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Effects of wave acceleration asymmetry on seabed liquefaction//CHEN Jundong'*> ,ZHANG Chi'* | SUI Titi'* ,ZHENG
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Abstract: In order to study the influence of wave acceleration asymmetry on seabed response, a numerical model of wave-
induced seabed response was developed based on the Biot theory of poroelasticity, and the model was validated against the
measured data from flume experiments. A method of calculating wave pressure boundary conditions on the seabed surface,
which considers wave acceleration asymmetry, is introduced. Effects of wave acceleration asymmetry on pore water
pressures, effective stresses, and soil liquefaction of the seabed are discussed based on numerical simulation. Results show
that wave acceleration asymmetry considerably reduces the peak value of the positive pore water pressure in the surface soil

layer of the seabed, modifies the spatial distribution pattern of the pore water pressure, and eventually leads to decreases in
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both the depth and width of seabed liquefaction.

Key words: wave; acceleration asymmetry; seabed response; pore water pressure; liquefaction

TR TR 1) S 03P i B A T DR SR T P AR A A 1Y
R TT , 2 R0 PR A4 N 188 2500 1 FFL B K
WATE0] N ok A < e = A/ 81| B <3 o ST 2 SR 37
RZ LRI G, 1 0 R AR BE T TR

E NAMF 22238 TF e T CIRAE R T W R e [0, Y
52 TAE, Madsen 52 5Bl Biot [H45BE1E F1 & AE
R B I TEMEBAE T 2400 i K 3h )
M o7 AR AT i Mlei 2 4 HE 1 U0k Y8 45 06 R A LA
FHR P20 U . MREE S 3T Yamamoto 5
B D T AR AT e A AR K R
JERE B R LA Kb B 5 2 ORI R 1) N7 7D 5%
P TN 2 S 5 3, B 7 o i N 1 e M
PR AR ZRYERRAE

Jeng ST T B Stokes JAVEFH T 191 R

LT H . HER [ RBFERE 4 (51209082 ,51209083 ) 5 1T 7544 il =
YEEZ A RR AR (1989—) , 55 WL RS AL EENFEVEE £0F5Y . E-mail: chenjundongl1989@ 126. com
WAFVER Kot (1985—) , 53 AR, 1, FENSI O3 1% WF5 . E-mail : zhangchi@ hhu. edu. cn

+20 - KA K A ,2016,36(4)

M 7, 5 30 224 10 B A5 R RURE R A R A /N, BB TR Ak
PRI PRI [0 (4 5 AN T 20 iR F R FH Biot
[#] 25 B A BRIT I, 0 T B Stokes JAEHITT
WEIRBh SR, VRS AT S Biot 2h 77 [ 45
PRI Ry BEAl R AR L I TR VR I AL F b o it
PRSI W R HEAT T RIS, RIS B SR A AR L
— AR 15 A% 5% 8 R0 By Stokes IA/EFH T FIFLBR K &
AT AL TS RTE S N P S A SV
ARLRME IR 5 105 R AR BAR PR AR 3R 1 R
ARBLWEAE T VD S PRALBR K He 7 o i A, 3
BERFIE R 2 K FHHE — A4 5 I AR R TR BHE , I
e 1 e W s ) R TS s ) iX — A XS FRAFAE . SR T
TSRt b AR LM BOR TR T A T ) IR B A X
PR 3722 A0 I 8 B AN R R B AR AIE IS 5 2 A5 0%

eI AE BRI (#CXLX11_0450)

Tel:025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ://www. hehaigikan. cn



TS B — 2 0 < ST TR B AN X AR
PETEI: I E A B WEIR BRI SR A | XA R e 17 14
AT A TR

ARSCHET Biot 2L LA BB IR 57 1 IR
PRI Tt PR ) 1oy 5 A 5 A 5% 00 0B 36 i ) il
B FUATIGE BEAS RS FR IR T 1 3 A B 50
TETT EASAEASAUN, RAT I TR T i J3E A X P 3o ¥ IR
WAL S ALBEK IR T | AR R0 T 520

1 HERE

1.1 =HARE
BEF Biot FIS , 5 R T R 4R 1 R 1Y o 4R
FIFLBRFEMAR , 18 ] Hooke A2 HE A 415 4210 77 1 A%
KR BT IR AR 5] HLA 1A [R] 1 13 Darey 28
A AR AL B M T PR T (9 388 2l D TR AR R 1
PR A FH AR - A AT Al 7 A | FL B I A4
A AR R A SR D R AR
oy +Pg — piil; = pii; = 0 (1)

P& . " Pr ..
-pP;tpg - #wi - P — ;fwi =0 (2)

g; +uw,, +npPp=0 (3)
o, HERL ) 5 p HALBIKIE TS 5p 9 ALBRAY BT Y
SR s p AALBR WA BE 5 g N I s u, H
T EHBRALHE s, LB AR AR T 4B 2R -
sk, WA RIS REGn, HEZ LA R SL
PR B AL IR AR Y TR AR B s e Ry B RN
AR LB AR s A i ik
1 1-5
h= K * pigd 4)
KK, LB TR AR B 5 5 d KRS, A it
R
KB o, SRS ol IFLBOKIE T p 1%

1
€ = 7(”;‘,1' + u_,',i)

0y =0=8p (5)

3116, Kronecker 45 ; & 1 M RN 1 B A5
R O R REAIE”
1.2 hfEH

T R 14 20 A I 120 5 R A AN T8 2 Y
PE S FLB AR TG 1l i 3 A% ik | R AR 7%
w o NE ALBRIARALAS u, DL R ALBR K T 12
[ B BE

% =0 (6)

TE S PBIRAS S H e PR R T AL, 45 58 2K 38 75 i
B BLBUK R T p S5 T 4RI T p, o
VPR 1A 1) AR B g AH L T 3R R 1 — AR /N

Uy = Up = 0

i, BOAE R T SR A AR TE N ) AR ) A R
P =p, g =0 7' =0 (7)

1.3 #HEBEKX

it 2 FEHE TR A 4 o3 1R, LR S S
WA AR L WA s s, 0 RS R ) 45 K B e
SCAEMIAS BT 6 AN L A, PSP KA A
THRB R AT AR Y, 76 3 07 B 52 2 1 DX U A
A, SR By Crank-Nicolson 4= B304 50 22 43
T HE T RE SR Z 0 ADL 7 i SR AN 6] 7 [n]
FR A il A SR P e S SR A AS [l 4 ol O A v 1Y
ENGE7E S N R % 7 S ST e e M R
HREAT RRR E
1.4 #REVIGF

E A B IRAE T T ¥ A e 1 1) ) 35 0 2 S
FELRPEWE R HEAT I, 1 VAT B0 I 3 35 AN X6
PR T RSB o R, 398 1 T 4 P D R
(] A% 5% 257 B VR 20 52 36 5040 R B TR ABE 7R MR
A TR A FH T T PRI 7 () RS HDUKE B

Tsui 25" HERK 24. 7m 58 0. 61 m 755 0. 92 m F)
W IR AR i T 2 MR R AT PR PSR LB K
R, SCERESE T H=0.02 m J&# 7=
1.5s JKIEd=0.488 m P K L=2. 8 m HFRIEE h=
0. 33 m A5 T HH U F1 A0 VD PR 20 A 5] 183 IR 1 FL B 7K
FE77, BB b ) 28005 B - FL B IR AR i 1A R
Bt K, =1.95 GPa, fLBRRAZEE p,=1. 00 t/m’, +
BB p =2.65/m’ FLBRF n, =0. 3, FHRIHE, =
13.333 MPa, JH#A b v = 0.333, FLD 05 1B R %
k=1.0x10"m/s, I FIFE S, =0. 988, 4 Vb 15 5 £
B k=5.0x10"" m/s , MFIE S =0.985, FUAHIRIfY
PRI 12 m, Fo 22238800 S AV i R, 452
A AR . BRI XK BRI B TN
B0 F A %o H s X 3 R S I, B T K A T
DX X 5 JE AT R0, ALY RV ) X0 3 AR
FEB 5 2 BCRRURT BE | MLV (1998 35 22 BIOR i 0 55
K AR A S A S B0 E L, I PR R 1T
A TR ) I RS e B T 4

Jeng " LT E 4B HE S MM ER T A
PR | 349 J0 Vg PR 1) LR 93 A AT i, XA R T A A
T8 TR S5, 20 T AR AL BRI AR 11 o
JERON o B 1 ERASE T IR PN i KL A A [ o3 A 1
BLERE Jeng! ™ AT AR LA K Tsui 250 SC86 #4 ,
R IAAFIREE T M S KFLE R T4 15 B0 T 1
KALE, THE 24550 5 50 Bl v & RAF i
AL B S (LB 2 375 2R H5ORT T 08 3 T4 A

P ZE K 60m FE 1. 5 m 5 1. 8 m AYSEI
KR eI 7 (B AR 5% A T v R L IR K

KA K A ,2016,36(4)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://www. hehaiqikan. cn - 21 -



0r
-02
oal @ i
X
T 06| Sy
------ ey
8 o BN
-1.0 L

0 0.2 0.4 0.6 0.8 1.0
|p|max/p0

| GHREGTRAILEESSH

JEJ17B M, SEER AR R B H=0.12 m JH 0] T=
2.0s K d=0.30m JEK L=3.35m FRIERE h=
0.20 m, MRS BN - FL I A B A RS 5
K, =2.00 GPa, fLBRAKRE EE p,=1. 00 t/m’ , K%
JEp.=1.90/m’ , fLERH n_=0. 3893, #itEiE £ =
26 MPa, JAMA L v=0.3, BB RZE k=1.0x10" m/s,
TIFNEE S, =0. 970, V6 R 10 AL i IR s 130 L 2%

- — 3 U IR Ay s B B T O R A R
B2 bed T W6 B AR s AR R e K AL T 1] 43
A BT 50 5 SR BE Y P WA R, U
AR AT D)5 e A R AR £ M TR R A v PR
0-
0.2 F
-0.4 ¢

z/h

-0.6 1
-0.8 +

1.0 . . . '
0.2 0.4 0.6 0.8 1.0

[P max/Po

B2 HMEARZEFHTRAILEERSTH

2 ANEEAXSFRBGRIER T B i R i A

2.1 MEEAWRERENDREEFNEE

HT T B 9 TR RS 340 T AR Y TR A B 1)
KR, AR SCAS SR F B A4 5 19 TR B R 115
(=Y SWARUR o N L TP DA R Y /AW K24t}
S FLA IS BE AN X BR AR B R TR R T 37 S 43 A
Abreu 5B T — AN 286 0 SO R B — Ak
ARLM R TR I 7 T I ] P 1), A SO M A R
FARAR L 8 I 1] 30, 32220 AT LA ] i R AR
PR 7 LA R IR T3 A8 A 3 A AN X PR

— .

Py =Do Lor [sin(wt) e }
1 - rcos(wt + @) 1 ++/1 =7

(8)

Xrfrep, HEREIEE; 0 HAWE, 0=27/T, T
AW @ MY REL, ¢ = 0 AR LA RS B

T, @ =—m/2 AR BEAR KRR 5 r A i AR %
FRAEEL,0<r<1,r=0 IRFMBBEXTFR, r #E AT I3
FEARXSFRPERE R AR SCAL T R B AR X R TR
W =0, 83 AT 4 ANARIE - I B0 TRE S
FEPH , Bl r 36O, FR 7 B R X R A
I

L5r

\w/pl)

N9

-15 : s . s '
0 02 04 06 08 10
3 hNiEE AR XS RRIE R E 1 i iE 5
fBE IR AE A48 7 1) b R AR IEAR DN, T ad i LA
T RFRAIG B IRT 1R Ry 23 43

ap, 1 dp,
w1 Pw 9
ox c Ot (9)

Lo e g, ma(9) nT RASR AR B — Ak i TR
FE I8R5
2.2 AT RRME XS IR A B A 2 M)

T IAS [ f9 0 338 3 R 6 Bk R 8 r R B 3
A I I TR N T JEE AN X AR X e A W) 7 P S T
S TR 5 00 E S8, WIR &0 D
TRE T IR p, = 13.5 kPa A T=7.0s /K d=
4.0m PR L=40m,4 PEWH 39 EB r=0.0.25,
0.50.0. 75 ; 1R BE0 JEE h =20 m, FLER Wi 1A A 1A
B K, =2. 00 GPa, LB KR p,=1. 00 v/m’
TR p. =2.00 /m’ , FLERE n, =0. 3, PR 5
E,=26.66 MPa, A v=0.333 , BERH k=5. 0x
10 m/s, HIFIRE S =0. 985 , i PRI Ky 200 m,

Bl 4 250 T 4 B b B KA RN T 48 % E bl
T RUR BE A8 A o I3 AN X R e P45 v o v R T
AR T84 . 2 2/h>—0. 1 I, 55 KA %08
WAECRON TR iOE DN N L E o N =R
PRADEE ETF ;2 2/h <=0. 1 I S KA 50U 1 246 %
{HAE r=0~0.50 Z A fbE /N, 0 r=0.75 B 23
R AN, BS G T 4 BRI PE R LUK
JE 7 44 X A Bt DR TR B8 1 A Ak, I IR 36 )2 1k
H IS B R X A X i AL R 4 XL B i AR /D
FEWRIEIZE (2/h <=0.15) , e KFLIE A X AR % -
ORI NITITR: 2N

Ko T 2/h=-0.1 &by fL 28 Ak st e 1
1 AT UL YR R AN ok R e A B A LR AR Ak
o, BEAE IR X PR FR A - 3G R TE I B

- 22 - KA K A ,2016,36(4)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://www. hehaiqikan. cn



0.2 0.4 0.6 0.8 1.0

|0-Z|ma\/p0
B4 MEERANHRERFGETRREIELAERS
0~
-0.05 |
= 010 b r=0
X ----r=025
...... r=0.50
015+ ——)
1
i
-0.20 H 1 1 . .
0 0.2 0.4 0.6 0.8 1.0

Pl max/Po
E5 MmEERMTREREETRAILEEDSH

TN AR A7 R AR P B . PRI e AL e 246 X
A B ( 5& 5 —3) . 1F i@ (8 8/ 2
SR I RE AN B B R VR PR 3R TR A 9 U TR R T A
TR B B K AE He (9 B ()R, 5 350 R 2 1
MIRTEEG IR N BB e R, B 7 A T 1=4T
i ,2/h=—-0. 1 1 I A9 LR 23 (8] 40 A, FLE 25 [R) AR
FEFEIE S 18] 6 ARAL, 1E IR (R r (38 KA B e 1Y
.

02 r

0.1

0

PID,

-0.1 \
—---r=025

0.2 F

—mem r=0.75

-0.3

0 05 ) L
tiT

Eo6 FLEZUEEFEG(x=1.5L,2/h=-0.1)

02 -

0.1k

0

p/p[)

-0.1

-0.2

-0.3

0 0.5 1.0 1.5
x/L

B7 FLETN=ES(1=4T,2/h=-0.1)
2.3 N EARIT IR BRI AR
Zen Z5EOVHR T 3 T E AL BROK R 7 09I R

ARAK A R 2016 ,36(4)

A3 D] | D 224 7 R A — a5 B B g/
TR LK S Ty e b R R AR K AR AL

1 +2
-p(2,0,0) =-— ng—ngﬁ

(10)
Fe 3 Z 8, B

p(x,z,t)

K p, IR IR T K, A
H}0.5:p, N EIRERE p, FKIERE

K8 45 T 1=4T if 4 AEB g R AL X Y
IYRLR L TE 45 ~ 65 m Z (A — A2 AL X
YINER BEANKEFR R AL r B R, e R IR BE A /N
AL T BE IR R R 1 A T 3B ik /N, B - 3K,
WAL T8 B A T ) AT D/ NI R A BT U

TRIE EEA R BRI 2 (I PRI X ARG 22 T

or R
1)
0.5 { i
[
£ 99 b
N \ ' |‘
. ESLUY \ i
SR NN
2.0 . - - ;
40 45 50 55 60 65
x/m
B8 BRABERBAM(1=4T)
. R - 1+2K,
FHI (10) 2 M, A i I - “(p.g-

m@f@ﬁﬂﬁﬁﬂﬁﬂ@ﬂﬁﬁ&%ﬁpw@@
B ER S R A Rl BE BT, 5 R R Wik, &9
BT p-p, BRI B RR T R R AL &
A WA I SR AL B K e T, B AL 25 R
WA U A 2 KA WA . I AN X R R %L
r SRS, TE R IR A6/ )N , A L ) L B 7K R g
/N RS | d R AL TR BE DN R #E R 9
Hoz=—1.9m AMUA r=0 B0 FA S KAk, 4
r RIS NWIR B A WAL, 55—, r IR &5
1 M (L B 30 11 g 23 @ﬁﬁ S AR, XN T
[ —IRBEAN PR AL FE B . AT 75 =2, TR 2 B AN
ﬁﬁﬁﬁﬁ%ﬁ%ﬂﬂmm it 5 ALK R T )
el EIREER (T e oY

15

ol v e
ALBKIE ///i N

r=0
----1r=025
------ r=0.50
et r=0.75

(P-Py)/kPa
o
T

-1 . . . . |
25 30 35 40 45 50 55 60 65
x/m

B9 p-p, HWZEDF(1=4T,2=-1.9m)

Tel:025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ://www. hehaigikan. cn - 23 -



A EE T A, RN S 8 A X R P B PR
ALK IR AR FRAS TS, T PR - AR R A2 /0 i
i A SER R O R FERERE , X T 45 W)
T MEEA M,

3 & it

a. BRI AN XS FR 1 B 4 5 23 1R SR )= &
TR B8 5 R 8O0 7 4 XL, Dol / NG 2 A 18 e R AL
B 7 4 X, LS 1) I 25 722 Al 52 9 B 1)
HRE AR FRE

b. HIIGEEE A AR R R r 8K R R Z R
T 1 L M 5 S, 5 B A ) o e L B K
J1ii S EAF R BAC TR LA /N

c. JIHBER XS FR R AL - B3GR x5k IE e
(LRI 9 FL s 2 8] A A8 A D ARk, 98 AL 5 138 7 T 1]
A RN

d. PEIRNTE L AN FR 1 E ek 5 | 3B AL B K s
(1423 ) P, AT T PRI A DX AR A A8 T R

SR

[ 1] MADSEN O S. Wave-induced pore pressure and effective
stresses in a porous bed[ J]. Geotechnique, 1978 ,28(4) ;
377-393.

[ 2] YAMAMOTO T,KONING H L,SELLMEIHER H, et al. On
the response of a poro-elastic bed to water waves [ J ].
Journal of Fluid Mechanism,1978 ,87(1) :193-206.

[ 3] MEI C C,FODA M A. Wave-induced responses in a fluid-
filled poro-elastic solid with a free surface: a boundary
layer theory [ J ]. Geophysical Journal of the Royal
Astronomical Society,1981,66.597-631.

[ 4] #Ra, 25 F. PR ETE 2800 R T E P52
(D], BL I #e #0001 2%, 2001, 22 (8) : 806-816. ( LIN
Mian, LI Jiachun. Effects of surface waves and marine soil
parameters on seabed stability[ J ]. Applied Mathematics
and Mechanics,2001,22(8) :806-816. (in Chinese) )

[ 5] JENG D S,LIN Y S. Non-linear wave-induced response of
porous seabed:a finite element analysis[ J . International
Journal for Numerical and Analytical Methods in
Geomechanics,1997,21(1) ;15-42.

[ 6 ] . A FRJSE B2 =l X o it PR 3 £ P e TR o) 2 ) A7
FROCEEAUL[ ], v G i, 2003, 44 (38 i) 1) 447452,
(GAO Fuping. FEM simulation of response of non-
homogeneous sandy seabed of finite thickness to non-linear
ocean wave loading [ J]. Shipbuilding of China,2003,44
(Supl) :447-452. (in Chinese) )

[ 7] EBWH, 285 X b pa), 55 K DX TR AR 2 M 800 %
B0 PR 3 i 137 B S0 [ 7). 7 TR, 2005, 23
(1).41-46. ( WANG Zhongtao, LUAN Maotian, LIU

Zhange, et al. Studies on the effect of non-linear wave
loading in shallow water region on dynamic response of
sandy seabed[ J]. The Ocean Engineering,2005,23 (1)
41-46. (in Chinese) )

[ 8 1 Rk, Ek2E, 95 B k. HoKIELet: v /e T W S
PRFLBRK s 0 1z A0 53 A [ ] Vg 3 T2, 2008, 26
(2): 63-68. ( CHENG Yongzhou, WANG Yongxue,
JIANG Changbo. Numerical analysis of pore water pressure
response in sandy seabed under nonlinear wave in shallow
water[ J]. The Ocean Engineering,2008,26 (2 ) :63-68.
(in Chinese) )

[ 9] ABREU T, SILVA P A, SANCHO F, et al. Analytical
approximate wave form for asymmetric waves[ J]. Coastal
Engineering,2010,57 :656-667.

[10] 0% BEAUFIEEZME BIR A F R 16 PR 3l J o 7 A1
AT [ D] K% : KB TR ,2002.

[11] SUI T, ZHANG C, GUO Y, et al. Three-dimensional
numerical model for wave-induced seabed response around
mono-pile[ J]. Ships and Offshore Structures, 2015, doi:
10. 1080/17445302. 2015. 1051312.

[12] TSUI Y, HELFRICH S. Wave-induced pore pressures in
submerged sand layer [ J ]. Journal of Geotechnical
Engineering,1983,109(4) :603-617.

[13] JENG D S. Porous model for wave-seabed-structure
interaction; PORO-WSSI ( version I) [ R ]. Dundee:
University of Dundee,2010.

[14] poifpnk. PERAE R VD Be RALBR K I B9aF 58 [ D .
Kb KIPELT R ,2005.

[15] Mk, 2RI 382 PRAE HI R ¥ IR 3h 1 )2 B A7 BR I8
BAERA ST [ )] OB TR 2274k, 2001 ,41
(2):216-222. (WANG Dong, LUAN Maotian,Guo Ying.
FEM-based numerical Simulation of dynamic response and
liquefaction analysis of seabed under wave-induced
loading[ J ]. Journal of Dalian University of Technology,
2001,41(2) :216-222. (in Chinese) )

[16] ZEN K, YAMAZAKI H. Wave-induced liquefaction in a
permeable seabed [ R ]. Nagase Yokosuka:; Port and
Harbour Research Institute, 1993 ,31.155-192.

(KR F 92015 -07 -01 - Sk fgskot)

« 24 . KA K A ,2016,36(4)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://www. hehaiqikan. cn





