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Bore-induced Dynamic Responses of Revetment and Soil Foundation
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Abstract : Tsunami take away life, wash houses away and bring devastation to social infrastructures such as
breakwaters, bridges and ports. The coastal structure targeted object in this study can be damaged mainly by the
wave pressure together with foundation ground failure due to scouring and liquefaction. The increase of excess pore
water pressure composed of oscillatory and residual components may reduce effective stress and, consequently, the
seabed may liquefy. If liquefaction occurs in the seabed, the structure may sink, overturn, and eventually increase
the failure potential. In this study, the bore was generated using the water level difference, its propagation and
interaction with a vertical revetment analyzed by applying 2D-NIT(Two-Dimensional Numerical Irregular wave
Tank) model, and the dynamic wave pressure acting on the seabed and the surface boundary of the vertical
revetment estimated by this model. Simulation results were used as input data in a finite element computer
program(FLIP) for elasto-plastic seabed response. The time and spatial variations in excess pore water pressure
ratio, effective stress path, seabed deformation, structure displacement and liquefaction potential in the seabed were
estimated. From the results of the analysis, the stability of the vertical revetment was evaluated.

Keywords : bore, seabed, vertical revetment, dynamic response and behavior, effective stress path, excess pore
water pressure ratio, liquefaction
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Fig. 1. Damaged quay walls by tsunami bore at the Miyako coast
of Japan.

(a) before tsunami attack

Fig. 2. Damage by tsunami tsunami attack at Miyako of Japan.

= ]

3 ApASE AT T2 S AT HAES 2
271 Ak

Uik FIRERE ope} A X s A7} sA Ao = At
2 v Fopste] e FehAEe] WA, o] 7 <lslo] F
7he =apshol AlTollA AN sl (a8 Ak
oM Fa-eH el Mahrl BYEA] ko, HiEo] e
P A] QBT SRAINE, AnbA 0 7 ANke] AL of
T A7) Wl =7 S 0 R vlEA] ko, gt
SAA R =kt ARbel A F=<Eqke] WSk A
ofef 21727} Y e

ARl ue] Fatel] ke shAAREEHAAN FUHERE u,,
ARbelld =i dE v, 0% el ARk fa
G o, = v 2ol BdEH

o, =o', +(u,~u,) (D
AT, o, & 2R EAA oI

21(elA AFHaEch 52 528 2 dheito] 53
Wl u,-u,20 02 E S Qla, W] ArHETT B
& gepto] e Wi, —u,,<0 02 EH 7 Q] W
woll o', 7F AL SAXEE BelMs o), <0 0% Hi=
297k Jebd 5 ek, ol Abelel EgEw H3UA Aol
283kl Sl F, S FES e slolA L, AP el
w ot

FJ=hHF2 F15d 2 (oscillatory pore water pressure)
3} e water pressure) 0. T-E T 9l
a1, 242k M7 e o7 oSEnh 2%l tisiA
5

L
u
ox
g
fn
a
@,
g
B
=]
Q
=

gxAd oz ohg e d X4 (porous elastic seabed)el] 7]x
Sk Madsen(1978), Yamamoto et al.(1978), Tsai and
Lee(1995), Jeng and Hsu(1996), Jeng(1997), B AISTAS
243 Mei and Foda(1981), 3|4 A9k 22] Z3}%o o
St T 2735 9158 Okusa(1985), WA |5 RS A X9k cross-

anisotropic seabed)ll ¥t Kianto and Mase(1999) 2

- hr

(b) after tsunami attack



S ol ke E9k) Abe] BAgE alA 65

Yuhi and Ishida(2002) 5-°] 9175 & = Stk &3, 3t
e MBINTF H FEe 3 oblElE FY0T
Qto] & o7 WAlE ™ (Seed and Rahman, 1978; Sumer
and Fredsge, 2002), I2-2-A|7te]| n&|slo] 4% = Hd>
Uepdith, sbEo = QIgh 3lgt==qte] F2of thgh w7
HE A AL Aehdjel] M= )39t #as
2] PA(Seed et al., 1975)ZFE FEE o] Stk olof t
ot A2 A 3E LERFHA McDougal et al.(1989), Cheng
et al.(2001), Chen et al.(2005), Jeng et al.(2006, 2010)3}
Jeng and Seymour(2007), FH-A g2 9] E3E9) 275
drarks sl 1AM f e AR S 293 Seed and
Rahman(1978) 2! Laplace®d 3H-8- AME-38le] SEiF 02 <l
3 AAFslof] gk dls: A28k Sekiguchi et al.(1995) 5
< 5 7 A3, FAEIA R sl #sliAE Miyamoto,
et al.(2004), Sassa and Sekiguchi(1999, 2001), Sassa et
al.(2001) 52 77} Stk A, sliektxEo] AXAE &Y
oA sAXNIY HAFFY T S AES AT
X Mase et al.(1994), Ulker et al.(2010), Li and Jeng
(2008), Ye et al.(2014), Kang et al.(2013), Lee et
al.(2014a, 2014b, 2014¢c) 55 =2 & = Slth

ol dellA 7l=d e W AFAYNTTY 3 A S
AAEE] FAA TS S AT A B 51 5t
= o= skar Q7] wiEell vlF7)4d 9] whate} 22 A%
o

¥ u

3111 Boussinesq378 21 2]-83to] ol s A= A
&0 2HE A3 Young et al.(2009)2] AT, A& Ld=
Gtz ZARslo] QARG oM A utAlol A-8-eh=
bl v} A kS et EC] QS A ESkaL, SPHY
of ot x| Az} AFAIE B IS Miyake et al.(2009)
2 Imase et al.(2012)9] A, A XD u}E Fupz TAfs)
o 712ARke] =t A=l 7Fs A 5= BV Yeh
and Mason(2014)2] 91+ 58 & &= 9tk

w ArelMe AR oS Dok SALskL, A vkeE
2 7HEAR] Aol E Q] #- o] EAek= Adolst + A
o] FFAE ol gsle] whulE wIAIZIT T2 a1, 2AF
X3k g4=22] 2D-NIT(Two-Dimensional Numerical Irregular
wave Tank; Lee et al., 2013)2. 25 & -g-5lo] Wby = o
Ak gl siobrzm3te] Ao Akg-5 aiatar, frehadal] =
Z 1%21 FLIP(Finite element analysis Liquefaction Program;
lai et al., 1992a, 1992b)& 288k AHhu] =Sk}
F&Ee] Y 9 A} Tt e ARG RS s st B

3F, Imase et al.(2012)°] 23t A& %] 9} & 2D-NIT & FLIPE

A2 RE A== FREAA TS vl A ES] 2 A
ERS ASsIt) ool ASe] dakalgs) Azl
29 T4 9 T AN F48H 5SS Wes] AR
ST}, oM FRIAEE ol8eto] L 4met 6 me] Tk
WAL )31, 2D-NITR 2255 AP s Ak 3252 i
of| A AIXPH SRS FLIPERof| AlZto| gl 0% 2Hg-A1A
50 s B9t S AT o] wf, JARGI | AT kS
Yok A9 ARt g 7 AR o] HEsST

2. £X|ofA0| 2

2.1 Chite| Mut ! FEEI| MSEZ oM S flet
2D-NITE2HO| I

B35 A7 AE A%S anEow 48 4 3l Vo
H(Hirt and Nichols, 1981)¢] A|tE o] ol z}-{-7 A
Faehs B shtolollA ol& &&-sth A7} SishA
ge]o] okl =2, CDIT, 2001). 53], VOFY2 a3
Hop$-2] s v} o] 2ol SAIsH WREE 3
e FAHOE THTE AT 5 9lo] diQtashEokolA]
5 VOFHE &-83 tesl x| mdlo] A)/k+ 1L 9lr}t. VOF
He Azl F2AZ A1 FE Sl AaHs
Aeh= FA7Ho| PR o] sty dhole] 48sh= A5
o= e A} WikE FEetA Bod 4 ole avkA
Ql FHRA RS Esket AR 9 A v o] ik
ofof @t Fig. 15> & A7-2] 2D-NITE R 9] 285 9]¢
TR IS R, 29l 29E S8 Zakis
gl TS fIek k3] ode] Fol o4 lar, 79
v R AS Adst] flske] s 4
2D-NITE 2 (Lee et al., 2013)2 71&9] 2214
2elg Eafaapego s sget el Aram ] iR
dof] VOFYS, WFE o= k- XS 7}2F #8311 Q)
ok 7|2 A E 22 g5 o) A RAE i ew o
1421 4 Navier-Stokes' 7212 PBM  (Porous Body
Model; Sakakiyama and Kajima, 1992)°] A 3&}o] &-st
tHrel A @@= Folinh

=]

rN mlo

]
]

¥E

N

oyu Oyw
£ 4 =
Oox Oz 7S 2)

5 0u Dt DA __z@&_a_{yxve(z@z)}

"ot Ox 0z pOx Ox Ox
g (@ a_W) D
+az{7/z‘/e P Du—R.+S, 3)

Ava_ija/lxqura/wa _ nop, o xv(a_vv+a_t,)
ot  0x 0z p0z Ox|"" \ox Oz

0 ow
+ 2 22|\ Dw-R.+S. —v 4
az{me( 82)} W-R.+S.~ g Q)



66 o1 - g - AAt - UEf - ol
ATNA, 1= AT, x5 W AHAE, ww i vz ABETAS 2 2AE 5 9
o] GEAR p GAE i 9tE y, = BAERAA 7k Axelol A @b WBAL ATA G| aF
9} MG B, g FENEE, 2,5 ADTIE,  WAS GECL 99 S o] B WMol 2] o)
Ao 2 W) AATIE, DD, AA WAk s AR Uehe, Ao 2ge)2o) Ave &
o Aol glall MAF AEAZoINO] oUXZAAE, ol wAlsHs AnkgEo] Uehdt) HuialAeol &
S,5,.5, = ANl 2ukE 98 axdgolth s, S WHUE S o] A3 2o Yekd 4 9lrk
Aon Ay Ao = FHSU A BAAEATE Tt TRER (o = (ool T
B 9 P ETE Ueh) gee s A (5)9h 2ol B { R ®)
AR, R, R, = FalZolNe Ao 4 ()} go] F te} = e res)
oz, oA7|A, {0 & RS, {g < HHES e
TAWAA L A BA o7 A (9)u) o] FolH
A=+ (1=-7)Cy
A= 1+ (1-2)Cy (5) {do"y" = [D]({ds} —{de,}) ©)
A=+ (1-1)Cy
AA7IM, {do'} = FRESHTE, {de) & HIESE, D=
R = 22201 i+ el A (1002 FO)H R, {dg,} = o] A (I
©)  ojXi telEEIN] njE AU ES) F5-S 717} ekt
RZfE—A-Z—(l—j/Z)wA/u +w’ ,
[D] = K{n "} {n "y + 3 RO, (n ) ("} (10)
A7, €, & BAYEAF, Ci= FEAF, A, Az = x, 2 -l
&ko] A=p37)o| T}, {de,} = {de,/2,de,/2,0} (11
VOF$Hr F= A1) Al-E2 0<F<1 9 WY& 7/,
F=19 7%= 8414, F =02 2= 71414, 0<F<1 9 o7, K= WEARE, RV, & A, iRE’EU{nm}{n‘“}T
A9 A BEe] g 2eam, theel o] b rEdniAUEoR, ZHaAUS = 1,2,3,...,1% 7}
g 2ol o3l VOF§H47} o) Ret). 4 SRR 2 e, 71te] vheriehge] 7t
B g2 0l xZol BlE HARTSE By =43
6F 8yqu 0y.oF _ _
WortTox e Y (M) AFA s AS vehict, 1, 2 (10)2] 93
01714, S alded9] Zuasol o8] HrhE = dolt, 7 externatforee
causing displacement
22 SIMAEIS| EMSE Y T2 EMAS FHMS s 0
2|5t FLIPRE | JHR (c',~0")/2
FLIPERE CEARLES ol 8 2afagee) f el T
B0 234 R (lai et al., 1992a, 1992b)e]H, ©] _‘?_E——ljowc %Xtemal force=[ ) rn” ]
AFUGBAE Fig. 49 22 At gg s} 73749 7} £.-¢

R AR olus oA oE ek, of

PV, 7 e cepe ke F: B ek AU S
ofghar & &= 3laL, of= ARkellA FHo| vhaAdel wdt -2
difference of water level for
generating tsunami-bore |

h 4

displacement = [
- 7Xz

Fig. 4. Schematic diagram of multi-spring model(Towata and Ish-
ihara, 1985).

orthogonal grid system

open boundary }—

=AY le—

added dissipation zone }—l

O

impoundment

calculation zone

Fig. 3. Schematic sketch of the numerical wave tank used in 2D-NIT model.



wha g whE ok} k) BAg a 67

R R A R 1 = P P R e G e PRI G 1
FUE Z 77 th3e] Ao R A eHrt
" = (1,1,03 (12)
{n(i)}T = {cos@,—cosb,sinb;} for i =1,2,...,1 (13)
o714,
0.= (i-1)AG, for i=1,2,3,...,] (14)
AG =7/l for i=1,2,3,...,1 (15)
TP wh kAR o8 BAshs &2 A4
F} 1=E 2 =70 ARV ATk BAETE A
a1, (L' A 9] JEE Tai et al. (1992a, 1992b)°]l

A|+E Fig. 59 A4S} EE (liquefaction front)E ©]

EQEOFOA%oﬁrE
:O=l“

Sjol WA ol olat 9] faseael o8] fu
= 9 E (cyclic mobility) 2! HAASIAES AT 4=
on}, 79 A sk the ) o] Fojar,

S=3S, for r<r, (16)
S= S2J(S0—S2)+ {(}’—}’3)/m1}2 for r>r, 17)

o17]1A,

7y = m,S, (18)
ry = m;S, (19)
Sy = So—(ry—r3)/m, (20)

o714, Sj= Aol 23t shte] 7ls o HoEH, m,
& TXe) 7187, AGA G2 ¢ 1= my = sing’, ol 24

3.5m

300rpm Model area

3.4m

('aisson-tﬁ:e Seabed ground

breakwater model

(a) Cross section of the experimental device

r
=] A
E P
2 failure line /4'”' =sing,
& / / 4
7] m, =sin
= . _ [ <m:=sing,
é liquefaction front
| —Im;=0.67m,
2 T
P
I n
J phase transformation
Il
N0 >S
0 s, S, 1.0

S_State variable

Fig. 5. Schematic diagram of liquefaction front, state variable S and
shear stress ratio(lai et al., 1992a, 1992b).

41} ma= 2elR S (phase transformation)?t . ¢, ZH-E]

=sing’, & YOI, ma= my = 0.67m, & FE ==
EH HA9 71e71= ,EWM Foolld the dg oz ApAA
HA =] 218 Zlom, AA| SHAE Fejele] Zslol
olsf A4 Ett. 18] a1, Fig. 5ollA S nlul4=defel ofst
A TEIN FESHHEE vlsta, r& A3
o, T&dle VR ESEHS o) = (00 to,)/2% 4
EIRA=

ool M= A NEAE A 2 139 FLIPE 2 (lai et al.,
1992a, 1992b)¢] ©]&A<1 vjAe] /HQE 7]&3sF o,
FLIPELHlo)| o]gt FR|aiM A k= 2] F-2522] &4l of
g ASdIel viw 9 HERYH FEs] AFEHUN
(Sawada et al.,, 2000; Ozutsmi et al., 2002; Iai et al.,
1992a, 1992b).

3. X|ol|Ad

_II.OI H=
—l Ao

3.1 $xlof A A
3.1.1 AAEFAE
B o] A= 2D-NIT & FLIPE 22 2E] A= 2
orR 3} F AR HEe] TR AT st AR TE A5l &

3lo] YARIHA Y] oA TGS dAYA|A EAJHba)

H-- 0

é:LmE

PWP3

PWPI
PWP4

PWP2

) O¥
PWPE O
PWPS PWPT7

: Wave pressure meter

30 | 20

PWPS O

40

) : Pore water pressure meter

Unit: mm
(b) Layout plan of sensors (points P1~PS represent the wave
pressure meters and points PWP1~PWP9 represent the pore water
pressure meters)

Fig. 6. Outline of the experimental device and model of composite breakwater.



68 ol% - #5T - 7]
Table 1. Selected scaling factors for centrifuge modeling
. Dimension in ~ Dimension in centrifuge
Quantity prototype model at » times g
Gravity 1 n
Stress/strain 1 1
Length 1 1/n
Force 1 1/
Density 1 1
Unit weight 1 n
Acceleration 1 n
Time 2
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Table 2. Soil properties used for this numerical simulation
Soil tvpes Saturated unit Shear modulus  Bulk modulus  Initial effective Internal friction Cohesion Porosi Poisson’s
PSS eight(N/m’) (kPa) (kPa) stress(kPa) angle(°) (kPa) Y atio
Sand 7.053x10" 1.839x10° 98 36 - 0.46 0.33
Backfill 20 8.500x10°* 2.126x10° 98 37 - 0.43 0.33
Gravel 1.801x10° 4.800x10° 98 50 - 0.46 0.25
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Fig. 9. Measuring points(N1, N2 and N3: measuring points of dynamic displacement and accelerations of revetment, points 1~26: measuring
points of excess pore water pressure ratio and effective stress path.
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