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Abstract: This study aims to investigate the influence of oblique incidence of SV and P waves on the
dynamic response and damage characteristics of tunnel structures when a lateral karst cave is located
behind the tunnel along the seismic wave propagation path. The viscous-spring artificial boundary and
seismic wave input at arbitrary angles were implemented using finite element software, and their accu-
racy was verified. The deformation and stress distribution characteristics of the tunnel structure at dif-
ferent incidence angles of SV and P waves were analyzed. Based on the relationship between the ten-
sile damage factor and concrete crack width, three damage states were proposed, and the structural

damage evolution process and damage characteristics were compared. The results showed that as the
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incidence angle increased, both the structural deformation and stress increased, with significant spatial

differences in stress distribution. Additionally, the lateral karst cave had a mitigating effect on the ten-

sile stress of the structure near the cave. When the incidence angle of the SV wave was 30°, the tensile

stress at the vault and bottom was 1.96 times and 3.07 times that of the P wave, respectively. When

the incidence angle of the SV wave was at 30 and the P wave 60°, axial cracks with a width greater

than 0.2 mm appeared on the outer surfaces of the vault and bottom. As the seismic waves continued,

the tunnel’s damage gradually worsened, with localized damage eventually concentrated at the bottom.

The lateral karst cave contributes to energy dissipation and vibration reduction to some extent, but it

also exacerbates localized structural damage.

Keywords: shield tunnel; karst cave; seismic response; damage characteristics; numerical simulation

0 5

[l

BRIE R AT AR TRAGTHELERTZ —,
AR SRR M BRI IR R T A E TR R O
TE 32 AR R RN 3 b A5 AR BRI Bk N T A
HbyZF o S X BT R R AN R X
X 5 TV 2 BRIE , Q0% 1 Albula Tunnel T %
Y Eh [ Sol-an BEIE Y, B T AR BRIE T E . A
VAR 23 Tk L o B AR Ak, A2 B SN A i 25 10 5
5 [R5 R AR A B, 4 7 3 g o T 0 45 R IS

DIAE 5 5 bk T 09 A DG 90 v, 22 50 1 LA it T
of B b T K U8 AF R T A A A AR E Ak .
TR B T 2 AR R R VT Al U B OE 1Y B
SEME QSR ILRRE A R ORI T — RS
Jit Y/ it T sk R v R B AR 0 R T Bk B R
HEK R G0, KRBT 2 Hp oAk 3t R & S5 . B
I, X B 5 — 2 BE 25 DA AN Y v s T i R A
1 298 — 1% A 35 T R A, A OQ % AR 4 X — K-
BB A 3 m™™ Xt K WA 8 1 R
23 4 4 %o HE A A MR A R o T R G [R] B
T VA L XN R 2 K X, A M iR F R 254 5 K
AR KWIEA R ERR T REE ymHE, B
H L AN RO BT b, 5 W7 2 R O 6 30 ) e A 5T 8
22100 T 2 VS M IX g T 2 R B R AR ST R D

T RS A T O R R R A/ G
I XeF 5 1 5 A4 174 Hb 7 o [0 25 5 5 T BRI SR TR [
Vo A7 R AR AT R 5 R % gl g e B R AR O
FL T 22 M ok 7 45 A 118 il 7 AR 5 4% I SR 4R A
TR A R I 2 G KON X R TE 45 R b R
VRS-SRS S5 =S s S a1 Ui ] K o TR
TS TAAR TR TR % G 45 44 1) b 7% me 7 R . AR,

3R X R G S5 A A BT 5 S B TR B A R i
VAR T 73 At S5 44 B A8 R 32 TT AR, R it — 2P W5
5if o A 1 BE G 4544 A B R R AE o HL U A v S
) B AR X 07 B AT RE 23 7 | S 45 Al Ml 7 e R Y 22
S, 2 TR S I AT R A B AR R 1B S O R
5 A I 51 AR 114 B S £ A S 45 5 B AT RE A, BE T
DGR PN UER > 572081 PN $1: K23 01187 AN e o3
HE RS A B 5 28 0T B G 445 A4 Ml 7 0 17 9 5 o) B A7 B
FEo L.Yan % CRFSE T BRI £ 2 AR 1 5 b A v R
T B 2 7 b = I RE A BT AR 1] 3 R e L S XL
FAEHITE T SV BRI AL T XU I AT BIE A B
TE A Hb R e R R . B.Sun AFNTAR BT T SV AP
W NG T3 1) MU S R B R R G 45 4 M 7R RN 5 T
285 . LR R, iR P 6 U e A5 A JEE Xt
W% 3 2y 3 W) 7 R A ) S I A A 22 5

AR SOOI ST T M0 2 ¥ 25 T 0 T 3t 7 0 A 4 B
PR WRTE J5 5 i, SV P AN ] £ BE A S0 % GE 45
ey Hb 7% B i 1S K AR A R AR B S S BT T BB T
SER AT FONL 3 o3 AR AR 8 3 5B 5 R T
55 BLEE GEE Z 0] B X I OC AR L B T S5 R AR A RS
SR JEUEN RS T MR AR T B G 45k B4 4 i Al
T BRI RRAE o I ST 4 SR X R E BT e S
MAA—EHTE L

1 #HEMANTHRRERLIE

11 FHFEMATHRSHEEAN

W R A BET RO B TR TS
ERBAYN TR Hb Bt N T 5 2153
J7Z AT o BRI LA A% AR AL 55 BRI A2 R AR
SRS , I 90 B PR I AR AL 1R 22 .

Bh PR N T3 B G A N T L B

797



TOGF N L R B JE g T BEOE B A AU B R B
SEPL, R T MERR O MR, 6 TN T A
A= B 5 0 ), W S IZ S TE A H g
B A5 RS AR A AT, Rk, N T T 0 A S
AR (I
o(xnynznt)=F(t)— f(t) (1)
Arh, F ()RR BOE T 7E N T FEag 5 200 By
N ST 50 (s, v,z t) R AR 77 A N Tl 515
SO T 5 £ (o) o B 3R RN BELJE 4 3 58 Y
J1o BHJE 2% RS I AR R
()= Culx,y,z,t)+ Ku(x,y,z,t)  (2)
U, CHIK 27 BHLJE 5 7158 3 114 22 %0
gia A (DHM2), AT LA FA TR
IV
F(t)=o(x,y,zt)+ Calx,y,z,t)+
Ku(x,y,2:,1) (3)

1.2 HEBEIHE

A R ITEE 5, B 00 RS 23 5% e 45 51 1

Bk . BERMS W5 b 45 i @R SF R
2, <(1/10~1/8)A. (4)

A R H AR U BT 0 N

B AE A A LA R F R 1 200 m(X [i] ) X 1 000 m
(Y17 ) X 1200 m(Z ), B8 RSF 2 20 m, A& 1(a)
JiR o RERSTRHR Sy [ f il A A0 R R A
T, ZHE TP EESE 8 MR 1R,

5 E AR Y v DLk o ek B R il R AE R SV
NG5 A8 RS FR A X b 5 1 A Bk e R Bl v (1) =
0.5[1—cos(2n) ] (0 s<<r=<1s). XHK[21]F&W],
SV ARG B AE GG FE A /N Tz M e SO
SV WM P e, KTz ME ARG SV . A A
WSV A ST A BE R 207 (R R S ST BRI Y il e
),/ NTFi RS 32.3° B 1(b) A AR ZF,
U TE B AL B 10 07 B = B T eT DL R S
BPSV IR P UL . K 1(c) R 25 ToU i rhate A SRR
T B SR RS R R A BCE . 28 b T DLRE
ZhaebE N T B 5 AR G b ASE 40 235 4 ) b 5 o )3

F1 WIFHEAHNSEH

Table 1 Parameters of validation model”"

MPERLR/ WS PR/ SV P/
A

GPa (kgem ™) (mes ) (mes ')

2 2200 0.3 1106 591

798

1000

Hfii: m

(a) SRR

2.0m

Om

¥
=29s h?" =345
(b) EemfeREid

0 n g
[5[E] /s
(c) SA. BR{IEERTELR

BT B N T SR

Fig.1 Validation of viscous-spring artificial boundary
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Fig. 3 Seismic wave and its incidence
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Fig.10  Vertical displacement of tunnel vault and bottom
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Fig.11 Tensile damage under oblique incidence of SV wave
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Fig.12 Tensile damage under oblique incidence of P wave
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