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Abstract: Based on the Biot's theory of two-phase medium, a high-precision indirect boundary integral equation method
(IBIEM) is proposed to solve the scattering of SV waves by a two-dimensional tunnel lining in saturated poroelastic half-space.
The ground displacement amplitudes, dynamic stress concentration of the tunnel and pore pressure on the outer surface of the
tunnel are investigated under different circumstances, and the frequency spectrum analysis is also made. Numerical analysis
shows that the propagation and scattering characteristics of seismic waves depend on the porosity of the surrounding medium,
frequency and angle of the incident waves, tunnel depth, etc. The drainage state of tunnel outer surface has little impact on the
ground displacement amplitudes and dynamic stress concentration of the tunnel. The features of the dynamic stress
concentration in the tunnel strongly depend on the incident angle and medium porosity; as the porosity increases, the dynamic
stress concentration becomes more significant. The pore pressure on the outer surface of the tunnel can reach four times the
peak stress amplitude of the incident waves, and that for incidence waves of 30° is significantly greater than that of the
vertically incident case. The spectral characteristics at displacement of different points on ground surface may change within a
small distance, and the amplification effect seems more obvious in the case of oblique incidence. With the increase of
embedded depth, the spectral curves of ground displacement and dynamic stress concentration of the tunnel oscillate more
rapidly, but the amplitude will decrease. In addition, according to equivalence of velocity ratio, the single-phase medium model
can approximately simulate the displacement and stress fields of tunnel - saturated medium system for SV wave incidence.

Key words: saturated poroelastic half-space; tunnel; seismic wave scattering; dynamic stress concentration; indirect boundary

integral equation method
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Table 1 Poroelastic medium parameters and velocities of P, P, and SV waves with different porosities

n A M’ P m' a b Ky /MPa ¢, /(s Cppl(ms!) ¢y /(ms™
0.300 1.00 1.64 0.46 3.35 0.83 0 6167 2670.4+2.7i 805.6+0.8i 1354.6+1.4i
0.340 1.00 4.08 0.48 2.77 0.94 0 2589 2041.4+2i 675.3+0.7i 827.8+0.8i
0.360 1.00 42.2 0.49 2.55 0.99 0 200 1686.7+1.7i 255.8+0.3i 253.6+0.3i
0.375 1.00 30.6 0.49 1.31 0.99 1.6 — 1845.5+60.8i  421.4+81.5i  326.9+12.4i
0.375 1.00 30.6 0.49 1.31 0.99 10 — 1738.5+46.2i  223.8+152.5i 303.8+10.4i
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Fig. 4 Comparison between horizontal displacement amplitude on ground surface for vertically incident SV waves and that for

incidence of 30° (d/a=3)

2 2 2 2
n=025 6,=0° ik n=05 6,=0° _i&Kk n=10 g,=0° &K n=20 6,=0° __i&K
n=03 =025 _ _AEK n=03 v=025 _ _FEK n=03 1v=025 _ _FEK n=03 =025 _ _TEK
= . = . = Tt = Tt
= T =1 T = B =1 i ]
55 5 5 5

xla xla xla xla
3 3 3 3
n=025 g,=30° —&K n=0.5 g,=30° —&K n=10 g,=30" —BEK n=20 @,=30" —&K
| n=03 y=025 - -*fk =03 v=025 --FBK||u03 v=025 --TEK| L |a=03 p=025 - -TEK
3 T 3 S SFE | F F+
5 s ‘ 5 SRy A\
]
' g ... S
N
R U2 0 2 4
xla xla xla xla

5 SVIREEASH30° PNGHER T R 2 EALFE LI (d/a=3)
Fig. 5 Comparison between vertical displacement amplitude on ground surface for vertically incident SV waves and that for incidence of
30° (d/a=3)
¥o BT RRA IR O i A B LR IR (AR RLRE NN . 11T 30° REASSI, 3 R LL T
o NERRAA 23 B 0.25, 0.5, 181 2. B IR RONAFIEA —E 2200, HLmls ol & A ross
BRoRiZE K MIANE K O3 | s M P AR R N A SiE BRI PR A S 22 ) BE O W] 2. Bt =1.0 15 1%,
IKFIANE ARG L (HRIAEAD, TR RGEROAHRE AR KPR 2 4.4, VOFIRIRY (7 FE 42 &4
A, UUFEBIE. MERITUA L, EEASE, 038, I 16%, (BRI i E B xa=—0.2
A2 (] FP A RIS NREZE K . ANBKNURAR A BURERUG, BHE. 534h, TR EASARLL, RSN LB 20 5
Moo A — 2 RWIRIE PR LRI AR B AR R AR R 22 5. X 25 T SV i 30°
RURFRNI IR ZEA K, BEEATIR EE KSR AR A (0,=30.5° ), HIRALFE S NAFAE T



5 9 3] X%, A

W23 ] B A D0 1 1 SV 5 (¥ R TBIEM SR fig

1605

hEAe, HHRA IR, BUN A AH NI K,
BARTIOR N, U 2%, B K ATk ) H e IR 1.5
5o MBI RS JEOK X 30K 25 F 21 B i 5 3003 1 —
M o T IR b A A ] A 52 B8] B A ) ) A £
., R AE /> AR TR RGN G2 M. 2% FE AR Ak,
S, BARAIE n =0.25 1500, 3 FIEOL T BURIE MR
Wil FAJ A 55 s BiARIZR IR, B TR U8 P IR A 1
Pr R 73 ()P B N JRIZY, B TE b7 B A (R s A
A IR RN |

K6 A 7 o3l T SV B E NS, WA
A3 ] P A WA FE K ANIE KR EAH Ay As A 3
R pE e S i S VA2 A TR (E RS e =Sk
WY x/a=0,1.0 F1 2.0, FLBE #5379 4 n=0.3,0.34 1 0.36.
FEPERERCR B b =0, I 6 ATULE L, H T HUN b AE
W A 2 ) 2 TR ) AN T SR S, MR R A e
fEELE S 2, RUMEAERNPVG I N W x/a=0.0, 1.0 P
RUIAE S A0 R E AR 2 AR K 220 o R TRz R
x/a=2.0, n>1.0J5 T BN BN REEE, A% (E
762.0 EFIRG . HIBFLBREA, FLERZE n=0.3 I,
[) F i AR — 3, 3 P L AR A R I 22 )

BN BEIEXHE EJ7 ARV N, x/a=2 Kb
PRI M EIAE n =013 1, I8{Eh 242, ELEH
ORI 21%. RS A BALBRZIE R, R ARRIRFN
FRETR [ 22 R T8 K o 0 n=0.36 1500, 1 =2.0 N1l
FIZ 7KCRN B AR IR AR B 1T s AT RS i A8
A 1.2 A1 1.7, FHZEUT 42%. DRI mdii. LB
TR, SR ERAH A B R ke S s i M 7S s N o] e 2
AR RARTE o PAMTAE R n=0.36 1500, B IE L7 4
{7 x/a=0.0 TEA HIINAR AL 257 A R A B TR
Win =043 WA BIRMDEE] 2.4, TEOKUT 20%.

M 7 ATLLE Y, 3K B KR AR 5 i)
PR A Z RIA K (n<0.5), FAlE n=0.3
T T ANEE T I IR A LB 2 (10 384 i 65 v 57 F WA
I ES, 3K KA BEAE LR ARG I, LA I
BAG, Z5R0HFA LR K, SV NS R P YT
Re B TR K. I xa=1 WHiEn=0064 I},
n=0.3,0.34 F1 0.36 —FGHLALREIRIE 7> 71 4 1.34.0.87
F10.360 PIIEXT n=0.3 15 0L 77 2 BEE ) i 1 8 1) A7
BN X n=0.36 mfLBRHEOL, SV AT
b % 1) 57 S TR 0N I A O 4R 55 o

4 4 4
xla=0 6, =0° — Bk xla=1  65=0° — &K xla=2  6,=0° —3EK
3L n=0.3 v=0.25 - Bk 3L =03 v=025 - - NiEK 3} n=03 v=025 - - REK
FE
> 1
0.l5 1.‘5 2.0 0.0 0.‘5 1.‘0 l.‘5 2.0
n
4 4 4
xla=0  g,=0° — &K xla=1  g,=0° — K xla=2 6, =0° —BK
3l n=0.34 v=0.25 - REK 3t n=0.34 v=0.25 S 3l n=0.34 1=0.25 S
=
S
1k

15 2.

0.0 0.5 . ' .
n n n
4
xla=0 g, =0° — &K xla=1  6;=0° — &K xla=2  6;=0° — &K
3L n=0.36 1-0.25 - - BEK I n=0.36 v=0.25 - - Bk t n=0.36 v=0.25 - - FEK

0.5 1.0

0.5

15 2.0

& 6 SV iEEEANFIFR THRKFELFBEIL(R=0.3, 0.34, 0.36)

Fig. 6 Amplitude spectra of horizontal displacement on ground surface for vertically incident SV waves (n=0.3, 0.34, 0.36)




1606 E N R B 2015 4§
2 2 2
xla=1  6;=0° — Bk xla=1  6,=0° — Bk xla=1  6,=0° Bk
n=0.3 v=0.25 L Rk n=0.34 v=0.25  REA n=0.36 v=0.25 I

[Uy/IA

2 2 2
xla=2  6;=0° — &K xla=2  6;=0° — &K xla=2  6;=0° — 3K
n=0.3 v=025 __ Z“‘ﬁzk n=0.34 v=0.25 _ Kiﬁzk n=0.36 v=0.25 _ Z-\‘Ej(
3 FE | T
=1} =1
s =
z N /s A\ ~ -
RN/ N N
\ M = " ’
e \’3 ’
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
n n n

B 7 SV IKREEANGHER T REEAIFBIE(1n=0.3, 0.34, 0.36)
Fig. 7 Amplitude spectra of vertical displacement on ground surface for vertically incident SV waves (n=0.3, 0.34, 0.36)

3.2 RFEFWIALNNEF

Bl 8 45 T B A LB A n=0.3, fTHI5MEE
AIFEIK, SV T NG T 3008 N SFHE LT HVE d/a=3
IS (R AT P S B0 8 g DR o A = e S G4
IR T 0y F 0y /0, = 04 /ﬂk; | AT
ENDINFANEIE STV ¥ AL A =R = [ PN
By AR 025, 0.5, 112, P25 A AL
BREL 1=0.3, 0.34 1 0.36. nJLAHEH, ASHEAER
FUN SR A7 ERT AR5 A 5 20 18 3 s (R 2 ) 3 A RS
HEIZLYW ., EEAFET, n=025 5, FEN
DI AR H BAE AT RS E P 2 A P N5 85 1) 2 FH A
60 JEAI'E; 1 =05, 1.0 I, FREN )i RAE HIAE
P B HES R I AHLh 45° fLE n=2 BN

n=0.3 =025 63=0° =03 71=0.5 65=0°
-15 -15
12
20- - w ﬁ
2.0 /, \ o 20 >
25 g 25 / \
] 3
g0 ff LI 9
-35 a3 \ /
40 S 2 40 \-.'/
RV Th— . : ; ; 45 : :
15 <10 -05 0 05 10 15 15 -10 05 0 05 10 15
xla xla
=03 1=0.25 63=30° 1=03 1=0.5 65=30°
-15 -15
16
2.0 ™ X
14
25 ’ 25 f \
2-30- 2-30
10
-35 -35
]
—40- Y ———
6
15 -10 05 0 05 10 15 15 -10 05 0 05 10 15
xla xla

IS 7 U ARL U] H AR AT ) 22 A 0 0 30° REASHBIL R
FIN SR L NS W2, HAR T X 432
I ATAERETE AN . Al =0.25 I, BEIE TS
) N Sy B R TR B 16,80 T S PRBEE TR b N 1%
FENE R SV RIS IR 7538, Rl e s .
FIANTFEE B, AR AP G S (n=0.25),
N AR O R . BEAE NS AR N, R A
LEATIIFR AT S 2%, LA ER X, HBhW
JJEAY HEAR |- TP . 1% SERSCHR 13145 H 1)
KT BN I B AR ZE AR (PR DL K B, ) 25 1) 23 A 1)
M&sie—3,  HIRYINSFIRE R IZ) N 4341 A

AEEYW . BEELS FLBTR R, BEEAT A A
AR, HAWREEA SR AR KA.
1=03 71=1.0 63,=0° 1=03 1=2.0 63=0°
-15 9 -5
8 . £,
20- D e S 20 /m\
25 / \ 6 25 7. b
£-30- s £-30- ( )
3 ¥ 4 \ ,
-35 3 -3.5- y
\ y .
-40 o ? -40 -
45 o : : : : 45
15 -10 05 0 05 10 15 15 -10 05 0 05 10 15
xla xla
7=03 n=1.0 63=30° n=03 11=2.0 65=30°
~1. -1.5
10
Y P | 20 y = - lo
25 / 25 7/ 8
oo \ k. Y
S-30 2-30 6
-35 / 4 35 / 4
Y
—4. — 2 40 — 2
7‘35 0 05 0 o0s 10 1s 15 “10 -05 05 10 15

xla

(a) n=0.3



59

KR, A NI ) R A D P10 SV BT U IBIEM SK A%

1=034 11=0.25 65=0°

=034 n=0.5 65=0°

=034 n=1.0 63=0°

=034 =20 95=0°

-15- -15- 14 -15- -15-
-20- e 20 20 12 20 P e % -20- A
/ \ y N
25 ; 25 10 s 25 4 b
15
- - t - ! \
=-30 =-30 =-30 -3.0- ‘ ]
= = s >
“ 110 '
a5 ; 5\ Y. a5 5 / 35 \ )
4 . .
40 L5 0 \ _/ , 40 — 40 L
450 i i ; ! i Y [— . . . . . 450 : } i i 45 . i : ] L
15 <10 05 0 05 10 15 -15 -10 05 0 05 10 15 15 <10 05 0 05 10 -15 -10 05 0 05 10
xla xla xla xla
1n=0.34 1=0.25 03=30° n=0.34 n=05 63=30" n=034 n=1.0 63=30° n=0.34 n=2.0 6=30°
-15- -15- w L5 -15-
30 =
-20- g — -20- -20 20 ~
25 s 7 / N\
\
25 i -25. ! -25 # -25- /
“ 120 ( d,
S-30- $-30 S-30- 30| ]
= , 5™ 10 = ' i
35 35, 35 \ -35- \ Y4
: 110
° Z \
-40- ; 5 40 -40 . -40 ~
450 i : ; ] 450 ] L . . ] 450 .. ! . . 450 : . . :
15 -10 05 0 05 10 15 15 -10 05 0 05 10 15 -15 -10 05 0 05 15 -10 05 0 05 10
xla xla xla xla
(b) n=0.34
17=0.36 71=0.25 63=0° =036 71=0.5 63=0° #=036 7=1.0 03=0° =036 1=2.0 63=0°
-15 -15 -13 -15
60 w s
2o -~ 20 /.\ 20 = 20 s
/ \ 4 N 0 % 4 N\ i
-25 ! 25 / \ -25 -25
40 ( \
S O S 3 ] | 1 30 = 15
£-30 | £-30 30 £-30 | ! £-30 \ }
-35 : - -35 \ // 0 35 20 35 \ 10
-40- | 40 \'/ 10 40 10 40 - 5
45 i i ; : : : 455 : ; : -45 : i : : : -45 : : : :
15 <10 -05 0 05 10 15 15 -10 05 0 05 10 153 15 -10 -05 0 05 10 15 15 -10 05 0 05 10 15
xla xla xla xla
1=0.36 7=0.25 63=30° =036 7=0.5 63=30° =036 7=1.0 63=30° 1=036 1=2.0 63=30°
-15- -15- -15- -15
100 70 70 50
20 20 2.0 -20
60 60
/-\ N o
25 \ -25 50 25 50 -2.5
< \ 60 N 30
$£-30 $-30 40 330 40530
- =y ES =
30 30 |
35 \ 0 ;s 35 -35 2
/ 20 20
40 = 20 40 -4.0 -4.0 10
10 10
—45. 45 . i . ! . . -45 . . : i . -45 : :
15 -10 05 0 05 10 13 15 -10 05 0 05 10 153 15 <10 -05 0 05 10 15 15 -10 05 0 05 10 15
xla xla xla xla
(c) n=0.36

8 SVIREE A 30° RNGHER T #BIAARIRE L 11 7 B EL (n=0.3, 0.34, 0.36)

Fig. 8 Comparison between dynamic stress concentration on tunnel inner surface for vertically incident SV waves and that for incidence of

30° (n=0.3, 0.34, 0.36)

40 40 40
6=0° 6=0° — &K 6=45° 6;=0° —EK 6=-45° 6, =0° Bk
ﬂ 30l n=03 v=025 - - FEK @ 30 n=03 v=025 _ - REK ﬂ 30} n7=03 v=025 - REK
g Ft | E g
e 5 T
10! £ £
Ve
0.0 0.5 1.0 15 2.0
n
50 50
6=0° ;=0 Bk 6=45° 6;=0 @K 6=-45° 6,=0° @k
@ b = =0.2 . o 400 = =0.25 . o 40| - =0. .
g n=034 v=025 L REA g n=0.34 v _xEk| B n=034 =025 @A
= 30f LFt ¥
20+ =
H & 3
] - 7 N L
10+ A y
00 05 10 15 20




1608 A ok TR ¥ 2015 4F
200 200 200
= 6=0° 6;=0° — &K _ 6=45° 63=0" — &K = 6=-45> 6,=0° &K
# 1501 1=0.36 v=0.25 -~ FBK # 1501 n=0.36 v=0.25 - - REK # 150} n=0.36 v=0.25 - REK
g ¥t | B Tt | £ Ft
Sg 1001 S2100} ; S21001
3 S} ] k 3
< < 50} S 501 N A
0.0 O.IS 1:0 1:5 2.0 0.0 ():5 1:0 1‘5_ 2.0
n n
9 SV IREE NSRRI (8418 R EE B L J1 1R E1E (n=0.3, 0.34, 0.36)
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Fig. 10 Comparison between pore pressure on tunnel outer surface for vertically incident SV waves and that for incidence of 30° (#=0.3,
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Fig. 11 Amplitude spectra of pore pressure on tunnel outer surface for vertically incident SV waves
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