluid that leaves through one boundarydmtroduced through the other
boundaryThat is, the conditions at bokh p andE "O0 06 layers have to bset to
reflect the periodicity. The conditions for periodic flow in thdirectionatE p for

all EEare
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WaveBoundary ConditionThe wave boundary condition is applied at the boundary
in order to createhe velocity field associated with the requested wayge It
collaboraeswith the wave genetar module of FLOW3D", which is given in detalil

in the subsections of Secti8m2.2

Grid OverlayBoundary ConditionThe function of thé&rid Overlay (GO) boundary
condition isto apply restart data from themurce simulation to set flow parameters at
the boundary. The boundary flow, whichfised thraughout the restart simulation,

serves to determine the flow parameters.
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3.2.6.Stability

Numerical stability can be maintained by observingrdstrictions on théime step

size in FLOW3DE. The time step size mutomatically adjustd so that it is a large

as possible without exceeding any of the stability limits, affecting accuracy, or
unnecessarilyncreasing the effort required to enforce the continuity condifibie

time stepsizeis also reduced when pressure and/or temperature iteratierggeater
than the corresponding nominal valuedependng on the iteration optionsThe
automatictime stepselectionshould be favouredvhenever possible to achieve

optimum results.

Time stepscan also be specifiethanually. However, in this case, time steps
satisfying thebasic stability conditiomgiven in Equation3.124] have to be selected.

o e ‘cb)vfcbv(bycb xbf’cﬁx
YO 00U U0 G Q¢e——h——h—
06 TOU0L 0V

od QT

where0 0 Us the stability factor6 0 0 T& uis typically used to account for a
simplified stability analysis. For compressible flow applications, th®fas reduced

too 00U ™ v

The time step size stability conditisagarding he propagation of surface wavies
thatthesewaves should not propagate more than one cell in one timdfséeip.the

normal direction to the surface ai@is theacceleration irx direction, then:
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Similar limits have to be imposed éandwdirections for each cell that contaias

free-surface.
In the case of shallow water flows, the time step stability limit is controlled by the

surface wave speed, which is readily evaluated from the depth of the @i,

where Ois the flud fraction in the cell.

oPpCo

3.2.7 Methodology

FLOW-3DF is a Computational Fluid Dynamics (CFDjfsvare. The governing
equations for fluid flows (the conservation of mass, momentum, and enieat\gre
subject to the prescribed initial and boundary conditiongp to three dimensions

are most commonly solved through CFD modeling.

If a CFD model fds to represent the actual phenomenon accuratedyresults will
be biased and unrealistithereforejt essential thatthe actual physical situation and
the capabilities of the CFD modbk assessed carefulby taking the following
issues into consetation(Maguire, 2011)

1 Information/dataequiredfrom the calculation

Thescale and theneshdesignneeded to capture important phenomena
Theboundary conditiofs) thatbest represerihe actual physical situation

The kinds of fluids to be used

Thefluid propertiesvhich are important for the problem

Importantphysical phenomena

The initial fluid state

=4 =2 A A4 A -4 -4

The system of units to be used
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Evaluatingthe strengths and weaknesses of G§Bisocrucial CFD is an excellent

analysis option when:

1 Standard engineiexg calculationglo not sufficebecause ofhe complexity of the
geometry, physics, or the required level of detalil.

1 Physical experiments aoestly.

1 Information about the flowthat can be gathered from an experimest
insufficient

1 Accurate experimentaheasurements adkfficult to obtainowingto dangerous or

hostile conditions, processes that do not scale well, etc.

CFD is less effective when:
1 Thevariations in thescales of interesire unmanagableecausesolutions require
(i) signficant computatnal resources
(if) assunptions to reduce the domain size
(i) semiempirical models to accountrfanresolved physical phenomena.
1 The important physical phenomea@ unknown.
1 The physical phenomena are poorly understood or extremely complex because the
governing equations tend to be sesmpirical or have limited ranges of

applicability.
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Domain Selectiorand Data Acqusition/Processing

The study area is determinectarding to the purpose of the model
The physical features of the study domain are reviewed

Satellite data is collectddom the available sources

The collected data are analysed and eliminated

The eliminated data is digitized

Bathymetric and Topographic Mp Preparation

Bathymetric and topographic maps in required resolution(s) are creat
* xyz format after digitization

The map data is converted from *.xyz format to *.STL or *.asc format u
the available tools

=

=

Model Setup

A workspace is created FLOW-3D%

The relevant physical mechanismise( shallow water, turbulence, gravity
viscosity, surface tension, et@ye definedaccording to the type of the
problem so thaadditional termsre substituted intthe governing equations
during the simulatin

Fluid properties such as density, temperature, etc. are defined

The map geometry file (STL and/or ASC) is inputted as a component
Component properties are defined if needed; i.e. porosity, sur
roughness, thermal conductivity, etc.

The mesh is creadleand mesh properties are adjusted

Boundary conditions are applied at each face of the mesh block

Initial conditions for the fluicare determined, i.¢he initial fluid elevation
temperature, veloties, pressure distribution, etc.

Postprocessing

The aitput data is selected: Restart Data (the defl@W-3D" output data
set) or Selected Data (the usiEfined output data set)

The results are visualized usifg o w S i: IPh2ADE3D plots, probe polts
animations, text outputs, graphs, etc.

Figure 3.13 Methodology ofmodelingvia FLOW-3D®
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CHAPTER 4

BENCHMARKING

According to nany researchersyerification and validation are the two phases of
analysis that a numerical code should be subjected to in assessing the quality of a
CFD model.(Roache, 1998; AIAA, 1998; Ferziger and Peric, 1999; Freitas, 2002;
MARNET, 2002; Celiket al, 2008; Oberkampf and Roy, 2Q1®aguire, 201}

These two terms are synonyms in common use, yet they have quite different
meanings in the field of numerical modeliriche shorthand reference to these two
terms is V&V.

Broadly defired (AIAA, 1998):

Verification is the process of determining that a model implementation accurately
represents the developer's conceptual description of the modéd aoldition
Validationis theprocess of determining the degree to which a model iceurate

representation of the real world from the perspective of the intended osmlel

Blottner (1989)defines the termsas follows
Verificationis the process ofodving the equations right.

Validationis the process of solvirthe right equations.

Synolakis et al. (2007) define validation asthe process of ensuring that the model
solves the parent equations of motion accuratatyg verification asthe process of

assuring that the model represents geophysical reality appropriately

The aim of veriftation is not to endorse the physical or mathematical model, but to
identify and quantify the erroiis the model implementation and the solution as it is
only concerned with mathematic¥alidation, on the other hand, deals with the

deviations of the nummeal model predictions from thghysical reality Its objective
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is to make sure that the governing mathematical equations represent the physical

reality accurately.

For the prediction of tsunami currents, forces and runup on coastal structures, and
inundation of coastlines,he numerical computation of thevolution of a tsunami

wave from the deep ocean to its targas to be conductg@ynolakiset al, 2007)

In the development of a numerical moded)idation and verificatiorprocesses are

the most essential parts In order to conduct he processof verification and
validation,the numerical mode$ subjected t@ series of benchmark testhich are
regarded to be validy the scientific community. There are three categories of
benchmarking of numera models (i) analytical benchmarkingji) experimental

benchmarking anglii) field benchmarking.

Analytical benchmarking Analytical solutions are pctical and useful bemuse
complex numerical models used rigalistic applicationgan be validated ai exact
solutions and, more importantly, the dependence of desired ré@sultsinup) on the
problem parameters (i.e. deep water wave height, beach slope, depth variation, etc.)
can be identified efficiently by means of analytical benchmarkdygtemat errors

can be identified throughomparisons of numerical predictions with analytical
solutions, as when friction factors dissipative terms are used supplementhe

idealized equations of motion.

Laboratory benchmarkingBefore numerical codeswere available small scale
physical modelsvere employedto visualize wave phenomenma the laboratoryto
makepredictions whichwerethenscaled to the prototyp€&urrently, the function of
scale model tests to confirm different flow details and validatte numerical
modek used in the analysig.he scale differenceare consideredo be nsignificant
for the validation of tsunami inundation modéfgredictions from a numerical code
agree well withthe measurements from smadtale laboratory experimes it is
expected that the code will also modebphysicakcale tsunamis well.
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The bottom friction characteristiosf scale models are not generadiynilar to those
of ocean floors or sandy beaches, but thisot considered as severdimitation. In
tsunami modeling, riction gains importancenly in cases of extreme inundation
however,the predictions may not be sensitive to the first osd@n with numerical
codes that use friction factors withi@asonable limitgSynolakiset al, 2007)

Field benchmarkingVerification of a modelsing the realvorld datais essential for
model validation, especially fasperational modelsAnalytical and laboratory data
comparisonscan not guaranteeobust model performancén the operational
environment; bwever, est comparisons with the real world datn, which is an

important step in the validatigrocess

Testing a tsunammodel against real world evenp®ses a challenge becauseésit
difficult to overcomethe uncertainties of the tsunami sourde. a controlled
laboratory setup the source is deterministicné can be reproducegdrecisely,
whereas irthe numerical computation of a prototype tsundhe initializationis less
constrained (Synolakis et al, 2008). A better agreement between the mlode
predictions and observations can be obtainednbpduwing ad hoc amplification
factors in standard source solutions (Okada, 1988&f. at presentas more DART
(Deepocean Assessment and Reporting of Tsunamis) buoys, namely tsunamographs,
are being deloyed, such methodsare becomingobsolée. The most accurate
(unambiguous) data quantifying the source of a tsuremeiobtained from deep
ocean measurementBernardet al, 2006) This has been illustrated Wei et al.
(2008.

It is not possible to dhin numerical results that exactiyatch thebenchmark data
owing to the approximations incorporated duririge formulation ofthe numerical
scheme Partcularly for field benchmarking additional issues arisdue to the
uncertainties in thesunamisour@ and in the topographywherewave runup and
inundationare observedTherefore, relating the numerical results and benchmark

data within a statistical framework is a reasonable way to assess the capability of
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numerical modelsNational Oceanic and Atmosphc Administration (NOAA)
introduces different types of statistical erreosdetermine the correlation between
the calculated valued), and observed (analytidakperimentafield) values Q@ .
The most common two statistical errors dieithe Normalized Root Mean Square
Error (NRMSE) and(ii) the error of the maximum value (MAX)

NRMSE is a tool used to assed® overall model performance, which tise
accuracy of a numerical mdda predicting the entire set of observed dMRMSE

is valid whenapplied within a space segment or time period to all observed data
points. The interval of nmerical and observedata set has to be the same in the

selected time or space segment.
The NRMSE approach is based on the assumption that the error is normally
distributed with no bigstherefore, it is not an indicator of ungaediction or over

prediction.

NRMSE is formulated as:

). 30 P BQz U
. 30

00 Ty ®

—_—

where’Q@ andU represent the observed and predicted data, respectivelthand
difference between the maximum anthimum values of the observed data is used

for normalization.

The highest wave in a tsunami wave train is usutiily first or secondne andl is
the number ofthe observed points obtained within an arbitrary space segment or time
period.Therefore, NRNBE is time or spaceependent andensitive to phase lags in

the predicted values admainly serves tassess theverall modeperformance
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MAX error, which is a relative error based on the maximum magnitude of the
observed valuess employedto quarify the predictive accuracy of a numerical

model for the maximum valuegardless of time or location

Q@ U
- 18 00 T8

The NOAA Technical Memorandu®@AR-PMEL-135 standardntroduces the most
recent allowable error limitgSynolakis et al, 2007) (Table 4.1). The selected
benchmarkproblemsin this dissertatiomepresent lathe categories othe reference
data used tassesghe numericalmodesk: (i) analytical solutios, (ii) laboratory
experimentsand (iii ) field measuremenis he allowable errors vary according to the
types of reference datand the tested parameter.q. wave amplitude,current
velocity, runup, etc.)Thesethreshold values may be subject to change and it may be

necessary to update them according to future studies.

Table 4.1 Allowable error limits for modevalidation/verificationaccording to
OAR-PMEL-135standardSynolakiset al, 2007)

OAR PMEL -135
Tested Parameter
Category Allowable Error
NRMSE MAX % NRMSE | % MAX
Analvtical Water level time Runup or
y history/water levein the max.fmin. free 10 5
Solutions :
selectedlatasegmen surfaceelevation
Laborator Water level time Runup or
ratory history/water level in the] max./min.free 15 10
Experiments ;
selectedlatasegment | surfaceelevation
Field Water level time Runup or
history/water level in the] max./min.free 25 20
Measurement .
selecte datasegment | surfaceelevation
Analvtical Velocity time
Y history/velocity in the | Max./minvelocity 10 25
Solutions
selectedlatasegment
Laborator Velocity time
ratory history/velocity in the | Max./min velocity 15 25
Experiments
selectedlatasegment
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Definition and analysis of the benchmark problem

A\ 4

YES

Collection and processing of digital data v
(i.e. bathymetry, topography, etc.) Benchmark
and problem output
Determination of boundary conditions, inp data/results
wave and gauge locations
Y
Numerical
computations
\ 4 \ 4
Statistical error analysis
Y
Error < Allowable Error
NO YES
A 4 A 4
Verify the numerical scheme with respect _
basic equilibrium laws; i.e. mass/energy Sdisfactory results
conservation, convergence _
q Presentation,
an comparison and
Check whether the benchmark problem is discussion of
accurately defined in the numerical results
model or not
NO
v
Numerical model need<thiled verification
of the numerical scheme

Figure 4.1 The procedure of testing a numerical modelbeachmarking
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4.1.BMP 1: Solitary Wave Runup on aSimple Beach
4.1.1 Problem Description

A solitary wave is a localized gravity wave that maintainsintegrity through
nonlinear hydrodynamics. Solitary waves have finite amplitude and propagate with
constant speed and shapéey are commonly used to model tsunamis, especially in
experimental and magimatical studies (Madsest al, 2008). They also comprise a
good model for extreme design waves of coastal structures because thelehave

largest energy, impulse, and run{@rilli et al, 1994).

John Scott Russellh Scottish engineer aradnaval arcltect, was the first person to
observe a solitary wave in shallow wat®ussell (185 saw a form of a large
solitary elevation, a rounded, smooth and wielfined heap of water, in a narrow
channel, vaen a boat rapidlydrawn alongthis channel by a paiof horseswas
abruptly stopped The solitary elevation did not change its form or speed during its
course along the channdligure 4.2). Russell describethis wave, which he called
Wave of Translationn the Brtish Association Report in 184Rayleigh, 1876)He
further studied the properties of this wave by buildingater tank to replicate the
phenomenon (Emmerson, 1977).

Figure 4.2 Scientists gathered at Hiat-Watt University successfully recreated a solitary
wavehavingsmaller dimensions than the one observed by Russell (Hereman, 2013)
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Russell either releasl an impounded elevation of water or dred@m weight at one

end of thdaboratory channel to prade solitary wavegrigure4.3).

e
[ —

Figure 4.3 Russell's (1845) observation of the evolution of a solitary wave in a wave tank
(reproduced from the original drawin@liles, 1980)

Russell 6s clasexpérimenisvasihatfthe walwme of the wave is equal
to that of the initial displacement and a wave of amplit@de water of deptfQ

advances with the speed:

® QQ O T

Another conclusion was thdireaking occurs whef©® Q. Equation [4.3] was
confirmed byBazin (1865) who repeated Russell's experimerasd found that

breaking ocars for'Osomewhat less tha@(Miles, 1980).

A conflict arose betweeR u s s elsdrvations and Airy's (1845) wave theory as
Russelldescrbedthe wave as a solitary elevation dfife amplitude angpermanent
form, whereas, according to Airy, a waeé finite amplitude can not propagate
without change of formThis stimulatedconsiderable scientific interest at the time
and later in the nineteenth centyiviiles, 1980). Boussines{l872) and Rayleigh
(1876) resolved this conflict independentlgf each other They showed that
appropriate allowance for vertical acceleratiowhich is ultimately respoiitsle for
dispersion but is neglected in the shallow water thédeads to the solutioof the

solitarywave.
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Boussinesq (1872), Rayleigh (1876) aneidad¥icCowan (1891) formulatethe first
sound approximate theotiatis able to predict the wave phenomena observed by
Russell The free surface displacement of a solitary wave is given by (Boussinesq,
1872; Rayleigh, 1876;Munk, 1949; Laitone, 1960; Wiede 1964; Goring, 1978;
Sorensen, 1993 eanand Dalrymple 1984; Dingemans, 1994Choi et al, 2007;
Madseret al, 2008; McCormick, 2010; Gosebezgal, 2013)

~do Oi W — ® ©O 18
wherewavecelerity,Q is:

6 TWap C% TG 0 t®

In theory, there is onlw single crest irspace and timead , in the solitary wave
solution, correspondg to an infinite wave period andn infinite wavelength.
However, an effective (i.e. characteristic) lengshdefined and considered for
engineering purposes, becauserdimitely long wave has no value practice The
effective wavelength of a solitaryawe is the distance between theints of the
waveprofile for which the local wave height, is a smallfraction of the maximum
wave height;O(i.e. between points witk  "OFp 11 )1 In other words, the effective
wavelength of a solitary wave is the distance betweerirtiié and the tail of the
wave, where the local height is 1% of the maxim(Fgure 4.4). The effective

wavelength of a solitary wave (Madsenret al, 2008;Chan and Liu, 2012)

N

2K

whered is the effective wavelength of a solitary wave.
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Figure 4.4 Dimensionlessolitary waveprofile indicating effectivavavdength(not to scale)

Synolaks (1986, 1987)conducted analytical and experimental researchthemn
problem of a solitary wave propagating in a constant water depth and climbing up a
simple plane beach. His study depicted Benchmark Probleamdl Benchmark
Problem 4(BMP 1 and BMP 4 of the 2011 National Tsunami Hazard Mitigation
Program (NTHMP) workshop held in Portland,S. (NTHMP, 2011). BMP lis an
analyticalbenchmark problemwvhereas BMP Adwhichis the laboratory counterpart

of BMP 1, requires comparison of the model predictionsthwlaboratory

measurements.

Having established the differences between breaking anébneaking waves by
using solitary waves as a long wave mo&atolakis (1986jvas able to evaluate the
relevance of the nonlinear theory in the wave runup processnamdain that this
theory predicts the maximum runup of solitary waves on sloping bathymetry as
accurately as the linear theohe derived an asymptotic result for the calculation of
nonbreaking solitary wave runup on plane beackhesother discovery Syolakis
(1986) made was that there were different runup regimes for breaking and non
breaking solitary wavesSynolakis (1986) introduced an approximate theory for the
runup of breaking solitary waves on plane beaches, which he verified by conducting
a seies of laboratory experimentdis runup formula was modified and improved by

Li and Raichlen (20D. This modification provided a maximum 10 % improvement

i n accuracy, which confirmed that Synol aki s

theory were satisictory for most engineering applications (Li and Raichlen, 2001).
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Synolakis (1986) states that a solitary wave centered at at timed T (Figure

4.5) has the followingron-dimensionakurface profile—":

‘ y
_—
1
H
. /\
& } vy =10
SRR R R P37 “— Initial Shoreline
)%zf ‘ Position
x=X x=X

Figure 4.5 A sketchof the canonical beache. sloping beach connected to a constant depth
region(distorted scalefHorrillo et al, 2015

* ohr 'Oimm 0"Oo A
- Q 0 X

where® is the dimensionless horizontal coordinabed increases monotonically
seawardand @ is the dimensionlessv location where the offshore height of a
solitary wave is definedAlso,0 mand® & Q& 4§ odefine thepositionsof

theinitial shordine and the toe of the beach, respectively.

Thenondimensionakffective wavelengthy’, is given by(Synolakis ,1986)

N
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Synolakis (1986gacceptedhe effective wavelength as the distance between the front

and the tail of the wave where the local height is 5%hef maximumso thata

reasonable scaling in the laboratory conditioosld be obtained
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Synolakis (1986)derived the following expression, which is normalized by the
constant offshore deptfgr the maximum runup of nebreaking solitary waves on a

plane leach having a slope /of

”,
oy O

Y
) C ol € 0:5 &

Synolakis (1986) stated thé#te shoreline usuallyook aparabolicshapeat thetime

of maximum runup After recordingthe minimum and average positiorsd the
shorelineat that time, heliscoveredhat therelation between th€&fQratios and he

runup distancg was similar to that defined fahe maximum position of the
shoreline.Synolakis (1986) expressed the dependence of maximum runup on the

maximum position of the shoreline for breaking solitary waves as:

Y "0 8
o) p&noﬁ 1

Synolakis (1986) also carried ouseries ofexperimend in the California Institute of
Technology(Caltech) Pasadena, Californien order to support his theorie$he
wave tank used in the experiments \84s73 m long, 60.96 cm degmd 39.37 cm
wide, consisting of 1&lentical sectionsThe sidewalls of each section were made of
1.52 m long, 63.50 cm high and 1.27 cm thick glass panels. The bottom of each
section consisted of 2.54 cm thick paingtdinlesssteelplates(Figure4.6). A ramp
was installed at one end of the wave tank in order to mbdebathymetrywhich
consistedof a sloping beach joined to éhannel of constant deptfihe ramp hd a
slope of 1:19.85i.e.]| wé 01985 cqy) and was constructed out fdur
6.35 mm thickalumirum plateswith a width of 38.1 cmThe toe of the ramp was
1495 m away from the rest position of tipéstonthat wasused to generate waves
(i.e. wave plate]Figure 4.6). Detailed information about the hydraulic systesed

in the experiments can be fouimd Goring (1978)and Synolakis (1986AIll wave
gauges were calibrated before and after the experiments.
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In laboratory conditions, solitary wavesn disipate When the wave height is
measured far offshore and used as an initial condition fordissipative numerical
models, the comparisomgll be less meaningful due to the slight chatige occurs

in the solitary wave as it propagates along the wawa&.tMeaningful comparisons
can be obtainetdy keeping the same relative offshore distance to define the initial
condition. Synolakis (1986) identified the initial solitary waves at an offshore
location, which i)¥¢ away from the toe of theeachi.e.® & 07¢. In other

words the wave height is centeredaat @& ato T

Synolakis (1986) performedare than 40 experiments involving solitary waves of
varying heights. The water depths ranged from 6.25 cm to 38.32 cm. The wave
heigh-to-wate depth ratio OFQ, ranged from 0.05 to 0.633. Synolakis (1986)

measured the water level profiles of solitary waves W@ 1@t p Yand

"OFQ T at several nowlimensional times® o0 "(YQ. He also analytically
solved the wave dymaics at two locationg#Q T1® vandofQ oy for the
casewhere’OrQ m3t p Y Bynolakis (1986) discovered distinct runup regimes for
nonbreaking and breaking solitary waves, where he definedbrneasking solitary
waves awvaves that did not break dag runup processAccording to observations
of Synolakis (1986)solitary waves break whe@fQ m8t 1 for the particular
beach slopef 1:19.85. Therefore, the experimental wave WiifQ 18t p Yiva
nonbreaking solitary wave andt is possible to desibe its surface profile
analytically whereasthe surface profile of the breaking solitary wave W@iQ

@ is only represented by the experimental data.

By means ofthis benchmark problem, the predicted water surface prodites
comparedvith the aralytical andexperimental oneat certain given noedimensional
times for the case of nobreaking solitary wavéOrQ m8t p Y The difference
between thenumerical model results and laboratory date also analysedfor the
case ofbreakingsolitary wave 'OF'Q 1@. Moreover,the maximum runup values

obtained fronEquation [4.9 and the laboratory measuremeatscompared
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4.1.2NAMI DANCE Model

The same set of physical experiments is reproduced 2D domainusing NAMI
DANCE. The fluid is inviscid andhe flow is incompressible. Fluid density is taken
constant throughout the fluid domaihhe Cartesian coordinate systeis1used so
that positivewincreases seawarand positivew direction is perpendicular to the
direction of the flow. The gravitational e, Q is in thedownward directionKigure
4.7).

w(cm)

w(cm)

Figure 4.7 NAMI DANCE model:a typicalcomputational domain arttie orientation of the
coordinate sysim (top view)

The water surface elevation time series (i.e. solitary wave profile)each
experimental run is reproduced using tQeversus’OfQdata set provided by
Synolakis (1986) andsing Equation [4 J4(Figure4.8).

6,0}{‘
40 ¢
= |
o
[ L
2,0;
: A
O,O"'I [ T TR TR T N S B
0 2 4 6 8 10

0 (sec)

Figure 4.8 Solitary wave profiles of two experimentains The Hueline representthe
water surface elevation time seriestluefirst casewhere’OFQ 0.0185 theredline
representshe water surface elevation time seriestf@secondcasewhereOfrQ 0.3
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The gauge points are placed in the middle of the basinu@&e20 cm) and at every 2
cm alongw direction. Figure 4.9 illustrates the NAMI DANCE computational
domain constructed forthe case wheréOFQ 0.633 including the dimensions,

gauge points and wave direction.

(@) Wave Direction a(cm)
—
Shoreline Gauge Points
0i ¢ T— Ramp= 1352 cm T :
200 400 600 800 1000 1200 1400

w(cm)

(b)

A s ——
NAMI DANCE

Figure 4.9 NAMI DANCE computational domain construdtéor the case where
‘orQ 0.633 (a) 2D top view;(b) 3D view

The water surface elevation time series is inputted at the upstream end of the
computational domain (i.e. minimuthboundary) which is located)¥¢ distance

away from the toe of the slop&his enableghe initial wave profile to adjust the
governing equations befoiie reachesthe slope.The maximumwboundaryhas a

rigid wall boundary condition, which defines the downstream end of the wave tank.
The minimum and maximumdboundaries aralso defined as rigid walls in order to

preventoutflow from the computational domain.
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4.1.2.1.Spatial Discretization

The computational domaimepresented by a structured mesh (i.e. rectangular,cells)
covers the entire length of the flume with grid sizaband3w which are uniform

throughout the mesh.

It is important to note that reducing the cell size does not necessarily guarantee a
better result from a practical perspective since it may lead to unstable results and
uncessarily abundant computationasaurce and time. Theprevious numerical

model validationghat usedBMP 1 (NTHMP, 2011} aretaken into account ithe
determination of the grid siz# is found that in the recent studies eitkes Qf¢ 1
(Alaska Tsunami Model andhlaska Tsunami ForecasModel), or 3w pc m
(FUNWAVE-TVD, MOST, NEOWAVE and SELFE) is use(NTHMP, 2011).

After a careful analysis, the grid size is selected as 1 cmabe. 3w pcm.

It has been suggested in the literature that the convergence of a tsunami modeling
algorithm be assessed by simulating the extreme positions of the shadreiee
maximum runup and rundown. Thus, of the four cases wthereeffect ofzwis
investigatedin the first two, the minimum and maximd@¥Qvalues are analysed,

and the third and thimurth cases are the ones wh&EQ 0.0185andOrQ 0.3
respectively Table4.2).

Table 4.2 NAMI DANCE: Maximum runupvalues fordifferentacwvalues(¢ 0.01)

Grid Size Maximum Dimensionless Runup 4 78
se(cm) |"ONQ ™M NI'ON To (' HQ mip Y QY ™™
0.125 0.019 0.626 0.0&4 0.414
0.25 0.019 0.626 0.0&4 0.414
0.5 0.018 0.625 0.0&4 0.412
1.0 0.018 0.623 0.083 0.403
2.0 0.014 0.612 0.078 0.391
5.0 0.011 0.588 0.072 0.343




The results dr the two norbreaking wave cases, whei&Q 0.005 and
‘OrQ 0.0185 indicate that the numerical predictions converge teett@etsolution

after the spatial discretization is refined (i.e. fineds).

The nondimensional freesurface profiles ab 60 andd 70 are recomputed
with grid resolutions o¥® 0.125cm, Yo 0.25cm, Yo 0.5cm, Yo 1.0cm,
Yo 2.0cmandYw 5.0 cmin order to testhe grid convergence for the case
where ' OFQ  0.0185(Figure4.10).

0,08 ‘ 0,02

0,06 0,00

—TQ

0,04 -0,02

-1,5 -0,5 0,5

Figure 4.10 NAMI DANCE convergenceest forthe casavhere'OFQ 0.0185at
(@) 607 the time ofmaximum runup(b) @ 707 the time of maximum rundowiThe
circlesanddashed blackne represent the analytical solutiohgtpurpleline: Y& 0.125
cm; theorangdine: Yoo  0.25cm; the green lineYo 0.5cm; theredline: Yo  1.0cm,
the bludine: Yoo 2.0 cm; thepinkline: Y& 5.0cm

The analyses are conducted #ofrictionless bottom in order to be consistent with
the assumptions made in the derivation of the analytical sofutibthe maximum
runup and free surface profildsis seen that thBner the grid size, the closarethe
predictedresultsto theexact solutios. In fact, no considerable changse observed
after Yo 1.0 cm. The analytically and numerically computed maximum runup

valuesand free surface profilefiffer by less thari% for Yo 1.0cm.
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The maximum time step size that fulfills the CFL stability criteria is calculated
automatically by NAMI DANCE for each ny depending on the bathymetry.

According to this limitation, time step, is selected as 0.02 second for all runs.

4.1.2.2 Friction

Manningos r o u g huseel ® sasses thd éffect of erictiors on the
maximum runup valueare

(i) € T(i.e. frictionless bottom)

(i) € 1@ pi.e. neat cement/concrete/smooth glass beach)

(iii) € 1@ di.e. fine particles along the channel bottom)

In order to be consistent with the assumptions made by Synolakis (1986) in the
analytical solution of the 1D solitary wave runup, the results of the analysas for
frictionless bottom aregegardedas the basi®f the comparison of the predicted
solitarywave profiles with the analytical ones. On the other hansltaken as 0.01

in order to reflect real laboratory conditions while comparingptieeictedmaximum

runup data and the extreme wave prafilee. OFQ 0.3) with the laboratory

measurements.

The results revedhat the predicted maximum runup vaugo not depend anfor
small nonbreaking wavesOrQ 1@t p The computed runup heights are found to
be slightly affected by the bottom friction whaéit p "OF'Q 1@t 1 .1n the case of
breaking solitary wavedOrQ 18t T ,1the maximum runup strongly depknone.

It is expected thahe predicted maximumunup values foa frictionless bottonwill

be larger than those measuraad that the predictedcand measured data whle in
good agreemenwvhen¢ T8t p However, te maximum runup values dfreaking
solitary wavesare found to be approximate® %, 17 % and30 % less than the
laboratory measurements for 1, € 181 pande T&T ¢ respectively Figure
4.11). This shows that the solutions of dejatheraged NSW eqtians can not fully

reflect the real life situation due to the existencthestrong wave breaking process.
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Figure 411NAMI DANCE model results for different
Thedashed blackine and circlegepresent the runup laand experimental data of Synolakis

(1986), respectively, the red diamonds represent the resultsswhén the blue triangles

represent the results when 0.01; the green squares represent the results &vhed.03.
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4.1.3FLOW -3DF Model

The same set of physical experiments is reproduced using FRDWn a 3D
domain, throughout which the fluid is invid¢ the flow is inconpressible andhe
fluid density is constantThe effects of surface tension and air entrainment at the

surface of the flow are neglected.

The numerical model is constructed usihgCartesian coordinate systewherethe
positivewdirection is oriented along the fluid flow into the domain #melpositive

w direction is perpendicular to the direction of the flow. The gravitational
acceleration™@, is in the downward directior{i.e. z& direction) Figure 4.12
illustratesthe FLOW-3DF computational domain constructed for the case where
‘OorQ  0.005

@
j
Neos

®

©

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1330 cm

Figure 4.12 FLOW-3DF computational domaioonstructed for the case where
"OrQ 0.005 (a) meshing(b) boundary conditiongc)a f t er usi ng FAVORE
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For the water surface elevation time series (ite solitary wave profile)in each
experimental ruio bereproducedy the solitary wave generator module of FLOW
3DE,the’Qand"OvaIues proviéd by Synolakis (1986) are used.

The minimumwboundary idefined aghe wave boundary where solitary waves are
reproducedlt is important to note that FLOWIDF initiates the motion obolitary
wavesat adistance expressed asfc, from the mesh boutaryas default Theefore,

the FLOW-3D" computational domains only composd of a ramp. The wall
boundary condition is applied at the maximurhoundary in order to define the
downstream end of the wave tank. The minimum and maxithboundariesas wel

as the mximumd boundaryfeature the symmetrical boundary condition whaite
the velocity derivativesand velocitycomponentsiormal to the boundess are set to
zero.The wall boundary condition is also valid for the minimdrboundarywhere

the botom of the wave flumeés defined

4.1.3.1.Spatial Discretization

The computational domain is represented by an isotropic gridawith 3w 34
where the gricksizeis selected as 1 cm (Please refer to the explanations in Section
4.1.2.9). BMP 1 is modeledia FLOW-3D" for differentzcvaluesin order to test

the grid dependency

Table 4.3 FLOW-3D%: Maximum runup values fatifferentaovalues(¢  0.01)

Grid Size Maximum Dimensionless Runup 4 78

se(Cm) |"OFQ TEIT|('ONQ THo(OQ meip Y OQ 1
0.125 0.019 0.839 0.084 0511
0.25 0.019 0.839 0.084 0511
0.5 0.018 0.839 0.084 0511
1.0 0.018 0.839 0.084 0510
2.0 0.017 0831 0.081 0507
5.0 0.013 0813 0.078 0.498
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The results for the two nedoreaking wave cases, whei@&Q 0.005 and
"OrQ 0.0185 indicate that the numerical predictions converge to the exact solution

at finer resolutions.

The nondimensional free surface profiles @t ¢ Tandd X mare recomputed
with grid resolutionsof Y& 0.125cm,Yo 0.25cm, Y% 0.5cm,Yo 1.0cm,

Yo 2.0cm andYw 5.0 cmin order to test the grid convergence for the case
where'OrQ 0.0185(Figure4.13).
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0,06 0,00

—7Q
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0,02 b 0,04 L
1,5 0,5 0,5 0,0 1,0 2,0

wrQ wrQ

Figure 4.13 FLOW-3D convergencéestfor the casevhere’OFQ  0.0185at;

(@) 607 the time of maximum runugb) & 707 the time of maximum rundown. The
circles and dshed black line represent the analytical solutieapiurple lineYo 0.125
cm; the orange liné/c  0.25 cm; the green lin&w 0.5 cm; the red liné’é 1.0 cm;

the blue line¥Yo 2.0 cm; the pink lineY® 5.0 cm

The analyses are conducted #ofrictionless bottom in order to be consistent with
the assumptions made in the derivation of the analytical solutions of the maximum
runup and free surface profildsis seen that the finer the grid size, the closer are the
predicted results to thexact solutions. In fact, no considerable change is observed
after Yo p8tcm. The analytically and numerically computed maximum runup

values and free surface profiles differ by less than 0.8%dor p8tcm.
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It is also necessary to analyse the effect of the vertical gridasizen the runup
values and free surfaceqgbifes in athreedimensional modelThe predictions get
closeto the analytical solution for the ndmeaking solitary wave casehena fine
vertical grid size (i.e¥Y&4 p8tcm)is usedwith 3cwkept constantNo considerable

change is observed aftéé  p8tcm.

The time stepy 0 is selected as 0.02 second to be consistent with the simulations
conductedusingNAMI DANCE. When \ariable time stepping ismployed in orde

to assess the effect tifetime step size, nsignificanteffect is observed.

4.1.3.2 Friction

In order to assess the effect of friction on the maximum runup values, different
Manningbés roughness cé erf(ifei factionless Isottom)r e consi d
¢ 18t p(i.e. neat cement/concrete/smooth glass beach)éand®@t o(i.e. fine

particles along the channel bottompPlease refer to Sectiod.1.2.2 for the

comparison criteria.

The results indicate that the predicted maximum runup values are not depenglent on
for small norbreaking wavesOFQ 18t p The computed runup heights are slightly
affected by the bottom friction wha@t p "OFQ 1@t 1.1n the case of breaking
solitary waves,;OFQ 1@t T ,1the maximum runup strongly depends ¢onlt is
expected that the predicted maximum runup values factionless bottom will be
larger than those measured and that the predicted and measured data will be in good
agreement whes 18t p The predicted maximum runup values of breaking
solitary waves are found to be approximai@dy larger than the measdrenes for a
frictionless bottomThe results are in fairly good agreemenitith a 4% difference

for steep solitary waveswhene 18t p The predictedmaximum runup values are
found to be approximatel20% less than the measured ones whenTt@8t o lt is

seen that the results are good agreemenwith the expectations, implying théte

threedimensional model reflects real life situations satisfactoFilgure4.14).
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Figure 4.14 FLOW-3D" model resultgor differentMa n n i n gbs roughheess
dashed blackne and circlegepresent the runup lamndexperimental data of Synolakis
(1986), respectivelyhe reddiamondsepresent the resulighens  0; the bluetriangles

representhe results whea  0.01; the green squarespresent the results when 0.03
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4.1.4 Simulation Results

The ®litary wave runup on a plane slope as irtensively studied benchmark
problemin long wave modeling. Synolasd £1986) laboratory experiments have

suppliedfrequently used data for validation of wave breaking and romoghels.

Synolaki® $1986)theoretical study idased on the analytical solution of the fion
dispersivenonlinear shallow water (NSWAquationsBMP 1 posesa challenging
case for nordispersve NSWmodels.Due to he existence of strong wave breaking
the solutions of theNSW equationsdo not fully agreewith the laboratory
measurementdg-or instancehydrostatic numericamodels predict that theeading
front of the solitary wave will steepen and become singular shortly after the initiation
of the computations. The numerical singulaniyvestowards the beach until it
meets the shoreline wheitedissipatesAs the numerical dispersion can compate
for the absence of physical dispersionhydrostatic numericamodels,a better
agreement with the reference data is possible. This topic isbstitig actively
researchedh the field ofshallow water modelingHorrillo et al, 2015).

The simulaibn time, the time required for ttemulationof the completeeal caseis

60 seconds for BMP T he process time indicates the time taken by the processors in
order to simulate the case, read the input files and generate the outputHées.
process tne of the simulations that areperformed via NAMI DANCE is
approximately @ minutes whereas it takdshours to complete the simulations using
FLOW-3DF.

Figure4.15illustrates he evolution and propagation of thenbreaking(i. e. small
amplitude)solitary waveover the rampNAMI DANCE and FLOW-3D® compute
thewave motionwith considerable accuracligure4.16illustrates he evolution and
propagation of the large anipide solitary wave for nedimensional timesy

puU T ¢ cuvandd o mThe results reveal thaLOW-3DF provides

better results for this extreme wave case.
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The existence of strong wave breakigders theageement of the predicted values
with the laboratory measuremerfts the twoedimensionaldepthaveragedmodel
NAMI DANCE. Due to the fact that the experimental parameters violate the shallow
water wave assumptiothe predicted wave amplitude is smallexddasteeper than
that of the measured wave amplitudgonsequentlywhen waveamplitudes are
large,the predicted and observed wave height and runup valoestagree as well
asthosein caseswith amplitudes for which shallow water wave assumptions are
valid. On the other hand, the predicted wave profitggained viathe three
dimensional model FLOW-SDE, are in astoundinglygood agreement with the
laboratory dataindicatingthat thestrong nonlinearities and wave energy transfers
can be simulated effiently via the threaglimensional modelThis exemplifiesthe
effect ofthevertical velocity component, whidk a crucial parameter and should not

be ignoredn cases where strong wave breaking is dominant.

Additional plots ofthe predicted and analytityg computedsea surface elevation
during propagation and reflection of the solitary wave are display&iyure 4.17
for the case wher€fQ 18t p ai two positions

() @ Q TR U near the initial shoreline

(i) wj Q o u between the @h toe andheinitial wave crest

During rundown, bottthe numerical and analytical solutions show tiia¢ water
retreatsbetween® ¢ xand® ¢ and the pointoj Q & vtempraarily
becomes dryi hencethe data gap oceting betweerp X O Y ¢ On the other

hand,point®wj 'Q «Bo wremains wet ttoughout the entire experiment.
When the analytical and numerical solutions at these two points are compared, it is

found that there is good agreement between the two solutiabs'@ 1@ uand

wj Q o Wuring the propagatn and reflection of the wave.

141



0,06

@ G0 T& v
0,04
0,02 -
0,00
_0’02 TR R T TR R TN TN SR R [N S SN R NN AN S TN SN N [N T SO R TN NN SO Y S |
o 0 20 40 60 80 100 120
T
0,06
j(b) 0 Q wBou
0,04

0,02

0,00

_0,02...||||||||||||||||||||||||||
0 20 40 60 80 100 120

\Z

o]
Figure 4.17 The water level dynamics at timcations (a) ) Q 0.25 (b)wj Q 9.95
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The inundation of thd.:19.85sloped beach by solitary waves with differefttj Q
ratios is simulated irseveral series of numerical model runs. In each series, the

bottom friction is parameterized®a nni ngés rougthn0bDEs coef fi
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Figure 4.18 Maximum runupvalues on 1:19.85 slopghen¢  0.01: Thedashedlack line
represents the runup law (Synolakis, 1986); the circles represent the experimental results of
nonbreaking and breaking solitary waves (Synolakis, 1986); the red diamonds and crosses
representhe NAMI DANCE results for norbreaking and breaking solitary waves,
respectively; green squarasd trianglesepresenthe FLOW-3DE results for norbreaking
and breaking solitary waves, respectively
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The maximumrunup of solitary waves climbing up different slopesanglysed in
order to estthe validity of the runup lawlerived by Synolakis (1986kigure4.19).
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Figure 4.19 Maximum runup values on different slopgsen¢
represents the runup law (Synolakis, 1986); the red circles, diamonds, dashes, triangles and

0.01 The black line

squares represetite NAMI DANCE results for 1:20, 1:15, 10, 1:6 and 1:4 slopes,
respectively; the green circles, diamonds, dashes, triangles and squarestt@EsOW-
3DF results for 1:20, 1:15, 1:10, 1:6 and 1:4 slopes, respectively
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The evolution ofvertical velocity componen(, along the ramjis also analyseuia
FLOW-3DF for the extreme case whe@Q 0.3

0 o T{cm/sec)

0 C& csec

Sl KR R e T RN Y

0 Oo¥ Tsec
a(cm) Q
0O 18 tSec

w(cm)

Figure 4.20 Evolution of vertical elocity componenty , for the case whef€f'Q 0.3
(notto scale)
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NAMI DANCE is a depthaveraged model; therefore, the vertical velocity
component is neglected in the simulations. On the other hand, FRVeccounts
for the effects ob . The velocity time historiest the free surfactor the constant
depthregion(i.e.Q 3097cm for'OrQ 0.0185andQ 1962cm for'OfrQ 0.3

and the shallower regiofi.e. nearshoreare givenin Figure 4.20 in terms of non

dimensional horizontal and vertical velocity composedt o6F "QQp O] Q

nd0® OF "QQp "Oj Q for both cases whef€fQ 0.0185and'0OrQ 0.3

(@) 0,08 (b) 0,45
0] 'Q 9:Q185
0,04 | 0,30 |
20,00 01
\O -
0,04 | 0,00
0,08 Lo 015 b
00 50 100 15,0 0,0 3,0 6,0
0(sec) 0(sec)

Figure 4.21 Velocity time historiedor: (a) ' OFQ 0.0185 (b) 'OrQ 0.3 Thesolid and
dashedyreenlines represent the predicted horizontal and vertical velocity compaatethies
constant depth regignespectivelythesolid and dshedourplelines represent the predicted

horizontal and vertical velocity componengsar the shaline(i. e.Q 4.5cm),
respectively

The results revedhat for the nonbreaking wave case, there is negligible change in
the vertical velocity component as the wave propagates towards the shdreline.
fact, the vertical velocity component is considerably snwaimpared to the
horizontal onghroughout the simulatiorOn the other handln the extreme caséhe
vertical velocity component rapidincreass just before breakingndit becomesas

large as the half of the horizontal veloaitymponent (i.e€Q t& cm).
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Tables 4.4and 4.5 summarize thgredictedmaximumvalues of the horizontal and
vertical velocity components of a fluid partidta severalwater depthsSince NAMI
DANCE is a depthaveraged model, it does not provide vertical velocity components
and horizontal velocity components are constant along depth. On the other hand,
being a threelimensional model, FLOW-3DF calculates vertical velocity
components, which change along depth, having the maximum values fiedhe

surface

Table 4.4 The predicteanaximumhorizontaland verticalvelocity componentsf a fluid
particleat the free surfactor the casavhere’'OrQ 0.0185

NAMI DANCE FLOW -3D%
o (cm)
¢ (cm/sec) ¢ (cm/sec)| = (cm/sec)
3097 3.75 3.2 0.20
15.00 5.00 490 0.30
10.00 6.30 6.00 0.35
450 9.90 9.60 040

Table 4.5 The predictednaximumhorizontaland verticalvelocity componerstof a fluid
particleat the free surfactor the case wher€fQ 0.3

NAMI DANCE FLOW -3D°
W (cm)
¢ (cm/sec) ¢ (cm/sec)| == (cm/sec)
1962 3890 38.30 10.65
15.00 44.00 43.70 11.10
10.00 55.00 53.9 13.70
4.50 61.50 60.90 28.390

NAMI DANCE displays a uniform distribution af along the vertical direction
without any significant deviationas expectedThe FLOW-3DF model produces
similar results. In both models, the horizontal velocity compodenay to zeroat
the sea bottorrOn the other handhe verticalvelocity component) , changes along
the vetical direction having the largest value at the free suri@ue reachingero at
the sea bottomThe results indicate thahe maximumu increases by80% just
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beforereaching the shoreline the nonbreaking wave cas@he maximumo is 6%,

6%, 6% and4% of the maximumo at the constant depth region aatdwater depths

of 15cm, 10cm and4.5 cm, respectivelyln thecaseof thelargeamplitude solitary
wave the value o increases as the wave propagates towards the shallower regions
and reaches itgeak before breaking. In fadhe value ofmaximumo increases by
13(%% just beforethe wavebreals; geting as large aspproximatelyhalf of the
maximumo. For ths extreme casemaximumo is 28%, 25%, 25% and50% of
maximumo at the constant deptlegion andat water depthef 15cm, 10cm and4.5

cm, respectively All these results imply thafor the evolution of large amplitude
wavesandor for very shallow regions) should not be neglectelt.is obvious that

3D numericalmodelingshould be usdin cases where extreme wave heights and/or

nonlinearities (i.e. wave breaking)e involved.

Before elaborating on the results of the error analyses of BMP i4 crucial to
emphasize the method proposed for the calculation of statisticad, MRMSE and

MAX. A segmentof time or space, in which themaximum andon a number of
occasions, minimum water level/velocity values are includets determined
beforehand in order to provide consistency in the statistical error analyses of all
BMPs in this disertation. In addition, this method helps elimingtetential
disturbances in the data, which may cause the value of NMRSE to increase
unnecessarilyeach segment starts when 0.01% of the maximum amplitude/velocity
of the first/leading wave occursf there isa minimum wave, upon its completion,

the end point of the segment is taken as 0.01% of its amplitude/velocity. Mornéover,

there is a time shift, is neglected while calculating the MAX error.

The allowableerror thresholdsvary according to theaference data type3he data
types that BMP 1 providemreanalytical solutiongnd laboratory measurementsr
which the allowable NRMSE limits ar&0% and 15%, respectivelyMoreover,
Synolakiset al. (2007) maintain that any wellenchmarked code shiduproduce
results within 5%and 10%of the maximumvalueobtainedfrom analytical solutions

andlaboratorymeasurements, respectively
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The NRMSE and MAX erros for the nonbreaking solitary waveolutionare given
in Table4.6 andFigure4.22.

Table 4.6 NRMSE and MAXerrors for the casehere’ OI'Q 0.0185

. NAMI DANCE FLOW -3DF
<
% NRMSE| % MAX % NRMSE | % MAX
30 0.3 0.2 2.3 0.3
40 1.2 0.8 1.7 0.5
50 0.8 5.0 1.5 4.0
60 0.8 1.7 1.7 0.1
70 2.0 4.2 6.5 2.3
(@) % NRMSE (b) % MAX
S ! [~ !
2,0 | 4,2
> 6,5 | S i
| |
Fmm o038 i E i
S 1,7 | S |
| |
.. Fmogs i .. F 5,0
-O -) 1,5 | O ) 4,0 ’
| |
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© 2,3 ! ©1 0,3 !
10 5

Figure 4.22 Error bardfor the casavhere'OrQ  0.0185 (a) % NRMSE (b) % MAX error.
The redand greerbarsrepresenthe errors oNAMI DANCE andFLOW-3DF results
respectively

The NRMSE ofthe NAMI DANCE resultsis between 0% and 26 while the MAX
error ranges from 0.2% to 5%. FLOBD® resultshave an NRMSE range between
1.5% and6.5% anda MAX error rangebetween0.1%and4%. The errors are within
the OAR PMEL135 standardanalytical error range.Both models predict the
evolution and propagation of the nbreaking solitary wave considerably well.



The NRMSE and MAX errarfor thelargeamplitudesolitary wavecasearegiven in
Table4.7 andFigure4.23.

Table 4.7 NRMSE and MAX errordor the casavhere’OI'Q 0.3

, NAMI DANCE FLOW -3DE
<
% NRMSE % MAX % NRMSE | % MAX
15 11.0 19.9 1.5 5.0
20 9.5 20.0 5.0 3.5
25 6.3 4.5 3.5 1.0
30 4.0 17.0 4.4 4.2
(a) % NRMSE (b) % MAX
! !
= h 4,0 | = _ 17,0
© 4,4 ' o 42!
| "
| |
> 6.3 I > 4,50
d 3,5 ! “vi10 !
o) | o ’ |
| |
FE 0 = I 20,0
o 5,0 I Y35l
| |
|
> N 110 | > IR 199
o 15 I <50
| |
15 10

Figure 4.23 Error bardor the casavhere'OrQ 0.3 (a) % NRMSE (b) % MAX error.
The red and green bars represent the errors of NAMI DANCE and F30Wresults,
respectively

NAMI DANCE results havean NRMSErange betweed% and11% and a MAX

error range betweeh5% and20%. The NRMSE of FLOWBD" results; havever,is
between 1.% and 3 while the MAX error ranges frori% to 5%. Although the

MAX error of NAMI DANCE resultsis larger than the OAR PMEIL35 standard

error for laboratory measurements, it is concluded that these errors are more than
acceptable, cadering the difficulty in reproducing this benchmark test, which

features breaking waveln fact, the allowable error limit isaised from 10% t@0%
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when conducting challengingaboratory experimentssuch as those involving

breaking wavesHorrillo etal., 2015).

The NRMSE and MAX error for the water level dynamics at two locations
ofQ 0.25andofQ 9.95are given inTable4.8 for the case wher€fQ 0.0185

Table 4.8 NRMSE and MAX errordor the water level dynamics at two locations,
®wj 'Q 0.25andwj 'Q 9.95 for the case wher€fQ 0.0185

. m NAMI DANCE FLOW -3D°
*) % NRMSE| % MAX % NRMSE | % MAX
0.25 0.4 1.2 0.5 1.1
9.95 3.3 5.4 11 0.6

To sum up, the twoand threedimensional models, NAMI DANCE and FLOW

3DF, amwe first tested againsthe analytical solutios of onedimensional (1D),
hydrostatic shallow water equations defining the runup of solitary waves on plane
beaches where the bottom friction is neglected. 1D models are the first step in the
testing and validtion of tsunami models despite the fact that they are not completely
reliable for tasks such as tsunami inundation mapping. In addition to the analytical
solution, the numerical predictions are compared by a set of laboratory
measurements that has beedely used for many code validations. The data sets for
the nonbreaking and breaking solitary waves, which feat@# 0.0185and

"OrQ 0.3 respectively, are the most frequently used and appropriate ones for

tsunami code validation.

Whenall theresuts are assessedt is seen thathe bottomfriction is an important
parameter in tsunami inundation and should be included in the simulations in order to
reachreliable results. It is discovered thasmaller friction leads to larger runup
values. Furtherwre, therunup distance dargeamplitude solitary waves is found to

be more friction sensitivasa wave becomes a thin layer of liquid traveling up the

slope after breaking and the friction is inversely proportional to the water depth. On
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the other handfor nonbreaking solitary waves witlfofQ 1@t p the predicted
maximum runup valueare irdepenéntof €. The reason for this may be that small
amplitude waves do not travel very large distances on land and thus are slightly
affected by the surface rouigess.Similar results were reported by Lynedt al.
(2002)When Manni ngdés r cugODhNAMEDANCE@redictedt i en't ,
the maximum runup valuesith an NRMSEof 13%, whereas FLOV@D" results

havean NRMSEof 4% (Figure4.18).

NAMI DANCE, which is a 2D deptlaveraged model, can not accurately describe
the nonlinearity of large amplitude solitary wavés. seen in the model resultseth
wave crest steepenghich is typical of any hydrostatic modaiwing to lack of
energy dissipationSince NAMI DANCE fails to capture the strong nonlinearities
existing in the wave breaking process, the prediot@de heightsare smallerthan

the laboratory measurements. This leads to the underestimation of the runup
distances of large amplitude solitary waves, by approximately 20%. However, the
model is able to reasonably simulate the runup process following the occurrence of
wave breaking. Both models reproduce the overall pattern of wave arrival quite well
without anyshift in the wave arrival times. Local disagreements observed in the
wave profiles might be caused by a combination of instrumentation and model errors

since the computed results agree with the measured data toward the end.

The effect ofthe vertical vebcity componenty , is negligibleboth at the constant
depth regionand in the shallower regionga the case ofmall amplitude solitary
waves since the value ob is very small compared tdhe horizontal velocity
componentp, when it reaches the shdiree. On the other handn the case ofarge
amplitude solitary waveghe vertical velocity component rapidly increasesl its
maximum becomes as large as the half of thmaximum horizontal velocity

componenjust before the wave aehes the shorelined breaks.
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Thus, it is concluded thaiboth modelsgive satisfactoryresultsand can be usefdr
plane beaches where there & complex topographical element ating turbulence
effectis negligible However, threalimensional models should be preferrgden

largeamplitude waves and/or shallower regions are studied.

It is important to note that the trend towards modeling of tsunamis using solitary
waveshas lost popularityn recent yearsSynolakiset al. (2007) statedhat even
though some of the biasphysics of tsunamisan be captured through the use of
solitary waves in numerical modetee physical manifestation of tsunamis in nature
can not be sufficiently modelemlving to the fact thatsunamisare alwaysN-wave

like with a leadingdepressionvave followed by an elevatiomave.
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4.2.BMP 2: Solitary Wave on a Conical Island
4.2.1 Problem Description

The eastern region of Flores Islaral,volcanic island located at the transition
between the Sunda and Banda Island arc systenirsdonesiawas struck by @
earthquake with anagnitudeof 7.8 M, on Decembed 2, 1992(Figures 4.24 and

4.25) The earthquake was followed by-Bteterhigh tsunami waves that hit the
town of Maumere, resulting in substantial casualties and property damage. Four days
after the inailent, Japanese television channels reported that 1000 people had been
killed in Maumere and twthirds of the population of Babi Island had been
annihilated by the tsunamik the end, the number of deaths was reported as 2080,
and there were 2144 injurgeople. Approximately 50% of the total toll was caused

by the tsunami waves.

Figure 4.24 Tsunami attack site in Riangkroko (Credit: Harry Yeh) (Yeh et al., 1994)
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Figure 4.25 (a) Map ofthelndonesian regionp) Map of Flores Islandl'he star represents
the epicenteiof the main shock; the triangles show the aftershock locations; the dashed

contour lines indicate the predicted vertical seaftheplacement in meters, which is
directly translated to the initial tsunami conditigfeh et al, 1994)

15¢



Thetsunami survey plarwhichwasstarted3 daysafter the catastropheonsised of

a ground survey includingneasurements of maximum tsunami norheghts and
distances, average mm heights and areas of inundatiflow patterns of runp and
rundown, eyewitness accounts, observationsutisidence, uplifand landslidesand

a helicopter aerial survéYehet al, 1994). Thewater marks othe structures and/or
ground, breakagef tree limbs, scratch marks dhe trees or structures caused by
water borne objects, and/dine location of water borne debriwere analysed to

determine the maximum tsunami runup heidfeh et al, 1994)

At Riangkrolo, anextremely large tsunami runup was meastoede approximately
26 metersBased orfour different tsunami markghe average height was found to
be 19.8 m Figure4.26) and the runup inundatn distance fronthe shorelindo be
approximately 600 m.

19.8m

L12.3 m

Bou-Tanabeten

— Z

&5 £ I' Hading Bay
Rlangkrok b4 Leworahang
4 .
Y mpta™
PaluIs. Pomanals%u - . i

-Pantai ato

__»LMaumere i

Runup Height Scale
10 m

0 20 40 km Om

Figure 4.26 Tsunami runup heights from sea level at the timiéhefsunami attack. The
values were measured at each location and averaged from multiple measuimntea
tsunami survey teaifYehet al, 1994)
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Babi Island, which is about 5 km offshore from Floneas also severely affected by
the tsunamis. Out of a population of 1093, 263 people were killed due strong
earthquake motions and tsunamiabi Island has a conical shapwith a summit
elevation 0f351 m anda diameter ofapproximately2 km. The water around Babi
Island is quite deep despite its proximity the main islandThere isa wide coral
reef on thenorth shorgwhich faces the Florese®. Onthe south shorewhere the
villages were locatedthere isa much narrowecoral reef. There was a Moslem
village, Kampungbaru, on the wesitle and a Christian village, Pagaraman, on the

east side, separated by a srmidhl flat near the middle ahe south shore. These two

villages wereotally devastatetdy the tsunamiandnothing was left of the Christian
village (Yehet al, 1994)(Figure4.27).

Figure 4.27 (a) Babi Island;(b) catastrophe on the back sideBafbi Island(Yehet al,
1994)

The wave conditions on the south side of Babi Island are usually calm even when
there are tsong wind waves and swells of the Flores Sea attgdkom the north

The reason for this is that most of timeoming wave energy is dissipated on the
wide coral reef on the north siddowever,the south shore wggoneto the 1992
tsunami attack although it was usually protected from wind waves and swells
According toYeh et al.(1994)the tsunami disaster at the south side can be attributed
to theshape othe island and wave reflectiolhereflection of tsunamis in thdeep

sea betweae Babi Island and the opposite shore of EmIsland couldpotentially
create a wee resonance phenomendf this was the caseahis phenomenomay

have been partially respob for the catastrophe on Babi Island (Yethal, 1994).

The maximum tsunami runup heightere5.6 m in the Christian village and 4.6 m
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in the Moslem villageThe maximumrunup height, which waseasured on the
steep slope on the west side of the isJamas 7.3 mThe directions of tree falls and
debris accumulations helped estimate thignami runup and rundown directipns
which showed that the villages weattacked by the tsunami generated fioam all
directions(Yehet al, 1994).

The fact thathe tsunami attackedhé conically shapedabi Island from the north,
but an extremely high inuntlan was observed in the soutback or lee side of the
island) suggests thathere is aneed for a better understanding of the important

physical parameters involved athreedimensional tsunami runup.

Approaching an island from deep water, a tsunasawve goes througtrefraction,
diffraction and breaking, as doai waves The height and steepnes$ a tsunami

wave increasewith complicated currents and multiple wave trailBe number of
tsunami waves and their amplitudes around the perimeter of the island may be
affected by eflections from adjacent shorelingBriggs et al, 1995) When the
tsunami damage on Babi Island was investigated, it was found that there were
unexpectedly large runup heights, especially on the back or lee side of theAsland.
surprising finding was that the results of the numerical sitraris carried out by
various international teamswvere substantiallydifferent from those of thefield

measurements, often by factors of ten.

A threeyear study was initiated in 1992 by tNational Science Foundatiam order
to develop largescale expemental databases for verification and modification of
numerical models and to analyse the parameters involved in-dimesasional
tsunami runupThe participants were frol@omell University, Harvard University,
University of Washington, Uwersity of Saithern Californiaand the U.S. Army
Engineer Watevays Experiment Station (WES)he reason why aonical island
was selected fothe study was its mathematical simplicity and realistic geometry
comparedo actual islands (i.e. Babi Island, Okushiri Islaadd Hawaiiarislands)

(Briggs et al, 1995) The largescale experiments were conducted at WES during
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1993 and 1994A 30-m-wide by 25m-long flat bottomwave tankwas installecat

the US Army Engineer Waterways Experimental Stati®ES), Vicksburg,
Mississippj in the center of which a model of the conical island was constructed
(Briggs et al, 1995; Liuet al, 1995)to understand the cause tbke observed high
inundation athe opposite side of the islarithe basin wall dimensions were 293

x 30 m (Figure 4.28). An absorbing materiab-cm-thick synthetic horsehaimwas
rolled into cylinders approximately 0.9 m in diameter, and characterized by a
reflection coefficient that varieslightly with wave frequeng (NTHMP, 2011) The
surface of thdasinandthe conical islangveremade ofsmooth concrete.

180°
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He—ouo 274m
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€ 293 m >

Figure 4.28 Basingeometry, coordinate system and location of gaufescircles alonghe
walls andthedashed lines represent wave absorbing material (not to scale) (Credit: Frank
Gonzalez) [dorrillo et al, 2015).



The island was shaped like a truncated, right circular cone with diameters of 7.2 m at
the toe and 2.2 m at the crest. The vertical height ofstaad was approximately
0.625 m, with 1V:4H beach face (i.e., p 1) (Figure4.29). The water depth in the
basin was set at 0.32 m. A Directional Spectral Wave Generator (DSWG), located at
@ p & gn from the island, generated waves with an initial solitary wikee

profile with "OfQratios ranging from 0.05 to 0.20.

e 464Am— J=032m

7.2m

Figure 4.29 Definition sketch for the conical island (not to scale)

Figure 4.30 shows refracting waves around tle island with the DSWG in the
backgroundand an overhead view of the wave runup is giveRrigure 4.31. The

electranically controlled DSWG wa27.4m long and consistd of 60 paddleswhich

were 46 cm wide and 7@&m high.A 3/4 HP closedoop servomotomwas used to
independently drive ach of the 61 paddle joints in piston modde maximum

stroke of the DSWG w&a30.5 cm(Briggset al, 1995)
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Figure 4.30 A view of the conical island and the directional spectral wave generator from
the back side of the islariBriggset al, 1995)

Figure 4.31 An overhead photograpf thewave runupon the lee side of the island
(Briggset al, 1995)
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In order to measur¢he freesurface elevationswenty seven capacitance wave
gaugs were usedthe first fourof which weresituatedparallel to the wavemaker to
measure incident wave conditioigeforeeach runthe distance athesefour gauges
from the toe of the islahwas calculated dsalf of the wavelengthp¥c¢, of the wave
that would begenerated. Tirs, it was possible to measuhe tsunami wave always
at the same relative stage of evolutidrcircular measurement grid eix concentric
circles covering a maximum distance of 2.5 m beyond the toe of the ishzamsl,
defined. The remainingaugeswere located at the intersection of thesacentric
circles and the 0radial lines (i.e. § 90°, 180 and 278 transects arounthe
perimeter of the island)Rigure 4.32). The maximum vertical runup measurements
were carried out at twenty locations around the perimeter of the island by using rod
and transitln addition, in order to recordunup time seriesn the back/lee side of

the island adigital runup gauge wassed.

Theexperimenal setups also describeth varying detailin Briggset al.(1994), Liu
et al. (1994), Briggs et al. (1995), Liu et al. (1995, Briggs et al. (1996), Kaoglu
(1998), Kanoglu and Synolak{&998, Fujimaet al.(2000),Synolakiset al.(2007).

The locations of the 27 wave gauges are listebainle4.9. The first four gauges are

placed according to the charactéds of the initial wave (i.e0%¢). In other words,

they are replaced for each run having diffef€fi2ratios.
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Table 4.9 BMP 2 wave gauge locatioiiBriggset al, 1995)

Gauge ID e (M) « (m) » (M) Comments
1 "QOTC 16.05 32.0 Incident Gaige
2 "QOTC 14.55 32.0 Incident Gaige
3 "QOTC 13.05 32.0 Incident Gaige
4 "QOT¢ 11.55 32.0 Incident Gaige
5 8.36 13.80 32.0 270 transect
6 9.36 13.80 31.7 270 transect
7 9.76 13.80 22.5 270 transect
8 10.08 13.80 14.7 270 transect
9 10.36 13.80 8.2 270 transect
10 12.96 19.93 32.0 180 transect
11 12.96 18.43 32.0 180 transect
12 12.96 17.43 31.5 180 transect
13 12.96 17.00 22.5 180 transect
14 12.96 16.68 14.6 180 transect
15 12.96 16.40 7.9 180 transect
16 12.96 11.22 7.9 0° transect
17 12.96 10.92 15.2 0° transect
18 12.96 10.60 21.9 0° transect
19 12.96 10.25 30.1 0° transect
20 12.96 9.17 32.0 0° transect
21 12.96 7.67 32.0 0° transect
22 15.56 13.80 8.3 90 transect
23 15.84 13.80 15.7 90 transect
24 16.16 13.80 22.8 90 transect
25 16.59 13.80 31.7 90 transect
26 17.59 13.9 32.0 90 transect
27 19.09 13.80 32.0 90 transect
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As some of the coastal effects of tsunamis can be modeled efficiently and in a
reliable way in the laboratory by using solitary waves, the initial waves that were
generated haa solitary wave likeprofile. The surface profilef a solitary wave
centered ato @ attimedis given by Equation [4.4]Synolakis, 1986and the

effective wavelength is calculated as:

SRxioe P '
0 — P

TQ

O

so that it is equal to the distance between the two end points in the symmetric profile
where the height is 5 percent of the height at the &@¢€Briggset al, 1995).

Three different cases are selected from the laboratory experiments to validate the
numerical modelsnamely Case A, Case B and Casav@ere theanitial "OFQratios

are equal to @45, 0.02 and 0.181 at 32 cm water depth, respectively.

The free surface conditions at the minimuwmnboundary are setaccording to
measurements at Gaug€Rigure4.33), which is located offshore, for both models,
instead of modeling the action of the generator paddles in order to simulate the

incident waves. In this way, consistency with the analyses is achieved.

The experiments of Briggs et al. (1995) were used as benchmark tests for validating
2+1 numerical codes in the 1995 Friday Harbor, Seattle, WashingtonWaxng

Runup Models Workshop (Yeh et al., 1996) and have become a standard for
validation of runup moels (Liu et al., 1995a; Titov and Synolakis, 1998; Chen et al.,
2000; Lynett et a).2002;Wei et al, 2006and Yamazaki et al2009). The waves are
generated at one side of the tank and overtake the island as they travel toward the
opposite sideThe tess provide runup observations for validating numerical models

and supplement comparisons with analytical results (Kanoglu and Synolakis, 1998).
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Figure 4.33 The free surface elevation tirseries recorded &@auge Zor: (a) CaseA,; (b)
Case Bjc) CaseC (Briggset al, 1995)

To performBMP 2, it is necessary to demonstrate tttmodeled wave fronts split

in front of the island and collide behind it (as edge wapesjiucing an xreme
localized runupMoreover, thecomputed water levelat the four gauges around the
island; namely, Qages 61 in the front of the island at the to@, 16 and 22 closest

to the shoreline located at th& @, and 188 radial lines,are replicated anthe
angular distribution ofunup is compared ith the laboratory datéor the various
cases of incident wave§hese gauges provide sufficient coverage of the wave
conditionsthat are cruciato the experiment.
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4.2.2NAMI DANCE Model

The same satf experimets is reproduced in a 2D domain using NAMI DANCE.
The fluid is inviscid and the flow is incompressible. Fluid density is taken constant

throughout the fluid domain.

Thewaxis of the Cartesian coordinate system is perpendicular to the wavemaker and
thewaxis is parallel to the wavemak@tigure4.34). The origin is located at the end

of the wavemaker, in line with the front §ace of all paddles at their rest position.
The center of the island is locatedcat 12.96 m andw 13.80 m. A local
coordinate system, where poleonvention is used, is located at the center of the
island (Figure 4.35). Figure 4.35 also illustrates the 3D view of NAMI DANCE
computational domaiand location of gauge point§he gravitational forceéQ is in

the downward directian

The water surface elevation time ssrirecorded a&bauge point 2 is inputted at the
upstream end of the computational domain (i.e. minincuiboundary) which is
located07¢ distance away from the toe of the slopbhe maximunmwboundary has a
rigid wall boundary condition, which definelset downstream end of the wave tank.
The minimum and maximumdboundaries are also defined as rigid walls in order to

prevent outflow from the computational domain.
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Figure 4.34 NAMI DANCE model: a typi@l computational domain and the orientation of
the coordinate system (top view)
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Figure 4.35 NAMI DANCE computationalomainand gauge locatiorfer BMP 2:(a) 3D
top view;, (b) side view



4.2.2.1.Spatial Discretization

The computational domain, represented by a structured mesh (i.e. rectangular cells),
covers the entire length of the flume with grid sizaband3w which are uniform

throughout the mesh.

It is important to note that reducing the cell size does not necessarily guarantee a
better result from a practical perspective since it may lead to unstable results and
unnecessarily abundant computatal resources and time. The previous numerical
model validations that used BMP 2 (NTHMP, 2011) are taken into account in the
determination of the grid size. It is found that in the recent sttloéegrid size used

in the vicinity of the island i®itheraw 0.01m (Alaska Tsunami Model, Alaska
Tsunami Forecast Model and SELFE),300 0.05m (MOST, NEOWAVE and

BOS2 (NTHMP, 2011). After a careful analysithe grid size is selected as#;

ie.3®w 3w 0.05m.

It has been suggested in the literatunat the convergence aSunami modeling
algorithnms be assessed by simulating the extreme positions of the sharefiee
maximum runup and rundowrhe convergencef NAMI DANCE is tested by
comparing the predicted runup valueszatige 9, for CasA, B and G respectively
(Table4.10).

Table 4.10 NAMI DANCE: Prelictedrunup valuest Gauge Yor differentawvalues

(¢ 0.01)
Grid Size Maximum Runup (cm)
sem) ['OrQ miT |{'Q ™w| O 1™ Y¢
0.01 228 5.44 8.80
0.05 2.28 5.44 8.80
0.1 2.5 5.41 8.77
0.5 2.21 5.40 8.75
1.0 2.18 5.37 8.67
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The matchbetweenthe predicted data and laboratoryaserementsncreasess the
computational grid resolution is decreased fraf rh to 0.01 mThe most obvious
manifestation of this convergence is the improfad of the first waveln fact, no
considerable change is observed a¥r 1@ m. Theprediced runup values differ
by less than 1% fa¥e 1@ m.

The maximum time step size that fulfills the CFL stability criteria is calculated
automatically by NAMI DANCE for each run, depending on the bathymetry.

According to this limitation, time step0, is selected as 0.02 second for all runs.

4.2.2.2 Friction

Manningos roughness coefficients used
maximum runup values are:

(i) € T(i.e. frictionless bottom)

(i) € T8 gi.e. neat cement/concrete/smooth glass beach)

(i) ¢ T8t di.e. fine particles along the channel bottom)

The results reveal that thedfect of friction varies spatially over the computational
domain since the friction term is a function of water depthtrdduction ofthe
friction coefficient improves the numerical pietions It is seen thataround the
perimeter of the conical islanthe predictedand measured runup values match when
¢ 0.0] including the extreme runup behind the conical island. Accordinigdy, t
predictedinundationlevel on the frictionless surfade higher than the measured one,
whereasthe predicted runup valueare smaller tharthe measured onewith
increasedriction coefficients These situations are most spotted in Cases B and C,
where’OrQ 0.091andOrQ 0.181 respectively. The predicted runup valaes
notsignificantly affected by for Case A, wheréOfQ 0.045(Figure4.36).
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(b)

(€)

Figure 4.36 NAMI DANCE runuppredictionsaccordingtad i f f er ent Manni ngos
coefficientsfor: (a) Case A;(b) Case Bjc) Case C. The dashed blue line represdmds t
initial shoreline; the red line represettie resultsvhene  0; the blue line represents the
results wherg  0.01 the green line represents the results when0.03
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4.2.3FLOW -3DF Model

The same set of physical experiments is reproduced using F:B.K)ﬁ/(/Figure 4.37):

(@)

(b)

(©)

0.0 3.0 6.0 90 120 150 180 21.0 240 270 m

Figure 4.37 FLOW-3DF computational domain constructed BMP 2 (a) meshing
(enlarged for clarity; (b) boundary conditionand gauge locationgc) after using
FAVORE
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Thefluid is inviscid, the flow is incompressible and the fluid densityasstant. The
effects of surface tension and air entrainment at the surface of the flow are neglected.
The numerical model is constructed using the Cartesian coordinate syéierathe
positivewdirection is oriented along the fluid flow into the domain #melpositive

w direction is perpendical to the direction of the flow (Figure 4.37The

gravitational acceleratioff) is in the downward direction (i.e & direction).

The pressure handary condition is employedat the minimumw boundary. This
boundary condition allowthe user to enter the input data manually, whicthesfree
surface elevation timseries recorded atdBge 2in this case The maximumw
boundaryhas the outflow bawdary conditionso thatthe wave reflection from the
boundaryis minimized as much as possibleThe minimum and maximunb
boundaries as well as the maximarhoundary feature the symmetrical boundary
condition where all the velocity derivatives and vépcomponents normal to the
boundaries are set to zefiche minimum and maximumdboundaries are sufficiently

far away from the conical island so that the wave reflection from those boundaries
does not have an adverse effect on the simulatims.wall boundary condition is

applied athe minimumd boundary where the bottom of the wave flume is defined.

4.2.3.1.Spatial Discretization

The computational domain is represented by an isotropic gridawith 3w 34

where the grid size is selected as 5 cm (Pleef@ to the explanations in Section
4.2.2.1). BMP 2 is modeled via FLOVBD" for differentavalues in order to test

the grid dependency.able4.11 sunmarizes the predied runupvaluesat Gauge 9

for differentawvalues, for CaseA, B and C, respectivelyThe agreement between

the predicted data and laboratory measurements improves as the computational grid
resolution is decreased from 1.0 m to 0.01 m. No consideidnge is observed
afterYo 1@ m.
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Table 4.11 FLOW-3DF: Predited runup valueat Gauge 9 for differat 3:wvalues

(¢ 0.01)
Grid Size Maximum Runup
sem) 'ONQ miT {'HQ ™iw| O m Y¢
0.01 2.28 5.64 9.60
0.05 2.28 5.64 9.60
0.1 2.27 5.63 9.58
0.5 2.23 5.60 9.55
1.0 220 5.57 9.47

It is also necessary to analyse the effect of the vertical gridsgizenrunup values
in a threedimensional model. Changing the vertical grid sizeeffective in the
vicinity of the island In fact, a fine vertical grid size (i.¥4 1@ m) gives results

closer to themeasured valuesvith 3wkept constantNo considerable change is

observed afte¥d 1@ m.

The time step30, is selected as 0.02 secbin orderto be consistent with the
simulations conducted using NAMI DANCE. When variable time stepping is
employed in order to assess the effect of the time step size, no significant effect is

observed.

4.2.3.2 Friction

In order to assess the effect of fraction the maximum runup values, different

Manningos

¢ 18t p(i.e. neat cement/concrete/smooth glass beach)éand®@rt o(i.e. fine

particles along the channel bottomPlease refer to Sectiod.2.2.2 for the

comparison criteria).

The results obtained via FLOMD® are similar to those obtained using NAMI
DANCE. Theeffect of friction is not felin CaseA and B, whereas the runup values
appear to be dependeah ¢ in the extreme case, Case @Where’OrQ 1@ Y.p

Lower inundation évelsareobtainedwith a higher friction coefficienFigure4.38).

roughness
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Figure 4.38 FLOW-3DF runuppredictonsaccor ding to different Mannin
coefficients fori(a) Case A;(b) Case Bjc) Case C. The dashed blue line represents the
initial shoreline; the red line represents the resufteane  0; the blue line represents the
results wherg  0.01; the green line represents the results when0.03
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4.2.4Simulation Results

BMP 2 is a challenging test case beeaitss adifficult task to reproduce the wave
that splitsat the front side of theisland, refracd andwraps around both sides, and
then recombiasat the lee side of the island to produce a runup spike.threetest
casenf BMP 2illustrate the important fact théte runup and inundatiofevels on
the sheltered back side of an rglacan exceed t@iseon the exposed front side, due
to trapping othewave frontghat propagataround the island circumference.

The rumerical simulations are conducted using a computer withote central
processing units (CPUs). The computations emminated after the first reflection of
the wave from the island, which is 40 secoridse smulations that argerformed

via NAMI DANCE are completed in approximately 40 minutes whereas it takes 6

hours to complete the simulations using FLOOF.

The wawe evolution around the conical island is assessed by using the free surface
time series recorded at four gauges; namely Gauggsl6,and 22. The compaon
of NAMI DANCE and FLOW-3D" results with the laboratory measurements are

given inthe following gaphs.

NAMI DANCE and FLOW-3D® predict the wave transformation around the conical
island considerably well for Case @d B whereOrQ 0.045andOrQ 0.091,
respectively (Figures 4.39 and 4.0 NAMI DANCE computes the wave
transformation around theowical island satisfactorily andFLOW-3D® model
produces accurate predicticios Case C, wher@f'Q 0.181(Figure4.41).
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Figure 4.39 The waveransformation around the conical island for CasevBere’ OrQ
0.045at: (a) Gauge 6(b) Gauge 9;c) Gauge 16{d) Gauge 22The circles represent the
laboratory measurement$ie red line representise NAMI DANCE results; the green line

representthe FLOW-3D" results
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Figure 4.40 The wave transformation around the conical island for Gasere’OrQ

0.091at: (a) Gauge 6(b) Gauge 9{c) Gauge 16(d) Gauge 22. The circlespessent the

laboratory measurements; the red line represbkatdAMI DANCE results; the green line
representshe FLOW-3 DF results
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Figure 4.41 The wave transformation around the cohistand for Case&, where'OrQ
0.181at: (a) Gauge 6(b) Gauge 9c) Gauge 16(d) Gauge 22. The circles represent the

laboratory measurements; the red line represbets}AMI DANCE results; the green line
representthe FLOW-3D results
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The maximum vertical runups recorde at twenty four locations around the
perimeter of the island. Sixteesf the gaugesre evenly spaceat every 22.8
around the perimetemhe othereight gauges, whiclare more narrowly spaced, are
locaed at the lee side of the islapdo that the resaotion at thiscritical areais

improved

Most of the previous studield not takefriction into consideratiorn this numerical
experiment (Liuet al, 1995a; Titov and Synolakis, 1998; Chenal, 2000 and

Lynett et al, 2002). In this studyin orderto reflect the real laboratory conditions as

much as possiblet he runup predictions are made
coefficient¢ 18t p which is used for smooth concret@~or detailed friction

analysis please refer to Sectigh2.2.2and4.2.3.2.

In order to investigate thénanges in the runup shape and magnittiteinitial wave
height is alteredFigures 4.4% 4.43 illustrate the polar distribution of memum
vertical runup at 32 cm water depth for Cases A, B and C, respectively. The crest and

toe of the conical island and the initial shoreline are showreference.

It is seen fromFigure 4.42 that there is adirly uniform inundation around the
perimeter of the island for Case A, wh&EQ 0.045 This ratiocorrespondto an
initial wave with a height of 1.44 cm. The predictions of both models are in good
agreement with the measured water level dynamicshatgiven locations. No
distinctive difference between the model results and the measured data is observed in
the maximum runup valueShe runup is largest on the island quadrant betvt&h
and360°, where itis closest to the sourci other wordstherunup on thdront side

of the island is larger than that on theckside.Figure4.43illustrates the inundation
predictions for Case B, whei@'Q 0.091 Thisratio corresponds to an initial wave
with a height of 2.92 cm. The runup is largest on the island quadrant be8éen
and 12.5. Figure 4.44 illustrates the inundation predictions for Casewere
‘OrQ 0.181i an initial wave with a height of 5.79 cm. Casés@ formidable test

casebecause the modeled wave is ste¢pan most realistic tsunamis.
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Figure 4.42 Inundationaround theperimeter of theonical island for Case Avhere OrQ

0.045 The circles represent the laboratory measuremtrgsjashed blue line represents the

initial shorelineithe red line representise NAMI DANCE results; the green line represents
the FLOW-3D" results
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Figure 4.43 Inundation around theerimeter of theonical island for Case Byhere'GIQ
0.091.The circles represent the laboratory measurements; the dashed blue line repeesents th
initial shoreline; the red line represettie NAMI DANCE results; the green line represents

the FLOW-3DF results
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Figure 4.44 Inundation around theerimeter of theonical island for Case @here’OIQ
0.181 The circles represent the laboratory measurements; the dashed blue line represents the
initial shoreline; the red line represettie NAMI DANCE results; the green line represents

the FLOW-3DF results
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Case Gs anextreme casan which a distinctive pattern of runupmerges because
of theedge waveshatpropagat around the island. The runup on the back sidbe
islandis almost as large as that on the front sii@M| DANCE predicts the runup
on theback of the island approximateB0% less than the measured value. FLOW

3DE, however, satisfactorily predicts the runup around tharger of the island.

NAMI DANCE is a depthaveraged model; therefore, the vertical velocity
componentV , is neglected in the simulations. On the other hand, FLEDN
accounts for the effects of. The vertical velocity componeim the vicinity of the
islandneeds to be analysed in order to assess its effeoniplexextreme case@.e.
turbulence, wae reflection, edge waves)he analysis is conducted via FLGSDF

for the extreme cas€ase Cwhere'OFQ 0.181.
Figure 4.45 illustrates the evolution of the vertical velocity component around the

conical island and-igure 4.46 shows he velocity time histories for the constant

depth region and the shallower region (i.65atiges 9 and 22)
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Figure 4.45 Evolution of vertical velocityomponent0 , around the conical island for Case
C,whereOFQ 0.18lat:(a)0 10.7se¢ (b)0 13.0sec (c)0 13.6se¢
(d)6 14.5sec(not to scale)
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