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Dynamic response of composite linings of shallowly buried tunnels in saturated
soils subjected to incidence of plane Rayleigh waves
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Abstract: Based on the Biot wave theory and the Fourier-Bessel series expansion method, a mechanical model for scattering of
composite linings of shallowly buried tunnels in saturated soils subjected to incidence of plane Rayleigh waves is established.
The analytical solutions of dynamic stress concentration coefficient, pore pressure concentration coefficient and displacement
of saturated soils of the composite linings in frequency domain are solved. Through the parameterization analysis, the
influences of the stiffness ratio, thickness ratio and tunnel depth on the dynamic response of the composite linings subjected to
Rayleigh waves in different frequencies are studied. The results show that the incident frequency has a significant effect on the
dynamic stress concentration coefficient and pore pressure concentration coefficient of the composite linings. Increasing the
stiffness ratio and thickness ratio of inner linings to outer linings can significantly reduce the dynamic stress concentration
factor and pore pressure concentration factor of the outer linings, and the maximum decrease can be more than 90%, but can
significantly amplify the dynamic stress concentration factor of the inner linings, and the impact of shock absorption of the
outer linings is limited when the amplitude exceeds a certain value. It is suggested that the stiffness ratio of inner linings to
outer linings should be 2~4, and the thickness ratio should be 1~2. With the increase of the buried depth, the dynamic stress
concentration coefficient of the inner linings decreases gradually, and the influences of Rayleigh waves on the dynamic
response of shallowly buried tunnels are more significant. The results may provide theoretical support for the anti-shock design

of underwater tunnels.

EEWME: ERARBFEEETH (51778540); EKHE SR TR
shallowly buried tunnel; composite lining; dynamic response H (2019YFC0605104)

UgFSEER: 2021 -02-23

SEEEE (BE-mail: sys1997@163.com)

Key words: tunnel engineering; saturated soil; Rayleigh wave;



3 1

JuLAE, & T Rayleigh BN TRt ik I BE i 5 AR 143 v J82 445

0 5 =

BEE LA SERE, WL, B scim TR
(v HARRY, K FRHE TR AEEEEER, K
ks 2 ORI (K R BETE 7 s ZU AR X . 4R
M, AT OE T /KBS TR B S AR I 7 b,
A S H I ZEIMEAIR, Kk, FFREKTREES
) 140 b R i IS A 9 LA X R L R S B R S

SR - v B T 2 A0 Ko SR U8 () ) A
FEEREARR (P SV EPD Jrm, SR,
Ry AHEL, Rayleigh M EMIEK. R, —
AT B B RO 3 R s R KT A AR 4%, T
BHREE R S IH, Rayleigh U HOHRIE 1L % ] & 45
oA, HatREEENER MR 1.5~2 %
Rayleigh JJ%KIGHE PG, WFFEFRME, JRIERERIE
FE 5 Rayleigh R RE VO, SRIEREIEMLL, 7%IE
BEIE7E Rayleigh P 1l T A5 KAMIR, BiZ5|#
SRR E .

Ak, EWANEE NZFET T T Rayleigh
PAE T B S5 M 1 3 0 92 1) .- Gregoryl 7V - (1)
WEFL T e -2 () oo [ BRI X Rayleigh I SO
W, )M T Rayleigh 3774 UK RO ) S5 3
Hoéllinger 5 B1R FH U bR B0 R HF3%%, BF AL T ikl Rayleigh
PR T b 2 2 18] o b T BT 5 2 2 ) 2 U
W] Luco 25U (A 1L ik, WA T B
P 2 23 ] o [ R X6 Rayleigh J87 FF 5O ), SR
SCEEUORE T iR AR TR, HES T Rayleigh JEAS T
TRIEBEIE 1) 3 N S REUAENTR: X b e ST
(B SRS T REvd:, WIRTE 1 i 2 2 1) v A RIS
XFNST Rayleigh 3 FUHUR 7@ Lin SUNERT A7
BB ARG EAR, 45 T R R T A T B A Ao
HII% 1 % N SFSF- 11T Rayleigh S 8UR 1 F & fbT R, (R
A HF 7T (I3 IS B B B AR A R, 1T SE Bz i
SEEKIEAN A, MR b (A B S
PN FREL TEGREEER.

WFFL B2, Rayleigh % 7E S AH BRI A T b (1) 7%
A RAATHEL, A S A LUARDE, SR, 78
FARMI RIS B of Rayleigh B0 RERT, SRS
R B I R AN SRR S R DI, A FRIARA L
B B# Rayleigh P E KT PGl IS, AHIEE 0]
RENEE FIR R S5AR A0,
XA T Biot JWA B, SRR REE,
FU T VAN A R K TE NS Rayleigh 3 (1R
) AR AT Biot W ahHEE, SR MEA AR
SRRV, WEFT T A A ey BRI A 6 B TR X ST T

Rayleigh ¥ UHUN M. HAET, ST ki fE
TE 25165 Rayleigh P B il @A Fe AR =, ¥
o 5 S AT RN LI ) B A i T, e DA 2 7K B
H TR BRI R, MHREMPE R EE.

ASLET Biot #ENELS A Fourier-Bessel 24
Tk, @57 7 FIH Rayleigh BN T, RIEREIER &
AR HIECS I AR, SRAE T AR A AT
NI RZE FURSES R, B2
o Hr, WH5E T Rayleigh SWAEANFRIAGHHRAERH T,
AT R AT NI EE bL  JE B LS5 IR 30 525 Al 7
e S RSN ERARE, 4 H AR R I HRE i 8. AL
FSCR AT 7K B ISR B TR B S

1 HEER
W 1 TR, A R K B A
SRS, 72T LR fb A 0 4% i B

B SRR R
B NENT

1 FIEFER

Fig. 1 Mechanical model
NITEAFEAAbR R B 4, R — AR
5 R R AR /K B bR 07, DLSR R Hh i oK 5 5K
H2E4%, HUb=1000a, , [BSKHECALT 0, K, LA D
R o KMl o, RUZ AR o AT IEEN 6, = ay -
a,, WHEENG =a, —a . BEEIRFEN he ML
et AR 5. & mFEPER
1.1 AL ERDEE RN
S A+ P . SV AR, Rayleigh
PR NI, TRV L3R B SOt = A 08,
w— BIREZEAN o (1) Rayleigh B x BlKCE N5t
B [EI R e7 ', fEE ALK R (x,p) 1 Rayleigh
B R A R N
¢ (x,y)= A explikyx—v,») » (1)
¢ (x,y)= A, explikgx—v,,») »  (2)



446 " + I B ¥ #H

v (x,y) = Bexp(ikex—v,y) 5 (3)

X, 41, 42, BN Rayleigh B4 s3I 280, &,
9 Rayleigh W BH v, = ke JI=E2 5 v, =k 1=
vy =k 1=87 5 & = (e /e ) &= (e lep,) =
clgz ’ 52 =(cx /cp2,s)2 = 0252 » ¢y N Rayleigh BEHHE

= (e, /cpls) y =(cs’s/cp2’s)2, Cos? Cpgr Cog o
7107'3 Py BOE, PrUE, RISV RIUEH,

YA LR ISR ) e DL RALIETERR
AbbR R R I ZRIE R Rl

0p .
oy || 1o
u,—Z/—'{ 6rJ+r(69j ’ @
Uy = jl(,l,(j;;j ( j )

Ur:Zj—l( arj _(a j (6)
r,r—z {(Am OV’ +2N( ‘iﬂ
O(loy

2N(6r(r aeD ’ 2

e 2(2.53]

O(loy

2N(6r(r aeD ’ ®

. 199 _13)) (15 Q(WJ
0T T 00 a0 o a\rar)
©)
o= (Q+nRV¢, (10)

K, w, 5w, AN E AR 42 A R FIR 1A A0 5
U, NIRRT RAAR RN, €, 1, 1, 0 00A
SRR IR ). RN JFBIRL )], o ML
TrhiAEALE, WRTRE, 4, N, R, O, n,%5H
HUE TE W SCHR[13]

H tH37 Rayleigh 3 % bR 201 R E00T L3R [ i
A 21,

(1) MFRFE KD F5%AF

2-ME 2-ME 218 (4] (o
21-&7 2if1-&  2-& |14 =101, (11)
_Slglz _S2§22 0 B 0

(2) MRAE KL FA

2-MéE 2-ME 2a1-¢ A1 (0
2ifi-¢g* 2ifi-¢g 2-& {Az}_{o},
A-n1=&* a-n 1= —ia-n,) |(B] 10

(12)

A M, =P+n,0)/ 1> S, =(Q@+n,R)/u> (=12),
P=A+2N.

RAEFFUOTREA (1), (12) BRHEZMW, W4
R REUTHINE, HE— 0k, HRiEKL
AT Rayleigh 3 18 7 72

(2_52)2 _4\/1_52 (Kz\/l_cléz _Kl\/l_%éz)zo 0

(13)

WK ANIE KD T4 Rayleigh 3 3 E J5 F2

Q=M EN1-c,& [20-n) - (1-n,)2-&) ] -

Q=MEW 1= [20-n) - (A-n)2-E) |+

40, —mA-E)1-¢EH(1-,E) =0, (14)
Ay« =¢,5,/6,8,-¢8), (j=12).

L Rayleigh B T FERRA &7, BIAIRAZ
ks Vair Vayr Vgr BE—BTIRMENSS Rayleigh ¥
B REUT) BB A1, A2, B.

T H #H3%H A5 Rayleigh # 1 Fourier-Bessel
RHOY AR AT R AR T 1), G5 3R 5 M g
A — B R ZE. [SEAET R, Rk S
S T 5 iR A FEN S Rayleigh 787, R 38F G i ik 35k 34
PRECHEAT SR T i T PR B AR ZE ORI S Dl K
ARk (D ~ Q) AKX @D ~ o), B
F| Rayleigh I % 7 XL N STk, FRik=oh

U = (iky sin6, —v,, cos, " (1,60,) 5 (15)
V,,080)¢, (11,6,) » (16)

u , =ik, sin@ -
u . =(ky cos —v,sin)y"(5,6) , (17)
u, o = (iky cos6, +v,, sinf, " (1,60) »  (18)
u, . = (iky 086, +v,,sin6, ), (1,60,) 5 (19)

= —(ik, sin@, —v, cosO)y" (11,6)) , (20)
o = A0 0)iky +vo)e' (7.0) (2D

T, g = @Ak +vo)e (7.0) . (22)

S (1.6 5 (23)

Var) = 20820k, 161 (,6) > (24)

v2,))—2c0s20,ik,v,, 165 (1,6, »

(25)
7, . = Nlcos26, (iky —vp)+2sin 20k, , " (1,,6,) 5 (26)

o = (ke +vi)Q+n R (1.0) (2D

7, ¢ = NIsin26, (iky — v;) —2cos20,ik,v
7, = Nsin26, (kg —

T = N[sin 26, (ik; —



53 1 TEYLEE, S5 I Rayleigh i NS R UURI-L o BN 5 25 st BN Z) g 447
Oy = (kg +Vo )@+ R (1,6) - (28)

U,y =, (iky sinf, —v,, cos6), ) (#,60) . (29)
v, g =T (iky sin6, —v,, cos6)¢," (11,6,) » (30)
U =1, (iky cos O, +v,sin6 )y (,6,) - (31)

H—rE L (15) ~ (31) B NE IR Fourier 203,
PLE (15) A, AR RIA R,

N-1
u¢ = Z[an () cosnd, +b,(1;)sinnd, | +
n=1

a,(r)
2

1 nL nL
KA, a)=—>Du R(r,—jcos(n—j » b (n)=
) N,ZZ |y " )
13 ( nLj : ( nLj
— > u | n—|sin| n—|.
N " N N

N
U, o = z (4, cosnd, + B, sinnd)) , (33)

n=0

+aNT(r‘)cos N6, (32)

X,
Ao =ay(r)/2
4y, =a,(r) (n=1~(N-1)
Aoy =ay(r)/2
By, =by (1) (n=0~N).

A (16) ~ (31) WIAKR Fourier &R H 1155
X (15 FRPBEaME, ARER. 26, CRkE\
A4} Rayleigh I 1E H N oIk #2 . B FLE
(1) Fourier 2 HFe1k, v FAZAE FiR R 1A # e - X
1) R B0y EARNAR A0 T4 A R b AT 5 RE SR i
1.2 (AL PEEST IR R

NG Rayleigh 3 75T - o i 21 BE 1 25 F
FEVEAN 5 B T8 A2 5 TR P2 AR AR 1 (R AMT IO Py
¢ (1.6 ~ P2YBZ¢2,SI(’1’91) ol SVYBZWSI(FI’QI) » BLR
BRI N R B P 4,(n.6,) « P2 B
$,(1,0,) ~ SV Fy,(r,,6,) TR LU B
Fourier-Bessel 2% @ Al RRx A

¢1,51 (I"l ’ 01) = z fol) (ksa,l;/; )(As(ll,)n cos nGI + Bs(ll,)n sin nel) ’ (34)
n=0

¢2,sl (l’i b 01 ) = i HS) (ksa,2ri )(Cs(ll,)n cos n91 + Ds(ll,)’l Sin ne] ) ’
n=0 (35)
v 01,0) = S HY (kL sinnd, + FY), cosnd,)
n=0 (36)
¢1,52 (r,,0,) = i I (ksa,1r2 )(As(i)m cosmb, + BS(;)”’ sinmo,)
m=0

(37

b0 (15,0,) = DT (k. ,1,X(CS) cosm@, + D) sinm0,),
m=0

(38)
Vo (ry,0,) = D1, (kyr, X ES), sinmb, + FS) cosmé,) ,
m=0
(39)

A1, HUY () %5 Hankel 6%, F43% /& Sommerfeld
RS AAE, T () N2 Bessel %L, 1 () FTH ()
N BN REARAS A () — R IE R AL, IR A5 25 b 2 A
Pk PrU. SV IKIRIAAI 2 AP, 4D,

@ @ @ ()] @ (2) (2) (2)
le,n ’ Csl,n ’ Dsl,n ’ Esl,n ’ F;l,'z *n AsQ,m ’ BsQ,m ’ Cs2,m ’
2 2 2) M4t Sy
DB, ER. FE i b

BT IR A R BIAEA R A6 bR R g, A
T, T B AT AAbR 4. IX BTN Graf IIVEA
K2, AL 0, 0, AhE R MIIEEHS:, @it Graf
DA e R A] 45 B0 HUN I A R BAE 5 — MR R T
1RIE .

cosnb, - &,
c, (kn){m 0 } =3, G, (kD) £

cos mb,

D1, (kD)]{Sm - } (n>D) » (40)

2

w &
20 _ 7 (krIC kD) +
Sin }’le } z”=0 2 n ( 1 )[ mn ( )

cos n6,
(-D" C,,,,,(kD)]{Sin 91} (n>D) - (41)
1.3 (AR ERIATE R
R b A PR S EH R B AR I 2H
B BUNGT Rayleigh % HIREUN Pk, P M
SV ¥, AR 5458 FHHUR P Pads
HTSV 3, T AT LAAS BN L [ AR 3 1) i
¢ = ¢|R + ¢2R +¢l,sl + ¢2,51 + ¢1.s2 +¢2,52 ’ (42)
4 :V/R TYatVWo o (43)
1.4 SMNERH PG R
FEAMT A, AFEAE S RN 258 B = A P SR U
P g, (n,0) FI SV Wy, (7,0,)  BAR 15 AR SR
FEAEIIAMTHUT P B 6, (1,6) F1 SV Bw, (1,6) 5 b
Ao v R 35 R B T R Fourier-Bessel 22401 20

6, (7,0) =21, (k.1 (A, cosn, + B sinng), (44)
m=0

cosnb,), (45)

pln

v, (7,0) =21, (k4 )(EL), sinng, + F{)
m=0

$,(1,0)=> H (k,,)(A, cosnb, + B') sinnd)) ,
m=0

(46)



448 " + I B ¥ #H 2022 £
o s Soh 2 S hr e _
¢p2(’1,01): ZH(,,I)(kpﬂV])(Ef,lz),, Siﬂn@l +F;)(;)n Cosngl) , d) 9}%1‘5 W%TX%E{&%&E%/"R{EF ( nh=a, )
n=0 ’ ’ u =1, ub=u, (59)
(47)

Ak, =0lc,, s ky=olc, 3RIIMIHR P
SV BEBH ¢,y s e, WRISMTHE P EA SV i

%Zi%,o A}(’:?" ’ B}(’I‘?" ’ E}()IL)" ’ FP(II,L ’ A}()IZTn ’ B}()IZTn ’ E}()IZ),n ’

FO Sy R SN e B9 i A 5
b=+ > (48)
Vo =V t¥Wp (49)

1.5 HNEABPEESHAEE R

TENFTH, RES SN A i 5] RS 1) N BB P
B ¢, (1,6,) F1 SV By, (r,6,) » LA Aot 23 T 7 AR 1)
AMT B P U 6, (7;,0,) A1 SV Wy, (1,60) » PIATHT)
R BT R Fourier-Bessel 25U 20

$,(1,60,) = Z J, (kin; )(Al(ll,)n cosnb, + Bl(ll,)n sinnf,) , (50)
m=0

v, (r,6) = Z J, (kypmi )(El(ll,)n sinnf, + F;ilr)l cosnb,), (51)
m=0

$,(1,0,) = Z H(nl) (k1 )(Al(;,)n cosnb, + Bl(2l,)n sinnd,)
m=0
(52)
v, (1,60,) = Z HLI) (kipm; )(El(;?n sin nf, + F}(zl)n cosnb,) »
m=0

(53)
Ay k=0l ky=olc, 3RRNFTE P U

SV BIEH ¢, e, 7 AT PR SV B

WA B B ED. ADL BY. ED,. ED

NAETE R B P A b i 3 R Bk 50
h=0+h > (54)
Vi=¥nt¥n (55)

1.6 HEBFZEM
NIRRT E BB AL, BY,, CL .y DY ED s

sl,n sl,n sl,n sl,n sl,n

@ (2) (2) (2) (2) (2) (2) @)
F;l,n *n AsQ,m ’ BsQ,m ’ Cs2,m ’ D52,m ’ Es2,m ’ F;Q,m }\ {Apl,n ’
@) @ @ @) O @ @ @
Bpl,n ’ Epl,n ’ F;)l,n ’ Ap2,n ’ Bp2,n ’ Ep2,n ’ F;ﬁ,n }$D{All,n ’

1) O] @) O] O] @) O] H
Bll,n ’ Ell,n ’ El,n ’ A12,n ’ BlQ,n ’ E12,n ’ F}Q,n }Eﬁﬁ'fﬁ’

i M FHI AR A 25, A TR B M AN = 5 4 )
LG NANE KD T, AR TT 73 B K RIANZE K PIR
AFFRAERFEE

(1) KB KIL T FA

a) WA TR R A% (ry=b)

©=1,=0, =0 (56)

b) ML 5AMS S R AL A %M (r=ay)

u=ub, u)=ub (57)

¢ A RN S SRR FM (r=ay)

S _ P S __p S S _
. +to=1", 1,=1,, u -U =0 . (58)

e) AT S WA SN Ja %A (r=a,)
=T, Th =1, (60)
£ AATIE 2 TN J AR %A (r=a)
T;{r =0, Tﬁe =0
(2) HWRAFE KD FFAF
MORN LR N IR B I A (=0
. +0=0, TrSg:O, uf—Usz o

HARBFZMFE (560 ~ (61D

W& NI R BN T %A, R Graf
IR e, 4 RN L P IO A RN 02 AL bR R AL 4
2 OV R, 1R B — RINENMETL S REOTEA, &
9w B AR PR R AR, RO T 1R BT A R BT
e REL BFRESBREBARN (4) ~ (10) BI#]
KRGEAXWZIR S R FLUERSES REL D
J AN A B S TR . TR E UL 2, Fourier-
Bessel 25 vH 5 T A 4k HOC 2 B 1H SRS B2 5 U8k
P, ARSCIE I EHOAN [F] AT VR, FRLERARAR
T TR R 22, i 22/ N T e e IR B, R
FH A A S bR S v SR I 2, a5 ERER I, Y
THE DU 20 B, TS 45 R WSt 2 e e 1
1.7 SRS

TE U NN n N = BAA S AR
{H:

(61)

(62)

_ 2aq,
oy
K, A, WAL SV K.

NIRAUE A SC Iy R DL R RO R I B M,
ARSI =S HICH 0, TENME =05, BERER
hla =5, WkAtbv, =1/3, HE&SHE5 Luco %P—
B, 2EARFWIAFEEENE, WA LR SR
TR 2 R R R A 2 B A A 2 2 [ o S Ao ) LR A
Bl TR RA AR, JEEAT IEMAL S,
2 4T AR ALAAAN Luco ZEPH4E AT EL .

AL, AEE RS Luco S0 45 1 3
R, (HIERE EAAE R E. TR
s Luco SRR SEF Gk AR ok B e il 7t
G IriE, HARR LR THUEM, R FUoA R
PSSR, FEE R T R L B SRR, AR ST
TR BURITE, A LR T T, EaEN
FONSERERR, T HoRERERE R RIMER . BRlt, AL
25 SR IR B 7E B A b Aw oK, (0 AR RV E I,
BOAIE T AR SR 1 3 37 DA B SR At AR 2 TE AR

, (63)



THUE, 55, I Rayleigh NS A SRR TE 52 15 S W) 31 70 i 449

%3
4 —
— &SR
o Luco%m%%
3
=
1 )OOOOOOOOOOOOOOOOOOOOoOOO feXe)
0 I 1 I I I 1 I ]
-4 -3 -2 -1 0 1 2 3 4
xlay
(a) KPHiE
4 —
— AR
o Luco%m%%
3 =
S of

oooOOOooooooooooooOOooooo °

1+

0 I 1 I I I 1 I ]
-4 -3 -2 -1 0 1 2 3 4
xlay

(b) it
2 HRIEMLALTS

Fig. 2 Normalized displacements of surface

2 BHoh

DU 2 AN KA T, A SRR SCER[21],
B 280 R N 0.25, JUAIBE N a=3.0 m,
a,=33 m, a,=3.6 m, PFERREI/a =2, EIEE
BARFUR R K, =22 GPa, KA E K, =22
GPa, filEH ¥ A =u =22 GPa, WA BEHE
p, =350 kg/m’, TEZREE p, =2700kg/m’, K
Ji T p, =1000 kg/m®, AT EFLRE n=03. it
AN LR [ R IBURL I IR 48 AR BN . T U )
&, Biot WA AP IIZE b =nn’ Ik (n HFLIR
AR B, n NFLBRIE, K NBIERED,
AR AR, B mAEXFEn=0, Fik
b=0 , ANFEZEBEF s T E i fLR R 5805
REMIRBOR FZRAIR, T W SCHR[24] .

NET 8, G % R fLUEET R
it L. SN A5 25 (DSCP): MR ksl
N FTRRHE S IR A, 2Rk

O =0p /0y (64)
X, o) WASTERTS RIS, o, NirdE)R
Ry, BN AE B B g 230877 .

FUESEH REL (PPCF): A i e K LI K B AN

R N A [ R S v W

o =c'lo, (65)
X, o AT SRS FLEBR K E 7T
2.1 EEXNEWRIESE S

NI SIS 2 00t 526 AN 77 0 S8 PR 52 0
A WA FAMT I EREEL (5, /6,) N 11, EaRmin

FALEY 025, At S5t sTnEaE e Ny 3/1, %
NI A KA RIPE R Ah AT ii & B, 34.5
GPa, NATFISM SR R & L (B, / E,) 7390 1/3(3E
PERFD. 11 (SRNAD. 3/1 (IR,

(1) NSARER T G AT 7 1R 5

Bl 3 45t T ANE K 264 T AR W B G A )
T EMSIZH N 025, 0.5, 1, 21/EH T, E& 4
WIHIBN N J34E Th 23 (DSCE) FLIE4EH £ % (PPCF)
S A. Hodr, 0° FoRBEEMHL, 180° ForpE
EHET. AT LAEH, BE ASAER RIS K, DSCF Al
PPCF 7 [ 73 A LA R R AL 5 2%, HiR{E 2%
BB . B R

S N SR DSCE 8, X RiAS RIS,
M B % 2R 350 AW A Ao 155 100 > 2 A A 1 050 > 21 Y
PP, P NI AT S UG E LN 11~16, N
FHEEHLI N 3~4, 8N 3~4 5K R, Ui
K Aef 2 25 S 35 TEOR N AT B BN 8RR - 8444 B
H L ARSNGB T IR N O, mN
SR I HE JEVRD LR B R R s O AN E AT T
DSCF ff, {RMNGE, SIS S N ERIAE
Bk, BENSARRIIGE R, 5 2 IR R RA
[FEATR, MR(E % RISATNME A5 > S BN e
> NI AT O, b St A 1 U 200 3~5,
NI N Ao I I (E 20N 0.8~2.9, —F 4 2~3 fE%
F, VLB K AT NI EE o] LA R4 B At 1R 30 R i
B, BHRTAMTPOER T BE N Z AT
PPCF 18, HOEMELINIMSBIRII LR R 12~
1720, XFRAN[ESEE, WRAE ¢ R 3B F M WA IE oL >
IR AHE DL > NIVE AL, LRI A E G
T A LR INZT 50%~ 100%, 5 B 18 K A 4o W1 FEE
[FIFEA T BEAR S M R T FLE

P4 25 T 2008 350 ) 1 3 5 e IR BETE (1) 75
A, IRBEIE FHb ) A TR R B IR O R A
W7 J2 55 3 2 R AN R M BT 2% A H LR T I R A LU
P % EE S B E FDRIERERS), Bhabh, JeiRBEiE i3
IR B BRI, 1 T LA AR P RE 2 & /Kt
DRI, d et 5 BRI AR AT AR R 6) L AT T, R R T
F1 B HE TR -4 8 A e A= T2 25 AR 1 i RLAR A 7T RS2 IR
4l Rayleigh P 1E FH 1145 3

(2D AT A4 et R RE B s B A A RIS A7 () 2

I 5 A XTI R 5 R BRI AL SR R 3L
(AR AT A, Rayleigh WAEARNFSERIEHA T, &
A AT ) A 13- HE R AR 30 B IR B AR R EOR, B S
5 TiZs (EIYR 4 fA1 B £ 1) DSCF 11 PPCF i
{ELFE P9 AT RO AN T I BE L AR P i 2 . T DA S 6
AR, Bl N A AT Mef WIEE L A3 K, A i



450 Hs

2022 4E

180°  7=0.25

DSCF

— E/Ep=1/3 - E/Ep=1/1

 EEp=3M Slop=lNl EyIEp=3/1

180° 105

15.0 1

75

&

3 olaoe 90°

a

75

15.0

— Ey/Ep=1/3 - Ey [Ep=1/1

------ EL/Ep=3/1  8/8p=1/1 = Fy [Ep=3/1
180°  p=1
12.0 n
6.0
5
g o200 90°
a
6.0
12.0
— EpEp=1/3 - Ey/Ep=1/1
------ EL/Ep=3/1  8/8p=1/1 = B IEp=3/1
180° =2
11.0 5.0
55
=
2 ol270°
a
55
11.0

— E/Ep=1/3 --- Ey[Ep=1/1
= By JEp=3/1

(a) NENBIZIR IR P RE

180° n=0.25 180°

— E{/Ep=1/3 - Ey [Ep=1/1

— Ey/Ep=1/3 --- E{IEp=1/1

— ElEp=1/3 --- Ep/Ep=1/1

— Ep/Ep=1/3 - Ey IEp=1/1
Sulép=1n EL/Ep=3/1

(b) SMERBISHEL S5 R B

n=0.25

—Ep/Ep=1/3 - E[Ep=1/1

oy /ép=111 Ey/Ep=3/1 o1 /6p=1/1

180° =05

— Ey/Ep=1/3 ---ELJEp=1/1
Sp/8p=1/1 —EplEp=3/1  &p/8p=1/1

180° o

— Ep/Ep=1/3--- Ey [Ep=1/1

S./8p=1/1 -~ EpIEp=3/1 &y /6p=1/1

180° n=2 180° n=2

— Ey/Ep=1/3 ----Ey [Ep=1/1
Su/Sp=1/1

5Ll5p=1/1 """ EL/EP:3/1

(c) ArrRmEfLESE TR

3 ERIEEEAMMEENEDRZLMILESHRY
Fig. 3 DSCF and PPCF of composite linings with variable stiffnesses

4 %)M R AR E R
Fig. 4 Cracking of Longxi tunnel in Wenchuan earthquake
DSCF IR{E ) TR, 4 DSCF Al PPCF 224k
N

a) [REINGIHS (n=025), £ E, /E,=0~4 julH
P, S8R AT IS AT SR ST ) DSCF, e KR
Mg ATk 90%LA L, 7EE, / E,>4 J&, 3K AR EE Xt 4k
¥t DSCF {HRIFEME/N, B8 N Ao W EE X 4k R T
PPCF {H ML/

b) RSN (n=05), Bk LEH, BERFT
FAMFNIBELL RIS K, #MF i) DSCF R I& K
#, PPCF {H R RIS, HIEEILE N,
ME JE, >4 B, AR,

o) TEHASIE (n=1. n=2), FEHNKF4
RIS EE 3K, 44t i) DSCF {5411 PPCF {8 ) 3%
WA A%, Hp, fEE /E,=0~4 Ji[# N, DSCF
B IR Z) 10%~60%, PPCF {H B IR Z) 30%~90%, 4
E /E,>4 I, WR{EARWEN.



fuELE, 55 T Rayleigh NS T A+ iR BB TE S 5 s K 50 75 451

%3
251 4 1.00
---.A-DSCF
20 | — B-DSCF 1050
------- A-PPCF
&I15r 4 1060 &
[72]
= &
10 J0.40
SE H0.20
—————————————————— [o===-
0 2 4 6 8 18
EL/Ep
(a) n=0.25

50.40

----A-DSCF
-—— B-DSCF

10.34

1028 L,
&)

DSCF

-
{022 ™

10.16

1 1 1 1
0 2 4 6 8 16).10

151 7 1.00
12 90.80

ot 10.60 L,
(&)}

DSCF

-9
H0.40 &

10.20

=)

(b) n=0.5
- - A-DSCF 1 0.50

|— B-DSCF
------- A-PPCF

3 g 10.30
: :
- ! 41020 &~
i -i 0.10
___________________ I e 2o
' ’ ! 6 8 10
Ey/Ep
(d) n=2

5 ARASMIRIE L & & RATWZR A& P RBFFLES T R BN
Fig. 5 Influences of stiffness ratio on DSCF and PPCF of composite lining

Zx b, ORI AT RIS NI BE LG WA R AR A A 1
BN IEE T REONFLE & 28, R R A AR S
Ao S LEAMN 22 2 3 ORI A B 77, T ELRE At
IR RS A BR . bk, BER AT IR th & B
FHOm TAREMN, Rk, 8 AR A A W EE L
E, /E, WALy 2~4.,

2.2 BEEXHWEESHESH

NI I IR 200 526 SNAH RN 79 e S8 PR 52 0
R 2.1 LR, 2 WRTFISMTNIEE L E, / E,=3/1,
AT RTINS JEBELL S, /8, 4309 1/3 G AT, 1/1 (=
BAFD, 3/1 VRN, HRSHE 2.1 1.

(1) NSARER T A AT 7 1R 5

Kl 6 45t 1 ANE KL T AT T A 5 5 5 AT b
FEIENIHE N 0.25, 0.5, 1, 2/EAN, E&4t
WIS /18 2% (DSCE) FLIE#E ' Z% (PPCF)
o fi. FTLAEH, BEENFEZEREEL, DSCF M
PPCF F[A3 A4S A R M A 2 2, HiRME 2R
AR . BRI TR

SR N SR DSCE 8, X RiAS RIS,
MEEL D% 22 1) A T8 PN Ao 17 0 > 3 BR P A f 100 > A e 1
B, AN A DAL N 14~19, RN RHEDLIE
BN 6~14, —FHLN 1~2 fFR R, RN
JEJE AT A AR A AT BB T

FRRIEANEATIN DSCE 18, XM AFESZE, 18
1B 2R 2235 9 3 N At 1% L > 2 BRI Ao 15 100 > & A 4 1%
B, BN RIS, = R AR 2 R k)
Ho B A S EAE 2 1~3, AR ILIEEZ) N

2~4, YN 1~2 R R, UL K N AT B AR
A DU R BRI B 2 S WA, ARAE Hh v AU 2 A
MU= A LR D

B RIEANEARTI) PPCF 8, HIEE L ot
NS BB 1/2~1/20, W RAFESE, @l
RN AE I > Z BN FHEOL > BN S,
HH S DA A R LA KV P A LN 2 50%~100%, 3t
RIS DR A Aot J2 A R T FRAR A Ao R T L o

(2) P At Ao Aot JE B LS A2 2 A WRE 77 PR S

Kl 7 451 T Rayleigh WEARFSURIER T, £
WA HEE -k Ab (B 4 s5RT B s 1) DSCF
H1 PPCF B N ot A oMo} JEE 2 LU AR A 2 844k B
RN FESE, B A RS R B3GR, AT
) DSCF W@ fE )2 & F# A%, 4t DSCF #1 PPCF 42
e B AR B an R

a) AN (n=025), #£5,/5,=0~2 I},
1K A J P P A RS 1Y) DSCF, K B ]
% 90%LL L, TES, /8,>2 B, HEK AT EE X haet
DSCF {EIIFMEN, Meah, o st 2 BEXT S
[l PPCF {E HIF /N

b) RSN (n=05), Bk LEH, BERF
FA e JE B LG A3 K, AP 1Y) DSCF B S 1% UK 1)
&%, PPCF {HEIZHIEIKIES, 216 /5,=1~2.5
B, MR AR

o) MESAS (n=1, n=2), FENFFIH
WL K, 4t i) DSCF {6411 PPCF {# %44
BRI, Ko, f£s, /6,=1~2 BN,



452 # + I B % # 2022 4
180° =025 180°  7=0.25
16.0 5.0
8.0 2.5 AN
5 - AN - (i
Q o Q o o &) o
% 0270 2 of270 90 € of270
: N T E D
8.0 2.5 4
16.0 5.0 o
— Sy op=1/3 -~ 5/8p=1/1 — S/8p=1/3 - 8./8p=1/1 — 8y/8p=1/3 - 5L/8p 1
------ Su/6p=3/1  EplEp=3/1 S 8p=3/1  Ey/Ep=3/1 - 8u8p=3/1  Ep/Ep=3/1
180° =0.5 180°  5=0.5 180°  1=0.5
15.0 = 0.4 = 0.4 g
/‘\ o N,
; ol 2700 @7 & ol A0
2 st/ 2 Sy
0.2
15.0 0.4
— Sy /8p=1/3 - sL/5P_1/1 — 5/p=1/3 - 6L/5p n — 81/8p=1/3 --- 5./5p=1/1
S 8p=3/1  E /Ep=31 - Su/6p=3/1  Ep/Ep=3/1 - 81/8p=31  Ep/Ep=3/1
180° =1 180°  n=1 180°  pop
12.0 0.4
6.0 0.2
: : ab.\ - ’ &
g 0 §027o° v% 20270" ’&’
2 ) & )
6.0 0.2 \
12.0 0.4 >
— S lSp=1/3 - S/8p=1/1 — SLIp=1/3 - SI8p=1/1 Sy lop=1/3 - 5L/5P_1/1
S I8p=3/1  EplEp=311 - Su/6p=311  EpfEp=31 - SL/Sp=3/1  Ep/Ep=3/1
180°  n=2 180° = 180° =2
11.0 1 5.0 =2 0.4
5.5
<9
g 0
(=]
5.5
11.0
— Sy /Sp=1/3 - S./8p=1/1 — 8y /8p=1/3 - 5y /8p=1/1 — 5u/8p=1/3 --- 5 /6p=1/1
S I8p=3I1  EplEp=311 - SuI8p=31  EplEp=3/1 ~ 8 /6p=311  Ep/Ep=3/1
(a) WERRIZHR & R (b) SMNE2RBISHN R RE (c) SMREFLEE R RE
&6 TEESEERWHEINIFFLEES R
Fig. 6 DSCF and PPCF of composite linings with variable thicknesses
20 21.00 15- -0.50
---'A-DSCF ---A-DSCF
— B-DSCF 12— B-DSCF 40.40
15 Sy i 0.75 e
& & 5 0.30 5
A & 2 £
& = 0.20 ~
0.10
= 1 1 1 1 1
0 05 10 15 20 25 34
5./6p
(b) n=0.5
10- 40.50
5 71.00 ---*A-DSCF
—B-DSCF |
4}~ A-DSCF 10.80 8 —apeer | ¥
— B-DSCF
6 0.30
e 3A-PPCF 0.60 ., = &
2 £ & 020 &
Y . 0.40 & 4. -
1 1020 L AN 0.10
™~ 1 \-A."'i -------- |-_.— |
1 L 1 1 1
0 05 10 15 20 25 30 0 05 10 15 20 25 30
SL/‘SP ELISP
d) 5=
(e) n=1 () n=2

7 AFFSNMT BRI E & XN BN hE DR FLES F RABHIFNT
Fig. 7 Influences of thickness ratio on DSCF and PPCF of composite lininges



¥ 3 PR, 2%, P Rayleigh 3 NS T AN A Hh 3 i 52 A =0 BT 30 g i 12 453
127 10.80 127 10.80
\\—/—\ A ----A-DSCF
9l 10.60 9 e —B-DSCF 7469
4 ‘ ----A-DSCF . G A-PPCF
= T =
3 6 —B-DSCF J549 2 5 6l S
2T N - A—PPCF & Z 6 \/\/\_/\ 0.40 =
] N L 020 ] 0.20
e e S S ST o -IV-\-—_—.:.»
0 10 20 30 40 50 0 10 20 30 40 50
hlay hlay
(a) n=0.25 (b) n=05
8- 0.40 =
A-DSCR : ----A-DSCF 020
—— B-DSCF g
| 8t — p_ J0.40
6F e A—PPCF 0.30 B-DSCF
Y A-PPCF
6L 0.30 [
5 4l J0.20 £ 3] g
8 Ay 172] Ay
£ /| 4f
2 \ H0.10
N ool
L L L T 0 i - 0
0 10 20 30 40 50 0 10 20 30 40 50

hla,
(e) n=1

& 8 BEEARNE & NWWE R A& hREMFLESRT REHF 0
Fig. 8 Influences of buried depth on DSCF and PPCF of composite linings

DSCF 1fEF#1EZ] 10%~50%, PPCF {H[%IE%) 30%~
75%.

g5 b, BRI AR R B LAY FT DA 2K B
AN BN S RIFL A, AT PATE— e FEE BRI P )
H & IBIR T, AR K 1) AR TR B X R4 1
BRI A R . thah, RN EE RS RE
BN TRRIE AN, PRI, s A RIA e B LG S, /5, BX
EIEEAN 1~2.

2.3 BREIERSHON

NI T R MR 52 A AR Bl g v R R 5

K%W@%ﬂ%%?émwﬁ FRAE 2.1 5. 2.2 511

58, SWARTFAMINIELL E, /E,=3/1, WASFIAMSE
Fﬁw@ﬁz3u W BEE IR EAAL, BPEURRS
H oMW LR A 7/ a, =2~50, HA&SHH
2.1 7,

Kl 8 451 T Rayleigh WEAFSRIEH T, &
WA HEE -k ab (B 4 SR B s 1) DSCF
F1 PPCF BHBSIEHEIR AL N LR . B4k BE, XRA
[FEARZ, BE%ERE RS K, AT DSCF iE{E s
B ERK. 4 DSCF #1 PPCF B AR HTan R :

(D HRBAG (=025, n=05), W&
BEAE SR IR K, AT ) DSCEF i 1 B AR AR I AN
K, PPCF WR{HZEI—@ s, He, &K, &b
MEELIN 2 R R

(2) HEAS (n=1, n=2), MEEkKHE
ARG K, HA AW DSCF A1 PPCF 23 H —
SERVEE R Bh, (HER R FRRES, Hd, &R,

5/ DSCF B8 3~4 5k &R, & KA. &/ PPCF
M2 4~9 15K &

gx b, BEHRZRIIIGR, AT DSCF HREAE % #T [%
i ERRIAGSR, E& X4 #1 DSCF #il PPCF
BARARMRE N, TEH EARN B, &1 DSCF
A PPCF AN T FE, UL R AR IR E ) 7
JSE (1) 5 B A J 3

3 & i

2T Biot WA, KA Fourier-Bessel 2 4)&
Tk, S TR A rp R R E 2 A A R NG
[l Rayleigh 3 [P EUH flE b, @ik S84, wHoE
TAFNFIRER T, NSRS RIEE LG R
bl &5 [R 30 &2A 2 a3l g i B2 () e J A, a4
EFERMSHTER] 5 fit.

CONS B 5 A AT 30 B 738 R 30
LIRS R B2 BB NSRRI, B8
JTEE R R BRI AL B R B0 18] 3 A T3S H 13 BRag
AR, HiR(E 2R BRI E R

(2) RSN S5 N R IE T kB 7
BOK, RN SR T HEEANHY S Zh 0K @it
L SPREFEIGAT L, HEWT) 1 7R oh e R R e
BHETIO R s o2 IR0 Rayleigh U FTER

(3) SR AR AT (R BE bE rT DA 3 PRI AP oS
IR 5 RECFIFLIESR 5%, HSBEBRA
NS B R, T H I — RS, XA
kR AR R, AR SN NIFELL £,/ E, BUE



454 N 2022 4
TN 2~4. TEHERE, 2005, (LI Bin. Theoretical Analysis of Seismic

(4) SR AT RIS MeS 1R 8 L LEANBOAT BLA PR
ST BN S REORI LSS 28, AT DAAE—
SEREIE LRI B SIS N SR R 8 (Hilld —
SEMRIE G, XM R R A IR, 2 B AT AN
ST IEFEEL S, /6, BUBTEHR Dy 1~2.

(5) BEREEMRINIEN, WIS 5 R 4L
BETFEAR; FE PR GI, Ba XAz %
RO FL T £ b R BRI IR BN, A P RN
i, XA MIsIR 5 R AL S b R 52
Peaha T B, U BT R OGS I B 51 7 Wi [ ) ) B
N,

ARSI FESE R AN AT A i £ 3t o X P AT b =
A2 S RS TE 1 LR BRI, B RDK M
Bk Al B S PTRGR BT PRI

SE -

(1] fR TS, T, B4, 55 2 TAER¥E Biot BLg T AN
e R A T AT RIS T A B OB (0], A TR
%, 2018, 40(9): 1563 - 1570. (XU Chang-jie, DING Hai-bin,
TONG Li-hong, et al. Scattering waves generated by
cylindrical lining in saturated soil based on nonlocal Biot
theory[J]. Chinese Journal of Geotechnical Engineering, 2018,
40(9): 1563 - 1570. (in Chinese))

[2] RFER, 264, Vincent W Lee, %5, T P WA TR
el )% 3 i 7 RN A AT 0 AT [0). A TR, 2020,
42(8): 1418 - 1427. (ZHU Sai-nan, LI Wei-hua, VINCENT
W L, et al. Seismic response of undersea lining tunnels under
incident plane P waves[J]. Chinese Journal of Geotechnical
Engineering, 2020, 42(8): 1418 - 1427. (in Chinese))

3] Xz, Ja 2, BT MR A 1] o R A ALK S T
SV WHIHUT IBIEM SRR, &L TR, 2015, 37(9):
1599 - 1612. (LIU Zhong-xian, JU Xing, LIANG Jian-wen.
IBIEM solution to scattering of plane SV waves by tunnel
lining in saturated poroelastic half-space[J]. Chinese Journal
of Geotechnical Engineering, 2015, 37(9): 1599 - 1612. (in
Chinese))

[4] xIHhsE, R, 5k SRV 2 2% 1) e Aok Y % 20 i )
BB O]. AR %S TR %W, 2011, 30(8):
1627 - 1637. (LIU Zhong-xian, LIANG Jian-wen, ZHANG

B

He. Scattering of rayleigh wave by a lined tunnel in elastic
half-space[J]. Chinese Journal of Rock Mechanics and
Engineering, 2011, 30(8): 1627 - 1637. (in Chinese))

[5]1 2 M. HuUBkH N AR PR BR  r S5 R B FE[D]. Jb st

Response of Underground Subway Structures and its
Application[D]. Beijing: Tsinghua University, 2005. (in
Chinese))

[6] WU D, GAO B, SHEN Y S, et al. Damage evolution of tunnel
portal during the longitudinal propagation of Rayleigh
waves[J]. Natural Hazards, 2015, 75(3): 2519 - 2543.

[71 GREGORY R D. The propagation of waves in an elastic
half-space containing a cylindrical cavity[J]. Mathematical
Proceedings of the Cambridge Philosophical Society, 1970,
67(3): 689 - 710.

[8] HOLLINGER F, ZIEGLER F. Scattering of pulsed rayleigh
surface waves by a cylindrical cavity[J]. Wave Motion, 1979,
1(3): 225 - 238.

[9] LUCO J E, DE BARROS F C P. Dynamic displacements and
stresses in the vicinity of a cylindrical cavity embedded in a
half-space[J]. Structural
Dynamics, 1994, 23(3): 321 - 340.

[10] B, MR, M AR 20 Rayleigh P MO AE
[7]. B TFES THERS), 2006, 26(4): 24 - 31. (LIANG J,

Earthquake Engineering &

JI X. Amplification of Rayleigh waves due to underground
lined cavities[J]. Earthquake Engineering and Engineering
Vibration, 2006, 26(4): 24 - 31. (in Chinese))

[11] LIU Q J, ZHAO M J, WANG L H. Scattering of plane P, SV
or Rayleigh waves by a shallow lined tunnel in an elastic half
space[J]. Soil Dynamics and Earthquake Engineering, 2013,
49: 52 - 63.

[12] 3KEZE. HIRI45 7] Rayleigh i UAEE[D]. KL K
K%, 2007. (ZHANG Zhi-jun. The Propagation of Rayleigh
Wave in a Half-space Saturated[D]. Tianjin: Tianjin
University, 2007. (in Chinese))

[13] LIN C. Wave Propagation in A Poroelastic Half-Space
Saturated With Inviscid Fluid[D]. Southern California:
University of Southern California, 2002.

[14] DERESIEWICZ H. The effect of boundaries on wave
propagation in a liquid-filled porous solid: IV Surface waves
in a half-space[J]. Bulletin of the Seismological Society of
America, 1962, 52(3): 627 - 638.

[15] XRF, 28 & 4 Rk, 2 IR VAT b g /K 8 T 0 B
AIBEHTHUN [T]. DU)IR 2R (CTRERRARR), 2012, 44(5):
71 - 77. (LIU You-ping, GONG M, XU Bin. Scattering of

underground water-filled pipe in half saturated space

impacted by rayleigh waves[J]. Journal of Sichuan University



3 1

THUE, 55, I Rayleigh NS A SRR TE 52 15 S W) 31 70 i 455

(Engineering Science Edition), 2012, 44(5): 71 -77. (in
Chinese))

[16] % #i, R, XI5, Rayleigh JRAEMAINES A
T = A B BB (1), B R 12, 2017(8): 2411 - 2424
(XU Ying, LIANG Jian-wen, LIU Zhong-xian. Diffraction of
Rayleigh waves around a circular cavity in poroelastic
half-space[J]. Rock and Soil Mechanics, 2017(8):
2411 - 2424. (in Chinese))

[17] DING H B, TONG L H, XU C J, et al. Dynamic responses of
shallow buried composite cylindrical lining embedded in
saturated soil under incident P wave based on nonlocal-Biot
theory[J]. Soil Dynamics and Earthquake Engineering, 2019,
121: 40 - 56.

[18] ZHANG C, LIU Q, DENG P. Surface Motion of a Half-Space
with a semicylindrical canyon under P, SV, and rayleigh
waves[J]. Bulletin of the Seismological Society of America,
2017, 107Q2): 1 - 12.

[19] LIANG J, BAZ, LEE V W. Diffraction of plane SV waves by
a shallow circular-arc canyon in a saturated poroelastic
half-space[J]. Soil Dynamics and Earthquake Engineering,
2006, 26(6/7): 582 - 610.

[20] ZEEEC, Z2WRAR. M RASHHR Z0 Rayleigh 3¢ HIBORAE
[0]. B TREE TREREN, 2006, 26(4): 24 - 31. (LIANG
Jian-wen, JI Xiao-dong. Amplification of Rayleigh waves due

to underground lined cavities[J]. Earthquake Engineering and

Engineering Vibration, 2006, 26(4): 24 - 31. (in Chinese))

[21] ZEflite. & RN L i) 52 2% = 0 37 Hb e Sl BB Il R ) e
AR AT PROCEEARA[D]. b5t JbRisgilkE, 2004,
(LI Wei-hua. Analytical Solution and Explicit Finite Element
Numerical Simulation of Complex Local Field Wave
Scattering Problem with Saturated Soil[D]. Beijing: Beijing
Jiaotong University, 2004. (in Chinese))

[22] MILTON A, IRENE A S. Handbook of Mathematical
Functions with Formulas, Graphs, and Mathematical
Tables[M]. London: Dover Publications, 1965.

[23] BIOT M A. Theory of propagation of elastic waves in a
fluid-saturated porous solid: [ low-frequency range[J]. The
Journal of the Acoustical Society of America, 1956, 28(2):
168 - 178.

[24] XK, XRAE, FES, 55 JUMLB S5 E REOR
RIFFEL[T]. PEALHLFE 4R, 2011, 33T 1): 64 - 66.
(DENG Yong-feng, LIU Song-yu, ZHANG Ding-yi, et al.
Comparison among some relationships between permeability
and void ratio[J]. Northwestern Seismological Journal, 2011,
33(S1): 64 - 66. (in Chinese))

[25] % & (U BEIE IR Bt FR A5 SRR I S B VR
JiiEARFE[D]. BUES: PH RS K%, 2016. (WU Dong.
Study on Seismic Response Characteristic and Damage
Evaluation Method of Tunnel Portal[D]. Chengdu: Southwest

Jiaotong University, 2016. (in Chinese))





