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Numerical analysis on Countermeasure method for Liquefaction and
Dynamic Responses of Seabed and Structure due to the Interaction
of Wave-Seabed-Submerged Structure

by
Heung-Won Ryu

Department of Civil and Environmental Engineering
Graduate School
Korea Maritime and Ocean University

Abstract

In case of the seabed around and under gravity structures such as submerged breakwater is exposed
to a large wave action long period, the excess pore pressure will be generated significantly due to
pore volume change associated with rearrangement soil grains. This effect will lead a seabed
liquefaction around and under structures as a result from decrease in the effective stress. Under the
seabed liquefaction occurred and developed, the possibility of structure failure will be increased
eventually. In this study, to evaluate the liquefaction potential on the seabed quantitatively, numerical
analysis was conducted using the expanded 2-dimensional numerical wave tank model and the finite
element elasto-plastic model. Under the condition of the regular/irregular wave field, the time and
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spatial series of the deformation of submerged breakwater, the pore water pressure (oscillatory and
residual components) and pore water pressure ratio in the seabed were estimated. Although present
results are based on a limited number of numerical simulations, one of the study’s most important
findings is that a more safe design can be obtainable when analyzing case with a regular wave
condition corresponding to a significant wave of irregular wave.

Also, This study suggested a concrete mat for preventing the seabed liquefaction near the
submerged breakwater. The concrete mat was mainly used as a countermeasure for scouring protection
in riverbed. According to installation of the concrete mattress, the time and spatial series of the
deformation of submerged breakwater, the pore water pressure, and the pore water pressure ratio in
the seabed were investigated. Their results were also compared with those of the seabed unprotected
with the concrete mat. The results presented were confirmed that the liquefaction potential of seabed
under the concrete mattress is significantly reduced. Although present results are based on a limited
number of numerical simulations, one of the study’s most important findings is that a safer design can
be obtained when analyzing case with a regular wave condition corresponding to a significant wave of

the irregular wave.
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(@) Quay at Malaga(2004) (b) Quay at Barcelona(2007)
Photo 1.1. Failure of quay walls at Malaga and Barcelona in SpainJos¢ and Vicente, 2011).
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4y A el FHRSNAA A ] TR o @ A TR TASHOR
S ZhAle] AW D A el 2hEetEle] AEXbAel Wele gapkow

Bk,

5) Al sl BFAThAAEA L] ABAbgo] o3k slAA Nk TaRe] FH LT
=3E] o] AW 8 sAReh el aetale] AE7kAel Wale AuHow

Bk,

6) Al 67FolA= B WA A o2 A FHO| M= URshe 2AE WlEE X5t
of TEZ FU AN WS} PAS FHsY) BTl thstol gAe) FHES) 2
SHAANI IS IS4 A WAl FFE o Wk

7) Al 7Rl E o] Fo BN =2 SA% ARk 8ol B =29 A8oE It

1.3 3go] 7 AR =it Bt s
B AollM= SRl A=A rde 238k e e® vl ofjt Fte

E2HE] TAED) 5 Bt ik 7l_E TEddth

A} gololA] WSk A7) ERA Aele] frEge] AT, 0|2 Aste] B-Ael
EHE A HAAY A Fo) 4EE U
AR ZANTRES JAEY. viivelZeiele AelsE slAAte] Erow RabE 4
A3, Aol met Wk S ok

i
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1.3.1 S|AR R 554t

Yo7} ARRPEES T o AfellME 7 TR 5T, F AsETGS AR
Erstol ARtE o] Fig. L1(b)oll Ueh= nkeh o] xldiute] ubgs) Aol d=
(e TEFHER tigte S, Fstelsle ()] IEFdANl tiste] WS A
11tk wEbA, siAARh Y] RS sfA R Agshs w9 sYsHl (9 (Y xE
Qo] F71Ho= Y, o]F & Uoscillatory pore-water pressure)©|2Fal F-E2T,
Aog FeFree AL AY & #s UEha, Awkl zlo)7t Zojel we
e BA4S UERATE 53], EXSIAERI A= o] VxE x3dstal Joug ¥R
o] 7B} =<reto] zlojo) we ulg- wEA| AikET

2%, Fig 1.1(0)° HERIL A& vle} o] vhx|uke] FAH-S AT 180°9] ¢4
27 BAE, o] 2 Qlete] X|Rhfjol] He-g-Ho] WAsHA Hrt o]#dt MeegH 2 it A&
Holl w2} #7172 cr WshH, EfAse] Z7]d =3k v Aok F712Q1 okt
o} HHEE AR debAy o g2 AW IHA|1F o] AT WA HApH o g EYAL AndE
Zlolt}y. WA, el S 7hskAl Han vlEjsEAREe] B9 1HEeke] A og o]ojd
Zolt}. ole} Zo] FAE = S U residual pore-water pressure)©]2kal F-ET}

Zr
714, ABTA AU AEALZ b Aol ofa BAel Uehin,
]

S~
e 4oL

B ome dU

rlI.

f
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Direction of wave propagation
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0) = Rl /7
Water

Soil Py
‘ )
Shear deformation

Fig. 1.1. Elastic deformation of the seabed soil under a progressive wave(Sumer, 2014).

jay’
Prmax
pC[.—GO P—— L 1 GO’
Onset of liquefaction
0 t

Fig. 1.2. Schematic description of oscillatory and residual(buildup) pore-water pressures(Sumer, 2014).

1.3.2 SAA|EEe] A3}

<l
&
2
Lo
e
N
23
L
o
=
*
k3
e
rlo
n
i)
it

HAUF ofsf == HYHET,

(1) e 73, S RSl o3 7o g3 (residual liquefaction)
o

@) 5 Fap Aol AR REIIEh A o3 w3is

& Korea Maritime and Ocean University

Collection @ kmou



6

(momentary liquefaction)

WA, ARAISE 71T ARASEU FHAA Z1ET st go] WAHOE FAE

TR, Sxiepsie et 1EIEere] AR REelx Yehi uleh o] ShzsielA
£ Ao AR gk, Avh) 7127} S48 BEsfEdA WE BEsjEe] 9t Aw
o, £3] AR el ties] # 4 ok wel,

Zolel wE dHFAPE tids] 2

=re] FIA A el s AR 2719 ol EAE ¢ Slue AL it o]
Fehol Ake] FETHES 2IRITH ANk gjE o), Ao dsid Aotk o)
3 TR e = IEE ARIT7IA v FbA g IRl 2 st aA
st WA 3527 Feke] AHk2: Hi s el Stk «wxolge 8ol AR tids)

A 7Pl WA= A1 9fn

e
=

"—‘.‘%@% At oo o] S GRS LREAD, WIAIEE Folslc)
PIHOT EIWYIE BEAENA FIUHAA 2 AR 2ol AT, s
Qol= =14 itk Wil shAANA ASHS] Walel mE 1Tt FAoR Wsks
RIS AR 2PeAE A3, ABZoE 5% AAE Aol Y, A o
W S22 2Rl old A97) ool

ol UERiE Fig 132 a1Ae] qeizio] oA ARl me RHERHE4Rte] Azl e
R Aol sl vikah Tio] Hiztaastel Z71e] ARatFg 13014 A) H9
Eqke] F71o) wiek ARIEAATE S, FAE e %E;*r‘?i Aol 714 27,
ARRIEAAE BAATE SIAEOIN T A old @ RAARE dlakEE Axbela 1
S5 ApLow oBAT Wl EdAE AR HEe] ALY uw | gl Aw
Fig 139 BlA elgsbrl A, BHe Bolol] 1E<gke Ajxlo] s6in, Hxjo] Wa
W7 gkl AdAo R Wale 9w, AAYAE AEEE Tilo] AzEn, Tend o
2 AR F o AR AR 9k RIESA AT Wabh Qe Zolch mekA Al
AL Fig 13914 D9} C Alle] ofgizol] A2Re Zlolt). 71547 Ako 2\ Hlgo

rir

e

T
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Fig. 1.3 Schematic description for time series of residual pore pressure at depth z(Sumer, 2014).
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2.1 2D-NITE29] 7] 8
B39 AAAHE AsS EHo R FHT 4 = VOFHHirt and Nichols, 1981)0] A|<H
o] %o AHAARS Hushs B2 ShEollA ol& &83 A7t &EsiA =] sttt
(4=, CDIT, 2001). 53], VOFH-2 928 2 Hup5o] sy idya Zo] Af=rHo] SAlsHA
HYEE F4e TR IHERE AT 5 o] akgshEollAE VOFHE &85 o
&t FAIREoe] ARKE L ok VOFHS ARl #2411 fAE s s8ll AR
3 ol& kgLl A&sh= Aol vhde] AgH viE Agtet
v B T RA S E3R AR 9 FRIZRIHo] rkE ook &
o] 2DNITEZS] A& 913 FAgEsr2E Yo, TdddA= =3t
£ 93 2ukas B TS SR A9 Fol FolA oL Y F L= FRRAEE
A& AAsh] st F23] 2 Lavk vk 2D-NITED(Lee et al,, 2013)2 71E2] 2353
TerRRds S g R St B, Apie] SR o] VOFHE, dFEl
© k—eR2S A7 Agstal ok 712 e 22 HIgEA Y] AARAIE e s 3
432 9l Navier-Stokes'37d2]-S PBM (Porous Body Model; Sakakiyama and Kajima, 1992)°l <73}k
o e U220 22.1)+(2.3)22 Foixick
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orthogonal grid system

open boundary li

added dissipation zone }—l

impoundment calculation zone La

Fig. 2.1. Schematic sketch of the numerical wave tank used in 2D-NIT model.
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VOFEH Fe A9 AFEE 0= F= 19 B8 7HAH, F=19] 49%E §44, F=
o] A= A, 0 < F< 19 A5 FHARE AAs A{rHs FH500, ool ol
Aol 28 VOFgH} ol FHth
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A71A, S I ] ufael ofsf FrtEE otk

2.2 FUPEEe] 718

FLIPREE-L tasddmAUES o858 22883 AtetsiM=d(ai et al, 1992a,
1992b)o]™, o] melo|r= AFTAHAAE Fig 229 £ AHI G} F3r)e] 7pgazey
ZAAle] QAR HolHe olsE o T UeRith A7), 7} ~xge Thekek WURks
sAGMAUSZoltaL & & QA ol Aol Fo] Bl Bl SE-HFEHAE & =

AV 5 Qe

T _.,:T Yz external foree

//?" 2. ecausing displacement

inelastic sprmg //\_,, 3
_ Z I{o* -o' )2
.l ?:ll’n -'3
{zl

J /|
%/( ' ({ag—a{,}; z]
external lorce =
?fvﬁi}y// g

rigid wall /
&, — &,
displacement =|

Ve

Fig. 2.2. Schematic diagram of multi-spring model(Towata and Ishihara, 1985).

Zh 2ol A 3t WAl A=A FEle) s RAIE mETh ] FAlolA ol FH
o] W= 2ol oa) AR ADHEFS Uehdv, dxo] 28e9e] A3z FolA TAgst
= Ae-sHo] yehdth Fuigdeiols FaESHY MIFHEE vl 43t 2Zo] yehd
Atk

l‘l‘

I}

{0 }T = {O—,.’I:’ O—,y’ﬂ:z}
@

{S}T = {8.’1:’8;1/’7.’1:2}

A71A, {o'} = FESH, {¢} 2 WIES Uit
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P e T RH o= A28 o] Folzitt.

{do’}" = [DI({de}— {de,}) 239

71AM, {do'} & FESEIE, {def = HIYESE, [D]% the] 2292 o=, {de,} =

o] A2.10)02 FolAe TlleEAl] e ANMFEZRS 217k Lhepick
= K{n'"O Hn O+ ZRL/U{TL @} 29
i=1
{dep} = {deP/Q, deP/Q, 0} (2.10)

I
A7)H, K& WA R, & @RS SR, (nOH Y & dedderuge s,

i=1

72+ WAUZ §=1,2,3,. , 1= 27} SedvAUZo s Uepds, zizke] deddsme] 7t
T g/20]t)h p3o] BAE HAAGA s 298 EXn Ao S WEAAE Jeha
ot a8, 2l29)e] A {nV}e wepne) {0} e gEAguAUZe] ek
7}z Theo] 207 Aoldr)

(R} =111, 0} @11)
n}" = {cos®,, —cos,, sinb,} for i=1,2,~,I .12

o714,
AQ,=xn/I for i=1,2,3,,1 2.14)

HIErUS A EARG ) o8] sk Fof AAHEH I=F 2 5o AFEA
Aot BARRE AAR T (HTHLBEIAY] P3RS Iaj et al(1992a, 1992b)ol] 2l A2kd
Fig. 239 A3 E E(liquefaction front)E ©]-83te] WHEATAEo 9|3t &9 -Fa-3#7tad
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o3| == REEH B (cyclic mobility) 2 WISATES AL 4 Jom, 19 FAsh= o
3} o] Folick
S=S5, for rs rg (2.15)
S=8,1/(S, = S,)+ {(r—ry)/m}*  for r>r, (2.16)
3714,
Ty = myS .17
r3 = myS (2.18)
Sy =8y — (ry = 1r3)/my, 2.19

A7NA, Sy AR oF she] 750 AHojHm, m e A4 7L, HAEAFG
¢'p= my =sing’ ol o BeHAth myt eI F(phase transformation)Zt= ¢, ZHE
m, = sing’, 2 BYHIL, mye my=0.67m, = AolH= e 7127]=E, shie]
HolA T Yo = AAHA WP 1%k Zolm, HA| SHAE Fejeke] Zsto| 3
ZARHEy 12]a, Fig 23004 S& Bl tig dAFEdolM a3 HsE ofnlst
3, r& Aoy, $&dhs 27| FAHL o) = (0,0 +0'.0)/2 % BJdTh

ool e AkAFNA 27389 FLIPE D (Tai et al, 1992a, 1992b)2] o]222] wj7de] 7)8
&3t on, FLIPEE 0§ FXE|MATR= AZIA] F2E] &3l tigk A2} 1)
W D AEZRE FE3) AZ5ArKSawada et al., 2000; Ozutsmi et al, 2002; Iai et al, 1992a,

TR
N
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i
failure line Lm, =5_'".¢f‘
\. - 4}1 =sing,’

. 1
liquefaction front -
} —m; =0.67m,

phase transformation

r=1_/(=0"',) _Shear stress ratio

0 s, S, 1.0
S_State variable

Fig. 2.3. Schematic diagram of liquefaction front, state variable S and shear stress ratio(lai et al., 1992a, 1992b).
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3% anoinel B3

3.1 3A3l(Yamamoto et al., 1978)

FLIP 22 =|7lo] Z-9olls Adxe] A9t EAlelAel de] AREEH UARE ofA7iA]
apEre] dsAsloll A sHs o = QI Ak AgshEAlel -8R o= A9 fle slo= wd
=, sgetEst AN AeAYTFU0 ARAYETEY] TAHAUSS A7 A
9} TYS=(Seed et al, 1975) T o= Qg ARk gste] FA|s| Aol 12] Z-84do] 7|d=
o} XYulsAst A9 FHe 2g3hs AR dok(r|ARETto]2)S FLIPS 5o
2 g3t A= A A A} 7159 A8l (Yamamoto, 1978)F Bl B A ESHITE

ARk FRabEsAo] Hahe AARGNA AlRBEES] 9FE-S Benoulli®] oA BEEA
2o 2 HE] thgd} o] gk

g

H coshk(z+h)

Py, =—pgz+pg—= 5 ™ coshih S (kx —wt) 3.1

A7|M, H= %A}ﬂﬂ, ke 347, hE Aotk 2 G NEFE WulsAs) siAAN &
o 2-8sh= ARPHE] JjkE AHste] o]E FLPEHC| A ubge] 2jHx= 6}2512111, 2k
=H= A5 ‘(XJ%@%)Y% FESH T FAsAET ] e A et 7]
F9] 143l (Yamamoto et al., 1978)2} Hlw g}

A, Fig. 3.1& AWF 3 112m, ARF Zlo] 10m, 54 0.6me| FLIPER] 2-85= #3844
Apgolm, ZMkE- Table 3.19] Silt & Claye] =337} 28Ut Fig. 3.2 Table 3.22] z13}
EAAE 4 G0l tYsted 293 FLIPEEA sjxAu ¥ H45e o)guigte] A%
olth. FLIPEZo = AAE ANEAA] o]ell W3t sejree] Fro] a7Fth o7)A,
Yamamoto LA oA e Rt shido] ok mejA|nte] AFElE wjsky] A 3t
18t FYPAAE AA o E® FLIPRED ] 285 = Hulst 28 Aldlx sharel a7 A
£ ZHA sielom, webd st sl g 2 092 7SIt Biotd] 3xHASHolE
(Biot, 1941)°ll 7|x3ld FZAd FAARFIAE, =50 58S, T8 1552 580
ST DarcyH &S 28313 = Yamamoto et al.(1978)0] 2|3F 34 Az}e} FLIPE o] 2|3t
SR ATZ BlwF Ao] Fig 3.3~3.4°|th TN dzslE F3hzlo)e] SRS i
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0% SH Yamamowo®Ho| o@ TAAHNFH 2 AZFESE, T3 TAANYNFEY

2 O29] Aoz FojFtKYamamoto et al., 1978).

’ ’

T __z_ kz _i(kx + wt)
P, P, kze e (32)

i: e k:'zei(k:.’l: + wt) (33)

¢

A7NA, o' = THFESH, o v QAFESH, p,T AT EANA o] Hosske A4

YElH, k= 37, i = V-1, o A58 F e el Aes BoEE Aot

L w{i+ i} (4)

r2 1.2
K=k K K & 200—-v)G

A7NA, y= e S5 H K = ARIAZASE ne 398, ve &2 Poissont], G
= &9 MeATE 4 vtk

2l 3EHFH 49 P AFARLANFESE |0, /pol. |0 p| = Tk, F T
AlRte] g2 VEUR L SRRSO RS 24 34)0lA HosEE ko] g Fo
Atk A& & ¢ Atk A7), ARk Zlojol] w& 423 gl A& Hﬁqﬁra@—a«] A4
= th2o] 2108 Folxs AXSIANA BAETHs A 1Idg diter & 4 ok

kz=1 (33)

Table 3.1. Soil properties (Silt & Clay).

Shear modulus ~ Bulk modulus ~ Poisson’s ratio  Porosity —Internal friction angle

Silt & Clay 4.8x10%Pa 1.9x10°kPa 0.45 0.469 15°

Table 3.2. Wave characteristics.

Wave type h (m) H (m) T (s)

Progressive wave 0.6 0.05 1.0
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Fig. 3.2. Time history of dynamic wave pressure on seabed.
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Fig. 3.3. Comparison of non-dimensional effective stress between Yamamoto model and FLIP model.

21 322+ 4 (3.3)°] Yekd A3} Fig 339 Yamamoto=2e] Aifol wkg=o] ot F,
kz = 0CGIAAREEH O Z2RH Lz~ 1AZ71A] |O'.,L,/p0| , |az/p0| 2 Az AR, Hd 7
9 AZXFESH Fhe ke = 104 BASTE k=12 AFHE 2] 32)°] Yt TS
ﬂ%%i%ﬁﬂ A= 0367882 4F% ﬂﬂ#, o) Fig. 3.3914 YERHA Yamamoto=@2] A3}z H
A T Atk kz > 1 TR HASE ARS U FARHARE8E] ghol HAt
Zo= 09 gl 7MHeIAE Ae & =+ AUtk

SHA, Table 3.19] Z73] 4HAE FLIPEES] ZAs AvEH FALHUAZ {18820
kz =19 WA AAHANAT YU, kz =12 $A02 AANEEe] A8tz 4= a4
= 732 Yamamoto 22| 7-9-9F FYUSHA|NE Az
AT ot 2 #s vehdth 7 24 ol2fdt xlol=
gk Asol&e] Aol 7|8l Ao® wehd 2o A FE4s 1‘4%

}\
10]

_V“.L

o
N
§
ko
m

ARAE 7o 2N FARIHYFE-SEH o] FY %*é X2} AT AAE HERHA
Ao g tgFAdedAelr| vy FLIPEAAA 1Eshs gl 77k AsS UrEPé
n2 5o EAXTE AR A G PR Zo = wEnh
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Fig. 3.4. Comparison of non-dimensional excess pore water pressure between Yamamoto model and FLIP model.

3.2 23 A (Mizutani et al., 1998) X FX]3] 4 (Jeng et al., 2013)

H AFollA= 2D-NIT & FLIPEREFE APHEE 2 Qb siAx|uke] 5275 g
AR EE AF3] flete] BEAEPEe] Xajubs o= QIgh ARhy YS9t FvlE
< PP oz RE =43 Mizutani et al.(1998)0] 23 Axte}l slsAts) 2mbA 5ol &4
of Z}2} VARANS®™2)(Hsu and Liu, 2002)3 Biot®d2)(Biot, 1941)2 %83k PORO-WSSIII o]
I3t Jeng et al(2013)9] A4 ATRe}t vl AERITE Figs. 3.69F 3.79= Mizutani et al.(1998)
o] A% 2 Jeng et al(2013)9] FABNAS B RIS ATS} vlwgt oojck o] i, YA
Y= H=3cm, F71= T=14s°]3, A4S d=03molth #HAle] AlY¥S Fig 3.500 T4 Q)
a1, A ARES] /32 Table 3.37% 2t} o7]A, FLIPEHO| A= Table 3.3°4 AAE =4A]
o]&je] W}slutelH|E7} QT AR H7]4] BF 002 JPFEILE ol djAR|He] mejgke
2 FARE AlgEe]l EFEo] A ] wiEolw, T3 Mizutani et al(1998)7} Jeng et
al.(2013)2] sAelX = AENFTATSE o= atal a1, AR ashs ske] AWbAs
N Uehhs ZREES sl &7] wlwolth(AWEASS] 314 Biotd A2 TS 28
sh= 7A9-olls RIETYe] A EA =)

WA, Fig. 3.6014<= 2D-NITEES] HF2HHolA Fig. 3.59] (a«(d)A -4 8 nE YA+
s HZ2 e T2 s Yehie, 2380 A 3 98 Mizutani et al.(1998)0] 23+ 2
FHx], gk 22 Jeng et al.(2013)0l] &I FAALEA], FS AAAL B 2DNITED | 25 44]
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ARAE Z47F JeRdth IR 02 RE A 95 (o) (@AFAAE 7189 siXEHAEH oF
Zre] zpo|7t YA HAF o= HAR Qg njAdgute] ¥4 2 Ay} Ay 22 i
Hzo] 2 YX|gI) Fig 3.7 FLIPEE] HAFSAelA Fig. 3.5014 T2 AW =4
234 (A) 2 ATy

7% 383 BHD)A =TS p, & AN 3 Y pgH(G7A, g= FEIHS
DE i FALERAREAEAD AAGS Yepith JdozRE AUl A (A)
N Abg 9 SHE FAUEEYe] S B ARy 7|12 AR @ AR 9} v)a

|
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Fig. 3.5. Schematic sketch of the numerical wave-soil tank used in 2D-NIT & FLIP models.
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Table 3.3. Soil properties in numerical simulation.
Shear modulus ~ Bulk modulus  Poisson’s ratio  Porosity  Intemnal friction angle
Seabed 5.0x10°kPa 1.304x10°kPa 0.33 0.30 38°

Submerged breakwater  1.0x10%Pa 1.590x10°%kPa 0.24 0.33 45°
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3.6. Comparison between measured and calculated free surface elevations.
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Fig. 3.7. Comparison between measured and calculated pore water pressure.
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Fom, Kianto and Mase(1999) 2 Yuhi and Ishida(2002)= X158l A X ¥H cross-anisotropic
seabed)oll A THE O 2 Q1gF FHAZF=3tell disl 1Heksld A= AASHE ARFskth

reJidual

10 Pmax

oscillatory

Pore water pressure (kPa)
wn

o
0 100 200 300
Time (Min)

Fig. 4.1. Mechanism of wave-induced. oscillatory and residual pore water pressures(Jeng et al., 2006).
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Sassa and Sekiguchi, 2001; Sassa et al., 2001). S| 2@ &) F7}51 McDougal et al.(1989)2 H]
ASAHEZ ] 7Hgstol|] FEANSAA Sso 2 Ig YRt SH ol thet siAlelE Al
ABIRFTE 15 FAE Biot A (Biot, 1941)014 2288 A=) (p/oy,, 471
A pst o'y = WHESHEe R g AYREee] EAH RS A2 Jehdthe) vhE
H] (N/N,, 9714 N3} N,-& WH335<the number of cyclic loading)2} /gslel gl HkE<~
(the number of cycles)& 22t UERATH Alele] AFAAE H-8ste] sMslE F=st3th ol
g SiMele BRI e AT REY GBI EAA =29 AR A HE 9 A
siAAe] el AFol 8l AR Aok HZol, AR TS ARS8 Cheng
et al.(2001), Chen et al.(2005), Jeng(2008), Jeng et al.(2006, 2010) 52 McDougal et al.(1989)2] &
23S AHESIL o™, T3 Cheng et al.(2001)S U3 FAS AT Qlsk] F=x)8)14

2as Ajketar ok

Master thesis of Ryu, Heung-won

Collection @ kmou



27

etk vkl o), AY=ETUSHA BAIE AFE Seed et al(1975)%  Sumer and
Fredsoe(2002)0l1 4 Ak WHESE# el ae] AyaAlol| 71%38EAR), De Alba et
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Fig. 429} 2& 454 o sl 2XE FAE o= WA 2D-NITED(Lee et
al, 2013)ZF-E] A HNA FE o2 Qg FupS APt ] FAE|Ael 28 2
vh= 1 H=0.5m, 3.0m 7= T=10s, 15s0]3, 34A19] AL Fig. 42014 AAE kel 2t
AR= sl Azr=15m Az=1.0m, AHHENA Az=1.5m, Az=03mZ 22 AAHEHAT
183, Fig. 4200+ FLIP(Iai et al, 1992a, 1992b)oll ZE== Fulte] AP H], Ao A s}
o] A91A El, B2 B AR 1Saeske] RIESIA] PI~PI5S 5= YERNT, Table 4.1
AAS ek HEA Befjo] S4XE YERATE Table 41°ﬂ N#-& A6ke] 241
ANYPoZRE 4HEEH, ool mE YFupEzle FLIPEY S| 2ol A== 21o]d 7 (Morita
et al., 1997) 0 =5 F4H Fholok

SAAY H A FEA A E Fohas4o] AHLAX| A Bt 2] fI8ke] 2D-NIT
e} FLIPRES] AATZAAIE SYstAl FASIRoH, A= Fig 420004 3 902
#71=o] ok ZF AR A HElolHE Bt ARl STEAAEERte R FolAH,
AR B FAFERAAA o2 Fute] Al FXtHolEl= FLIPREE| o3k siAx¥hyje] &
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Fig. 4.2. Schematic sketch of the numerical wave-soil tank used in 2D-NIT & FLIP models.
(P1~P15: Calculation points of pore water pressure, and El, E2: Calculation points of submerged breakwater
displacement)
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Table 4.1. Soil properties for silty-sand in this numerical analysis.

Shear Bulk Poisson’s  Poro Internal Parameters for liquefaction characteristic
modulus  modulus . ) friction

(kPa) (kPa) mo sty o) 0, S w  p Py o

Sea N3 3554x10° 9270x10' 033 045 37 2800 0005 4070 05 1073 116l
bed N=5 4840x10°  1262x10° 033 045 38 2800 0005 4634 05 1037 158

Submerged . .
breakvater 2477x10° 6.461x10 033 045 45 - - - - - -

Here,  ¢,(°) : Phase transformation angle
S, ¢ Ultimate limit of dilatancy
w; : Overall cumulative dilatancy
p, : Initial phase of cumulative dilatancy
py : Final phase of cumulative dilatancy
c; : Threshold limit for dilatancy

43 7EZ R AR FHSH

eAg Aol A T AU S #jF a8 S 7INeE, f A HE A 83t
+ FLIPE2(lai et al, 1992a, 192b)2FE] olstel]l Uehl= sARRPEe] Fx2E9] 543
2 gl e} SEVIES)H SiAAINY SASRH(FHII=TARI FESEAE RS TAA

7V
° 2 ALkttt o] u, }-rﬁﬂl ek A~r7ﬂ741274 T
2= z

431 T8¢ $48H

Fig 432 A dede] & 7PdAlE] E13 E0llA el 719 Hels ueiu|HZ §)4
ZHke] Ngpoll WE FHHY (&%) AAIE-S YE L, Fig 445 5T 270 Slol] 29
(FshE veEpdh 2+ 2804 () (3)2 siAAelA N=39] 395, )2 @)= N=59] 4
Foln, = AXML w31 g=0.5m, 57| T=10s, T34 2AxLe 131 g=0.5m, 7] T=15s, 3}
A A2 kA H=3.0m, F7] T=10s, 24 A4 92l H=3.0m, 571 T=15s% wo] HM9E
242}y VRt

AA, FHHEE)S AHEAE A AD = 7PIAE(ED AR)7E 9= 7PAEIE2 AF)
R} 2 WS UeRATKFigs. 437 44004 AAEFe] 717 thEA] #7150 e Aol
vkAth. ole Al e S5 PRt el AAEE Huker] AlRbshs Hubdo g st
7t F7¥EE B, 5 TPEAECAE Tt & ouREdoe] gulEe] start 34| 7R
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42 Al E T BeRE, S T A4S 2 $5EsIst Uekdek o4
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Fig. 4.4. Tine histories of vertical displacement according to variations of incident wave height, period and N value.
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Fig. 4.5. Maximum deformation(x50) of submerged breakwater and seabed for N=3, H=0.5m, T=I10s.
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Fig. 4.6. Maximum deformation(x50) of submerged breakwater and seabed for N=3, H=3.0m, 7=I10s.
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Fig. 4.7. Maximum deformation(x50) of submerged breakwater and seabed for N=5, H=3.0m, T=I10s.
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Fig. 4.8. Spatial distribution of residual pore water pressure for different wave heights and periods in case of N=3.
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Fig. 4.9. Spatial distribution of residual pore water pressure for different wave heights and periods in case of N=5.
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Fig. 4.10. Time histories of pore water pressure ratio at the point P2.
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Fig. 4.13. Pore water pressure ratio of the seabed under wave loading at ¢=599.0s for N=3, H=0.5m, T=I0s.
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Fig. 4.14. Pore water pressure ratio of the seabed under wave loading at ¢=599.0s for N=3, H=0.5m, T=I5s.
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Fig. 4.15. Pore water pressure ratio of the seabed under wave loading at ¢=599.0s for N=3, H=3.0m, 7=10s.
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Fig. 4.16. Pore water pressure ratio of the seabed under wave loading at ¢=599.0s for N=3, H=3.0m, T=I5s.
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5.2 Az

Fig. 513 22 IA8FA b EtRasdel dX9 HAE o= A4 2D-NITE 2 (Lee et
al, 2013)Z 5] efAHolA FE o2 Q7 TS AASITE o] FA|sA el A8 Bt
A= 9l H, 3=0.5m, 3.0m 71 T, /3=10s, 15s°]3, FA2] AL Fig. 519014 A n}
o} 2t} AA= IsdolA Az=1.5m, Az=1.0m, A¥FEIA Azx=15m Az=03m= 27 24
HAck. 18]a, Fig 5.1001% FLIP(ai et al., 1992a, 1992b)oll 285+ Fulqte] 4Fg 91X, ZhA o
A Zske] A91A] Bl B2 9 AT HEeeke] WEIA] PI~P15 5 YERN™, Table
12 SAARES ske AEA 2] £42E UERATh Talbe 5100 Nk AWke] %%
HYA PO ZRE 4H=HH, o]o] wWE RS FLIPERS] 8ol dA%EE 1t 84
(Morita et al, 1997) S 23 € A% Zlo|th

A AY H A FEA HAAEE F3Fashe] AHAX A IS 23] $I8ke] 2D-NIT
A3} FLIPER O] AZATAAAIS LAl FASIIoH, dHARE Fig. 5104 8 do=g
#71=o] ok ZF AR A b HlolHE BrdEs ARl STEAAEERte R FolAH,
SAHG B A FEHAA o]2|g Fu_te] Al FXIE|olEl= FLIPEE O] o3 siA Ao &
AT NA HH Afolol] SEEE d¥Hh

rL”‘

]-1:1

i

6m

Yi T 1
Water 7 Submerged breakwater Sm
L

A/L / 7 o ————_ T
G / Vi TR, il e
=0 —o—o—o:f:o—
Seabed JPIE——— 1 =1 P Py P
30m 30m
O Caleulation points of dynamie wave pressure
@ Caleulation points of displacement

Fig. 5.1. Schematic sketch of the numerical wave-soil tank used in 2D-NIT & FLIP models.
(P1~P15: Calculation points of pore water pressure, and El, E2: Calculation points of submerged breakwater
displacement)
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Table 5.1. Soil properties for silty-sand in this numerical analysis.

Shear Bulk Poisson’s  Poro Internal Parameters for liquefaction characteristic
modulus  modulus . ) friction

(kPa) (kPa) ratio SIty angle(o) ¥ P (O) S 1 Wy D1 Do Cq
Sea N3 3554x10° 9270x10' 033 045 37 2800 0005 4070 05 1073 116l
bed N=5 4840<10°  1.262x10° 033 045 38 2800 0005 4634 05 1037 158
Submerged
breakwater

247710°  6461x10° 033 045 45 - - - - - -

Here,  ¢,(°) : Phase transformation angle
S, ¢ Ultimate limit of dilatancy
w; : Overall cumulative dilatancy
p, : Initial phase of cumulative dilatancy
py : Final phase of cumulative dilatancy
c; : Threshold limit for dilatancy

53 ETr3| 93] =9

DNT2RZ P 27 E ISR SR E AL 3 FUAGEY
2 ARF S A SAHOE YYHIOlEE AT Bas} ok B ATIME 2DNIT
B9 olgsle] BiHsHE PESKE A5 BAZ AHse} gt BRI dAIsHA
PgHoR BANL 2obE 4 gl AEE ASSItHLee ot al, 2012). BFATE 2

sb7] 913 Fare] AEPH O 25 Goda2010)7F ARKE FRFAHER S FoUR|E Z&st
= WS, FIAHER O 2= Bretschn  eider-MitsuyasuZ~= E=(Mitsuyasu, 1970)= 242} &
atom, AAALTAME BEIE 15071, ZHARES 600s2 A3kt

Fig. 52% o9l H,,;=3.0m, ToF7] T,/3=10s®] EF2aeol] el zupr]ol] <A=3h
Bretschneider-Mitsuyasu2~B E o] 2]§t 32918 (target wave profile)? G4 h=20me] =3 w
Z A A Ao =3 (measured wave profile)-2] B E LERA %’fﬂlo]‘:}. O o g HE
ARPRE WE T 9Ee) o B FeRsp) ule & dAlge A & 5 L, 30059 29t
ARl theliA = Hrele] Mspt SRR g HE 93] OéoﬂZ]E e T 5 3
ot oA7IA, FHEe] dIolA SAHAYe] ERadEYg oA 3 = A&
Bretschneider-MitsuyasuZ~H E o o]k Alse] Zululggo] MRl o) ) SZH Ax}
2 A wEbA, Fig. 529 FeRlEel 71%3 Fig 539 Fa~dEROA SAHATEY
o] ERFEYHY tha F agoUAE UERATE da7ukre] Bex] gl Fuleo] W

ol e ~HERS] wslde Z dAeke ZloE & 4 Utk
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7] wEoltk. mEbAl, HoiEoR starh F EloA 2 e dEE AoE FHEnh A
o FflelA LR fFolF7lel thall frolvare] Y¢S A= fFolvart AL 5
FEA7E AR AL olH7t B Ngkol AL WEeAl yehddh ey, 9% el
o tigtd ElolAes F5717F &S5, RAXE F95717F 245 2 SR et
ot

OIRAL FAF7I7F A= ALEo] AL, FAFVIF Fers WAkeo]l S71E, El19
THolA St FHFTITE AR, 3 298] SHolAs Auket nREaolA oA axqte] 7
217] WZolt}. Fojutaet fo5719] Wikl dis| £ Akte] WMedelME FoFT1Re f
ojuare] Wisle] Rt Wiztsit= AS & 5 Utk
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Fig. 5.4. Time histories of horizontal displacement according to variations of significant wave height and
period for N=3 and 5.
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Fig. 5.17. Comparison of time histories of pore water pressure ratio between regular waves and irregular waves.
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Fig. 5.18. Spatial distribution of pore water pressure ratio under regular wave loading at ¢=599.0s for N=3,
H=3.0m, T=10s.
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TIME=599.0sec

Fig. 5.19. Spatial distribution of pore water pressure ratio under regular wave loading at ¢=599.0s for N=3,
H=3.0m, T=10s.
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BAFHoE tEE £t ANNEEES FHATEE] A5 7] Ao s|AA|ute] ghaz 73
EE ZUA7E FHOE, YibEo = DOM, SCP 2 el ol o] FH 2| T x3H) 7t
T4k AT & FHATRE FHA | A7k Aol o2 AT AstAl7]7] 98t
o] W5 T B2 M-S AXISR= Z)(Gerwick, 2007) 0.2, o] Sl X|uhy) HE40] STt 2371
5o} HFqte] Aol AAEA Hk F2AR] HAFHoRE 9L whol AuiA A H-L gus)
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B ATl E s AA R HIA] = A Ed BaAR o] A3 HESe) dde Al S T e
Photo 6.18] ZZEMEZ H-gRI} o] vE= ARl UeRf= Hie} o] shgel] o8 3E=A|A

2] Er E(Godbold et al., 2014) 5 FHA| 3Rkl 2)-8-5h= S 2 A 7§72k MmolA gol '2A
|

B AFNAE oPde] IR EMETL A FHANPYe] AXE 9o I EMES X3
g TEEY] AWML, AN S5est S 5 FAH R AR ffste] A9
@ 57het Y3 =214 H<] 2D-NIT(Two Dimensional Numerical Irregular wave Tank)&.
D(Llee et al, 2013)7 FIrQAHE] BRAPANESEH] 7]Z%3 FLIP(Finite element analysis
Llquefaction Program)=2(lai et al., 1992a, 1992b)2 Z]-83}H, o] ZHE Hojxl Axje}l Lz Ew|
EV} HE5A] ke dxHlolAe] Aute} nla AESt] ZAYEMES 84S =93t o]
o, 283 g2 e} Eqfutoln, A FAARAME SRERAEet )% A5k
ZANANE HIAA o] EA-NsE A&

Photo. 6.1. Concrete mattresses.

6.2 Ax=zd

Fig. 6.1} 22 dA74 hel a7l AXE T d3AE ddo= 2D-NITE D (Lee et
al, 2013) 2] FAe] FAH s|HHolA dFoR g TS 4HHEATE TRl A
|59 3= 3 H=0.5m, 3.0me]a, F7] T=10s, 15s°]th ZAle] AlY2 Fig 6.1014 AA|
H npe} o] MPAF Y s)ollA HES F2vkd 9@ BafRaiee] A-e-of sYsith Ax)
= oA Az=15m, Az=1.0m=E, ATHLNX Az=15m, A:=03m= 27} A=At 1
2|31, Fig. 6.19= FLIP(ai et al., 1992a, 1992b)ell Z-8== Fuiqte] 4H9IA], AolA st
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(a9 AHH9)A El, B2 2 SRR 7hE<4egbn) o) 2Bg91X] PI~P27 58 4 UehdT) =
gk Table 6.1 3IAARES 5= AEARY S EAXZ, YA 58 2o}
ErrEvellA A8 i SR ol ARENY, AR EMEE RN HEEHE
03m, Z°] mE 7|Fo=E, FAB|AE dold W2 W3t A=E vlwskr] $I8ke] 6m,
9m, 12m= Z¥ZF |SIAZITE Table 610014 NgkS AWke] FFAYAIF O ZHE 4H=H™, o]
w2 iukEze FLIPEE S| Aol AAEE ol 4 H(Morita et al., 1997)0 258 34
| greltkh

‘O Caleulation points of dynamic wave pressure
@ Caleulation points of displacement

Fig. 6.1. Schematic sketch of the numerical wave-soil tank used in 2D-NIT & FLIP models.
(P1~P27: Calculation points of pore water pressure, and El1, E2: Calculation points of submerged breakwater
displacement)

Table 6.1. Properties for silty-sand, submerged breakwater and concrete mat in this numerical analysis.

Shear Bulk Poisson’s. Poro Internal Parameters for liquefaction characteristic
N N ratio sity et 0, S w Py P c
(kPa) (kPa) angle(®) ™" ' Lo '
Sea N=3  35:4x10° 9270x10° 033 045 37 2800 0005 4070 05 1073 L1161
bed N=5 4840x10° 1262x10° 033 045 38 2800 0005 4634 05 1037 1548

Submerged . .

LB 24TIC G466 033 045 45 .
Conerete 3 gy - 020 - . .
mat

Here,  ¢,(°) : Phase transformation angle
Sy ¢ Ultimate limit of dilatancy
w; : Overall cunulative dilatancy
p, : Initial phase of cumulative dilatancy
D, : Final phase of cumulative dilatancy
¢, Threshold limit for dilatancy
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6.3 TEI-NA A3l i FFHol B TR A
6.3.1 T=E2] F3HY

Fig. 62% s|AAnle] N=39] 7% A Ade] 5 7R EldlA o3 g&f 71 T
2 23| ENES] 7 ute Tﬁmw AALE HER™, Fig 632 TL3 22s}o] A
HRAFEH A5 Yepdth 2k a8l (@ H=0.5m, T=10s, (b)= H=0.5m, T=I15s, ()=
H=3.0m, T=10s, ()& H=3.0m, T=15s¢] 7d-7-ol™, 24 A4S ZAZEMET} HA|=A] &

< Ak A, 4 AL o] eme] FAUEMET} EAE A, s A4e 9me] A

%, A4 e me] 9ol e WIS 27 LRIt o714, Al ARl 95 b
2] 2ol Tjshi EaelEnEe] G50 W wgixtelsl o] wAsA gome T Avks
AAEA ek=ch

WA, SRS e 35 RARlE ARl OReRIBE B ek

H, AAAAS AN AT, = ZFEAR(E2 AR)olM = HRER3TE e U
Ehlls He sk oleet siele] WAYFORRE A= J5oE A He e
EE9]

& g 3 ole AAAFET SFholAet FYE AAE ERATE o)A, 238
frol e Zjolg Awrm xAME HeU) ”*Qﬂ &S AFET ALt %.ié}tﬁ s
FYEME Zolo] W FHALIE, Fig 62(d)2) A-9E AQsh, dol7t Bojd4rE adhe
AEFS YePATE T2, Fig 630 A AAHASIE AESITh AAHLE A et A
AAHOZ (kS e EZ AL HelE = e & & stk o] wl, 2 EMES] {7
webals 2AE 97 o AL AW E Yel, Fig 6.3(d)2] 795 AlQlstd, Aot 4
oAFE U] A2 AAWML7} Yehhs Ae ERIE & Stk o714, gtart Sk e E
I ZFAAES ZUVH, 77 Ao AEAPRE F Aort gIAIRE 5 H AR oA
AR AasE AEE FEHOE B & AHAAF 77t Aol wet tEA 7]
o = Aol frejuigith. oldellA AdgE FIREMES {50 o2 5 2 AR
e THHOE e Zlo] Table 620 Q9F=0] Utk FZHE H=0.5m, T=10s14
HHLE A 26%014 A 33%7HA, H=0.5m, T=15s14E Ha 25%00H A 31%7H41, H
=B.0m, T=10seIA= FHa 19%04 Ho) 24%7H4] AZdE], ZAZEMES] o7t dojdss
e AZFEo] Tt T, H=3.0m, T=1552] 7% $9¥9E 4 17%04 A
35%7KA AZFEAR, Mgt Aok g2 S EMES] oo ni#shes A7kEo] YA
%= AL & 5 Utk Al tisiM= H=0.5m, T=10s2] 7-$- Ha 32%N4 o 40%7}
A, H=0.5m, T=15s%] 789 4 32%14 A 38%7FA], H=3.0m, T=10s&] 73-%- 2 17%°04
H 22%7FA A=, FEwLle] Aot fARHA 2 EMES] dolvt dojd4E AAW
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= A5 & 7 Utk LAl FAZEMNES AARF A9l 48 ® ARt AdEHE
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Fig. 6.2. Time history of horizontal displacements according to variations of wave height, period and the
length of concrete mat for N=3.
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Fig. 6.3. Time history of vertical displacements according to variations of wave height, period and the

length of concrete mat for /V=3.

Table 6.2. Reduction ratio of displacerment according to the wave conditions and the length of concrete mat for N=3.

Go?d?iins Concrete mat(L=6m) Concrete mat(L=9m) Concrete mat(L=12m)

H@m) T(s) Horizontal(%)  Vertical%)  Horizontal(%)  Vertical(®)  Horizontal(%)  Vertical(%)
05 10 26.09 32.14 31.30 38.10 33.04 40.48
' 15 25.56 3231 30.00 36.92 3111 38.46
30 10 19.11 17.31 21.62 1941 24.45 2235
15 3521 3291 17.78 8.27 18.40 8.27

502, N=5% Zte siAARkA &gt vket 5YsHl El AHAA 39S YERA
Fig. 64 4 AAWHE YER Fig 6.55 ZEITE I1H02RE FIZEMES] f5o) 43¢l
o] &gt N=3Y wjrT} s|AAHte] tS pAdstEe] 498 2 ARSI Bt A S E T,

PPdeel s we) ERUths AL AT % BiAvel dg AdaTeds

57ellA =

Master thesis of Ryu, Heung-won

Collection @ kmou



71

o} T3}t o7]A, N%M kel Zag|ErEe] FMo| wE Wje] Aaay)
YU UERE S & 4 Tk Table 632 N=5¢ ] I EMES] Zojof| W& 4

3 ‘;l ZlHe)e] AE-S —%%‘}04 Yephdth F2RE H=0.5m, T=10so4 59 J4a
17%04 Jd 19%74A, H=3.0m, T=10sAE 2 21%04 A 26%7F4, H=3.0m, T=15s]
A Ha 29%A Hd 34%7HA 44 ARERE Yehes 2le & & dadAHsE H
=0.5m, T=10sellA] ZAEES] Zojof J3Agle] Hl 26%7HA], H=0.5m, T=15sx= H4
18%014 At 22%74A, H=3.0m, T=10sAE A 19%914 Al 23%7F4, H=3.0m, T=15s]
A Ha 28% 4 Aol 33%7k4]), A EMES] o7t dojdaE 7k Wele] A7hge] &
7¥ehs Zlo] dukA]l dd o= vekHETh

rlr e
r
::1

0.2 0.2
0.0 | 00
z z e
E o2l A A At b b et nnitny £ o2 Y RiAdbidpbgndsantias
] ] J I
S 04 S 04
£ £
g s S 06
s s
o o
@ @
5 08 5 08
g Point E1 = Point E1
L oin - oi
g -10 N=5, H=0.5m, T=10s g -10 N=5, H=0.5m, T=15s
N Original N Original
5 12— Concrete Mat(L=6m) 5 12— Concrete Mat(L=6m)
= Concrete Mat(L=9m) jas) Concrete Mat(L=9m)
Concrete Mat(L=12m) Concrete Mat(L=12m)
1.4 T T T T -14 T T T T
e N T O by R T I
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s) Time (s)
(a) H=0.5m, T=10s (b) H=0.5m, T=15s
10.0 10.0
0.0 0.0
\5&49\*5‘ A
E m VITTVRTTTRLYUPI TYNTL P T o v ¥ hepeahedlid b |
A 4 ek
£ wewﬂ. A LAt A M LA bbb £ AAASLCRLTR kbl s i 1L
=~ 100 PR TN v =~ 100 L s
= , b REE N
= = '&W
3 3
£ £
g 200 g 200
= =
o o
2 2
T 300 T 300
= =
] Point E1 -] Point E1
s N=5, H=3.0m, T=10s s N=5, H=3.0m, T=15s
N 400 —— Original N 400 —— Original
5 onerete Mat(L=6m) 5 onerete Mat(L=6m)
==} e Mat(L=9m) ==} e Mat(L=9m)
-50.0 [— e Mat(L=12m) -50.0 [———| ncrete Mat(L=12m)
o N T N o N R Y
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s) Time (s)
(©) H=3.0m, T=10s (d) H=30m, T=15

Fig. 6.4. Time history of horizontal displacements according to variations of wave height, period and the
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Fig. 6.5. Time vertical of horizontal displacements according to variations of wave height, period and the
length of concrete mat for N=5.

Table 6.3. Reduction ratio of displacement according to the wave conditions and the length of concrete mat for N=5.

Go?d?iins Concrete mat(L=6m) Concrete mat(L=9m) Concrete mat(L=12m)
H(@m) T(s) Horizontal(%)  Vertical%)  Horizontal(%)  Vertical(®%)  Horizontal(%)  Vertical(%)

05 10 17.02 26.92 19.15 26.92 19.15 26.92

15 17.07 22.73 17.07 22.73 17.07 18.18

30 10 2148 1947 24.14 21.39 26.28 23.56

' 15 29.16 28.83 3291 31.63 34.85 33.09
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Fig. 6.6. Time history of pore water pressures according to variations of wave height, period and the length
of concrete mat for z=0.75m, N=3.
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Fig. 6.7. Time history of pore water pressures according to variations of wave height, period and the length
of concrete mat for z=2.25m, N=3.
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Fig. 6.8. Time history of pore water pressures according to variations of wave height, period and the length
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Fig. 6.9. Time history of pore water pressures according to variations of wave height, period and the length
of concrete mat for z=2.25m, N=5.
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Fig. 6.10. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of z=0.75m, N=3, H=0.5m, T=10s.
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Fig. 6.11. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of z=0.75m, N=3, H=0.5m, T=15s.
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Fig. 6.13. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
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Fig. 6.14. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of z=2.25m, N=3, H=3.0m, T=10s.
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Fig. 6.15. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of z=225m, N=3, H=3.0m, T=I5s.
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Fig. 6.16. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of z=0.75m, N=5, H=3.0m, T=10s.
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Fig. 6.17. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of z=0.75m, N=5, H=3.0m, T=15s.
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Fig. 6.18. Spatial distribution of pore water pressure ratio under regular wave loading at ¢=599.0s for /N=5,
H=3.0m, T=10s when the concrete mat is not.
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TIME=599.0sec

Fig. 6.19. Spatial distribution of pore water pressure ratio under regular wave loading at ¢=599.0s for /N=5,
H=3.0m, T=10s when the length of concrete mat is 6m.

TIME=599.0sec

Fig. 6.20. Spatial distribution of pore water pressure ratio under regular wave loading at ¢=599.0s for N=5,
H=3.0m, T=10s when the length of concrete mat is 9m.

TIME=599.0sec

Fig. 6.21. Spatial distribution of pore water pressure ratio under regular wave loading at ¢=599.0s for N=5,
H=3.0m, T=10s when the length of concrete mat is 12m.
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Fig. 6.22. Time history of horizontal displacements according to variations of significant wave height, period
and the length of concrete mat for N=3.
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Fig. 6.23. Time history of vertical displacements according to variations of significant wave height, period
and the length of concrete mat for N=3.
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Table 6.4. Reduction ratio of displacement according to the significant wave conditions and the length of
concrete mat for /N=3.

Wave

Conditions Concrete mat(L=6m) Concrete mat( L=9m) Concrete mat(L=12m)
H T
(1111;3 (1)/  Horizontal®%)  Vertical%)  Horizontal®)  Vertical®%)  Horizontal%)  Vertical(%)
05 10 2281 29.33 27.19 34.67 29.82 3733
' 15 23.08 31.25 25.64 3542 26.92 3542
30 10 3257 29.49 34.19 30.69 35.98 3242
' 15 31.79 29.27 32.63 29.67 3451 3141
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Fig. 6.24. Time history of horizontal displacements according to variations of significant wave height, period
and the length of concrete mat for N=5.
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Fig. 6.25. Time history of vertical displacements according to variations of significant wave height, period
and the length of concrete mat for N=5.

Table 6.5. Reduction ratio of displacement according to the significant wave conditions and the length of
concrete mat for /N=5.

Wave _ _

Conditions Concrete mat( L=6m) Concrete mat( L=9m) Concrete mat(L=12m)
H T
(Hll;?’ (sl)/ 3 Horizontal)  Vertical®%)  Horizontal®)  Vertical®)  Horizontal%)  Vertical(®)
05 10 16.39 24.24 18.03 2727 19.67 2727

’ 15 1538 21.05 1538 21.05 15.38 21.05
30 10 28.84 28.37 31.76 30.21 33.84 32.06

’ 15 29.62 30.29 33.87 3498 35.94 3739
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Fig. 6.26. Comparison of time histories of displacement between regular and irregular waves according to

concrete mat(L=12m) for N=3.
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Fig. 6.27. Horizontal displacement spectrum at points El according to variations of significant wave period
and the length of concrete mat for N=3.
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g. 6.31. Time history of pore water pressures according to variations of significant wave height, period and
the length of concrete mat for z=0.75m, N=3.
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Fig. 6.32. Time history of pore water pressures according to variations of significant wave height, period and
the length of concrete mat for z=2.25m, N=3.
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Fig. 6.33. Time history of pore water pressures according to variations of significant wave height, period and
the length of concrete mat for z=0.75m, N=5.
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g. 6.34. Time history of pore water pressures according to variations of significant wave height, period and
the length of concrete mat for z=2.25m, N=5.
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Fig. 6.35. Pore water pressure spectrum according to variations of significant wave period and the length of
concrete mat for 2=0.75m, N=3.

500 T T T T T 500 T T T T T
N=3,H,,=0.5m, T,,,=10s N=3,H,,=0.5m, T,,,=15s
450 \ Original l £ Original
400 Concrete Mat(L=6m) || 400 Concrete Mat(L=6m) ||
\ Concr cte Mat(L—9m) Concrcte Mat(L=9m)
350 Concrete Mal(L=12m) | 350 Concrete Mat(L=12m) |
= \ =
o 300 @ 300
= 250 ‘=" 250
= =R\
= 200 = 200
i\ W
150 \ 150 [\\\
100 100 \\\
50 50 \
R VN R L S~
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
r(Hz) r(Hz)
(@ H,/3=3.0m, T)/,3=10s (b) Hy/3=3.0m, T,5=15s

Fig. 6.36. Pore water pressure spectrum according to variations of significant wave period and the length of
concrete mat for 2=2.25m, N=3.
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Fig. 6.37. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of Z:O75n], N=3, H1/3:05n], T1/3=1()S.
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Fig. 6.38. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of Z:O75n], N=3, H1/3:05n], T1/3=155.
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Fig. 6.39. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
Of Z:075n], N=3, H1/3=3.0n], T1/3=1()S.
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Fig. 6.40. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of Z:075n], N=3, H1/3=3.0n], T1/3=155.
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Fig. 6.41. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of 2=2.25m, N=3, H,;3=3.0m, T /;=10s.

Master thesis of Ryu, Heung-won

Collection @ kmou



Submerged breakwater

z=2.25m

. N=3, H,=3.0m, T, =15s
2 o8 +—+—+ Original
E ., A—A—2 Concrete Mat(L=6m)
g G—OS—-O Concrete Mat(L=9m)
2 06 Concrete Mat(L=12m)
g
o5 e
=

N\

< 04 N
z 03
s o =
2 i
S o2l L e N

0.1 i

0.0 i

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75 78 81 84 87 90 93 96 99 102 105
X-distance (m)

Fig. 6.42. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of Z=225n], N=3, H1/3=3.0n], T1/3=155.
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Fig. 6.43. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
Of Z:075n], N=5, H1/3=3.0n], T1/3=1()S.
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Fig. 6.44. Spatial distribution of pore water pressure ratio according to the length of concrete mat in case
of 2=0.75m, N=5, H,;3=3.0m, T)/;=15s.
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Fig. 6.45. Comparison of Spatial distribution of pore water pressure ratio between regular and irregular
waves according to concrete mat(L=12m) in case of z=0.75m, N=3.
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Fig. 6.46. Comparison of Spatial distribution of pore water pressure ratio between regular and irregular
waves according to concrete mat(L=12m) in case of z=0.75m, IN=3.
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TIME=599.0sec

Fig. 6.47. Spatial distribution of pore water pressure ratio under irregular wave loading at ¢=599.0s for
N=3, H,;3=30m, T},3=10s when the concretc mat is not.

TIME=599.0sec

Fig. 6.48. Spatial distribution of pore water pressure ratio under irregular wave loading at ¢=599.0s for
N=3, H,,3=3.0m, T /3=10s when the length of concrete mat is 6m.

TIME=599.0sec

Fig. 6.49. Spatial distribution of pore water pressure ratio under irregular wave loading at ¢=599.0s for
N=3, H,;3=3.0m, T},3=10s when the length of concrete mat is 9m.
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Fig. 6.50. Spatial distribution of pore water pressure ratio under irregular wave loading at ¢=599.0s for
N=3, H,;3=30m, T'),3=10s when the length of concretc mat is 12m.
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