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Abstract: Based on Hamilton’s theory and elastic wave theory, the dynamic response of a half-
space tunnel subjected to locally concentrated transient impulse loads was studied by analytic
method. Lining was simulated by Hamilton thin-shell theory and soil was simulated by elastic
medium dynamics theory. Semi-analytical solution of transient concentrated load problem of
circular lining in half space was solved by wave function expansion method, Graf coordinate
transformation method and Laplace transformation method and their numerical inverse
transformation. Through MATLAB calculation, the dynamic response characteristics of lining
stiffness, soil wave velocity and lining circumferential angle at different locations of tunnel were
analyzed. The results show that the amplitude of tunnel response decreases with the increase of
burial depth. The response amplitude varies from angle to angle, and the response of top of
tunnel is larger than that of other locations. The displacement and stress of outer surface of lining
decreases with the increase of wave number of soil. When the lining stiffness increases, the

attenuation range of the response is different in the circumferential position, and the attenuation
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of the amplitude at the bottom of the tunnel is the largest.

Key words: shallow buried tunnel; local concentrated load; Laplace transformation; Graf coordi-

nate transformation; wave response

0 351 F

B 5 v I 3k T M T T S L BRI DL SRR
JBG 25 L it A 1R RV K R L 5 2 AR Y R A
A RAE . BT s R R RO R AR
LR AF AR 2 5 | A b T it P R R A R
BERARTE , 0100 5% ) B T3 1) I A T . P X S
A5 Aaf 4R B B R ) A 2825 1 B — O T V5L 5
A R T8 R A ey 2R AE T A A . TR F 5 R G I b )
R Aar 2 1) 2 g o 16 s AN AR S B ) TR S, T Ry
PR T2 G ARG A b B 0 B R K BT B AL
PSR

AT SO AR Sfe [ PN b2 3 X I A Ay 2T B IR = Y
s pma R T IR Z R B BESE. 20 4D 90 AEAR
Senjuntichai 251 3 F Biot™ #  F) F % o6 508 IF
B T A 2SN[R S T B A 1 2 60 30 7 i
N7, A5 2 T 3h 7w Rz i AT A O 38 5 Laplace $({H
B AT )T R B BE f# AT AR DR
P AT 50 ) 25 BT Bl A AR T AN ) R AR 1 1) B
AL ) A IR = e R O B Y (R - N R VA > 277
U R BCEAT T3S TH AL 85 R 5 TR 3 52 I 4k
P P00 et v B AT e D PR R 2 o i 2 ke [ A
T FL 14 2h 3 e 7 ] B84 A7 43 07 o 2 5 i2F — 25 SR FH Al
XoF R A 26T 15 00 2E AT T RSSO X 3 ol ol ke R
fp 2T AT I AE Z FL A B b i e B AT RS . 5
AR, 85 5 5 A5 N R K fr 2K 87 Ak = B B B
3 JE 3%, % A Hamilton 52 & B¢ 4 4 4 1) i2
Bl R B ST T AR R - R 8 HE K 2R 1 B T R H A
T8 A6 5 8% L 3 1 5% i) I 9F 5% 4 R - A 2 B0
Ao T8 225 #2007 2% 1 X Ao b 25 s
RS IR . T 3 R G A 9 P Xu ZEDORD L S
i a5 A K B IR € R H Fourier 72 4 13 oK X
JEFFEMGE T P B AE R b A B b i 2 B A P
TR E SR Sy ), Liu S50 RFGY T VR R
BRIE N AL T Pk SV il Rayleigh 5 78 H A ) I
(R 17 O 2 B R T SR | B AR i A e D) JEE R )
Hogh Jyma A % & B, Coskun VY AFSE T
T R 0T B S i A PN D8 50N % T SR R A5 B8
V7 3 W) O £ 5 T

AR SCHEF Hamilton B g5k 9% 3h #iE, R H

U R B T R Grafl AR bR % 3 L0 R 4R
o B 320 1) 3 2 300 SR A LA KA ) PN 30 5 R R 1
TN ST F A SR A T 2 2 8] A I A X I
AR 1] 3F 2 59 15 00 BT L 38 5 Durbin™® 4 fE
AR SR AT H(EL %+ 38 0 B340 2 R R A A A Y
Aok BB fia) o J3E S5 DR R WD IS 4 R

1 E#ER

B TEBR 2 23 ] 5 - ik v A7 78 T IR K IR AT B
Ao ) 8 T K A AR A B AR B A B A e ) 2R G
HC B P A AR ek i 2 £ 0,0, £C0, 0 =
F(Ds(t),s(t) K Laplace 28 ¥ 2%, ¢ Jy Jm#k b5t @]
FCO> g £ 253 A e A o K, G A 280 B B A B 0 ok
AN E] . AR AN 1 OB OR s SO T 4k Ak
B B A Ry, Al R R 2y Bl R TE R R AR
B R O Gy a00) s Hodt o 00 53 591 S A A A 2R Y B
WA R S R S JEBRAC KB 9N, [ 9K
A Rs MEHLER Rs AAFTELL O, (ry 50,0 2 0 BB
AERFR IR Ry, Bl R ECO o, Bl ATEDR
h BEIE NN o BEE PO EHERBE Y H, BRiE
rhC AT R RS R @ o AR SOR Y IR S A
BB Ay = A8 Wik ol gy 28 8 i ) B A — Ak, 2 X
t =t Vi arSb o0 KRB 0 Y I
o RS Dk vl AT 48 7 R G Al A5 P BE B 3k 0 15 L
PR AR ) R, R B BT R ) 5 A R
KRR LR P 2Z 6] TC LB, 22 W % 3l %) % 1 J0
Tea] FR) 532 W0 o DR T 2445 JHG 7 A oA ~F- T 7228 [

W 25 AT 28 & 2B ) o DR A 24 SROAE A A 48 1] A5 B
AR5 A28 1) Ny ) 2% S BN A 1) [] — [B B N B 6L
AN R A B N . [ I g i I A A 2 E)
Kt KA 2 05 Ok 3 0, 5 B8 il s 1] 1) A2 £k n] f
TEHN =AM 2 fros, ol By g =8 Bk ik
iy 33 1 W

2 FmETMEIEFSH

RSP AR A B 2SR T AT
KA TR AR S R AT RN

aUr iaar(] i _ j— r
dr r 90 T r (0:—0) =p1 at’ D




112 EHEAFE5 IRER 2019 4
S 2 dp, 1ow
___________________________ o 3Z2<59§+795> (6)
X AlﬁLZ;zlﬁgg /\1+2,11 E)ng /\1+2/11 93¢
i [ r 26° + r? drdf r ar?ao+

X2

Y2 072 6,)

B 1 F=EEEERBRETHRERER
Fig. 1 Tunnel Model Under Half-space

Concentrated Pulse Load

F()

o 1 2 £

B2 BES=fRmIkpETH

Fig.2 Transient Triangular Pulse Load

doyg iao'o +z _ (72140
ar | rag %P p

o =M 0sem T 2mey; (3)

Koy N EH LN )R s ew e, 20 310 £ B 42

RN AE 5 1 A8 ik & 50, o8 Kronecker 24§, 2 i)

M6, =0,i=j B ¢; =134 N HZ Lame % &;
wp s ug 53 B0 A A A 1) 5 B RN IR A A

MG Helmholtz 5% 73 fiff 5 B, £ A7 5% AT H]

[Nk €l
_do(ry8,t) | 1 9¥(r,g,t)

(2

“ ar Y 2
iiago(rs@,t)iag’(rsﬁ,t)
“TT or )

WL OISV 1 S e i L U R T R G N
B (D, (OHMRARK D, (2715
[—2<A]+2#1)@_A1+2#]@ pm W

r el rt dr 2 Irdd

2 3 3
MtZm g, o O AL

r art I
A]szlul E]Sgo &33117']:
o 9rdt  r drtal

W ¥ g Vo W

r° o ¥ dr P ardd’ r art

ﬂ’]: i(ii@f”’
s - P o a0 ar

X0 (6) . (A W R A B Laplace 28 #45

J 129 2 _

M1 ) (7)

10 o
79*6)(;11v2_(018“)?—0 9

Krf.g, O 53 B AR o, ¥ [ Laplace 725 B
fﬁ»gﬁ(r,@,s):L[gp],\ff(r,(?,s):L[\If]o
H 5 #2(8) . (9) A 75
Vig—hkig=0 (10)
VI —ki =0 (1D
Ak ko 23500 O TR 4 S B U 60 S D B by =

2 2 J
ok = o V=

r Jdr

d
(5t

01 5T (A +2/,¢1 )

> 10
art rtagt’

A 5 A R Sy BRI A L 2 R A A R R )
LA s /90 T 52 00 B HACA AR TUA] 5 72 A
T ARTCGS AL T R AL A w, v — 0, B S bR 5L
I,Ce D=0, %3 n By 5% & Bessel pR M 5t Af
FL,C e AN AR R A5 2] 2 23 (3] f Bessel R
RN B AR B R B A Ry

@(ri 0 = > K, (kir)[A,()cos(nld)) +

n=0

B, (s)sin(n8,) ] (12)

V(.0 = > K, (kyr)[C, ()sin(nd,) +

n=0

D, (s)cos(nd;,)] (13)
X:A,LB,.C.D, B ERBGK, Co ) 2K
n W BB 5% & Bessel BREL,

TEAS JH 2 25 () 1 545 00 i 55 AR i =5 1) i
R BB S5 8 O Gy s 00O B A bk 2R R 42 1)
TGRSR O, Gry 5 0 WAL BR R R TR IR
F Graf Jinydk g B R 3 R 47 A bp e 45, BD
c,xm[c,o‘g(mq: > C“+,,,(u)]m(v)[C.()S(ma)J

sin(nx) e sin(ma)
14
K u=pD. g A B #E D RO, 5 O, Bl 228
HIFEES T, (), C, (w) N5 — Bessel s,



% 3

B, F R AR E TR BN TR AR 113

SR AR P R K (12) . (A AU Graf ik
€ B, Al A5 5 1Y ek RO S R

@(ry+0,) = 2.1, (ki) [Ad,, () cos(mb,) +
Bi.,. ()sin(md,) ] (15)

V(r,.0,) = 2.1, or)[C () sinGmb,) +
n=0

D, (s)cos(mby) ] (16)
[AOX-IH } o 2 [K11+171 (kl D> } [An }
D(;.m n=0 Ku+m (kz D) Du
a7n
BJ., [ K. (ki D) B,
e - 2wl av
(;Ox.m n=0 K:qu(kzD) Cn

KA K, Ce ) RE 2 m+tn B a2 Bessel iR
B A s Boow»Cos Do 25 8] N AR FE E R 2L
J.Co )R —2 m B Bessel pREL.

3 #HWESmA M RLREN

ol B8 948 3 A0 Ay A L A e £ B R [
HE7E . K A Hamilton 7 J5 214 5 ) T HLHE T 72 44
18 815 & . F 4T Laplace 22 #i n] 1%

2

WU+ U+ U, +7' 8 U, =g, (9)
277 7 2 2T 1—ol

n* Uy, +nU, +7"s Uon*E,x e Gon 20

K.y =/t oo MR PP HE, o =
Ei/on (1—v) s E v 53 518 A ) 4 3 14 A5 1 AT
FA L s o AT BE s 8 =0/ (12a3) U, .U, 4351k
RIS AE 0 55 r J7 18] Fourier & IFHY R 5 q,,
Qo 5 W AT IR 77 750 J7 18] Fourier I R 500,

X 19D, (20) A T AR TSR N J1-hi B K 7y
U — (I*V?)I;(nz‘F?/ZlSz)(jéf‘*71265,] ,
T E R [A+Fat s ) —at ]
U — A—DO[A+Fn' +¥' s gy —ng., ]
"OETR LA+ S Py —at ]
A E :EL/,UI.;hK =h/a,;U,, :UOYI//IL;UY:I -
U/ ps Qe = Qo pis Qo0 = Qon/ po s . 005 1 $1 H5
O

U, =L[U,, | ’Uou =L[U,, | ’(;2, :14[(1;, ] ’6(;1 =
L[gs, 1.3 Laplace W H 4 #I 0 11 506785 .

B B Al 8 Ay [ A e A L Y 5K G 2 A 38 KT A )
JELRE AT LUK Ak 5 7 A e oty R R A A el D 4 ik
s B0 r=a, 4b. %8 10K 5 46010 3¢ 5 1 8 5 e
S A A A AOE LY r=a, B AR
N 77 3 2 5 R A o D AT A

(G2

(22)

u, =i, t

7r:7.((9’5)77r

o=/ ol (23)
Uy = Uy {

01— Olrg

TE B T A F W 3 5 SR B r=Rs AL
Y r=Rs B, T AKR ) 5540 KRR Ny
G0 =0 1
Gon=0]
Krfa, ay 53510 Laplace B4 bl T + KB 42 1] 5
WAL RS s a0 1100 53 5 R RSB0 A2 1] 55 R 10 60 #S 56,
G 53 W R AR A 1) 5 B 18] T 560 5 6000 53 901 R HF
YA 1) 55 B 1) R HT 3600 560,00 20 00 O 202 25 [) 5k £
PR AR 18] 5 Y1 1) B 7
Shy SR A0 A T R S AT 48T 18 B0 0 B KGR Lk
=SB Bk b fir 23 4T Laplace JEIF . KR
2¢ T (e7 —1)'F, £(0)
s¢T
A 07 A AR R AE R L £ (O) AT LA B R Ar 28
AR SCHU &I nf 28 £(0) = (+/ (cosO/b)* + (sind/c)*) ",
by MR EI R SEG T S = I8 ok o ey 28058 49 .

4 BHlHH

SR BIE 5 2 25 ) P A 85 A AR X B A ) R
JE AR B ) AR A DR R ) R AR - A A
F B 3w s S EORE £ E S % Sk [13 ]~
[15]: B E N a=3 m; T BIEE A=0. 3 m; ff 2,
WefE Fo=0.1 MPa; i fif BIE RS E b=2,c=1;
KIEIR 42 Rs=4 000a, » Lame % & A, K 1. 73 X
10° Pas 45 2008 v = 0. 225 45 242 57 5] 45
w1 =1.5X10° Pa; L HHHE =2 500 kg * m *;
RIRARS L v, = 0. 334 W) % BE oo =2 665 kg » m °,
s L =7.5X10° Pa,

Rl 3 O B I AN R R T Ay 5 07 B8 U Bk
360° A% Ak iy i 1 fh £k . DAL 3 R AT, Y R GE EE 1] 1
1 BE bk T8 LR R 8 7 A% 5 R T 0 R R K
I ) 5 A% Bt LR 1 0 {06 55 5 HE VR R 2 A Bk G
PR AR A B i) 2 A% T 0 A K. D 3 (b)) A AR AR 1) 7
B (ER 1] 17 7 I A5 HE TR 3G R e 7 W {1 51 31 R i)
FEVREE N H/a=6 B3 8 fie K 3 2 B o o e %
Z A4k Gry = 2a) A (50 I 15 b 3 1 S 55 0 7 2 3
P 5 SO 0 S, e N7 R (RS K. N g 5 6 B e
Y g T8 b A2 A R, SRR AT AR R A R] L BR A
Bl N S 2 NS e 2 e O e o ~ NS RE VA AN VA R

24)

f0.5)= (25)




114 EHAFE TRFR 2019 %
0.18[
0.12} .
T — Hla=2 _ 150
3 Hla=4 5 0.06f — ka=0.15
& Hla=6 = k,a=0.30
< Hl/a=38 = 0r180° ka=0.45
3 S
2 < —0.06}
—o0.12} 210°
—0.2L TG —0.18% T
(a) IR ALH T RE(215 R IE A 72 Ab) (a) IR Az % ma Bi(HS 7 41 3R 1)
3.6r1 1 60°
Lsp 1Y S ka=0.15
-l £,a=0.30
-~ Hla=4 . 1a=0.
Hla=6 T 0f180° 0° ka=0.45
H/a=38
=18 210° 330°
—1.2b e —3.6- s
(b) TR 1 L A7 W R B o 2 A) (b) IR 1 Ry W ReCH 15} 2% )
— ka=0.15
s — Z(Fi i - ka=0.30
> == a= X =0,
33 o 5 ka=0.45
3 Hla=38 5
= 2
—0.30 i —0.6- TG
(c) 121 B % W R 21 B i A 72 4b) () T I e B W RECR A 41 22 THT)
B3 AEEBERBRERTEMEBEREST L% B4 ik i ik X A R S 3R T N S B M A 2%

Fig. 3 Change Curves of Different Depth Tunnel
Soil Responses with Depth

7 A S R BSORAE T  TET S A  A R TEK

P 4 g A TR A BT w AN R AL Cr = a)
AR 7 55 05 R B T WS A AR R A IR L A B
DI koa=0. 35, B& I8 L ERSE IR 4 fF g G N 42
(H/a=4), P 4 "R ARG Bon B E 1
55 W) S 52 MRV A B A B e e B e
RN A 35 THT W) 7 W (L 32 ¥ e AR A8 e O ) 5 L B
07, 1807 B ifr i £k J A T &+ 1 3R W] - (A e B A i Aor
BB S AF R — R S TGS ) ) B A

O AR AR L R TET 2 S I A X W) R R
L WD 07 R J3E 25271
BS lse T ALB,C =L E A

o7 3 e o7 B A A D A Al 2. DAL 5 RT AT A )
WO X7 Iz 7 i i 14 O A 5% e 58K o 22 4o D R B2
SO Ll | I e o N A T - A N VAR B N
R 0 553 o L v A 0T o A T S A7 ) ) A 2 T AR 1)
M) 37 4D S 1L 5 il A 32 A A

H L 5(b) s Ce) o (h) 48 Ji) 1 g it 46 AT AT > 4 i)

Fig.4 Influence Curves of External Surface Response of

Lining with Wave Velocity of Soil

WIEE T fiy 2 380m 2 20 i, SETRA0 8 A Sl B i 0 e
L DOl T e A A ALk T B35 2 6006 . B i BB T
HERIE AL e AH 5 W 2 5026, C Ab e B R % 98 4
28 %% » X UL I Fh T 00 5 vl e A4 D A5 0k s ] R

FR) S ML 98 6 48 T B 1 o A — C i {8 0ol B 2 3% ¥
L5383 % AR HE L 4 e ST A 1 R A A 5 AR ) B Bl
GERS L VAR I NEE DA A P VAT RS S Sy VB3 S

5 & i&

CI A B I8 250 — B o Ao B 90 2 1T 0 15 8 45 1 )
i - A Ik B0 i el /) o TR) B A ) A 1 AN [ A6
A AR A 5 K H: e B T TOUHS 5 G S ) B e A
o W TE A A O o i (X A O 0 £k Y R
A,

(2)2fe7 [) rpr , g 3 38 6 By g 5 00 B 5
s I A AL i 14 R i S G I i DR/ | A R
T 000 B2 30 b 2 Ak i B R F A A5 . T L ER
FEAERBOE AT WSS, 1 B8 H/a t 2 1



TE] 8 B 0 S5 56 3 i 0
(2 b5

IV AR

(&) P rACEs m R, 6 =45°

&5

(h) B[RSy i B R, @ =45°
#H A5 3R E AN B L & Ab B IS 3 £

% 3 M ORI IR P RO AT AR T 09k 3h vl 115
121 e 0.25
- 0.8 === I'=20 AR i ik 3 —_— ]
S o4l M 1'=1000 " @@
§’ 0 4 [’ 't ) A' — ]‘=2
3 ﬁ@ 20 0.10 o I=20
S 04r @ I'=1000 I'=1000
—0.8} 0.05
i : ; ; ; i : ; . . Pl — =
0 4 8 12 16 20 4 8 12 16 20 4 8 12 16 20
£ £ ¥
(a) R DAL MR R, 6 =270° (b) Ry R R, 6 =270 (c) T FI R B Y, 6 =270°
;.i- — i 0.25 e
- -8r ---- I'=20 —Sosslmitareo s s S 0.20 --- I'=20
S o4l B I'=1000 I'=1000
S — r=2 o 0.15
< U - I'=20 5 o B
2 —0.4f I'=1000 :
2
_0.8_ 0.05l
—1.2 1 1 1 1 | 1 ) 0 ‘\’\!\,_ ey
0 4 8 12 16 20 12 16 20 4 8 12 16 20
£ £ £
(d) IR ALRE IR R, 0 =0° (e) T4 N7 B R, 6 =0° (f) R 1 B W Y, 6 =0°
1.0 y 0.40 ; 0.7 ¢
— =2 —r=2 — =2
7 08 - I'=20 B - I'=20 g‘g --- I'=20
T os C I'=1000 0.24 OC. - I'=1000 e c I'=1000
= Ji 5 0.16 ) © g-;‘. i
3 04 - 0.08 e
3 N 5
2 \\«W Ut ar e 011,
ey — 1 1 1 ] MA e e gy
12 16 20 0-08 8 12 16 20 0 4 8 12 16 20
£ £ £

(i) BRI RS I AR, 0 =45°

Fig. 5 Time Domain Wave Curves at Different Positions on Outer Surface of Lining

TR R AE H/a=6
1 AR AR B R A .

(348 157 P J32 78 e o e - A 22 i T 1949 ) 3 )
BRI A—C i &8 A, 42 ) B

ﬁﬁﬁﬂlﬂﬁ\”fhﬁ{ﬁ%ﬁ@]ﬂﬂfﬁim o T Ul 5 T 553 A )

AN

K 1X10° 8 g H AN 3 1 v [ LA 58 4 9% %) 1

e AN T4k 22 4
S EZ 0k

References:

[1]

[2]

[3]

SENJUNTICHAI T,RAJAPAKSE R K N D. Transi-
ent Response of a Circular Cavity in a Poroelastic Me-
dium[ ] ]. International Journal for Numerical and An-
alytical Methods in Geomechanics, 1993,17(6):357-
383.

BIOT M A. Theory of Propagation of Elastic Waves
in a Fluid-saturated Porous Solid. 1. Low-frequency
Range[J]. The Journal of the Acoustical Society of
America,1956,28(2) :168-178.

TR, Eh e ORG s o 4R 0 - b gk s I 19 3 ) iR
RELT]. %5 £ H12,2005,26(8) :1189-1194.

XU Chang-jie, MA Xiao-hua. Dynamic Response of

[4]

[6]

L7]

Spherical Cavity in Nearly Saturated Viscoelastic Soils
[JJ. Rock and Soil Mechanics, 2005, 26 (8): 1189-
1194.

ZAKOUT U, AKKAS N. Transient Response of a
Cylindrical Cavity with and Without a Bonded Shell in
an Infinite Elastic Medium[]J]. International Journal
of Engineering Science,1997,35(12/13) :1203-1220.
H)AE L WS JORR SR A B R T N
By g g 7 (7 e A7 LT ). 3 AR TR 2 4R L 2008,30(2)
124-127,144.

GAO Guang-yun.GAO Meng, FENG Shijin. Analyti-
cal Solution for the Dynamic Response of Tunnel to
an Internal Explosion in Infinite Elastic Medium[]].
China Earthquake Engineering Journal, 2008,30(2) ;
124-127,144.

KPR TT N i HR SR AT AR T BROE 25 1 /4 3l T
7LD, B HE 5 ohik . 1994,14(2) :182-185.

ZHANG Qing-yuan, ZHAN Ren-rui. The Dynamic
Response of Spherical Hollow Chamber Under Explo-
sive Loading[J]. Explosion and Shock Waves, 1994,
14(2) .182-185.

o MLETE. R EL S NIRRT ERIE AT RATE
FLIR f 3 J o 7 g 24 (1. 1 %% 28 1), 2009, 30 (2)



116

EAMFE TRFIR

2019 5

£8]

[10]

[11]

266-272.

GAO Meng, GAO Guang-yun, WANG Ying, et al. A
Solution on Dynamic Response of a Cylindrical Cavity
Under Internal Load[]J]. Chinese Quarterly of Me-
chanics,2009,30(2) :266-272.

GAO M, WANG Y,GAO G Y,et al. An Analytical
Solution for the Transient Response of a Cylindrical
Lined Cavity in a Poroelastic Medium[ J]. Soil Dy-
namics and Earthquake Engineering,2013,46:30-40.
BRAE R BRI KRR 24 T AR R L v
E R BEAEh Jym Rz L], A £ TR A, 2011, 33(3)
361-367.

CAI Yuan-giang, CHEN Cheng-zhen, SUN Hong-lei.
Transient Dynamic Response of Tunnels Subjected to
Blast Loads in Saturated Soil[ J]. Chinese Journal of
Geotechnical Engineering,2011,33(3):361-367.
BEER BRI SR AR R L v R T T AR A
A7 A F R B4 8 3 ma B LT 1. W VR 2 2 4l LA
2011,45(9):1657-1663.

CAI Yuan-giang, CHEN Cheng-zhen, SUN Hong-lei.
Dynamic Response of Tunnel in Viscoelastic Saturat-
ed Soil Subjected to Blast Loads[J]. Journal of Zhe-
jlang University: Engineering Science, 2011, 45 (9):
1657-1663.

XU H,LI T B, LI L Q. Research on Dynamic Re-
sponse of Underground Circular Lining Tunnel Under
the Action of P Waves[]J]. Applied Mechanics and
Materials,2011,99-100.:181-189.

[12]

[13]

[14]

[16]

[17]

[18]

XU H,LI T B,XU J S, et al. Dynamic Response of
Underground Circular Lining Tunnels Subjected to
Incident P Waves[ J |. Mathematical Problems in Engi-
neering,2014,2014.297424.

LIY S.LI T B,ZHANG X. Response of Shallow-bur-
ied Circular Lining Tunnel to Incident P Wave[J].
Applied Mechanics and Materials,2012,160:331-336.
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.

LIU Z X,JU X,WU C Q.et al. Scattering of Plane P,
Waves and Dynamic Stress Concentration by a Lined
Tunnel in a Fluid-saturated Poroelastic Half-space
[J]. Tunnelling and Underground Space Technology,
2017,67.71-84.

COSKUN I, ENGIN H, OZMUTLU A. Dynamic
Stress and Displacement in an Elastic Half-space with
a Cylindrical Cavity[J]. Shock and Vibration,2011,18
(6):827-838.

LEE V W,CAO H. Diffraction of SV Waves by Cir-
cular Canyons of Various Depths[J]. Journal of Engi-
neering Mechanics,1989,115(9) :2035-2056.
DURBIN F. Numerical Inversion of Laplace Trans-
forms: An Efficient Improvement to Dubner and
Abate’s Method[ J]. The Computer Journal, 1974,17
(4).371-376.



