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Estimation of Tsunami force Acting on Onshore
Structures and Stability Evaluation of Quay Wall under

Simultaneous Actions of Earthquake and Tsunami

by

Kui Seop Lee

Department of Civil and Environmental Engineering
Graduate School

Korea Maritime and Ocean University

ABSTRACT

In this study, tsunami-induced forces on the seawall and onshore structures were numerically evaluated
from the numerical wave tank based on a three-dimensional one-field model for immiscible multi-phase flows
(air and gas) with Navier-Stokes solver (TWO-PM 3D). With respect to onshore structures, several numerical
experiments were conducted to examine the characteristics of tsunami forces due to the arrangement of
terrestrial structures and distance from the seawall with the consideration of the building group, single
building and oil reservoir. The three-dimensional numerical model, TWO-PM 3D, used in this study was
proved to be a reliable tool for reproducing tsunami force by comparing the available experimental data. The
hydrostatic and hydrodynamic methods using the numerical calculation results were also applied to estimate
the tsunami force, and the applicability of the numerical method for tsunami force calculation is discussed
by comparing the experimental results and design criteria. Then, considering both experimental results and
numerical analysis results, semi-empirical formula based on the regression analysis was proposed. Regression
analysis revealed that the newly proposed formula in this study can effectively predict the tsunami forces
acting on the onshore structures.

Next, in order to analyze the stability of the quay wall including both sliding and overturning, the limit

equilibrium method was adopted taking into account the influence of the earthquake and tsunami forces. The
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tsunami forces acting on the quay were estimated by both the previously proposed formulas and the TWOPM-
3D model, and the estimated external forces were applied to the stability analysis. Variations of the stability
of the quay wall were investigated via the parametric study including tsunami water height, horizontal seismic
acceleration coefficient, the internal friction angle of soil, friction angle between the wall and the soil and the
pore water pressure ratio. In the parametric study, the stability of quay wall was also considered even in
absence of earthquake and tsunami. It was numerically clarified that the tsunami force calculated by the
numerical model is the same as the result using the proposed formula. Furthermore, it was found that
considering both the earthquake and the tsunami at the same time, the stability of the wall in the passive state
was significantly reduced, but in the active state the stability of the structure increased as the tsunami force
acts as a resistance.

Finally, even when the wave overtopping due to the tsunami occurs, the stability of the quay wall by the
influence of earthquake and tsunami is also examined by applying the limit equilibrium method. Since there
is no formula that can estimate the tsunami force in case of the wave overtopping, the external force caused
by the tsunami is numerically evaluated by the numerical wave tank built in this study. The additional tsunami
force acting on behind the quay wall after the overtopping of the tsunami is also considered in consideration
of the permeable characteristics in the backfilling material of the quay. In the consideration of the passive
and active state of the quay wall, the variation characteristics of the safety factor against both sliding and
overturning are investigated with respect to the main factors affecting the stability of the wall such as pore
water pressure ratio, wall friction angle, internal friction angle, vertical and horizontal seismic acceleration
coefficients, water level of back filler and tsunami wave height. As a result, it was confirmed that the tsunami
force of the overtopping increases the stability of the wall in the passive state, whereas it acts as a factor

decreasing the stability of the wall in active state.
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Tij = —Z'Ue DU (26)

A7, v & AR vl A7)0l HEhls viel o] SA370)(FERE) 491 W93 H ' Dy;
] Zreel| nlzgict,

Ve = (CSA)2|Dij| @7
O, C, = Smagorinsky R 2 Aol 01738 Hgei) e Sse] E47lo] %) Wel-S

2Ju ;9] A Tk o] ARk
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A= 3/AxAyAZ 29)

|Dij| = 2(DE+D3, + DZ) + 4(D3, + D, + DZ) 29)

24 % 4OIN FYRe| 75

2 AFrelxlE= 243<] 71A|9 A7 738k BAM L] AW 0% VOR(Hirtand Nichols, 1081)4-& )-8
t}. Hirtand Nichols(1981)°]] 23l #leke VOFY ©]%-% GENSMAC(Tome and McKeg, 1994), TUMMAC(Miyata and
Nishimura, 1985), FCT-VOF(Rudman, 1997) 2 MARS(Kunugi, 2000)5 3315+ 12 =4 ul g A9 34
Ho] Awe] AlFFOR gt eAFE Fol7] S8t AR E AlRke|e] gk e, o]st W %)
Bl ZA7E 7 AL Qs e dare]S wie] F71AR1 ARARIo] 9w, 53] 3xprA]eA o] -
o= TR A8AJo] Hah] ok Wk ohet Abdel F7HARQ1 ARAIzIo] STk HIS Hirt and
Nichols(1981)2] VOFRo] A 2] A=l SLIC(Simplified Line Interface Calculation) = ARE-31A| 7k Z12] 24
iAW A7AbEel Qs HaEol gtk ]9} e miAe]] Z1xste] A= AR AR &
Tohe 3akd Ao B2 7)) VOFHS: 4838k= Z10E )9tk

VOFH2 0(71712] Z3-P)ellrd (A1) 2-9)7kA1C] ®I91E ZH= A $(color function)?] VOFS F o]
71%5 7L YTk VOFSERE ARaP 0 < F < 15 b 2 ARbdold S84 o= 7 Ikke] AAd
o] At gt AAHo] YXIskE Alldelx] 272 AR ok FRAG 0= A7 vt 2ol

oJA)i= VOFEre] o] 37)eich,

Pijk = Fijic < pw Sijet (1= Fiji) < pa >ijic (2.10)

Oijie = Fijie < vw it (1= Fiji) < va >ik (211)

ot
©
o
o
rr
e
o

N
s
=

PN, BA wil = Aol 71A1) B 217} pehick

A ) wEE TRIRowA ol

7, VOF§HE

OF 0dwF) O0(WF) OJWF
OF  d(uF) 9(vF)  OwF) _
ot dx dy 0z

q 212

A A= 2424e] AAEAelA VORE=e] 7127] PFoll 2l A7ge:

2.5 SMACHIC 28t Ofe}

ool Navier-Stokes 5178 24)(2.1)~(24) 2 VOF3HR] o742 212)= A w3 ZxE 243t
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F3ExHE ol 28] ojaksleit). oAb 212 Amsden and Harlow(1970)°1 2J&ll 7kel SMACH ol 71%310] 7

APETE SMACHOIN 2587849 B @ n + 18] AREAEOIN AR5 @, 0, woll thall 31 s 25
oA vheo] A3} o] FAow Ak

=4

a—u" g ou ou ou 1dp "
I T Wil 213
o (ua +U6y+waz> 59x +VIS+SOR+EXT] (213)

D=0t ov ov ovy 10dp "
= — tv— — ) —=—=—+VIS + SOR + EXT 214
At (”a +”ay+waz) pay 0 TOORY ] @1

w—-w" T ow ow ow 10dp "

=|-(u=—+v—4+w—)—==—+4VIS + SOR + EXT 215
At ( ox +"ay+waz> 5oz T 0 TOORY ] @)

SP/IN, VISt AT, SORS A, EXTE $7AA900149) gafsolt Tagelel] ojg A2
55 VERit A A5l 8 2192159 PGl Tt Poissond
Ae SH 0 ST Z, IAASS THo) ARKARION 1Ee AMgslo] thet o) Al

= l

g ol W

I
2
b
%

O

1 a(6p)™tt

u™l =4 — Atﬁ_nT (216)
1 0(& n+1

pitl = _ Atﬁ—n% 217)
1 9(6 n+1

W= e (2_ (218)

A, (Bp)™* = p™*t —proltk ARkR ISR 4, 5, w7 SIS oA Ty 4
IS AHEACl et Poisson'd g4 A=tk TRl A(2192HE R sp ol Ak AR

2
£ 93101 Bi-CGSTABL =4 E dpE A 3itt

a2(sp)™*tt  a%(sp)"tt  0%(6p)"tt 100 00 oW
==+ —+—=— 219
dx? 0x? * dx? t (ax * dy * az) @19
olge] VAN S WEARE ol §a A <3} ANk AARACRE At ule} 2
o] ME THHA e Y fFAlREE skl glom R AANkS sk W] -l 9 A
e AAxR0] EE eskal, ARG Q] Hddele 4ol XS, R vy SEEAE A

317] YJate] Bt dipas 22 288t

Collection @ kmou



26 DR 2R}

2 dAqtelx] ARl nkE s kel SR s adlsk] flste] 2akdaA| Tt
= (Hinatsu, 1992; A5AF 5, 2001)E 3302 ERel 3R] INs R (0B E 5, 2008) 5 AL ST 3
Aol FA14 o & I TAF17] 918 Z3kA(Brorsen and Lasen, 1987; 715243t 5, 2000) 8} -

MBI S 918 VA9 0l0] et 3, b ie] Ebdes the) 4o Folin

q(y,z;t) = 2U, (2.20)

SV, Up = HISRe] G458 717} Uehie], 2 ol 2ol s g 2 2213 2ol
Grimshaw(1971)°]l 2J8f] =% 5 5ke] 3xjtAlo] =] o]t 4=4

WSS Uy s 218810 (Fenton, 1972).

Uy = /ghlEsS? — E2C, — E3{C, + C,}]

2.21)
o7]A,
C, = 1SZ+S4+<1+Z_)2(352 954)
“© 4 n \2 4
19 6 N>/ 3 15 15
—_"q2 4 _ 6 ~ = Y 4 19 6
Co =755 +55 55+(1+h)( Iy S + 25)
7\ 45 45
— — _ @278 4- 6
CC_(1+h) ( 85 165 ¥ )
T3, 7 BA] QAN FHIAES e, B9} st thee] Aw) o] Aejwck
H.
By =+ (222)
S = sechax 2.23)
oV, k= 5, His TI9h] SRS ehaR, a o) £ 212t the o] A0 Foilt
3 5 71
= |7 - 2 224
“ \/;55{1 8E 128E} (224)
xs — Cy
= —— 225
X A 225
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o714, C= arsute] v 0w As]ue) 3alAlelEel| Qs the A3t gho] srdE,

3

= J—[1+ E, ——E3 + B3 (2.26)

Ohyama and Nadaoka(1991)= 53| 3kgrZUjel|] F-z2=0] AAx]d Fapa0] 2 X|of|A] WhAke] o
ke Efslo] Zufii Aol AXATA7E Rk FrL Gl 739l BRG] A RS e Ae 1L

elakal Qlek
_ Mo +h
q = 2U, R (2.27)
A71A, no &k g A2 Zopal] QiAo oHE} Zupie] ofel] Vel Rtk A

TolA no= T A3 22 asluke] 3xARE A8ate] APg I thFenton, 1972).

4 Sa— 101 .
N =h|1l+ ESSZt + Es3 (§Szt2 - ES‘LLLZ)] (2.28)

oJ71A, £ th39] 2)(2.29)9) o] FojAltk,

opgol] ANE 3AA5A TGSl o7 ARa|ela TR AEAge] o)g eviee] g
Thge) AR A, A5 B AN SAES T, TRISATLS, Welg A ST B sleleklo] 24
31 AaelsEe) Aol g,

<BN20>

T~

« AR

old%, slEr, A78(2001), VOl 7123t SRl Fus el AlshA. thekEs e
3 =7, tiRtEESs], A1 #1583, pp. 551-560.

« O[T, oP7], AEE, HEAN008), HrAATT IRl Aok v el o9t
Addulai o] 3xpdely. Sraliqtal dastaln s, Shalietaliefsclsl, A0, A, pp. 1-13.

* Akiyama, M. and Aritomi, M. (2002), Advanced numerical analysis of two-phase flow dynamics -multi-dimensional flow
analysis. Corona Publishing Co., LTD. Tokyo, Japan.
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* Amsden, A.A. and Harlow, F.H. (1970), The SMAC method : a numerical technique for calculating incompressible fluid
flow. Los Alamos Scientific Laboratory Report LA-4370, Los Alaomos, N.M.

* Brorsen, M. and Larsen, J. (1987), Source generation of nonlinear gravity waves with boundary integral equation method.
Coastal Engrg., Vol. 11, pp. 93-113.

* Fenton, J. (1972), A ninth-order solution for the solitary wave. J. of Fluid Mech., Vol. 53, No. 2, pp. 257-271.

* Grimshaw, R. (1971), The solitary wave in water of variable depth: Part 2. J. Fluid Mech., Vol. 46, pp. 611-622.

* Hinatsu, M. (1992), Numerical simulation of unsteady viscous nonlinear waves using moving grid system fitted on a free
surface. J. of Kansai Soc. Nav. Archit,, Japan, No. 217, pp. 1-11.

« Hirt, CW. and Nichols, B.D. (1981), Volume of fluid(\VOF) method for the dynamics of free boundaries. J. of Comput.
Phys., Vol. 39, pp. 201-225.

* Kunugi, T. (2000), MARS for multiphase calculation. CFD J., Vol. 9, No. 1, IX-563.

* Miyata, H. and Nishimura, S. (1985), Finite-difference simulation of nonlinear waves generated by ships of arbitrary three-
dimensional configuration. J. Comput. Phys., Vol. 60, pp. 391-436.

* Ohyama, T. and Nadaoka, K. (1991), Development of a numerical wave tank for analysis of non-linear and irregular wave
field. Fluid Dyna. Res., Vol. 8, pp. 231-251.

* Rudman, J.D. (1997), Volume-tracking methods for interfacial flow calculations. Int. J. Numer. Methods in Fluids, Vol. 24,
pp. 671-691.

* Smagorinsky, J. (1963), General circulation experiments with the primitive equations. Mon, Weath. Rev., Vol. 91, No. 3,
pp. 99-164.

* Tome, M.F.and McKee, S. (1994), GENSMAC : A computational marker and cell method for free-surface flows in general
domains. J. of Comput. Phys., Vol. 110, pp. 171-186.
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3% 241201 Kot AHAIA

3.1 M

thEz 0% 2004 120 AR Mo srrkERAlleld B 2011 3¢ 119 AR FUEAR
el gt At Qo) EAF} ARRRPAREA S b Bl RS2 ke ARke] T]ali(o =, Photos
225 A A om, o] Asfe] AR, et B Ek Foll ek thefdl AP W =7k
o] AET} 15l Q)8 3= ATl =, UNESCO/OC, http://ioc.unesco.orgfiosurveys/ index.ntm). B3k 3ljot-8+4]
Q1 SN = #|Fleide] gt o FRA AT TS Sxlete] FRAE 9 AR v|A= A
el o] Fd= Bt FUsHA F4He 5 Q= o5 1 AAM el tigh 97F v R v gk
g, Axleid o] dls7F Wik ARat wls FAolkd= FFe U Axleids tin|eh APEHT
(Coastal Construction Manual(CCM))ll = A 71%]%](Dames and Moore, 1980; CCH(City and Country of Honolulu
Building Code), 2000; Asakura et al., 2000; FEMA-CCM(Federal Emergency Management Agency-Coastal Construction
Manual), 2005; ASCE(American Society of Civil Engineers), 2006)= #l&:akar Slom, -5 2-g-8h= #|7s Yol
oJgt AAsE o= (D = (hydrostatic force), @ *-2](buoyant force), 3 =(hydrodynamic force), @ surge
force, B 20l 2]3F %72 (debris impact force) 2! © vl (wave-breaking force)2] #-8-5 Aarslal Ik
(Yeh and Robertson, 2005; Yeh, 2006, 2007).

w5} Qg B0 g As|ste] wet Aol Pee Bl 1060410) el st et
Pl thid] GBS v31 10889 FAFHARAUAL Lol Slek A2 S SATRES) T3] mpE 2
o gk, Wby £2449) T olg) 2 Asiele] et slae] 1 % el B
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g Hab] flote] 196035 ARk Z10® & 5= QITe] 43 5, 2009). F-efuet el ] Ao
thell 2 AQ] Aus Zhe Ao 9= HeRRsdel 23k dafErakelel M 4= Fukui et al.(1963)°]
ATE YAl Bl AIKE Y Y o]5F Tanimoto et al.(1983, 1984), Matsutomi(1991), Matsutomi and
Ohmukai(1999), Ikeno et al.(1998, 2001), Ikeno and Tanaka(2003), Asakura et al.(2000), Mizutani and Imamura(2000, 2002),
Avrikawa et al.(2005) Gl £Jgt A7} v = oM, w]=] 9= Cumberbatch(1960), Cross(1967), Dames
and Moore(1980), Ramsden and Raichlen(1990), Ramsden(1993) 5oi] 2Jall A1 ¥a]Qd 2] #-galo] -5l 2hgah=

s}ef] H4Jo] A3 Bl ol Eajo] THuy] AT,

B %

Photo 3.2. Onshore houses damaged by great east Japan tsunami(2011)(left photo : http:/the-earth-story.com/image/
140849944332; right photo : http://geologycafe.com/oceans/images/tsunami_mosque_2004.jpg).

18, ARside]| 93k 3 o] AEe Theo] 4kole tilE &= Qltio]FE 5 2000). 5, D 5
T2zl A-2-5= 3F=(Fukui et al., 1963; Cross, 1967; Tanimoto et al., 1984; Matsutomi, 1991; Ramsden and Raichlen,
1990; Ramsden, 1993; Ikeno et al., 1998, 2001; Mizutani and Imamura, 2000, ©1%45 5, 2009b), @ s&—25ol 283}
= el 2J% FE2(Ikeno et al, 2001; Matsutomi, 1989), @) 57372zl 285k ¥12](Cross, 1967; Dames
and Moore, 1980; Hamzah et al., 1998; Matsutomi and Ohmukai, 1999; Asakura et al., 2000; Mizutani and Imamura, 2002; Ikeno
and Tanaka, 2003; Arikawa etal., 2005; Xiao and Huang, 2008; ©]*4%. 5,2009) ¥ @ S350 A-88hs EHE
o]l ©]3+ F=2(Ikeno and Tanaka, 2003; Yeometal, 2007, 2008) © = 217} 272 4= Qltk

©37]A], Asakura et al.(2000) 2} CCH(2000)+= 3735l 2H-8sh= A7l L=t el tiall (9/2)pgntax (0
= RS, g THEE, e, HAlFE)S A, olof tiell Yen(007)= o] EAEHA
o= 7ol tiEh 7= XA ARISD L] HelrH O R HO TR npg, ol HURTILE A80k A
Sofli= A4=ke] gulzkA] el = Qle-S A Adkar QIti(Yeh, 2007). Asakura et al.(2000)2 H]H-ulol
soliton-Aufel] tiel] Z}z+e] A|xlsdube S AEslo] vlitdute] Z-9-oli= Dames and Moore(1980)2] A3}l
71%3 CCH(2000) 2} 53t 218 Aok} 11, solitont-Huke] 7-$-ofli= nlEdule] 71} thek 20%7} #A)
= (11/2)pgntay & 3H21E ARKSISITE 0] A= FEMA-CCM(2005)2] A#s} sdalth o] o] 2ol :
Mizutani and Imamura(2002) = A& S QNS EF3k= 73-7-ol thallA], Ikeno and Tanaka(2003) ) 727
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Hebsl S0 7 2sh= 750 tisliA, Arikawaetal. (2005)+= Sl Ax]E 59ke] 73-9-of thaliA, Matsutomi
and Ohmukai(1999)= W3k 72 Avdute]l 2]t 7o thellr] 212F xleid b ARSI shARL, o] 9}
e G REol Zgshs AU ulE ] Tl Hamzah et al(1998), Arikawa et al.(2005), Xiao and
Huang(2008) %! ©134%. 5(2009)°] A4 alallal= A|lshd A9 tiio] Aol ofgh Aol 7|xst
L Sl

AR STzEel| Agats 3o FR|a ol st A7 84S % Navier-Stokesw-s47d 2172k
AEe] 8] VORPHS B83lo] febxhinlow dilstar glom, ol 4aEs Ay alolt
Boussinesg*d g 4170l o3t Fdulte] 4o CJaire daor £ IR 9 o] Hsgs
FelAos vERd 5 Q7] wiitolth

Hamzah et al.(1998)S- ZAALsRIAFe] HERsh SARte] Ax)g Aol 2hgsl= 1=nke] joks: =9ata
o1, FAFoFE= A 1ute] A2 AESkL 9Tk Arikawa et al.(2005)= SRl AX|E A
ol 2-gsl= ke i} FH TS A4 0% slidstar, el dAvte) vlarskar itk B3 Xiao and
Huang(2008):> “gALalN12] 7 dol] 291 84452 718 2851 v}¥S RANS(Reynolds-Averaged Navier-
Stokes) 2.5, k — e E 9 VOFHS A9t FAsiAH o 2RE A 05 9 9lgS =ofskal Qlan, H50
% Hamzahetal.(1998)2] 73-7-¢} EUstAl ZAArAde] argjate] A o5 ds HEstal glrk

opde] A9 B RIS AT T 22 ARl Al ARGkl Qlo PR s FHOES)
s FEEo] A5 QL HeR v E il 9% S5 AT F gl wiieel] 33k Y] o
S e I 4 glvhe e AT meb, SA7RS0 Rt SRl AXdEdo] vlA|

3% 7dets] Brkslr] LlaiAs xR fisto] S m, ofof] thsh AFAQ AMIE QIuAjo} 7
PFESAIIS Aol B> Phuketoll A= AR Do) S Aufslo] Wapo = §/4d715e] 2188kl sAlel
AbrE0] i gollr] 18] AL A AR FR1EE GAIY dARE = Uk

FhE, A o] SdraEel] nlAle 3xkuby S ofiise] dEt At T34 % Simamoraet
al.(2007), Fujimaetal.(2009)°] 2J3+ A5 & 4= Sltt Simamoraetal.(2007)> S7/d-7-2250] 3ljeha 0 2HE{ 9] o]
AR, Aol 7250 EAGT, TR MR we A ek ] Wste] dhal] FRAds T
st om, Ao FaEe] Ao S48 AxlsidutsE s Aoy, Adx s 3 FEATE =
ato] 2P A xlsi A ok 915 vl wsk3ich Fujima et al (2000)- AEE Zhe SPdEEel AHEeks A
Zeljdat=gol sl s 0w Ele] o|AAEE WA Agat S S, TEEe] S o=
wo] Helrila} 55 ARgslo] AXlaid ks APdsigivt BEgh siobd 0 ZHE 9] oA Ao wet

TU 2 Tl Al Yot w2 sl 2 Jellr AR dutE o] AP AS AljlESiT

2 Aol At AREe) 32H5A] g Z(TWOPM-3D) & 245101 §A7heah delrbe ) 42
FdTEEel vk AxleidutEe 3xkdFAleiA 0 wRE gL o] 25| foAl= FAEE HEo]
flete] St dvel vla-2Aek, Sl 7R @RS 22 STl AEshe
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fijo

ARs At o] gk 3xelrAlel A ] #-8/de HE

32 QAN A8 Al
3.2.1 Simamora et al.(2007)%l 2J8t f=AEe|

A7gollA AAIEE 2 Are] xR sgrEe] ofgh Al A e AFH 5EAS flslo] 33k
It 2gatel] ST EErel] Agshs A Yt AdA 0% HESE Simamora et al.(2007)2] el
S A3}e} vl stk o374, Simamoraetal (2007)2] G2l 827100 sl 712k 1%t

Simamora et al.(2007):= Fig. 3.0l YERHaL Q1= vlel #2o] & 7m, Zo] 11me] HAFzoM thde] 115
e FAEYC] 2R 2akelgl o, AR Y] MrHE e S0 R0 Mo EHAE Adstlk
Aafiodell ] 432 h=60cm=, Halojolr 408 3om= 217} g3l om, 11 Afolef| H4AES o]8-3)
of & mha8] IHIE &7] flsto] 1:39] AAbAS AAJsllty 18], ARSere] wie= HEsk SA90
L SRR AR SAE ARSI TRl RelMe] PRl ks oF 4x71e)
A7 sem AE FZ FEAR SHARNAFE 20em2] AAA7HA] oF 4x71e] AA Ao w AxIxT| A, &
Zolo= o g PAETE 2t ZIPIARTE 172 Hol| SHIARE HEolet) o] Pyor =
IAZ1 3R= zero-up-cross$} zero-down-cross ARRI(EH PIE BR-0] AR} )2 ARRE- oF 7X%, Ikl H; =
35cm(H; /h=0.0583)°l| sttt ZAlSel 3FS 3we AR, il S 9aAZ 42 SHE T A%
AL 3R Ao 1100%, S aAlel 12003 2 6190, 3 0] WHAAE S S=a)sle] 1 HHAE
ARSI

STZE] HIXFHR= Fig. 3291 120] & 6 CASESE A Hom, 18 Foll 72 M| 50| v}

H54= S Zlor, B= 7229 HO% 100moll, L ASWdrEEd 395 Taaite] How

Ade] F-z2Eo] EARE 7-9-0lH, CASE 2= AlSUVd2s3 3915 F3531e] M40 YAstal, CASE3
2 3059 F2EC] HA7F 1 o]tk CASES 48} 5= 2507 27)9] =] ASUVITEEY]
F9-of x| Eo] o] o] Qli= 9o, ASWITES] BiX= CASES 29} 39] 7-9-9} U5,

CASES 37} 5= 4, 6, 8]t} 3HH, CASE 62 T-3Ewo] UR¥ 792 Foko] F2E M &S 7431tk

oPdelM e TEES] X FEE Ao s LsiAl 283k
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Onshore structures

3 | S siutiuln
= ; ) 2
60 3
o

380 170 180 370
Sea Land
g Wave gauges
2 Al A2 A3 oooo

700 o 7K O0o0oag 600
g 250 ' ! 5 0000
g 450
Unit : cm

Fig. 3.1. Definition sketch of experimental wave tank.

322 AN ENL} fEATHNO| H]y
1) 20 R ArNd

Simamora et al.(2007)2] “Feldde @8] flole] Hwdh Fig. 313 FAKSE 33 A v eTEE 75of
et 3xkdFA sbgrRel el oM e 22 aslute] AFRFs fiesh] % A SRS
LAl AASIARE Al = AREEES] A flele] FEFS Fig 33¢] U= Hlel o]
182emE S~ - 48519k Fig. 331 UrERaL Q1= 32%20] Higle] uhe $9Wsks Sx|sii oA aefap]
flate] el FASEAR AL B Aol S st Rl EUdg skt s e At
s A B9 59ks ARd Huke] Al SqkowAE] 20em Hold AR Ag k€]
#ho = vl E ek

Fig. 34= S8AK Ay, Ay B AgollA A1) Alzbaste) wdsh A RlelA Allerele] AzbisE
]S Zlo]th Fig. 34() 2] AE A 5443 Aol el A el S48 st
oF 35emE ARl VFERFARE IR L el AEe] A Huigh o= tha g Akl AA jike.
2 FolErk a8, SRR A FElEER tha =2 91 oF 06 Foll -91¢] FHujjgleo] A5

n?&
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Sea

Land 2B
Flow
Fixed
D(=nB) D D
L(=B) ]
B B B
Force
gauge
<CASE 1> <CASE 2> <CASE 3>
2B
2B I
> s R[]
” AN Y.
o~ gL
B B L
L&
<CASE 4> <CASE 5> <CASE 6>
Fig. 3.2. Rayouts of onshore structures in experiments.
: . D
Wave = Hi v ﬁ 2
t
f
h
1:3
A UL IR/ S
380 ! 170 180 130
$ B
e e Al A2 A3,
dissipation 2K issination]| |182
Bt 50 ! 4> 50 ,
: : 450

Fig. 3.3. Definition sketch of 3-dimensional numerical wave tank.

Fig. 34(0)°] A5 AuRm FoISHAR Ay ol Felddat sxjaiiel 545 vfals oF 45m=
TPARIAl WeRaaL, usuke S deth Fig. 34(a) 2k HIScet Joiks LEhdv =, bl asdule) shals ¢
At AN B Sl HERIAE arjakelr] ezt Aol vehks ZE o 5 glnk of#fst
Aol el A A ap el Aol 7]Qlek Zlo= ety

“
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6
. Numerical Analysis
E a4 e Experimental Results
2
£
5 2 —
=
ol —
£
Z 0
2
rrrrrrrerrrtrrrrr Tttty ot
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Elapsed Time from wavegenerator(sec)
@ A
6
T Numerical Analysis
E 4 — Experimental Results
2
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) Az
4
—_ T Numerical Analysis
g . c N S . S 7 Experimental Results
5 4
3
s 2
£
= .
E
g 17
0 T |
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© As

Fig. 34. Time variation of the water level at the measuring points A;, A, and Az by numerical analysis and experiment.

TejddelM e apie HAEd ukel o] Zahiks FRIFIXICIA

g b, SR S Zoke] FRAAeNN Zohae] 8] A\ HEe] &
Moz SPRlelrt EAR, Fig. 340 T AE vlmsh] $Isie] A% oF 06 L] ShdolEL
TR 2 A1) AR LR 2107 S8 SR glol frlekl FolAls 2
& ok % i, A4le) Arhgke oF 25m vesto, SRSl S48 Aalo] 52 A%l vstel
AOghe vER ol TS el Al Ao et ole ke Zapge) Jolr) &
250 Wsele QAR G v Jow ek
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Fig. 3.5. Time variation of the wave force in CASE 6 according to the change of D /B.
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Fig. 3.7. Time evolution of the computed water level fluctuation in the CASE 6.
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Fig. 3.8. Time variation of the computed water level and velocities at the proposed positions in the absence of structure.
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Fig. 3.9. Comparison of the non-dimensional tsunami wave force.
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Fig. 3.11. Comparison of the non-dimensional tsunami wave force.
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Fig. 3.12. Comparison of the C, value and the regression curve by (hiuiz)m
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Fig. 3.15. Time variation of the computed water levels and velocities at the proposed positions
in the albsence of the onshore house.
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Table 3.1. Average estimated drag coefficients Cp .
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Fig. 3.16. Comparison between the estimated maximum tsunami forces by Morison eg. considering drag force
only and the numerical ones.
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Table 3.2. Estimated drag and inertia coefficients.
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Fig. 3.17. Time variation of the computed and estimated wave forces in the onshore house.
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Fig. 3.18. Comparison between the estimated maximum tsunami forces by Morison eq. considering both drag
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Fig. 3.19. Comparison of computed and estimated wave forces acting on the onshore house.
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Photo. 4.1. Oil storage tanks damaged by Indian ocean tsunami
(http://atdr.tdmrc.org:8084/jspui/bitstream AIWEST-DR pdf).
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Fig. 4.1. Definition sketch of 3-dimensional numerical wave tank model in order to estimate tsunami forces
acting on onshore oil storage tank.
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Fig. 4.4. Time variation of the computed water levels and velocities at the proposed positions
in the absence of the onshore oil storage tank.

Table 4.1. Estimated drag coefficients Cp; .

D/d 05 10 15 20 25 20 25 40 Average value
CASE1 | 108 117 135 123 0.89 0.89 090 0.86 1.05
CASE2 | 125 0.95 0.95 094 0.89 0.838 0.89 0.85 0.96
CASE3 | 0% 0.80 0.78 0.72 0.73 0.77 0.70 0.78 0.79
CASE4 | 0% 104 110 103 0838 083 080 0.99 097
CASE5 - 108 0.76 0.79 090 0.90 - 0.89 0.90
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Fig. 4.5. Comparison between the estimated maximum tsunami forces by Morison eq. considering drag force only
and the numerical ones.
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Table 4.2. Estimated drag and inertia coefficients.

CASE1 CASE?2 CASE 3 CASE4 CASES5

o/ Cp2 Cm Cp2 Cm Cp2 Cm Cp2 Cm Cp2 Cm

05 2.06 056 200 052 193 041 204 0.28 - -
10 197 022 179 045 186 050 171 017 175 0.20
15 212 0.34 178 042 173 051 162 0.16 156 0.23
20 213 044 174 043 166 052 151 0.18 151 0.23
25 196 0.60 182 037 162 057 145 0.23 145 022
30 211 037 181 040 163 046 145 0.17 142 022

35 232 0.25 175 0.35 164 040 120 012 - -
40 2.28 0.29 190 022 168 041 143 0.14 134 0.23
Average values 21 04 18 04 17 05 15 02 15 02
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Fig. 4.6. Time variation of the computed and estimated wave forces in onshore oil storage tank.
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Fig. 4.8. Comparison of computed and estimated maximum tsunami forces for onshore oil storage tank.
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71, A AR D= Al asto] fM8Ade 871 A= tiEA] 0% Choudhury et al. (2007a)°] ¢
75 & 7 Atk Choudhury etal. (2007a)> SHAFE B Elal A2 486l A3t A Ao} sAloll 2185
= 3ol el 2 gl dee] tigth siolebH 2] PgAde rasislon, AXls|dutE 0 2= V|Ee)]
sixlale] Aaks Agste] sl el e W Aol oist QHA B7HE AsIitt

A3 A o] FAlell A-gsks 73 sk ol Agshs 98- 7EA 0 ® Bt AR, e Al
Zersh 9 ARl At SO % Ui = Qlvk ol2fdt §lEE SAlel 23Sl R fjiqi ] AT} vig-
SR 2 el sliolebe] Agshs AR AR dute] Gl disl 7o dAv-Adt
(Choudhury etal, 20075 HFg0 % 2 9 Aol thst sk PYA F71= A deisiA < 26
3o} 2SIk QP94 Hrke ARsh ARsIse] 283} slelebEe] Sl W Z7t S50 4
2 9 A9 sl v stk

2 AFeA= il el 2Rg8= ARIE H A HEMAIG2] APdell Mononobe-Okabe2] 7] (Kramer,
106 A4k, AQWIES AR weldlel ARgEgior], A7 dat Feele
Westergaard] A1221(1988)% % 8313ch. Bk Alx1selofelol) cha) 712 A12k4|(Yeh, 2006 ; CRATER, 2006)
& 143 aelelae] Qbgah Aol ANk 3XEASIAH(TWOPMBD) O 23] 79 2|3
slee A4 selehie] e A7k nla - Bk Bk thelek 25 Qhe] e B
871 Slete] At e, FAANDEAS by, WPBERZ ¢, 0I5, D) 1y, SE
Aow, shelehie] QAo disl Azl Aistelske wefsb ske Aeshe ulwsisich theel photo
5.2:= 20041 RS QIEAIRIS AR A S|t

rlr
o

O

(o3
=

-1

o

52 95 By

& ArellMs v Figs. 5.1 B 5298 2 = b, 50| HE 2= Siqqb 9] /M= g7 IRITt. sliqiqt
Ho] §H5Fig. 519] P2 7|0 ® i%ﬂﬂ)% A& h,, 7t EAERE AT} QR ok
o2 QYA glom, o]F AL YSHFo R HoJsit) wel ohH ol thE 6}E(|:|g 519] oS 7%
Sy Qb Ao 59 by, 7F EAE, 01F SO T HOFTL o]7)A, aigiere] s qhee] o]

AR AE BEPYOR Y], Aok ke ARste] USEEOR A4S o Jlo% @

mlo

k)

¥

a
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. B9 Figs. 517} 5.2¢1] A2t AR o] FA] 2Rgzzdsted] sl o] 488k Z17ke] 5= ek
Zlo]H, Fig. 51 A7 @ 2 243} FiQlebe] S~54]0] AsQPH o] LFHlEko| Y=kl ko]
o Fig 52 F49) *oﬁo(" o] o] 2ol A AfEAROIT) of7)M, Halel] 2gehe
o7 o] gt 55 8l FEESB,,, Bye), ATk Wy, kyWay ), B Payn ) EFH Pora
Pyeq) 3t AR D31 (P,)0] ZAlkH, ZH2te] 2ol #gh AR 8-S thgoll 71&sh= nie} 2tk

Photo 5.2. Pier damaged at Maafushi.

5.2.1 A7IOf 25t ERt

Qb 2hgsh= ARIGFEY 2 A|ZGEE ] AFY ol Mononobe-Okabe s (Kramer, 1996)S 485131
o, SIAEAe Tk Askrelel AYNFTE T2 sl vt &2 E Als ARSISiTE A
(6.1 el 2qsks ARFEES, 262 el AEohe AXIFEEL ] APgAolt B3l ARE
4l FEEY0] 25l A2 Qb 2] ko 2 K] 05H ©|tHEbeling and Morison, 1992 ; Kramer, 1996).

Ppe = %erHZV(l —ky)(1—m1,) (GXY)
P, = %KaeHzf(l -k,)1-1n) (5.2
A7IA, r, = AT 2T ETEEE) BE YeRllE 1ErsilolH, 0= /e 7187, B

AYeAYe] 7187), ¢ UPnpzzt s vnlazoln g 22 eAZssismic inertia angle), 7= RS ]
A9 Q1EF £20) 5711 Hequivalent specific weight), Koy, Kue & ARGFEESAGTEE ARTFEEW
Zpzk vhre] At o] Folith
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direction of wall movement
s

upstream side downstream side

’ rigid foundatn 1 “ //////

Fig. 5.1. Waterfront retaining wall subjected to different forces for the passive CASE.

direction of wall movement

upstream side downstream side
b

Fig. 5.2. Waterfront retaining wall subjected to different forces for the active CASE.

= Lo 63

P = tan™? _(ylsaiklilv) (54)

7= (2) Yot (1 - (%)2> Ve 65)
52
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cos?(¢p + 6 — )

Kpe = _
i ' — 5.6
sostono -0+ 1 (GO0 “
2 —_ j—
K., = cos?(¢p 6 — ) _
i ' - p - o.7
st o1+ [HELOOp 1 i

3 th2] Figs. 537 54+ 2)(56)7 B.7)°IM 6 = 0°,8 = 021 B9-2] AFFEEDAT K, 9F AR
TEEDAT Ky o) 25 HERA Zlolt). T89S A9 EH Fig. 532 AXIFEEGATS] A5l k, #ol =
7l wet K, 3ol ZHAaskar QLo Fig. 542] AT~ ESAIE -7l k, 4kl 571l wet Ky 7% 91X

Z7betar girk

Seismic passive earth pressure coefficient(Kpe)
Seismic active carth pressure coefficient(Ky o)

0 0.1 0.2 0.3 0.4 0.5
Horizontal seismic acceleration coefficient(kp) Horizontal seismic acceleration coefficient(kp)
Fig. 5.3. Seismic passive earth pressure coefficient. Fig. 5.4. Seismic active earth pressure coefficient.

5.2.2 QIEHO| ARl

1B

Alo] vbyabe Ak SR PFOR Qo] wYEo] WA He), o] BEL k, W, S} kW, Z
gk o)A, k, 9 ky = A} Y] ARKEEARRO] T, 7 FHEAG0] W kel 4 CASES
O] 73571 g 5 Qlvk SHR, A1 A R ARl AAS S1e IAEEE A8 Fig
519] 5421 A} Fig 529} 2 FEAR) Ao e 4 Qe e, ARTEe] 240e Qb

o] wjeko g RE 05H ¢ % Ho|t),
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523 5%

b 2geh= Te] APgell thae] 2)(6.8)°ll Lkl Westergaard 2] 3+ (Westergaard, 1933 ; Kramer,
1996)S 28330t BT Axlell ofal] Aelr9l7F EAlshs HAEAlS] UlFolA FEEARe] e oR
HRgEh Qb o] vf=Hkakol A upeko 2 1E] 04h,,, ¢ A3 ol 2-8-8CHEbeling and Morison, 1992).

7
P dyn = 12 kn Vi (hwd)z (58)

524 §4Y

Qo] AHgake FrUe 9 - UG BRI A8k Glov, ISP A Bl Ay

A the) e

1
Psew = 5 Vihw” (5.9)
Bt UiSHEke] Aaeslell oish Abg Al tha-a 2t
Pg = EYwehde (5,10)

A7NA, Ve = FARAL] Aal9l2 QAsE E2] 57FHeIFHequivalent specific weight) © = Tth22] 2]
(511)¥} o] FofxItkEbling and Morison, 1992). X5k 7 3] 2Rk 28408 Q] vpso Y 77}
hwu/3v hwd/3(‘)—]- X]@O]E]-_

Ywe =Yw + 7 — V)N (611
525 A|ZIoHmE

= ArelMs ARladut o Aol S WS A8ste] Bla - EAsksick 3 WA L Choudhury
etal.(2007)0] 443+ Yeh(2006), CRATER(2006) 5-2] A|eH)S o]-g-3810] Aaf|Uulele:
A WS A 3AMIEF-S Agslo] dieietEle] Agshs AL S FAIEAS Flo] AHds)
+ Holt) o9 2512 As|Uute] 2] Aol #hs)| Yeh (2006), CRATER(2006) 5¢] #|2ksH 2lo]t,

J

P, = 4.5y, (h)? (512)
54

Collection @ kmou



1714, hyx= AR ufaro|s, ARej A7} 288k A3 he /291 A13]T

526 RINISIQUIIEO] 2ot ANSINZH 2 2}

A7gellA] 71k vkel o] 2 ke gljelebH el 2hgsk= A Yute o] Abgel| A]-8-8h 3xkdX| vk
TR U] Fig. 558 2:0m, Table 517 2 271 283171 $l8lo] QFe] % b3} 0] H= 217} 3em
Z,15emE, ohH AHEA p,, = 6emE 22 A EQITE o714, oh Aol A x| Reidubal b, = Table5.1
] hy/hyy B& REREES RharE 2dskelon, the] Fig. 56> Aol S5 o dHeA 9
A eF 9k AR P uteS vheRdict:

E Wave —= N Hi Y 6 TH
i h
S =3
i
_ _ 500 58 74
| Kdaea =
?? szio .h .: e 2
ipeRni iy
b
Fig. 5.5. Definition sketch of 3-dimensional numerical wave tank.
Table 5.1. Values/Range of different parameters in present studly.

Parameters Value/Range Parameters Value/Range
b/H 02 he/hwu 0,0.375,0.750,1.125,15
(‘b(o) 25' 30’ 35'40 6(0) _¢/2! 0! ¢/2

ky, 0,01,02,03,04 k, 0, ky/2, ky,
Yer Vsat
r, 0,02,04 oo 25,19, 16,10
Ya¥w(kKN/m?)
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Runup Height{em)

- = = ok tm & o o
P S P P P P B I

=
|

-

&=

Elapsed time from wave generator(sec)

() Runup heights in front of retaining wall

700
""""" hi=0.9cm | 50— ﬂl --- h=0.9cm _|
oo hEl7am E ( | —---— h=1.7em
hj=2.75cm 600 _ —
— — hj=3.63cm e J \ ————— h{=2.75cm |
----- hj=4.4cm o | — — — hj=3.63cm
hj=5.1cm 500 —| |.‘1 —————— hi=4.4cm
s50 N : ‘I; hi=5.1cm
_ L ]
= i
z w iy
= 350 — 1
S ! \
_; 200 : Jl..
z A
250 — I { l\
- 1 1l
- ! e
" N ‘ T ,I ‘l\llll;\"‘l
ApE e 1 e
D A
Al it 100 = T
e : | |,' \n ‘4"\‘
s [t ] . - -\‘
[ D .
T T T M ? T Ll
T ! ' - ‘|'f I I 1
[

Elapsed time from wave generator(sec)

(b) Tsunami force acting on retaining wall

Fig. 5.6. Time variations of runup heights and tsunami forces.

The-<] Table 525 AL hy, QP Aolx ] ARSNATL b, , FRIFIAIIA

Paum = 1 AerAlef| oJst x| Rla|dul= p

FWAIRE by [l ©) 8k 0-0.757H41=
22507HA)= AQkAlol o8t A A dfEoe] T4 LreRdL) wdk 2zl

ol Z7hee 2O Vel

=48 A0t

- 0=

Porop S VHER o]tk 2312 Adun WA 0 2 Holi= wolH

53)8A90] Alekalell Mlajo FA Vel
CREE

O, hy/hyy &) kO] 1125~
F VS 5 ARl At

Table 5.2. Results of numerical analysis about wave height and wave force.

ht/ hwu hi (Cm) ht (Cm) hR (cm) Poum (N/ m) k prop (N/m)

0.000 0 0 0 0 0

0375 09 2.25 2.28 2533 2339
0.750 17 45 453 9345 9234
1125 2.75 6.75 6.74 21159 204.42
1500 363 9 9.02 3604 366.12
1875 44 11.25 1119 515.25 56347
2250 51 135 1354 681.05 824.99

53 SfQIotete] org
2 AT AR L AR 3t et 7+ JSo] FAl] 8erhs 7PIsl) sekehe)
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et el st QP3As AR gl o =Y BRI

531 &%

(1) 2552 4%

E. = u(W, — kyW, — Pyesing) + Pyyq + Pyecoss

(613

Fd = Pstu + Pt + khWW + den (514)

Fs, = E u(W -k W, — Ppesin(S) + Pgtq + Byec0sb 15)
Fy Psiy + P+ ky W, + Pyyn

o]71M, p= viEmlE, W, (= bHy,) &= Q9] Akgolv).
/511(51)__(512);3‘_ Z¥7) A

= 7171 7
2tk

(5.13), (.14)40l TjQlsted k] =0 g2 Fapslo] Adelshd thad 21(5.16)%

b : 1 (hyg\
E H [(—) Y.(1=k,) — Kpsmd] + iywe (%d) + K, cosd
FSy ==

(5.16)
F, P, 1 () b Rya\?
4 th t5 2 Yw ( Wu) + kp HVC 12 kh}’w ( I\led)

714, K, = 0.5K,.7(1 — k,)(1 — 1,)°lTh

& T ALY E., &5 Fy B 2ol st oFdE FSE o

E. = P; + Py + u[W,, — ky,W,, + Pesiné]

(517)
Fd = Pstd + den + khWW + PaeCOS8 (518)
F P+ Py + - k,W,, + P,,sind
FS, = I t seu T 1IWy ae ] (5.19)
Fd Pstd + den + khWW + PaeC056

oJ7|A, u= vlElE W (= bHy,) & QF] x5o]t)
AGI~G12)E 27}

21(617), (5.18)°1 THSdsod 9] £0] H = Falelslo] Aefsh threl (52003
57

Collection @ kmou



2
P 1 (hW”) +u(l- kv)%yc + K,siné

E S+ 5V
S =5 =7 th I; hod\2 b 2)
¢ 2 Ywe ( Wd) _Zkhyw ( wu) + kh HYC + KaCOS5

017]/\1, Ka = O-SKaeV(l - kv)(l - ru)O]lj-_

532 Nk
(1) £5H0| Mgt

gl Aol dleierle] el ok QP ] ot ge] 499 Ak WHoR 3
7k 4 9lom, Fig.519] 9RHo] Hle} M S V1EOE 7} BEo] AgaH gAY A mefshd of
%] 5207 o] vhebdt

1/b\’ h
_(_) Vc( v) + 6Vwe ( I‘f/ld) + prCOS6

Fo =2 i - 1 ()2 b 28 Mg\ 52)
—t lwu (_T°t _ —wu 3 ol wd
HZ H <2hwu+1)+6VW(H> +2thVC 12thW(H>

o] Aol tigh QAL BEo] T P A9t Ak WHOE 3

FEAR1 d=dellA aieieb
7k % Lo Fig 429 Qhe] wlet MAS V10 7k P50] Ak AgA7e AvE aelsha o
291 4(622)%) o] vhebiick

&hi ht ) 1 (hwu) 1 2 2 .
_H?> H (Zhwu+1 ewl ) T2 ( 1;)( ) VC+HKasm6
1

1 hﬂ3+2;k + k + 5 K cos8
6 Ywe\™j 17 fn¥w hHVc 5 K8qCOS

(522)

)

oPge] HES A gl 55 U FEA Yo sclebne] B 9 Aol T QYIS WK

), B vk 25l QlEel QPgS Wk SIste] ARSNITL by, SRR IGEAR

UpEkE} g, Blnlazt 5, (], S8 A4E Tale5 19} o] WshAlA i
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54 2138 B3

541 +3M2 4%

(1) A7 3%

Fig. 5.7 hy/hyy, &1 210]0] w2 slieketele] ebdge] Wkl A7) A7ls|dats mefeh] ok ¢
o] RFEE S YERA Zloftk Fig. 57()w Zaoll theh FdE2] RIS, Fig. 5.7(h)= A5zl theh QHd&2
Wsks 27 vehge, 90 7FRSS FRARVKSEAST kyola, AEEHE 247 B 2 Ak oigk <t
Agolt) ek obdle ol AR v 2AELE b/H = 0.2, by, /h = 0.4, hy,q/h = 0.75, ¢ = 30°,
§=¢/2, ky, = ky/2, 1, = 0.20|0) A= AR b /h,, O ky, 2 o] SISl we) S5 e
gt QPiEo] 7kt o= FEESRESlN AUk SeE o WAL S TAATlE 9l
O|EE hy/hy, 2 ko] T7Fte] mef(HIxIs ] sharrt Z7istel| whel) Qbdgo] FHashs Z10= vt
sk X3} ARl dukE ek o - Ewel thek Qb 1 5258, Aol tigh Qb : 145.14)9} B
W% ebdgo] FA3] sk AE & 4 duk B ARs|dutE o] Age] uhke okdA] ool s

A 283 A7) A A H(TWOPM-3D) 7 A1 sked o] Aqka] Alolel] Akt A7}

)
&

_

<
ol

60 -
i 1 ————— Choudhury et al.(2007)
so | _ - LIl T | ;=== present study
] ! — - - - — without earthquake and tsunami/
04N---—-—-——-—---- . OF OF - -b/H=0.2,h /H=0.4,h /H=0.75-
. | L $=30°, 5=¢/2, k, =k, /2,1,=0.2
R R e G Fom e Fo e
L i e e
TT R e e S
4 y =
0 : —
L) I I I ) I ) l
0 0.1 0.2 0.3 0.4

Horizontal seismic acceleration coefficient, kj

(@) Sliding mode
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|
7 ! ————— Choudhury et al.(2007)
160 —f4 - - -~ — - - -~ - - - P d
i N present study
| —

404 -------—- - | — == - — without earthquake and tsunami

Horizontal seismic acceleration coefficient, k
(b) Overturning mode
Fig. 5.7. Factor of safety for different h; /h,,,, values.

@ FAANAEEYeY T

Fig. 58> TAARV AT k, o] #folel] whE P& WstE Yebd Zlolok Bl QP& H7te]l ALE-
H U 2152 b/H = 0.2, hy,y/h =04, hyq/h =0.75, h;/h,, = 1.125 ¢ =30°, 6 = ¢/2, 7,
0.20]th AAE ATHH k, 9 Flo] S7FrE g 9 dke] tigh bdEo] hasks s 1 < 9l
o} gkl thal k, = 0.291 A-Foll /RIE2 ky, Bho] 7 Fetell whet 275% 7HAveh, kol vt oS o
Al 285% A olgfsh Avk= AIRMA I} A|a)A o] - Aol FLsHAl veh, AQkAR ]
71e) QEAES] Aoli= ky, Hho] ARl et EolEth sHAIRE 7 ARe] 2jo7} 4] ka1, WsteFdo] fAkst
AT HEhdtt

o)

! |
] | ' [———— Choudhury etal.(2007)}

FSg

b/H=0.2, h,,/H=0.4, h_ /H=0.75
b /b =1.125, $=30°, 5-¢/2.1,0.2

I
| =
| |
05 T I T i | i 1
0 0.1 0.2 0.3 0.4
Horizontal seismic acceleration coefficient, ky

(a) Sliding mode
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3.5

——————— Choudhury et al.(2007)
---------------- present study

=3

~u,
‘‘‘‘‘‘‘

S I

sssss
~—

FSo
|

—
-—
T
I

-----

11b/H=0.2,h,, /[H=0.4,h  /H=075 7~ - i G

Ih,/h,, =1.125, =30°, 5=¢/2,1,=0.2 | l
| ! | ! | !

0.5 T
0 0.1 0.2 0.3 0.4
Horizontal seismic acceleration coefficient, kp
(b) Overtuming mode

Fig. 5.8. Factor of safety for different k,, values.

(3 WHoEYe I3

Fig. 5.9% =12t ¢ o] xfolel] ke bdS WshE viehdl Zlojo) g qbd& H7le) AMgE thE
ZASE b/H = 0.2, hyy/h = 0.4, hyyg/h = 0.75, hyfhyy = 1.125,6 = /2, k, = k/2, 1, = 0.2°]t},
ky = 0.1 495 Av|EH ¢ 7} 25040714 7Rkl whet gl dfsl] bd-go) oF 22-55714] 5718,

Aol that P oF 1956714 S7I3H),

( — Choudhury etal.(2007)
------------- present study

Jb/H=02, 1, /H=0.4, h , /H=0.75

-
h/h,, =1.125, 3=¢/2,k,=k, /2,1, =02 | |
0 T i T 'l T i T
0 0.1 0.2 0.3 0.4

Horizontal seismic acceleration coefficient, kp

(@) Sliding mode
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: Choudhury et al.(2007)
¢ = 40° T present study

____
——

b/H=0.2, h_ /H=0.4, h_ /H=0.75

, , ‘ : ¢=25° l
h/h  =1.125, 6=¢/2.k =k, /2, r,=0.2 I
0 T i T '[ T i T
0 0.1 0.2 0.3 0.4
Horizontal seismic acceleration coefficient, kp
(b) Overtuming mode

Fig. 5.9. Factor of safety for different ¢ values.

(4) Y0l 3

Fig. 510> Bmnpz} § 9] ool w Qbd& Wisks Uepdl Zlojrk Begh obd& 7te] ARSE e =
AEL b/H = 0.2, hyy/h = 0.4, hyg/h = 0.75, h[hy, = 1125, ¢ = 30°, k, = k,/2, 1, = 0.2°]c}.
kp = 0191 A5 Ao R §9] Flo] Trisle] we} dego] tigh & 18~28% F7Fskar, Hiee] tha]
OFE-2 ok 12257 Z73i),

-,

b

o
= -
-— -~

——aiIT
D

o
o
-
=

“[o/A=0.2. 1 /H=0.4."h_ /H=0.75 i S

] h /b  =1.125, ¢ =30° k, =k,/2,r,=02 1 -
1 T I T i T i T

0 0.1 0.2 0.3 0.4
Horizontal seismic acceleration coefficient, ky,

(@) Sliding mode
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3.5

——————— Choudhury et al.(2007)
---------------- present study

—
S

—
-—
B
-

-----

“6/H=0.2, 1, H04h L/H=0.75 i e i el
'h[fh“:1,125, $=30°k,=k, /2, 5,=02 | d=—¢/2—" ———
" ' l - i - i .
0 0.1 0.2 03 04
Horizontal seismic acceleration coefficient, kp
(b) Overturning mode

Fig. 5.10. Factor of safety for different § values.

() AT IF
Fig. 5,11 =] 1, o] Wiste]l W kg W3lE el Zlojr} BEgh QP& 7lel] ARGH e
A5 b/H = 0.2, hyyy/h = 0.4, hyq/h = 0.75, hyJhyy, = 1125, ¢ = 30°, k, =k, /2, 6 = ¢p/2°]t}.
kp = 0.1%1 355 A9EHA 1, o S71l weh Dgol] tigh QPdE-2- 3% = 7Hash, Ake] dish /b
2 3% HJr= 7HAsH)

: ( — Choudhury etal.(2007)
: _____________

|b/H=02,h_,/H=04, h  /H=0.75 | l
h /b, =1.125, ¢=30° 6=¢/2. k,=k, /2 1
0 T | T i T i T
0 0.1 0.2 0.3 0.4

Horizontal seismic acceleration coefficient, kp

(@) Sliding mode
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Choudhury et al.(2007)
------------- present study

|b/H=02,h, /H=0.4,h  /H=0.75

h/h, =1.125, $=30° 6=¢/2, k, =k, /2 | :
0 T i T ‘l T i T

0 0.1 0.2 0.3 0.4
Horizontal seismic acceleration coefficient, kp
(b) Overtuming mode

Fig. 5.11. Factor of safety for different »,, values.

o
542 FFHD ¥

(1) MTISfELS 3

Fig. 5,12 hy/hy, &) ZFolol] w2 liokeiee] Qbdg-0) wisto} 2|27} A 7lel|duts welshy] e 45
O] QFE-E 37 VR Aolth Fig. 5.12(a)= sol] chgt SFE2] WsE, Fig. 512 ()= Akl thgh k&
o] WglE 747 v, 1319 T1ESE ARV EAF kol MRS 27 5 9 AR it
obd-goltt, wat okdlE Hrlol| ARE U2 2HE2 b/H = 0.2, hyyy/h = 0.4, hyy/h = 0.75, ¢ = 30°,
§=¢/2, k, =ky/2, 1, = 0.20]t} A= A WA hy/h,,, o #ol S71Ee] w) 2Hsa) dwel ojst ok
&S VI, ky #to] 7Kkl uhet Shsa) Aol oish QBdE2 Fhadith o) FEESANESlelA A
Aejdoh= Aoz 2830 TM hy/hy, & Fol 571kl mef(A|Xla|de] st 7t ukel) Qb
o] S7Vehs Ao® e, ARTF7EE k= Do o= 22O EH ky, ko] SIS QPdES
Hashs 0% Ak wd A9 AR AutE 1k R A&l tigh oFdE 1 0702, Aol
S QFdE 1 0668) ¢k Hwatd FES AUyt Skl wet 3 Sk e & ¢ oltk
o, Az Aok o] AP el whE QPA) kel sl 1 ArellA] A8t RIS AIQEA Afolel] fAfst
A7t ehk= Zs gR1g F Qlrk

=

2 FANNNSENL T8

Fig. 513 FAARIIELEART k, &) 2folol] mE QP& WstE vebd Zlolrk bdE B7tel AMgH ot
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Fig. 5.16. Factor of safety for different 7, values.
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Fig. 6.1. Failure process of quay wall by overtopping of tsunami.
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Fig. 6.2. Free body diagram of the quay wall subjected to various forces.
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Fig. 6.3. Definition sketch of 3-dimensional numerical wave tank model (unit : cm).

Table 6.1 Conditions of soil parameters and solitary waves.

Parameter Value/Range
b/H 02
h;(cm) 50,60,70,80
hyu/H 04
hya/H 0(dry), 0.25,050, 0.75, 1.00(fully wet)
() 25,30, 35,40
6(°) 0, ¢/2
kp, 0,0.1,02,03,04
k, 0, kn/2, ky,
r, 0,02,04

Yer Vsat» Yar Yw (KN/m3) | 25,19,16,10
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Fig. 6.4. Tsunami forces acting on quay wall according to the various tsunami heights.
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e i e e e = — = = s h;=5.0cm
130 4 | bH-02,h_ /H-04, b, H-0515-02 _ | ____ h,=6.0cm
Lok =02 ¢ —30°.‘ $/2, k,=k, /2 | h,=7.0cm
25 - :
!:S W —+--- .I; -
15—
10—f---t----bo-obooV

|'
4 5 6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)

(b) Overtuming
Fig. 6.6. Time series of safety factor of the quay wall for various h; values.
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b/H=0.2,h_/H=0.4,1r =02k =02 : .. b H-Dry
- ] |
h, = 6.0cm, ¢=30° 8=¢/2, k, =k, /2! ! h, ,/H=0.25
40 — 1 T 1 1 T r | —— h, ,/H=0.5
o S e b, /H=0.75
I L B — — = b /HFul
30 R R e
Up 1 1 | | | | |
=7 o o
04 A e
- . - I I I
10— ---4---- Lol R S P < e T R
T | T i T |' T i T T T i T I| T i T i T I T
4 5 6 7 8 9 10 11 12 13 14

Elapsed time from wave generator(sec)
(b) Overtuming
Fig. 6.7. Time series of safety factor of the quay wall for various h,,,; values.
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FARANEEAGT ky, 2 S7H0, ki /2, ky) ol W oFE W31= Fig. 68 eI k, 5 A|9]3E ok
F el ARE UE 25 b/H =02,hyy,/H = 04,h,q/H = 05,k, = 0.2,h; = 6cm,1;, =
0.2,6 = ¢/2,¢ = 30°°]t} Fig. 6.8°] LERd HES} o], k, 7} S7Fkp= AJ7Ee] Wslo] e QbdEo] 94
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o thelx = oF 133%% 7HA-¥rh

b/H=0.2,h /H=0.4,h_,/H=0.5,k, =0.2]
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Elapsed time from wave generator(sec)

(a) Sliding mode
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b/H=0.2,h_ /H=0.4,h_,/H=0.5,k, =0.2
i =0.2, 5=¢/2, $ =30°

30 —

FS,

1 L

40 — 1 "
I

I

Elapsed time from wave generator(sec)
(b) Overtuming
Fig. 6.8. Time series of safety factor of the quay wall for various k,, values.
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Fig. 697 THANVEEAT ky & S71oll W /Fd& WskE U Zlolnt ky, & AlSjsh P8 7}
of AR TRE 2152 b/H = 0.2, hyy /H = 0.4, h,,q/H = 0.5k, =k, /2,h; = 6cm, 1, = 0.2,6 = ¢/
2,¢ = 30°°ltk WA, gl et AE ky 7F SRS PSS AR Faehe, HAaE HES of
B5%E T FHOo7 ATt Aol theiME ky 7T 571855 oF 503%Y & FOo7 Akl Sles B}l

% otk

_l

i

{b/H=0.2,h_ /H=0.4, h_,/H=0.5, r =0.2
4 h, =6.0cm, $=30°6-¢/2, k, =k, /2!

4 5 6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)

(@) Sliding mode
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b/H=0.2, h,, /H=0.4, h_,/H=0.5, k, =0.2,
|h, =6.0¢em, r =02, 6=¢/2,k =k, /2

—
I

=

L

i
4 5 6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)

(b) Overtuming
Fig. 6.9. Time series of safety factor of the quay wall for various k;, values.

(5) &2 HEOEN I

59 Fig. 6102 ezt ¢ 9] 210](25°~40°)0]] uh 018 W3l Ll Zlolt) ¢ = A|9]3h ¢k
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0.2,8 = ¢/2,k;, = 0.2°|t}. Fig. 6.10@)<} 720] ¢ 2] S71l W} ok 39294 S7181H, ¢ = 35°91 739 27
QFgo] 9704 QhHol| ek =3F §48] "olAal B $ QRS A Sl #1137 &
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(@) Sliding mode
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b/H=0.2, h,, /H=0.4, h_,/H=0.5, k, =0.2,
|h, =6.0¢em, r =02, 6=¢/2,k =k, /2

—
I

=

Elapsed time from wave generator(sec)
(b) Overtuming
Fig. 6.10. Time series of safety factor of the quay wall for various ¢ values.

(6) HORIe| T

Fig. 611> Bnpaz} 6 2] Wslel] me P& Hisks vl Zlojtt. 55 Al9)gh QFd& B7lel ARgH =
AELE b/H = 0.2,hy,,/H = 0.4, hyg/H = 0.5, k, = k;,/2,h; = 6cm,1;, = 0.2,¢ = 30°, kj, = 0.2 ]t}
5(Fig. 6.11@)°N thsll 671 0~p/2 = S7IshaA BdE-2 21.3% 71 S7Fs, 271982 581~7.05%
S71HL A5(Fig. 6.110)°l thall P& 6 71 0~ /2 & SIS 458% SVIShH, Z7IebdES
122~179% Z7)5h},

"

Elapsed time from wave generator(sec)

(@) Sliding mode
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b/H=0.2, h_ /H=0.4,h_,/H=0.5,k, =0.2

|h, =6.0em, $=30°r =02, k ~k, /2
40 = T T I T

6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)

(b) Overtuming
Fig. 6.11. Time series of safety factor of the quay wall for various & values.

(1) U342l 3
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olck. 52 A5 1, 7F 0~047F4] S7FshAA] QPSS OF 194%% THieh= W vERATE ARl A9

R 7F SV RG-S o 2159 THsHe AL & % ek

b/H=0.2,h_ /H=0.4, h_,/H=0.5,k, =0.2,

Elapsed time from wave generator(sec)

(@) Sliding mode
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b/H=0.2,h /H=0.4,h ,/H=0.5.k, = 0.2, | ! _W\
i h =6.0em, ¢=30°,6=¢/2,k,=k /2 + 1 1 |T77=" r,=0.2
- - -1 | ' eeeeee =04

40 —

6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)

(b) Overtuming

Fig. 6.12 Time series of safety factor of the quay wall for various r,, values.
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b/H=0.2, h_ /H=0.4, h_,/H=0.5, r,=0.2

h,=5.0cm
Tk, =02, ¢=30°8=¢/2,k, 7k, /2 = |ccea- h,=6.0cm
S e ] L — Y
— — — h=8.0cm

| — = - without earthquake and tsunami

5 6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)

(@) Sliding mode

5 p :
b/H=02.h,  /H=04 h /MH=051,=02 ( h=5.0cm
1 k, =02, ¢=30°8=¢/2. k =k, /2 = |--=-- h=6.0cm
7 -- - b= -h AN h=7.0cm
| ! ? | — — = h=8.0cm
T I ' | N/ 7, without earthquake and tsunami
5 — : =l= -:— L I JI
| | 1 I ! |
m: I 1 | [ f |
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y J 0 I R P =~ s i B e VR
_ . : P l I !
: l ] \'l"'\l_q : [ :
14—+
| , 1
0———
4 5 6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)
(b) Overtuming

Fig. 6.13 Time series of safety factor of the quay wall for various h; values.

(2) AM2MS Aot I

Fig. 6.14= SAAZANS] 27 1A8krele} alijIRbH 9] szo]9ke] B hy,,/H &) Hale] W Pd-&2] ¥
LR Zlofth hy,q/HE 53 Zdeliol] E3Pei7kA] sEAIR WStA7|™, hy,q/HE A2 ke Wt
of AME ZHELS b/H =0.2,h,,,/H = 0.4,k, = ky/2,k, = 0.2,h; = 6cm, 7, = 02,8 = ¢p/2,¢p =
30°0]t} FEAES) A9 Hedt A% B hyg/H7F 57V obdgo] ashs o] veht, &

T B hya/H7Y S7VEE F 206%4, A0 B9 hyq/H7F S7FG5 oF 101%4) 71435}
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b/H=02,h_/H=04,1,-0.2,k =02
h =6.0cm, $=30°0=¢/2, k, =k, /2

'|
4 5 6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)

(@) Sliding mode

5 :
b/H=02,h_/H=0.4,1=02k =02 | . byHeDry |
h, =6.0cm, ¢=30°0=¢/2, k, =k, /2| —— hJHR02S
4o - - - - NIFAAR - - - -]~ h/H=0.5
! ' l [ ememmeees h /H=0.75
1 | ' : — — — h/H=Full |

Elapsed time from wave generator(sec)
(b) Overtuming
Fig. 6.14. Time series of safety factor of the quay wall for various h,,,; Vvalues.

Q) FANNTSET FY

FAANVNEEAT k, &) Zolel] mh dlielebi o] ebd& WelE Fig. 6.15¢0 UERACE QFE 3710l AL
$5= o 2H5S b/H =0.2,hy,,/H = 04,h,4/H = 0.5k, = 0.2,h; = 6cm,1, = 0.2,8 = ¢/
2,¢ = 30°°|tk &5C] BY k, 7t S7Feel wieh QPAE> oF 38%H Fhashes AEks UehH, dee] A
k7t S7VFAA QbE-E- oF 358% A FHAgit) o] 21 0% Qe P el AR EAIGS] ke

n| 43k Ao 7 ggkEch
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bH-02,h_/H-0.4 h_/H-05.k, =02 :
Th, =6.0em, 1, =0.2, 5=¢/2, p=30° |
4_____1' __________________ B S e |
34 e
7B | | | |
h 1 1 1 1
2 b & R
1] ' . '

0 ) II T I T i 1 I 1 ll 1 II T II I I T I 1 I 1

4 5 6 7 8 9 10 11 12 13 14

Elapsed time from wave generator(sec)

(@) Sliding mode

b/H=0.2,h_ /H=0.4,h_,/H=0.5,k, =0.2|
1h, =6.0cm, r, =02, §=¢/2, $=30°

Elapsed time from wave generator(sec)
(b) Overtuming
Fig. 6.15. Time series of safety factor of the quay wall for various k,, values.
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Fig. 6.162 T 3ARIEEAS Ky, O] Afolel] ke QPE2] WMalE veRd Zloltk ebdg 7ol A8
ZFAEL b/H = 0.2, hyy/H = 0.4, hyq/H = 0.5,k, = ky,/2,h; = 6cm,7, = 0.2,8 = ¢/2,¢ = 30°°]th
0] A$- ky 7F 01047 718kl w2} 308%H 7Hadhd, oFEL ky, = 0.19) 3% 307% 7FE 2 g
= YRk Aol el QFES ky 7F S7Fekel Wil 256%% Hash, ky, = 0191 737 183% 71
#hs VFERITE
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b/H-0.2, h_ /H=0.4, h_,/H=0.5

] | S
h =6.0cm, $=30°8=¢/2, k=02, | | |-===- k,=0.2

I e S e - e k=03
' | T s

Elapsed time from wave generator(sec)

(@) Sliding mode

5 | | -

b/H=0.2, h,,/H=0.4, h ,/H=0.5,1,=0.2, . S——

h, =6.0cm, ¢=30° 6=¢/2, k;=0.2 | [ faintuin k=02

4= -—-1----r----m--Tu - N1 AR - - emmemeem Ky =0.3

1 : ! | : : — — — k=04
s - B4 s
. : : : : :
h I 1 I I ]

Elapsed time from wave generator(sec)
(b) Overtuming
Fig. 6.16. Time series of safety factor of the quay wall for various k;, values.

6) =2 HLE0EY I

Fig. 6.17-& UF-rEEZ} ¢ 2 wisle] whe QbaE WskE vehd Aot ¢ AlLleh k& F71e] ARg2
e A5 b/H =0.2,hyy/H = 04,h,4/H = 0.5k, = ky/2,h; = 6cm,1, = 0.2,8 = ¢ /2, ky, =
0.20]t} 5ol thall ¢ 7} 25°~40° 2 F7Iete] ufe} 27]9PdE-2 0.830~1167% 7151, ol 712} 133%
7V S7HES vERdIt) T8k el tlsl] obdES 119%4 S7IsH, 2719FdES 03~0427F4] S71E
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b/H=0.2, h_,/H=0.4,h_,/H=0.5,k, = 0.2, s
1, =6.0em, r, =02, 5=¢/2,k =k, /2 + 1 |----- =30
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Elapsed time from wave generator(sec)

(@) Sliding mode
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- | |
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4—————1 ———————— - —-3s%E\z N U o 1 7 AV odv il uintuiais huiaks IEE—— “b=‘55 —
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m: | 1 | [ { |
= l l l | l l l
y J 0 I R P =~ s i B e VR
I ) 1 1 I I I
1 g B3 P |
| | e i
1 - T R Y - } I
| \ 1 I
= ' I .
0 I II 1 I L] II LI II L} i Ll i I II I I 1 I 1 I 1
4 5 6 7 8 9 10 11 12 13 14
Elapsed time from wave generator(sec)
(b) Overtuming

Fig. 6.17. Time series of safety factor of the quay wall for various ¢ values.

(6) BTl 3

Fig. 618 WrFatz} §.9] Ajolof] whE QPdE WskE vehd Zlofttk §& Al9lstar bd& F7lel] ARgH
ZAEL b/H = 0.2, hyy/H = 0.4, h,q/H = 0.5,k, = k/2,h; = 6cm, 1, = 0.2, ¢ = 30° kj, = 0.2°]C}.
5] A5 671 00K ¢ /2 0% S5l me} QPSS 187%7F S7FH, A0 79 3L4%7} SISt
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b/H=0.2,h_ /H=0.4, h_,/H=0.5,k, =0.2, R (e 50
- | | -
h, =6.0cm, $=30°1 =02,k =k, /2 | : b2
4_ ____________ [ B e I I e A |
5 —

FS,

T
|
|
|
|
|
|
|
|
|

Elapsed time from wave generator(sec)

(@) Sliding mode

b/H=0.2, h_ /H=0.4, h_,/H=0.5,k, =0.2
h, =6.0cm, ¢=30°1 =02, k =k, /2

Elapsed time from wave generator(sec)
(b) Overtuming
Fig. 6.18. Time series of safety factor of the quay wall for various & values.

(7 M=E5YHe I

Fig. 619+ THR] 1, 9] 2lole]] whs kS WH3lE YeRd Ao|t) obds H7lol ARE 252
b/H = 0.2, hyy/H = 0.4, h,,q/H = 0.5,k, = k/2,h; = 6cm,8 = ¢p/2,¢ = 30%k, =02 ©Jtk 1, =
0.4 3¢ gl thall 2719HE-2 1.080|m, A&7t kel Edeh= 8% o]F- 2555 wAs| 57}
St 45 5 A Zadle] 2719PE R W 067714 24 1, 7t S8kl wek obd8-S- oF 189%
A 7t AE0] A9 1, = 0.4004 PSS Aol whet 271 03814 FH ] 1587F4] 5713t} 0.25
2 18, r, 7) 713kl wet 126%4 S Fshe A dS YRt
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b/H=0.2,h  /H=0.4,h ,/H=0.5,k, =0.2 |

h,=6.0cm, ¢ =30°8=4/2 k, =k, /2

Elapsed time from wave generator(sec)

(@) Sliding mode

b/H=0.2,h_ /H=0.4,h_,/H=0.5,k, 0.2,
=6.0cm, §=30°5-4/2, k,=k,/2

|

|
SR W, s | e o

|

|

I

|

14

Elapsed time from wave generator(sec)
(b) Overtuming

Fig. 6.19. Time series of safety factor of the quay wall for various 7;, values.
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