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Seismic response of undersea lining tunnels under incident plane P waves

. 1 . 1 . 2 1
ZHU Sai-nan’, LI Wei-hua', Vincent W Lee”, ZHAO Cheng-gang
(1. School of Civil Engineering and Architecture, Beijing Jiaotong University, Beijing 100044, China; 2. University of Southern California,

Los Angeles, CA 90089-2531, USA)
Abstract: Based on the wave theory of fluid-saturated porous media by Biot and the ideal wave theory of fluid media,
considering the conditions of fluid-solid coupling of undersea saturated soil and seawater-saturated soil-structure dynamic
interaction, using the Hankel function integral transformation method (HFITM), an analytical solution is obtained for the
scattering problem of incident P waves for an undersea lining tunnel. The Hankel function integral transformation method can
better deal with the surface boundary conditions of half space, avoiding the "big arc assumption" in the traditional researches.
Based on the analytical solution, the effects of incident angle and incident frequency of P waves, depth of seawater and buried
depth of tunnel on site displacement and stress are calculated and analyzed. The results show that the incident angle of P waves,
incident infrequency, depth of seawater and buried depth of tunnel have obvious influences on site displacement and tunnel
stress. The horizontal displacement of the site and hydrodynamic pressure of the tunnel increase with the increment of incident
angle, and the vertical displacement and total tunnel stress decrease with the increment of incident angle. The tunnel stress
decreases significantly with the increase of the incident frequency. The site displacement and tunnel stress are the largest when
the water depth is 10 times the tunnel radius. The site displacement and tunnel stress decrease with the increasing buried depth.

Key words: undersea lining tunnel; plane P wave; scattering problem; seismic response; analytical solution

0o 31 7 SRS AR ) S AT, BT A R

RS R AF X EESERYL, —Bg SRR LR VAR, £ HERE 50 m G
L ERR, S E RN RGO RI E e, Bm EKAT RN R AN TR AR AR AR . A IR T
Lok RRRGE e, WSRE NI L g BRI, 5 5K -t R AR
H. CAMMEILK KR, HTEKEY PENFAE, & —— ————

WK T R AR BN A R R, S EUEIR TR BETE: EFE QM RETR (<9737 i) B H
ST 5 b b A 0 0 e S S L B T (2015CB057800) ; EZKHREIFEETH (51378058)

e ot i HHEA: 2019-10-12
PR TE TR R S 5 » 2 SR RS ko SR EL S AU 5 72 *B{E/EH (E-mail: whli@bjtu.edu.cn)



8 1

RIETS, ST P BN A IR I 7 ) LA AT 7 A 1419

(IR JEFERE T MM, R %7 2 A A eI e X
W PE R R R B R S . BRI 20 5 R
RS A, LA EE M - & - W KA FLAE R R,
3 M A [ 3t S AR S A TR Bl 7K S 7 R i AR T
TR (¥ SRR . 28 A TSR TR - A LR
FEAEFH AR, 8 ADINA BAFFIIE IR BT
6 Ry M i R £ 0 0 W AT, 2 S | A LK
SRR AR R, gk 2,
JRIms A B Ry AR LA K - -
A RRTTAERY, IS R A T B S5 44 (130 i SR
AT BE TR ERUIIIE, XS, 3
K 1 2 AWK B R K R . ML RE 5l
TIPS ERE, RARRARGHLN . Fhopis T
X S P 5 UV T S A — VRN 22 LA R — B S A
J5t 3 T A RARIR 22 G880 73 5 S 73 HT 1) S 3 AT PR TTs
FESL B A M I BB IE A - KRR R,
IRAE 5 RN KIS 73 FoK T AR [ 3 0 i & 2% 1F
T, BT T KT BEIE S8R R AE A [F KR AN AN -2 %
TR AL AT N . (EIZ BT TR R AR R i A, HL
AT T BN AN [ KR AL A0 = AN [7] P 32 8 A 2
BEATWTIT .

FHEE TR AR B s AU T i, b TR AT A
SE P SE B AT R PR A SR B ALAR - 4 X i) At
BELULA LA AIAARE, RIS IE T A 36 HUAH 7 12 i AS
FERMSSNE . H TR R bk, HOATK T B E R
MR R R AT O A 2 W FEBLET B, FEIE
WM NN T, KPR SRR 2R ORI 9T
e ” kAR . FrE < REGMEE 7, &l Lee!™
SR —A “UABAAE” FJUTHES, BIR—F
AR R AR KPS (i R . 5 g s
A B KEIBGE 7, #EFASE T P(SV)
NI IS 7K T i 7 B 1] ) e 7 i S AR AT R o AR K
Ta RSO RMEEAN B, 5bK T A LR
AT . WREIEZEETKETENLES, Zt
JE— BN RN R, HE At sl i 23 #r B
A BUE NG 4. T2 28T Biot™ Bt 2 FLA G
2R, MM CORBGMBGE ™ M e BURITHES
T SV AR T K R AT 2 o % 18 45 K 10 7
RLIENTAE . R REIIVEE " RE KT
T AT R AR FR M LTI, JRAE It o 25 ] 3%
T 7 2 PR RO e R K B BR3P SO 38 P
A AT RO S SO AR R 2,
MITTTBRS T 2RI 130 57 2564, ANBETE I A2 R A3
IR I R 3 50 2% A

R P BT DA S R B BGE 7, AT B

U Hb A 2 23 1] A4 AF, Lin 2525 ) Lamb™ 2%
MRS 75, K T U B 5 R B3 4T Hankel
PR AR Hfl Fourier-Bessel BT, B2k & N Y
TR B B f A bR R, AT LU (B AR HR 2 25 R 2R 1
IKTFITEAE, B R “RETMEE” Tk 1%
J715FR A Hankel BR R 3A8 3037 (HFITMD . ASCR
HZ5ik, 15 RE/K N+ R ER A oK -+ -
SEHBN TR EAE R 2T, 25 i A /1R T8 5P 1
P B R R AT R . R AR R, BT T
NHBHARE . NBHIIER . 7K K IR AN S T TR S5 K R AT
XT3 r # S BETE N 7T, A3 T — gk it

1 FER5EKXFE

ST AN 1 R o K E N BRAR AR A I
IKIR hyo VAN ZNTARIBATIZ FLA TR, AT RIREE )
EEMM L E, BRIEER b, BBIESNER o, H2E
7 bo BEEWAME. KA S AR E SR TH 77K
FAAAAR 2 (1, 6)~ BEARFRR (6 ») Fl(x, 1))

0y %
£ / / \\\\
B | g o By O

E 1 SHRE

Fig. 1 Analysis model
PIAN ELAARAR RN ARFR RIF R R UTT -

X=X =X, »

y=y+h,

y=y,+h,

0 =arctan(y,/x,) -
BARGURAN BB 107 FE N

o’u
P, TQWZK}V'VUW ’ (2)

w

K, p, NIIREE, K, NRAEREEESE, o, N
WA EN AL

Deresiewicz 17 Biot " H! (1 A4 1 % £L Ay
R shEAe i)3EA BB ALBRIR AR RE K AT
BN TCHREBUE L FUAR RN 1+ 2 LA B 5 FESR R
e

(1)



1420 Pl

2020 4F

0’ 0'd
(A’sat + 2#)V2§0+QV2¢ = [gl a—t?'i‘ g2?j’

3)
o’p o’P
VQV%+RV@E{gfaT+QfaTJ,
o’y oy
1y Z[ﬁh?Jrﬂz?j ’
4

o’y o’y

Oz[ﬁh?"'pn?j °
X o F @ 435 LB ERFLBR IR P34 o
By B 53 BN LB SRR LRI ) SV A MR AL
Aa=U=-mp+yd-mp » p=-yd-mp » p,=
np, +y(1—-n)p > n NTFLBRER, g NEHHEE, o
NTARE L, y N E AR AR R 5,
{8 5% LB R RORL IR 3R, 4 BORL T R N BRI
y=05: A, R, O, w NWRILABT 5L,
LA ARty o FLERER 0 T 2R R R
B K, MEEPEE K, . ISR, FIF L E 5
I AR & KRR, BARTHSE J7VE T S0k
[24].

2 NFREH

Y JEC AT R P T S AR R A AE 4 AN, BioK
HHRM . KRG FEIE A A 5 A+ 2
TG BEE AT N KT . BB K 138 5 DL K R A
AN 1 5 VAN L 2 A8 S e e A A AN K, M
MR - KEFEK. FHAFKAMT, o, ul(U))
SRR AR R R R RIS o Hodr, w) FNUY 53
b1l R O IR ol = g B T N B O VA A A A K v
BT Mbri, kARAFEARIR R, WA AR R
(rl’ 91)\ Eﬁﬁé*ﬂ‘% (xz’ yz)ﬂzﬂﬁﬁﬂé*ﬂ?% (x’ y) °
Hri=k, 0N k. LA REARFNT, Ws
ARFMAT AR B B8 £ ARSRMRN A B A,
wREREKZE. |ERBEENHE . URFFTRR
R

(D /KB HERIATR(y,=0)

oy =0 ; (5)

(2) KEZRHIAF(y=0, y,=-h,)

w
f
(=mu, +nu, =u;

s _
ny =0,
s f W (6)
Gy "rGy ——Gyz ’
f W,

o, =-no, ;

(3) FEERWIARITLT(r =b)

1
6’151 =0 ’

| } (7)
o, =0 ;

(4) FEIEA Wb - v A0 2 58 Fii 14 5

=, ®)

3 CEIASHh

Iyt R I 3 T R RO B S R U I 3 R
iGN OE= I
3.1 BHEA

WHMREN 1, %N o B Py 3L E v, A
S NBEIE A2 R 5 NS B SRR TE I b o B AR R
(x,y) FAGFIE AR E T KRN

goi — elkul(xsin;/u1+ycos;/u1) , (9)
Xk, =0/ e, WG PVBBEL o, N Py B,
FrH S5 10 W SR [24] -

WG IRAAFERETE, NG P e /KA A2
IS P Py BRI SV UK, TEKJE = AEE S A
SR P

(D W+ E

S Py Py YR AT SV AR EU AN

ro_ ik (X8I0 75—y €OS Yy )

(ppl = Ale ’
ro_ iky (x8iny,, —ycosy,, )

P, =Be™ ’ o (10)
ro_ ikﬂ(xsin yﬂ—ycosyﬂ)

y' =Ce o

JFER I, K (9), (10) BN (r, 6))
TR

gpi = z a;iz Jn (kulri)eimg1 ’

00

roo_ r in6,

gppl - z an Jn (kalri )e ’
n=-—000

B (11)
¢;2 = z bi: Jn (kaQri)eingl ’

y' = z c Jn(kﬁr,)ei"g1 )
ﬁl:l:l’ a; — e*ikuthOS}’mein}’m , a'l; — (_l)n Aleikulhcosym e—inyul ,
b = (1Y Bt e, = (1 G e
AN+ Z E B3 PR Py I R R Rom AN
ol =9 +¢, +o,  (FH) (12a)
O =& (9 +9, )+ &0, (BAH) - (12b)



58 SRIET, S I P O R BB RN SR 3BT 1421
WRF 2 B B SV BTN EAAKRR (v, ») FIELAAKRR (v ) 955, B
v =y (B (13a)  BRIOSBET DAt — B3N E AR 2 (v, y) FRIATE

Wi=gyt () (13b) R, BHEEHH

b &, & ME BN L rFIR AT 2 (R B
525, HArE IR N CER24]

(2) WKEZE

I SRS ) P A R B BN

i ik (xz SIN Yy + 13 COS Yy )
D = De ’
" } (14)

ik (xz SIN Y — V3 COS Yy )

(p;w =D,e
HKZEE BRI TR RN
Py =0, + 05 (15)

Ko, ko koo kR, S BUNHAILR Pk Py
Y. SV RRIEKE P, 1r 1er 7, M7,
T AT LR Py S A ABS fs Py BRI A
SV WS i Stk Iz PSS A A . AR
Snell & H# A k,siny, =k,siny, =kgsiny, = k
siny,, - 4, B, C, DMD,3HRWMLE P,
Bes Pyl SV BRSS RBNEE K ZE SN P U St P
P A A FA R TR WA 4747
3.2 HAGTRIASHT

DI 7> N =, AR E UM B
VRN RO B3 S RS TE A TS e 3 o

(1) A= s 73

M1 AN L 2 B IE RO AEAE , AN P B (EREE
BRI A K 52 S Ak 70 7= AL U Py P 38 SV
P, AZ T B M AR K Z P AR BUN 3 P

BT BAFAE 7 A2 RIS Py e Po BT SV K 5 bR
By R

r)]e"g‘

;= [ B, H (ko) (16)

n=-ow

[ ' H (kr)]e"g‘

%%ﬁ@ﬂi&%mﬁ%#m%Ufﬁiﬁﬁ
BRI AR R TSI, AT (EAREE, RE
FARE AR 7 BT B 5 R B e B B A AR BR R RS
iX LR H] Hankel B80R 43 2843 (HFITMD BU,

HY (ke = [ [(‘ j(—k ;VJ e"“l'“ldk, (17)
= 1y, .

R, v, =k -k .
FIHZ (17D, FEMA 1 2 A v 1 45 0 B
FEABRR 2R (1, 6) FEALEIE AR R (xp 3) o TR

s
q)Pl |:11 n

n=—

oy = a (ke de
o =[ bk dk (18)
v =] q e dk .

et (160, (18), w3

a, (k) " Aln
hyp=3 = . (19)
¢ (k) nm Cl,n

Ta.n (W),

X, oy = Sazn (M3

’

Esn (h)/vj

k_vl ’ vk k—v 2 ' —Vyoh
=1 e, h)= = e,
kal J éaQ,n( ) ( kuz J

k _
£,,(h) ={ %

S =k, vy = K-k
ZIRE MR (x ) T HBEIE B B %
BRECRIE I, TSR AR 2R R K 58 St - A AR
SRR R, HRIE
or =" a, (e dk

éal,n (h) = (

= [ b (e dk

S
P2

v = (k)™ dk

(20)

A
eikrcos@ — z ian (kr)einﬁ , (21)

n=-ow

(20D BURR S BRI 205 AT DU 4 B FE AL AR
(rl’ 9])?‘

o = 3[40, B

S B,k E" L (22)

st
q)pz -

v = Y[ G

n=-ow

S (200, (22) AIE

A2,n az(k)
B, += J:i”[K(h)] by(k)bdk »  (23)

C2,n CQ (k)

A,



1422 A+ L OB % W 2020 4
& () ST P = a 467 RO P kg P SV ey
[1(m)]= & n(h) PR 7 = b 4072 RRIBUH P 3 o, R SV 3 ), 3%
&, (h) S 7 ) 45 B T 43 B B F
YARIE 2 Py R Py i B A e T R r=a fb e AU
Pl =gy + oy oy oy, (HHD) 5 (242) Z CHO (ke
B =& () + o))+ E (9 +0)) (B o (24b) " (31)
WA SV BB A B AT R =Z K, ) (kyr)e™
oSy eyt (D Lo (25 = b AR MU B,
=& +y") (AR . (25b) |
(2) KRB 5 T z L, H2(k,n)e"
St L LR 2 e (RO 7 LA A AT 2R (x, ) o - (32)
WESTE N S NA L R Vs = ZKQ, e
O = di)e™ " dk 6 BT P T SV YA B U 0T
o = d k)" dk o =0+, } (33)
Y=y

A, v, =K -k, .
A e = il] (kr)e

si

(Pp:

5
)e in6,
27)
(ppw Z D, J,(k,, r)e' inf2

e (26), (27) "5

o[

R

J ™" d (k)dk ,

,, (28)
D,, Lc ( Je g (kydk .
k+v Y ™
:—Et[:lj ’ gpw,n (hw) :( pWJ € e °
k,,
zra A (23), (28) w5
AQ,n az(k)
B . b, (k
M= iRk, O (29)
C2,n - CQ(k)
D2,n dQ(k)

x(h
A, ‘J%(h,hw):{ ) - )}

K E B BT R RN
Do = Pp T Ppy o (30)
(3) BEE i) i 35 o A
PRI AR AL < r<a, 0<0<2m,
r = a 5 BETE AT IIA MRS T 5 2 2 [ A+ Z A 5
r=b e REIEATII N IR . BT BEE A W A7 7E

R, L, K, 4SRN T 2 S50 e
FHL Ly, MK, 5 SN B 2T R O O B
R RH. ke, Ak, BRI BT P SR SV 3R
B

4 [B]FRYRE
¥R (12), (130, (15) RANBREER (5),
(6), AIFUIT H HE R B R, iR
B HBSEOR P A SV IR R
CX=D (34)
o, Cz[c,j,]SX4, Dz[d,.,]SX], HiFE C, DGRV
Wk A, X=(4 B C D, D).
TEARFR /K 158 S SRR, [ B3k R 8
B R K A S AL I A, TR AR T
BRSO A R BN . R, K ELAARR R R i A
B R (24), (25) AR EHR (5),
(6), AIAREIWFHRESL R
[ IR N+ [ [F][60kk=0 . (35)
XA Fo=[Fy ], Y0=[%],. F=[F,],,
v(k)=[Y],, » HFETRELRR B.
TE A0 B % 3 A 1A ME A AN - J2 28 L A A
B (12), (13D, (15) FAARFR & T A+
Bt Emat (24), (25) RN EHER (8), A
13BN R G R

Z[E 1[H,(m]+ ni[EQt][HQ (n)]= —i [E, [H. ()] -

(36)

EZt = |:E2t,ij ]5X4 ’

;E\:EF" Elt :|:Elt,ij:|sx4 ’ Hl :[Hl]4xl ’



8 1

RIETS, AP P PN R A WIS I 7 1 A AT 0 A 1423

H, :[H2]4><l » H, :[Hf]4x1 ﬁﬁifﬁ%ﬁéﬂﬁﬁi C.
¥ (33) RN &M (D, 153IBEE R )
HHHRCS U A BB B LR O R 3K

> [G L]+ Y G Lm]=0 . 1)

K. G, =[G, |, MG, =[G, | HEFTTREL
iffs% D, L = (len K, )T L,= (szn K“)T o
RITERAAE, TEXA (35) HATULTNEE:

. P,
)=-1m ][RIl = L) es
B (38), X (36 Hi[H,(n)]| 5N

4, .
Bl 2 T ymr] B, | 39)
Co | s imR (k)
D Lm

K (39 A (36), (37) AR HRH4,,,
B, C,,» D,, L, K., FRHERDHRNX
(37) M (39), KEGHR¥A4,,, B,,,» C,,» D,,»
L,,» K,,,» MIIHEENEY.

AT RIS, B RECRFS R, T
MR I RS (325 )30 R S At R R A ) P9 3
SRR TSRS RE e . A, i e kG
FEBER, F IR 73 TR AT SRS IR F) 107
THAL T

5 UBRSENITE

E N TCENIEn N
_2a _ka
T
A, 4 8t SV BBk, A TET T, KK
58 Gt A% oy B AR TE AT RY) AP 2R TS ) 43 AT TG
B B, =[]/ [ug| T B, = |u,|/[ug] 53 5 Ha s kP
RIS R BB [ BB OK R B = ot /]or |
Be = o] ]o| 53T R B I B K K 7 UK 2 HOR
TITER R H e u, M, 53 590 832 K VA7 % s 1) 7
¥, WHGHNIMAR. of Mo, 4 RABREZIK
FE SRR ST, B GO RE ). Joh, u, =k, »
Gy =[ A +20+(Q+ RIE + QK -

6 FUES R
NBRAEASA R, BAKZEZ 58 b, =0.001a Al
h, =0.01a, THEAEARLELITALLRAL A A 1 R A %
WA, BAESHWT: p=1000 kg/m®, K, =
2000 MPa , WFILZHCH p =2650 kg/m’, n=03,
v=025, n, =036, K, =200 MPa, K, = 36 GPa .

n , (40)

B 38 A W) P9 3R T AR b=2.75m , AR TR
a=3.1m, MEh=3a. BFEWILC50 EEEL,
Fatbv, =02, #PERIE E=34500 MPa , %% g =
2500 kg/m’ .

B2 45T PR =025, Niffy,, =30
NSRS AR SO AR AR B PR Fb AN [ ) T 0 L = 4t
i) % 3 AR Y I K b A2 i A AL A A . B 2
HFITM-1 H1 HFITM-2 73 5l% Sk =24k, = 0.001a
M b, =0.01a . NEHALLE Y, KESH A, =0.001a
Xof INE PR EE AR A, J PR A6 s ) g A 7 ) 57 % 2 A
B h, =0.01a FEE2TSCHR[26]45 R, JoIL&BEE A M,
HBAR A A — 220, X EER AR
WK = EARRE, (HANSRAEAE. TKIEHIN P AR
20 K LA G AL AR A — 38 520 o 3t M T
S K AR S A A S AR K .

0
4 -3-2-1 01 2 3 4 4 -3-2-1 01 2 3 4
xla xla

B 2 RLIAFI A ERE

Fig. 2 Degradation to model for saturated soil lining tunnel

7 BHoH

RS, BUEKESECN g =1000 kg/m®,
K, =2000 MPa , HiFf1+-Z% N p =2650 kg/m’ ,
n=03, v=025, n,=036, K, =200 MPa, K, =
36 GPa, SV IH A 1354.56 m/s. FEIE+T ) E N
0.15a » ARG EL A, =y, = 2480 MPa, JAFALL
v, =025. HTiRiEiRa, ECL N, BRAS A
RN RN o 4h, AU AR = 0.25 1) Py
BEENG (y, =0 HifEHt.

7.1 N RAFMANGHRRAS N

PR TE VR b =2a , KRN by, =2a, NS
Ny,=0, 30", 45, 60 .

Bl 3 g5 TANEING AR 7K 58 i b 7K P Ar
B R xa FIBITER, DLRREIE R AR
HBIKEST BRI E A . B 3 AT LLE
o, NI XS R RS S B s . B NI A
FERIEIN, KA RGN, RSN, X
SCHRO12) S5 18— 3. BEIE RN ) BE 25 N\ 33 A 38 Jn
M. BEE NS A 38, FEIE (807K H ) B S sk
AN, FLEME R BERRE L TIAL . X R T NSRRI
VN AN 59 5= w7 = €2el = 0= 2B 7 R K O S I o s £



1424 " + I B % W)

2020 4F

BRAET Pk PR SV UK. T BT, HH
T AL B UE Py k. MINIEE ) Py
APy P BB ) 7K 5 0 ) R )

4 4
- =0° —--30° - =0° —--30°
3 == 45° --- 60 3 —-=45° --- 60"
S SO <2 .
RN . ~ 77
. ~._ TSl - 71"
! T RSP
oL="~== e~ 0 b
4 -3-2-1 0 1 2 3 4 4 -3-2-1 0 1 2 3 4
xla xla
(a) K (b) &g
4 . 90 60

o6l 2401 ) 240~ %00

(o) BEUTAKFE T (&) B RN
[l 3 FRINGY A T A L7 FfEE R

Fig. 3 Site displacements and tunnel stresses under different
incident angles

BB R h=2a » KRN, =2a, N5
Yu =0 ANFHEAE =025, 1, 2.

B 4 25 T AN RISRZRAG B R /K 58 S AL 7K Ar
. RHAFEHE x/ia KA IZ, DL BEER ISR
KT SN AR R A0 B . K 4 TG
BRI AT S 57 78RBS 82 ) FE e W S o B
FIRFR RGN, 3 AL i AN BETE I 7 2 28 75 BR
BRI S o BB N gt A AT B I SR e A
FIARI AR BN e X I TR BN, fE
TE TR MR A EE NSRBI, IR PR N SRR JBE0
AL A SN o

4 - 92025 4 - 72025
---n=1 ---7=1
3 ——n=2 3 -=n=2
S " “/“\‘
<2 o 21 \"*.'l \\ “ - ,‘l Y \'\.
o SV AN AT
1 ARNEALLN 1 N T PV
: s N s
ob =" >~ - S\ /( ~7 0
-4 -3-2-1 012 3 4 -4-3-2-1 0 1 2 3 4
xla xla
(a) KR (b) Brfi#s
90

5 | >
270 270
(e) BEESIKES (d) BERE SR

B 4 TRSIE TRt IR FREE R
Fig. 4 Site displacements and tunnel stresses under different

incident frequencies

7.2 FKIRHIFZNE

B TEIR h=2a , KRN K, =3a, 10a,
20a, 40a o

Kl 5 45 T A RIZKERIEGL T 7K 58 S AL 7K
. RAEEE xia ARHTE:, DL FBEIEATISM R
MzhKIETT SR R E A B IWEL S TTEE
KRR A Iy B A R R 38 B g 520 B J2 .
kUL, h, =10a B, A RE FIRETE R )8Rk, K
R Chy, =3a ) B, AR il 26 R0 R TE 7 77 it 28
Fog, HREREIE LT (-1<x/a<1) B 5
ZIN o KRN BE A HE T AL 7K s 77 (1) 5% M B 5 K T4E i
T A2 R A B T R TOU7 B Ak 1) 301 7K 77 () B 52 21 08
WAl B B R, RS HE R 32 2 BUR A

AR

6r _ shw=3a —-hw=10a 61— -hw=3a — - hy=10a
——hw=20a ---hw=40a —-hw=20a ;"\ - -- hy=40a
4 4 ! ‘\ .
PN 20N
< o I 2SR N P N SR
2 , \ /, \~ 2 \\\\_J i ,1:,/ 3
! . \» ~ -\\\\I / -7
AT P S AN e -
TN T T kbl
-4 -3-2-1 01 2 3 4 4 -3-2-1 0 1 2 3 4
xla xla
(a) KPHE (b) Brfi#

(e) BBIESIKES

(d) BRI ERLS
& 5 NEIKREIAMAIFE FBRIE R 11
Fig. 5 Site displacements and tunnel stresses under different
depths of seawater
7.3 BREERAIFAD

bEIE b KR b, =5a , BEEMEIRT N =3a,
Sa, 8a-

K 6 45 A IR B3 R L 7K A2 F i Ak k-1
fits BRLIHERE x/a AR EZR, LU REEAT ISk
RIBKIE T BRI A . EL 6 ATEL
B, BRI RO Sy b (S AR N T RS B
Ty} (1 ¥ il 2 AN S g 2 B 2 TR 4 4 i T A2 45
V22, KESFHAL K TALRE . BEIE R A7 Bl B 1
SN o b, SRS AE b =8a MHEILHE T H
Bt . BEIEHEABEIEIE ET7 (-1<x/a<1)
TR B AL S L AR O . b = 3a I
(KA A2 WK T T B B3 hiAs, BRI
& T XS 7 s ) S R A TBOR A



58 RAET, S5 VI P NG T WA I T b R A AT o3 A 1425
4 =)= 4 - i ELAES TREIRSY, 1992, 12(2): 90 - 98. (ZHU Jing-ging,
--- h=5a --- h=5a
3 == h=8a 3 _ T h=8a ZHOU lJian. A seismic analysis method of undersea tunnels[J].
/ AN
<2 < g T “_““\--:-/ Earthquake Engineering and Engineering Vibration, 1992,
NN LT gl 12(2): 90 - 98. (in Chinese))
- /At s . ; » JIVEN
O ST I 0 [2] B, e WAL A i RE[C))
4-32-1012 3 4 4-3-2-101 2 3 4 . o o .
la AL R LR SRR, 1992, Jbxt. (ZHU
(b) &R

575 300
(c¢) BEBBIKES

6 T EIFFIERRAA AL FIREE R 1

Fig. 6 Site displacements and tunnel stresses under different buried

depths of tunnel

8 & it

AT Biot PAREANZ FLA BRI AR SRR A 5
#1772, KM Hankel BREFR 328 #i% (HFITMD,
WG T ARG T IR R BB E 7, 25 A R b
TE 3 MO THT P33 SO i) 8 AT, 2 BT T NI A
FE NS MK KRN f i P R S DR 20) 3 7
FERBEIE B A M . B AT SR, BRILR
5 B4R,

(D NHHAEE . NI g KK RIS 18 HE R
of 7K A58 G A A AN B T B 7 5 B

(2) BEENS AR, K458 R KA R A
BEIE SR E FI 30, B 7 A RN REE N s B
F NS PIIGE N, FEIE N 2 B RN .

(3) IKIFEXSBEIE HE TR AL 27K e T 5 mm B 2. Ay, =
10a i, 7K A8 ST v B8 AR T8 B ok

(4)7K 58 FHifn i 7% il 28 Ak i 5 77 ith e bt 75 12
DRI I AR 2% . BEAE R R 0, K EA8
S KPS RS TE B 7K R R0 BEIE 5 S 700 o

SN B IE LR A N I R IR IR %2 . e K
TEM L ESHAEE WSS . BB SCRIES
PR, X EERI RSN 5 SO . A, ARSCTE T
NS TKIR S BRI AR 37 S RS RS 7 ()52
i, USRS NG T P EENSE L, A
B B — 2 RRE,

SEH
(1] ARBEHE, A & WREE A R MR SN AT,

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, 1992,
Beijing. (in Chinese))

(3] RBuE, A 2. WERMENMG TR DR AR ).
7= T2 S TARERSN, 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))

[4] ARBE, A, KRILJ. BRIV ER T TR R
FHEREE 520 (] ). B TR S TAEIRSh, 1999, 19(3):
1 - 6. (ZHU lJing-qing, ZHOU Jian, ZHU Da-li. Problem of
effects of seafloor silt on earthquake action environment of
ocean  engineering[J].
Engineering Vibration, 1999, 19(3): 1 - 6. (in Chinese))

[5] KEIE. HREMEMH K SEKRERAGEZEI0]. hET
5 TREIES, 1988, 8(2): 37 - 43. (ZHU Jing-qing.

Earthquake Engineering and

Coupled motion between sea water and sea bed-soil under
earthquake  action[J].
Engineering Vibration, 1988, 8(2): 37 - 43. (in Chinese))

(6] FRIFVZL, SRSf. W2 s 72 2 7K s i 253 A 0],

Jb 5052 3 oK % ¥ iR, 2012, 36(1): 36 - 40. (CHEN

Xiang-hong, ZHANG Hong-ru. Analysis of effect of

Earthquake  Engineering and

hydrodynamic pressure on undersea tunnels constructed by
excavation method[J]. Journal of Beijing Jiaotong University,
2012, 36(1): 36 - 40. (in Chinese))

[7] Z8)%H, 5K/, TkF—. MR EAE T iR 2 i
W IR A E AT )], A4 %S TR, 2008,
27(6): 1155 - 1161. (LUAN Mao-tian, ZHANG Xiao-ling,
ZHANG Qi-yi. Stability analysis of sandy seabed around
submarine pipelines under seismic load[J]. Chines Journal of
Rock Mechanics and Engineering, 2008, 27(6): 1155 - 1161.
(in Chinese))

(8] FEA-5g, BRED, L. BRI E ST )]. BiK
R TRE2E3R, 2009, 29(6): 610 - 617. (XI Ren-giang,
CHEN Guo-xing, WANG Zhi-hua. Seismic response of
underwater site[J]. Journal of Disaster Prevention and

Mitigation Engineering, 2009, 29(6): 610 - 617. (in Chinese))



1426 =

+ T B % ik

2020 4F

(9] FEak/E, E@ME, HAZT). B HAE RN iR RS IE - [ A
Fr MR AT[T]. BUCEEESIR, 2013, 50(6): 44 - 51.
(CHENG Xuan-sheng, WANG Jian-hua, DU Xiu-li.
Fluid-solid coupling based seismic response analysis of
seabed tunnels during seepage[J].
Technology, 2013, 50(6): 44 - 51. (in Chinese))

[10] XUAREE, 2 55, FO/INAL. Vg i AL B i 7 ey 2 52 i [R]
ZOMTI]. HANARE, 2011, 31(4): 200 - 203. (LIU Ji-guo,
CHENG Yong, GUO Xiao-hong. Analysis of factors affecting

Modern Tunnelling

seismic response of seabed shield tunnel[J]. Journal of China
& Foreign Highway, 2011, 31(4): 200 - 203. (in Chinese))

(1] A s, & &, %J]Z?E R PORRIAST G
i3 XT@)BEULE L) JIWA RIS D], SR TR,
2016(3): 78 - 85. (ZHOU Peng, CUI Jie, LI Ya-dong, et al.
Effect of oblique incident angle of P-wave on submarine
immersed tunnels[J]. Word Earthquake Engineering, 2016(3):
78 - 85. (in Chinese))

[12] BE#R, AHH%. PRI W R U B = ) 1 73
BT KRS K22 22 3]k, 2018, 39(6): 115 - 119. (JU
Jian-min, LI Hui-peng. Seismic response analysis of

submarine immersed tunnel to P-wave of oblique
incidence[J]. Journal of Dalian Jiaotong University, 2018,
39(6): 115 - 119. (in Chinese))

[13] FRERI. 7J<Fl?ﬁ¥_5§i1ﬁﬁi1ﬁ%i’3§ﬁﬁf‘ﬁ5?*1‘@%%%Fj’\
(D). db3T: JbITAC# K%, 2013. (GUO Chong-zhi.
Analytical Solution and Numeric Analysis of Seismic
Response of the Stratum and Tunnel Under Water[D]. Beijing:
Beijing Jiaotong University, 2013. (in Chinese))

[14] RN, EREE, SHEOH, 55 RAREAMPIAHEZ LA sl
3RSy M i) s A IR T 0], s R IR AR, 2001,
23(2): 178 - 182. (ZHAO Cheng-gang, WANG Jin-ting, SHI
Pei-xin, et al. Dynamic analysis of fluid-saturated porous
media by using explicit finite element method[J]. Chinese
Journal of Geotechnical Engineering, 2001, 23(2): 178 - 182.
(in Chinese))

[15] LEE V W. On deformations near circular underground cavity
subjected to incident plane SH waves[C]// Proceedings of the
Application of Computer Methods in Engineering Conference,
1997, Los Angeles: 951 - 962.

[16] S:ft, R, KAELGIKBEE AR RIS 370
B ARBTARL]. HuiE RS TREHRSN, 2011, 31(6): 1-
10. (MA Hong-wei, CHEN Wen-hua. Analytic solution for
seismic responses of large-span diversion tunnel induced by

plane seismic waves[J]. Earthquake Engineering and

Engineering Vibration, 2011, 31(6): 1 - 10. (in Chinese))

[17] %4, BRacte, 55 B, 4. PN SRR N KBz
TR bR e S A AT ).t SR AR, 2016(4): 196 - 204.
(MA Hong-wei, CHEN Wen-hua, ZONG Q4 et al. Study on
seismic response of underwater convey tunnel induced by
plane P waves[J]. Word Earthquake Engineering, 2016(4):
196 - 204. (in Chinese))

[18] BEfh, BRacth, 5% . SV S5 BIZK T 7K bR 7
M = M S T[], B O R AR AE AR, 2016(5): 82 - 88.
(MA Hong-wei, CHEN Wen-hua, ZONG Qi. Transverse
response of underwater convey tunnel to incident SV
waves[J]. Journal of Disaster Prevention and Mitigation
Engineering, 2016(5): 82 - 88. (in Chinese))

[19] T2 5. JK N & BEIE VAT = b 732 we S5 1) ~F T e A 23
HT[D]. db5: JERASE K, 2009. (DING Man-man. Plane
Analysis of Seismic Response of the Underwater Saturated
Sandy Subsoil with Shield Tunnel[D]. Beijing: Beijing
Jiaotong University, 2013. (in Chinese))

[20] BIOT M A. Theory of propagation of elastic waves in a
fluid-saturated porous solid: I low-frequency range[J]. The
Journal of the Acoustical Society of America, 1956, 28(2):
168.

[21] LIN C H, LEE V W, TODOROVSKA M ], et al. Zero-stress,
cylindrical wave functions around a circular underground
tunnel in a flat, elastic half-space: incident P-waves[J]. Soil
Dynamics and Earthquake Engineering, 2010, 30(10): 879 -
894.

[22] LAMB H. On the propagation of tremors over the surface of
an elastic solid[J]. Philosophical Transactions of the Royal
Society of London, 1904, 203: 1 - 42.

[23] DERESIEWICZ H. The effect of boundaries on wave
propagation in a liquid-filled porous solid: I reflection of
plane waves at a free plane boundary (non-dissipative
case)[J]. Bull Seismol Soc Am, 1960, 50(4): 599 - 607.

[24] LIN C H, LEE V W, TRIFUNAC M D. The reflection of
plane waves in a poroelastic half-space saturated with
inviscid fluid[J]. Soil Dynamics & Earthquake Engineering,
2005, 25(3): 205 - 223.

(251 HFHEE, VAR, SEFI B TR IM]: dEst: BheA A,
2006. (YE Qi-xiao, SHEN Yong-huan. Practical Math
Manual[M]. Beijing: Science Press, 2006. (in Chinese))

[26] LIU Z, JU X, WU C, et al. Scattering of plane P1waves and
dynamic stress concentration by a lined tunnel in a

half-space[J].

Underground Space Technology, 2017, 67: 71 - 84.

fluid-saturated poroelastic Tunnelling &



5 8 31 RIET

SPT P YNGR TR AT IR 1 b 7= e SR AT 43 BT 1427

FisR A:
HPEC HTHR e, WMFFxR: c
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ER+2ucos’ y 1k s ¢y = uk sin2y,, ¢, =-K; k2
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