$40% 561 "= L T #M o #k Vol. 40 No.6
2018 4F 6 H Chinese Journal of Geotechnical Engineering June 2018

DOI: 10.11779/CJGE201806012

FEEAST R R R TN I R 4347

K&, FHEE, BN

(Emss@ R B AR TR BE, b5 100044)

8 E. BT HOKHSSH TR, T A A . Biot SRR Z P R B AR A M Sh B, 40
HET T I P YREL SV I NI I R /K 7t e 2 10 R PRI AEATT i, 45 2K R 2R AL R 1k 2, 4T T I
VR RE S NS A 25 DR 3R PR AN KR 3 A RS T S PR RS o 25 R B JKER A KA RS WA O R 50N, T L4
A It A KR A IR B s 88 v (s W RN LR AT S AN /K IR R 3G I i SR s R — /KRR, A 2 AN
FN, ACE R BRI A IEERR, SHRRMN, 5re WAL, R R NS A i I i o A W A B 2 1
K, LIRS, AR PO E A SRR B FRSZ AR5 (ERAMR T, 24 P AR, KEFK
SRS R B A NS A SN S 3 IS 8, A 7K ZEAS RIS AT /KGR B ) (S B8 B SR/ s 4 SV IR NSRRI 7K
MR, STFAREMNG KA RE IR BEE AR KGN/, (ENGT A 35° 3 45° JEH A &m0 R BEE KR K35
TR, Bk L BB A K IR B [ 3 A (R S 5N o

KER): RKMIE M, WARIZ LA P SV I ArABmN

FE 5SS TU3I2 XEAFRINED: A XEHRS: 1000 - 4548(2018)06 - 1066 - 09

EEEN: & £(1989- ), %, MLA, FEMNFELHE TR TMHIT. E-mail: zhangkui@bjtu.edu.cn.

Dynamic responses of an underwater site subjected to plane
P- or SV-wave incidence

ZHANG Kui, LI Wei-hua, ZHAO Cheng-gang
(School of Civil Engineering and Architecture, Beijing Jiaotong University, Beijing 100044, China)

Abstract: The displacement responses of an underwater site due to plane P- or SV-wave incidence are studied. The site consists
of a water layer and a saturated soil deposit overlying bedrock. Based on the wave propagation theory in single-phase elastic
medium, fluid saturated porous medium and ideal fluid, the displacement formula at the interface between water and soil is
developed. The effect of water depth on the displacement response is explored by a numerical example in the case of different
stiffnesses and saturation degrees of the soil deposit and incident angle of plane waves. The results show that the peak value of
horizontal displacement has little change with water depth. However, the resonance frequency increases with water depth. The
peak value and resonance frequency of vertical displacement do not increase with water depth monotonically. For the horizontal
and vertical displacements, the peak value increases and the resonance frequency decreases with the soil stiffness at the same
water depth. Compared with the full saturation, a slight decrease in the saturation can obviously amplify the peak value and
decrease the resonant frequency of vertical displacement. The peak value and resonance frequency of horizontal displacement
are hardly affected by soil saturation. At the fundamental frequency of the site, under incident plane P-waves, the horizontal
displacement increases firstly and then decreases with the increase of incident angle in the presence of water layer, and the
water depth has little effect on the vertical displacement with different incident angles. In the presence of SV-wave incidence
and water layer, the horizontal displacement decreases with the increase of water depth with different incident angles, and the
vertical displacement decreases with the increase of water depth within the range of the incident angle of 35° to45° , however,
the water depth has little effect on the vertical displacement beyond the range.
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Fig. 1 Model of underwater site
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Table 1 Material parameters of porous soil and bedrock

C

A k Y i
Fe s Hs LS b Mo /(m-s 1)
/MPa  /MP: : " /GPa /GP
a a /(m's’) a a (la=10)
1 17.98 7.70 68.2

2 179.80 770 10° 1.0 153 7.65 215.7
3 537.60 2304 373.0

4.3 PHEIEATNBRARBEIZN

B3 45 7 MR LR R R L 3 A B S
P WA AILL 0=0° , 25° ANSFEIEE, AFRKE (b
N Ohys 1hys 2hy, 3hy) B 7K A2 FH ALK FIEE [A)
MRS BEARX AR AR 2 . IR RT LG, BT
IKIZWIAEAE, IR/K IS (A R o2 5 TE K 37 A
B (P X, L KR AR A A7 A (1 e 1 RN iR 430
RIE B T RE A%, DUE 3 (al) f13
(a3) AP, ETHERIZTEEIN, 2k, KR HIALFE U
AR Z R, HRGE 3hy KK, B/NAZ 1h,
IR, XUk B R 7K 37 1 1) 9% ) 7 A% W AN L PRATUR I
ANBE KR 3 g B G . A 3 (a2) FTLUR I,
IR VAT AL R WA R AL/ ), T AR A0 i
FHKERIH I 238 K

skt b E R R rsgm, B 3 (b1 (b2)
(b3). Celds (e2). (e3) HIBH T RAHEK 1 % 2
AR 3 ABEHINIFE . s L ERTE AT BUR I,
KGR P Rem 5 2 NI O, A+ E R
JE RN K Z PRI B s Rl — KR, MR 2 1)
NIFER /)N, 7K B 8 ) A R UG ARk R, SEIRAIZE BN
PRI R T TR A E NI N, R
MR IRE B Z, KT R B A R AR ER R, T L
YAT L EWIEE BN, B RIERIR )N, R LA AL e
AR AR AH B k)N o

SRIE 5 LRI SeH R 7K M 3 37 b A7 o i [ P 52
Bl 45T P kbl 0=25° RINH RIS, LERAR
1 e 3 HEMSH (RIEHAMSHAE, HidE+
JEHFIE §=0.99, 0.97, 0.95), KR HIN Ohy, 15y,







1070

el g

wfw,

(al) %514 9=0°
9Ir Ohy ----1h,
2hy —=e=-3hy

wfw,
(b1) 24 9=0°

Ohy ----1h,
2y ==m3hy

uylugy

[oon

0h2 -

Jo)on

(a2) 14 9=25° (a3) %14 9=25°
9r Ohy ----1h
...... 2hy -==-3hy

g
:'—v
w/w, w/w,
(b2) %240 6=25° (b3) 24 0=25°
or Ohy ==--1hy or Ohy ==-=1h,
...... 2hy ==-=-3hy veees 2y =i=o=-3hy

uyluyg

[oon

wfo
(c2) %34 6=25°

(¢3) 34 9=25°

4
(cl) 534 9=0°
3 HPIFKLLO=0° F125° ANBBIREKRT y,=0 AT ST R Lk

Fig. 3 Displacements at y,=0 vs frequency with different water depths and P-wave incident angle 6 of 0° and 25°

151+

uylugy

uylugy

el ug

uylugy

15

[2Jon
(b1) S:=097
Ohy ===~ 1h,

wfay

wfay

(b2) $=0.97
4 H PR O=25" NSIRAEIEFERAKRT y,=0 LAIBSIMRM R R (53 HEMSHD

(el) $:=0.99

wfay
(¢2) $,=0.99

Fig. 4 Displacements at y,=0 vs frequency with different saturations and water depths with P-wave incident angle 6 of 25° for the 3rd group

of parameters



%5 6

sk 2, SR VIS T URK IR S ) N oy Hr

1071

20y F1 3y 26 7K A58 G TH] b 7K P 0 B [ 57 A Bl R T
PRMARL 2L . S5 e (i 3 (2D (¢3)
Fis) MEL, WTUAE S, AR RNk BE 2
TR B ) A AR U/ N R A A, (KA RS AR
AFLHRBRFEA EAZWFE I, HAKZESHRK
7y H AT T 7 14D 52 1 A1 A L JE AR B R Ak
K ST PIRASE, LERHARLI B 34+-
‘l&%ﬁ! E7J</57%§J\%U?'\J Ohys 1hys 2hys 3hy E‘Jm’a)]:l
K AAE G AR KT R [ 7 BN S A1 AR 1 2 A
Mz, MWEHTTCUE N, ARKET, KPAEITE
T E N R EIE KBNS A 60° TR 5K
B, BeJa BRI/ BN ST AR B RS 7 1R
NS B NEORAE, 15 RS N S A 3G KT s 2

TN I RAE . NIRRT LR H, KA
FE e B2 FRT 200 5 NS R R A OC, TR KA 1
s B 5 N SR A3 S SS9 s A K S oK B
A7 7 5 NI IO R HTZRAN ], 7K ARG
AKX B [ A [ LI B /N
4.4 SVIE{ERA TUBHMAKREHFMN

Bl6 45 7 U9 Mfl LR R 1 3 A B
SV #aHILL p=0° , 25° NGB B, AFRIKER (b=
Ohas 1hys 2hy, 3hy) WF7K AT FRIHINAR KPR ) 67 7
BEAST AR AL ZE . LA 6 (al). (a2) Afl,
TEVF B IARTEE P, KRN 7KL RS WA IR
/N, AR SLIRAN A B A KGR S s s BAE 6 (a3)

a8 Ohy =-=-1h, 15r Ohy =-=-1h,
------ 2y —meme 3y creee 2y —ememe 3y
Rt 104
£ g
16| JUPPEEI - sl U
’.u;—'; :::: | | \:"'\' .’-:-'::;:—. ! L -
0 30 90 0 30 90
01 ) 01 (°)
(al) 514 (a2) 24 (b1) 5248
3 Ohy -=---1h, or Ohy ----1h, 3r Ohy ===~ 1h,
...... DY SR— T
6 -
g
] A N
[osie s )
0 30 60 %
o1 () 01 ()
(b2) #5241 (el) 534 (e2) 5834

Bl 5 YHo/o=1 FREINRET y,=0 LI5S PIENGT A< RERZ

Fig. 5 Displacements at y,=0 vs P-wave incident angle with different water depths at w/w,=1

e ————

(s e T ST

wfa
i (al) 35141 5=0°
30 Ohy ----1h, 201

201

el

10}

oo,
(a2) SB1415=25°
0/72 === lhz

[)on
(a3) SB14 f=25°
3r 0hy =-=---1hy

W[,
(b1) #5244 S=0°

e
(b2) 5244 p=25°

6 8§ 10

(b3) 5824 p=25°



(e3) %3zﬂlﬁ=25°

(¢2) 5534 p=25°
6 L SVIEAEGTA p=0° F125° BIARRIKRT =0 LI SHEITAERR X Rk

(e1) 35341 p=0°
Fig. 6 Displacements at y,=0 vs frequency with different water depths and SV-wave incident angle § of 0° and 25°

6r

0 2 4 6 8 10
wfw,
(b1) $=0.97
61 ——0hy ----1h,

12)[0) oo
(b2) $:=097 (c1) 5=099 (e2) =099
7 L SVIENG A p=25° BEFRIAFMEMACGRT y=0 LB SMERNXFL (583 HEMSH)
Fig. 7 Displacements at y,=0 vs frequency with different saturations and water depths with SV-wave incident angle § of 25° for the 3rd
group of parameters
%0 6" ——on, ----1n,
...... 2hy —==3hy
60 4}
30 '
0 0 30 .60 90
pr)
(al) #5141 (b1) 35220
6 —om, ----1h,
...... 2hy === 3y
4 -
2t f!‘;:{"“\“
i T
/,.-J*“\";'
0 30 60 0 E 50 0o . 90
B1C) BIC) B¢
(b2) 5241 (1) #5384 (e2) 34
8 Holo=1 MAEKRES y,=0 LIS SV KNG FHHIX Rk
Fig. 8 Displacements at y,=0 vs SV-wave incident angle with different water depths at w/w,=1



6 gk &, P NS R IRK IS S B e S AT 1073

N, RANIAETE 2k, AKIRE AL AL WA AL PRATUR B
Ky FLUSZ 3hy KUK, TE/NAE Thy KR, 115 HH
TRIK 7 10 1) 8% i) 57 2 WA AN L AR AT T AN 7R 1) 1
Tn B R A

NT X BRI ERH R, B 6 (b,
(b2). (b3). (). (e2). (e3) Hldh TR
155 2 RIS 3 HSENM s . s DL BB AT L
R, IKFEGIR s 5 R R 5%, F—K
TR HURT 2 BRI BE RN, 7T B 88 ) o7 B DA AR RO
IR RN

K740 T SV IR p=25° RIANSFIE, L2
KA 1 3 H WS (RIFHMSEAE, R
MUBEATE SN 0.99, 0.97, 0.95), 7KIESTHIN Ohy,
Lhyy 2hys 3ho Z5AF T 7K 28 S Ab 7K ST 0 8 ) 57 7% B
FEXT AR AR £ o 5 58 1A CanfE 6 (¢2). (3D
Fin) AL, FTUAEH, AN R NS 1 B S22
B OK e ) (5 RS AR HER N FEARA R, (HIKP A R I AE
FFEIRAN R IEAR_EARZ A E sem,  HKZXHRK
Iy b AT A% Vi) I 14D 5 M A A4 VRN B TR ARk

K8 A T SV AR, LERHE 134
TS EAKIEDHIN Ohyy 1hyy 2k, 3hy I ol =1
K A8 G Ak KSR ) 467 F% Bl N S A AR AL
2. MEHTLLE R, KRS K I 37 1 A7 A2 11 5
W5 NG A BTG . KB ARG AT, KF
PR B KR PIBG Ik /IN s T 7E B o 35° ~45°
YA P, B A A B A KR G IS, R
AR IKIR XS ) 67 A% HRI R I /N

5 & i

ASSCHET B A R AR LR £ FLA D B
AT TR AR KB BB IE, HES T P P SR SV i
NI, AL B i B, 645 K E A
R O RIAR, W R H, HE—BoT
R R . LRI R NS A AL KRR B AL
WL, 33 T LT 4 MBS,

(1) KRR AL BV B, T353R0
SRR KR RN R ks 168 i oy R e i R R A
34 AN 7K 160 500 T 0

(2) [ —KIE FHA R RIRIEE A, AP R 1
AL RSB R, SR N

(3) H5e i AT, -+ R A N A i 2
(7502 [ R RS B K, SRR, (BT
LR RIS EIRIT R LA L AR B2 R B

(4) FERAFRT, 2 P WAL, KEH A
RIS B BEE AT AR SE G, Ak

FEAN RIS A0 TR 7K B AL RS R BN 2 SV
BN, FEAKFAT, W TA RIS KL
M 2Bt ARSI N, 8 p=35° F 45° Juf
P 8 [ A Bt KR AR AN T DS B S Rl A KR
Xt B T (57 2 RIS AL/ o

AR SLEE i RV KRBT 7K 52 T A A W
s, BRTAE0E, XTRAS . BRI SR 55 3
2. HRWMZ A B BEe IR S, A SCAE S
PEVE BB N, WP IR 7K s 37 M7 A% i L EAT T AT 9T,
PR aiie s — € Ja R 1%

SE -

(11 EAM. KT CEBEERRIR S BEAREE—fe &
B IR R B BT S W5 5 )). a0 1S TR AR,
2008, 27(11): 2161 - 2172. (WANG Meng-shu. Current
developments and technical issues of underwater traffic
tunnel-discussion on construction scheme of Taiwan strait
undersea railway tunnel[J]. Chinese Journal of Rock
Mechanics and Engineering, 2008, 27(11): 2161 - 2172. (in
Chinese))

[2] EH7, 5kl ZAh, S TUERRIEA RIS 30U
PURIHTECEL[T]. 7R 2R TRESAR, 2011, 7(5): 869 -
876. (WANG Yan-ning, ZHANG Xing-ye, YUAN You-wei,
et al. Comparison of seismic analyses by finite element
method and equivalent mass-spring method on immersed
tube tunnel[J]. Chinese Journal of Underground Space and
Engineering, 2011, 7(5): 869 - 876. (in Chinese))

3] BRST4L, i ¥, RIOL. TUEREIESTRITIC[T]. MR,
2006, 29(1): 60 - 64. (CHEN Gui-hong, GAO Bo, ZHAO
Yu-guang. Earthquake-resistant research of immersed
tunnels[J]. Journal of Seismological Research, 2006, 29(1):
60 - 64. (in Chinese))

(4] RBUE, A 2 WRRENMG TR DR AR ).
7= T2 S TAERSN, 1991, 11(3): 87 - 93. (ZHU Jing-ging,
ZHOU Jian. A fluid mechanics basis for estimating undersea
ground motion[J]. Earthquake Engineering and Engineering
Vibration, 1991, 11(3): 87 - 93. (in Chinese))

(5] AREETE, ZEm. WO IR R 3 A 50 i R [C//
MR A 2 B AR R SRS E4E. bR, 1992. (ZHU
Jing-qing, Li Jin-cheng. Problem of effects of seawater on
undersea ground seismic motion[C]// Proc of China
Seismological Society of the 4th Academic Conference.
Beijing, 1992. (in Chinese))

[6] BIOT M A. Theory of propagation of elastic waves in a

fluid-saturated porous solid 1. low frequency range[J]. The



1074 =

+ T O

¥R 2018 4F

Journal of the Acoustical Society of America, 1956, 28(2):
168 - 178.
[71 STOLL R D, KAN T K. Reflection of acoustic waves at a
of the Acoustical

Society of America, 1981, 69(1): 149 - 156.

water—sediment interface[J]. Journal

[8] YANG J. Influence of water saturation on horizontal and
vertical motion at porous soil interface induced by incident P
wave[J]. Soil Dynamics and Earthquake Engineering, 2000,
19(8): 575 - 581.

[9] YANG J. Saturation effects on horizontal and vertical motions
in a layered soil-bedrock system due to inclined SV waves[J].
Soil Dynamics and Earthquake Engineering, 2001, 21(6): 527
- 536.

[10] YANG J. Importance of flow condition on seismic waves at a
saturated porous solid boundary[J]. Journal of Sound and
Vibration, 1999, 221(3): 391 - 413.

[11] LI C, HAO H, LI H, et al. Theoretical modeling and
numerical simulation of seismic motions at seafloor[J]. Soil
Dynamics and Earthquake Engineering, 2015, 77: 220 - 225.

[12] WANG lJin-ting, ZHANG Chu-han, JIN Feng. Analytical
solutions for dynamic pressures of coupling fluid-solid-
porous medium due to P wave incidence[J]. Earthquake
Engineering and Engineering Vibration, 2004, 3(2): 263 -
271.

[13] WANG lJin-ting, ZHANG Chu-han, JIN Feng. Analytical
solutions for dynamic pressures of coupling fluid-porous

International

Methods in

medium-solid due to SV wave incidence[J].

Journal for Numerical and Analytical
Geomechanics, 2009, 33(12): 1467 - 1484.

[14] ACHENBACH J D. 5k i rh L4k M]. 1RHEME, 55
. b BB ARAE, 1992. (ACHENBACH J D.
Wave propagation in elastic solidsfM]. XU Zhi-xin, et al

trans. Shanghai: Tongji University Press, 1992. (in Chinese))

B3R :
A (24) PREFE A % RZEL g, RIEX Of

HI7E, FWC AN

=—a,, =(1- n)kply + né‘lkply ,

ays =y, =(1=n)k,, +n&k,, ,

a,, = a,, = (1=n)k +né,k_,

o XDk, 7y)

2k k s

xply s

g =ay,,=1, ay

Gy =ly19 = _k

=2k k

gy =—0y = PUSTE

=0y

_ g2 g2
a5y =y =k ksy;

ay =a, =[4 +(1+§1)Q+R§1](k2 +k§1}*)+2’u5 ply?

s = ay =[A+(1+5)0+ RE K] + ko, )+ 2k,
ay =—ay =2ukk,, a,=-p, o explik, h),
ay10 = =P, 0 exp(—ik,, h) ;
a., =(O+RE)K +kyy,) s

=a,, =(Q+RE)K] + k)

as, = np, o exp(ik,, i) »
a5,y = np,a° exp(—ikwpyhl)

s

=k, exp(-ik

o6 =k, exp(=iky h,) ,
ag =k exp(-ik h,) . a; =—k,, , a,=-k
4y =—
a =

=—k, exp(ik h,) ,

:a62 =

_k’

X

=k exp(i
h ) ’ a prh ) ’
ag; =—k,, exp(ik, ) ,

plyh ) ’
=k exp(i

ply

x?

ko, exp(=iky, 1)
ko h2)
a,, =—k, exp(-ikyh,) .

= (1=8)ky, exp(ik,, hy)

= (1=&)ky, exp(=iky, hy)

kplv exp(ikath) ’ a74

kpZV exp(l P2y ) ’ a76 kp2v exp(

ags =(1-6,)k, 02y exp(i p2yh ),

ag =(1-38,)k, P2y exp(_lkath) ’

57 = (1= &)k, exp(ik, 1)
ket )

=2uk k

bpy »

= (k)

a93 = _ZuSkV ply exp(lkplth)
:Q’l’lskv ply exp( 1 plyh )’

Q’Auskv P2y exp(l prh ) ’

Cl% = Q’Auskvkay exp( P2y ) ’

97 = _lus (kvz
Agg = —H (kj

- ksy ) CXp(—lks 2 );

@, == Akl + (A + 21, ] Boz = 2HekKiy

A3 =
Ay 4
5

A6 =

A7

Gog = -2

[(A+0& + 0+ REYK? +h},,) + 20k, Jexp(ik,y, hy),
[(A+ Q& + 0+ RE)(K] +K},,)+ 24, pl},]exp( ik, 1)
[(A+Q&, +0+REK + ko) + 21k}, |expiky,hy)
[(A+ Q& +0+REK, + k) + 20k, exp(-ikyy, hy)
=2k k,, exp(ik h,)’

exp(—ikyh,) °

beV



