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Abstract: A high-precision indirect boundary element method (IBEM) is used to study the dynamic
response of the aboveground building group and subway tunnel group under Rayleigh wave excitation.
It is found that there is a significant interaction between the aboveground building group and the adja-
cent subway tunnel group, and the system responses are closely related to the frequency of the inci-
dent wave, the number and height of buildings, the number and location of tunnels, etc. Parametric

analysis shows that the maximum displacement amplitude of the ground building can be amplified by
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about 25% after considering the influence of different factors. When the frequency of the incident wave

is low, the displacement amplitude at the top of the above-ground building group will be significantly

lower than that of the single building. The phenomenon is more significant when the building is located

in the middle position of the building group, and the maximum reduction of the displacement ampli-

tude is about 88% . However, when the frequency of the incident wave is higher, this phenomenon be-

comes less obvious. High-frequency incident waves will cause large circumferential stresses in the tun-

nel lining, and the peak circumferential stresses can be 60% larger than that of the single aboveground

building.

Keywords: soil-structure interaction; Rayleigh waves; indirect boundary element method; building

complex; lined tunnels

51

il

T AF R, S 2R i TN 1T B N Ok Y 22 38 T
T REW TP WA RS T RE R R, AR
2021 4F , 3R [ 3 T b ks i A B FE IR B 7 206.8 4
B R, a2 R A T B
WA T B BB BB X . B B OY R R
YEFTR , Ho Bk % 8 5 16 30 b 1 #5145 7= A 35 A A
HAER . flan, e 1985 4 &5 P4 B #h 52 vh | 55 M 2k %
T I AT A A b S B E R IR 5 1995 4F Y
FIAS il 5 5% 5 3 3 A & B - KT Mk 3 42 o
O 2 v IR (e A s 8 N

H R, Hi 2k B% T8 5500 T M A SR M AR AR AR
IR, B4R T AR R, 4 K. Pitila-
kis 255 T IR Y Bg E 5 1 S50 Y b R A AR
FH 46 8 S 0 WA A 1) R 1 2 Ry ) 2% 3 Y
Ko FEPEFETRAARTENIR T FFEE—
- — i 3 400 AT HE H2 5 A4 My 7 g SN AL AR 5 2
AR BRI, Ml RR I Y 1 B 2 Bl B T BT BEL R, DA T
B — 1 IR AE o PR R R SR B A PR R
JCYE AR SE T BT 2 3 25 K XoF I 0 Ml 1 e AR R )
N SZ . ST B T 2 Sk 45 R I AR 23
K AR AT HE B2 A () BY 1 5 L B B . D. Clouteau
VR ROTEE RO T A SRR 40 A R b 3R
Hiu 55 S R T R 5 R N Y B, AGRR I BIF O R
B, Y b R AFAE 2 A 4B BR A ST, T 42 0 4
A ) i 5 5t g g 7 4 B S U /N, L 5 A A
2, T 45 P M R e R /DN o sk B BE YRS T b
i IR X b b b AR 5 A b R o N 1 5 00

BEAh B X Rayleigh I A S A9 1% 50, 2% & A1 T
J T —m R JEELREAE TS T A bk

1154

152 G 2R 18 A ) A2 A7 T Rayleigh P A4E T 3
77 W S 6 A BT ISR T NSO SR A P A
bb 55 R B L A R 3 2 A 2 i R G Bl T e R
SEMA A . TR MESE T T Rayleigh I 45 6 il
JEE R A 0 M35 R T o] B A 3 2k A R B g
N, FF HE T OR [ g 4 1 (2 85 U1 ik L + )2 8
JIE 0 A 0 U O 3 A ) R R AR A B R AR I e
T B HLYR 5 A A T ML R I A A R AR 1Y
A o R L LG Tin SE 0 T B T 3
My 1 g S b R A BLAE B — A TR R B T T
T M b5 e T g5 0 M R A B VR 6 55 7 B Y
Rayleigh 8 47 A 45 R 0 H 5 07 2%, IR Hie TR E A
1] 59 10 ) 3 X I 0 5 b 75 0 ) B

SR, Wh 25148 Y () J - BLA Mo 2544 5 M [
SRR WM BRI WE SR A X R — R 5 S
B b 25K AR D B R Hb Bk R G RS b
TE o 7R RIR T AP, Rk Bk 22 2 b 2k ik T B 0T P S 5
e oSS Sy £ SR 7] i B 1 1 R S R
g% BB GEAR Y (P U S ) 7B H R IT, B X e i 3R
KT 3 (Rayleigh 352 ) 4V FH R (4 3T 25 04 Fi i |
S Bh 1 AR EAE RO WS, 1 A DL AR 3

YT HE R P AEER LR R AR SR
IBEM J5 & , #F 5 Rayleigh 3% 1 F F P A4~ Hb 2k % i
524 b 512 (8] ) b = A EAE R A A
BB TR 5, AR SCR Y ) 422 3 B o8 (IBEMD) 14
FLA B IR B0R 7 4R 55015 48 A L B R T BR
I 5 S A L G R AR AR A RS R R T 3 RS
J A

1 TE&ER

WA 1R RS 4E o) 2 s P A 2 A



Mo ST, R AR O A A R . DR Al
SR, SR Y M b A5 AL o i D B ) SRR A
X2 R 7 S PR b R o AR b s B AR A A 2

VLR Z 8 Y1 AR 8 O 3, IR IR A SR T B g 4t 4 A
Bt o B MREALRIAL o M b ot SR A i i
TE A WISl

QB Q.8 Q.
T
Rayleighif¥
N 0 X
W ‘\Tﬁlﬁ “-\Tgiﬁ > T3jﬁ ‘ﬂ‘
& | ~
mBpsd, o
o)W
I du
Bi Di B2 D2 B3 O

[ X E
Fig.1 Numberical model

AL LA = S ] A ) X e
W, O ; % 38 ) X 3843 B0 N 3w, W S G
Tt X 38 43 308 R 3 T, (T, T, % R Y B3 0 6% X
WAy SR N IR 0,0, Q0 B 23 B A L 5
St A JOT R B A A8 A BT, P B S R SR 4 5T 4% 1)
AT, W oM v w28 Rmic kL, L6
AT T T R iic b L, Ly 5 Ly 85 185 Q.
Q, QFEER T, T, T, 28 S 43 e Ly L Lo 3 5Y
1RSI I AAE o Ly Lo Lo BESW) L3R
SEM R B O H SRR VR Y b R GE TR O B M R
BN o, W8 [0 2Z [ A IE B R d,, BR8N 1R
G35 R a Fl a2 Tl A T 59 Ui I R L R
BEG SR By o5 B TE AT ) A RHRRE S B0 R B,
o 02, FERE A R S BGC R By s 5, B 1 55 1 B4
BHFESBOC R By 000 BT 1 1 35 A 3 Atk B
i R WP A S ST A R T A K
BYY) I BT 78 43 K BB R SE Y

2 HiERKE

21 EEBRTE

R PR U Sh B E , S 0T 4 o A h g L
S50 & . AT B B0 BN R f# AT 2 L SC
ARV BB R Ay o X T O 3, 7 T D B h
T AR S A& m RV AT —
WAL RS ] th Somigliana B4y s R IE N

a(6)=] G,(38)f(y)aV+
(1)
JS[GU(L@@(I)— T,(28)u,(x)]dS
P, G, 8) T, (2, &) 50 318 1 s b o 5
R B3 0, () S B 25— e A 1 B
(o) S L 1 11 B F1 5 £y 48 3 9 1 43k
{15 B T 2 3 B AE , 1k O 5t (1) 38R 1
Somigliana B4y ik, M5 % 55 2 VL i [ B2 34
RTINS FE T

wle)=] G, (&) f(£)aV.+

(2)
[ Gitgrseas,

auwzlawxxHJ r4L5ux@dm+—
2 ! (3)

| T(x.6)g,(8)as.

2(2) F(3) 127 SO JH 80 1 3 9 9o A
O SR R TR B, — A 22 W P T 0
6 I ELXE 5885 B 39 9 030 45 8 9 B
FE A AT A B N 5 R

22 RFHRKE

TE AT B 45 300 AL 35 75 1 AR ASE B MR ) i
PESE A 7E 36 BE 8 N BE DL K BT ) 55 A 3 1 Ak i
WG TN ) %A o BRI B A UNTE
(1) A HKFHRB R L R N
40+ 1 =0 (4

7

~

1155



(2) FERE A F L, Ly Ly EALAS FI T 3% 22

uE_/,{-J)+ u(f.\-,(-)): u(ixAT) (5a)
{/,@)Jr [g\.@): Z-“'T) (5b)
(3)8Y J1 %% %%‘zﬁl_ﬁ Lo Lo Ly 11 )1 0%
%= (6a)
[ =0 (6b)
(=0 (6c)

(485 H 5% 0.0, QMFLRN T, T, T, 1 3% F 4b
Lo Lo L, AP RS RN ) 3% 45 .

u(].\-,n,): ME.\,T,)’ Z,F""n'): [;.\-,T,) (7a)

u([_.»,n_»: uE-‘\‘T"), z[_(.»,n_»: [,“'Tﬁ) (7h)
(5.0, 5. T, 5.2y (5.7

u ,ﬂ,):u(_ 1,)’ [i(»n —Z; T,) (7C)

(5)BEiE ¥, . %%ﬂiﬂ]%%@ﬁ =
Ly, Ly B RN ) i
u"? + ui"g):u({“"") (
10 0 = (
w/ A+ u = (8¢
R R (
(6)]9%?5:13&!7\]’535[,19 Ly BRI %
=0, 1""=0 9)
Horpr, i 2R % jj S (4) ATk — 2B 3R
—0.5¢7 (2 [ $HEITS (2.6)dS:=0 (ij=z.y)
(10)
TER T F 3 20 5L 2% R AT 0] R A i, B ek
Mo BEIE BV 8k REG A Ab L R AT B L, IR AR
THIA R A0 5 A A T X B i B R R AL
U5 R B R R R E A o HUOK T B3R A R RO
W% 3 BRI B S K B 5~10 % LI 2 R B
Ko W F LB L 0B O 1 B 4 iie o N F
NM,FEEF‘(P(f)jﬂ%ﬁJI%ELE’JT SR TR R
RGN e BT A A Ty R A o M=N,+
N,+N,+N,+N,+N,,, M,=N.+N,, M.=N,+N,,
M,=N,+N,,, M\/=N,+N,, M;=N,+N,, M,=N,+
N, M=N,+N,,,M,;=N,+N,,.

24 368 (641 (60—

[f] 4 A 01 B¢

—0.5¢° (

—"(x,),mi=1,N,, i,j=ux,y (11)
M, M,
z¢_,8($;l)'gf(1w&)* 2¢f‘($;z)'gf‘(xn_,,$/_,):
=1 =1
/' n,=1,N,, i,j=ux,y (12a)

M,

—0.5[¢¢ (2,)— ¢ (2)]+ 2 (&)+t5 (2,.6,)—

M,

DG (2, 6)=— 1 = 1N,

l,=1

ij=x,y (12b)
M, M,
2 ¢,'9(5/, )’gfj@(In,,,gc/, )* Z ¢}-T"’(5/2)’g5"(1”_;,$/2):
=1 =1

—u/? ny=1,Ny, i,j=ux,y (12¢)
—0.5[¢f ()= ¢ (x)]+ qu, £t (2,600~

M,

S r () (2, 8= — 17 =1.N,,

l,=1

J=a,y (12d)
M, M,
2(]5]@(51,) 1] IU E/ 2 l;lv;(x/z,’glz):
=1 =

—u"? o, =1,N,, i,j=ux,y (12e)

—0.5[ 98 () ¢ ()] + D g2 (&) (28—

IT:(xﬂUg/z ): 71;11‘?)1”4 - 1 ,N4,

2@?&(5&).1‘/

l,=1
i,j=x,y (121)
_O'5¢] T +Z¢ In 5!)
n3:17N57 ivj:-l-yy (133)
M,
—0.5¢7 (x,)+ D> g (£t (x,.6)=
/=1
ne=1,N;, i,j=ux,y (13b)
M,
—0.5¢7 (2,)+ > ¢ (€t (x,.6)=0
=1
n :17]\]7’ Z)]: y (13C)
M, M
z (5/1 g} Ly 5/1 2 gj (I {:/
O,ms=1,Ng, i,j=x,y (14a)
M,
—0.5[ ¢ (2)— ¢/ (x)]+ 280 )
M;
Zz; (1‘1»51J z (5/ fm{fz
ngzl,Ng, Z,]:I,y (14b)
M, M
D (&) gl (&) 2 g (2, 6,)=
=1 =
0,mo=1,N,, i,j=ux,y (14c)



—0.5[¢ () — ¢ ()] + D 47 (£,)

1t (2, & )— [WZ ¢l (&)t (x,,E,)=0

ny =1, Ny, i,}:x,y (14d)
3076l ()= S0 (6] ()=
S no=1,N, z,j:;r,y (14e)
—0. 5[¢, z, ¢}}""(x7,):|+ i (&)

1] 1 75! 2¢/T';(€[))Zi;r;.(lvu,\,»EL):O

nyy=1,Ny, iJ X,y (14f)
M, My
D87 (&gl (2,800 Z g (2,,8,)=
L=1 L=1
7“5’/'@)7711[:1’]\]117 i,]:I,y (15&)
M,
—0.5[¢¢ (2, x,)]+ z¢ (&)
19 (2, 6)— 2 Gl (e )t (2, 8,)=
L=1
7[1{/'@),7’111:1,]\711, i,j:I,y (15b)
M, M,
z¢?($[l).g1§?(1m275/|)7 z45,"1/“’(5/2)’g;'"’(rn,z,&):
=1 =1
—u/ n,=1,Ny, i,j=ux,y (15¢)
—0.5[¢f (2,)— ¢/ ()] + 2¢j &)
1] 1 75! 2¢;Pl(51.,).[1;'1/2(111|.>7€[.>):
L=1
_[1(‘/19),7/112:1,]\]12, l,]:I,y (].Sd)
M,
—0.5¢" (x,)+ D ¢ (&)1 (x,.6)=0
=1
n;=1,Ny, Z',]’:I,y (163)
M,
—0.5¢)" () + > 47 (&)1 (2,,6)=0
=1
n14:1,N14, Z,]:l,y (16b)
3 RERE

B TR WS N P TR 0,/ kS HER
A R IR ) R0 F7 55 2 25 ] A SR R ) MR AR Y AR
T RS SO B4 R A9 T A X HURE AR
B ALy ¥ 2 o 23 [ v B — g G KR 28 SOk
(3R S5 R AEAT LEXT, AN 2 Fr s o B3k v /9 2 H0R

{8« B R 2 [ £=0.001,1H# [ x=0.33, To it 40

Wi p=0.5, RFiE R 15 R, ST
PERS R, B 25 8] F0 A 80 B4 R4 0 %5 B2 1 o, /0.=1.25,

BYYIE L B,/ 8= 3.0 X F MIEAT ) , % BE L 0,/ 0,=
0.8, B U1 ¥ Lb 5,/8,=0.2, M AT S, A SC &k

[F) SCHR 285 SR W A AR g, B0 E T A SC 45 5 e kG i

ar ° T3]
AL G

- = o AW

| U,/ A |

x/a

(a) Hadehrde
6 -
° R3]
—R I (FHRISEE)
" - - R (FEIPEE)

| 65/ ik |

L
(b) HEIFME R
B2 AR SCTE 5 45 SR SOk (3145 SR 5%

Fig.2 Comparison of calculation results in this paper with

those in literature [3]

4 EHBIHH

B SR R E YR AR =44 m,
W2EAR a=4 m BYBERL 5 55 I 55 (Y 98 52 A B2 4300 R
B/=21 m Ml H=44 m; = MR HE Y N h=4 m |
$i B,=21 m., PRI R =13 m,¥5
] 55 1 0 7 3,=200 m/s, % J& p,=2 700 kg/m’, JA
P b 20 =0.35 B% 18 A 0 55 U1 3% 3 2,=2 600 m/s, %
B 0,=2 700 kg/m’, JARS Eb p,=0.3 o I oL I J A
f 5 11 9% 3 B,=10 400 m/s, % J& p,=2 500 kg/m”’,
TR T 1 =0.25. 57 77 4% i) 95 Y1 9% 7 3,=420 m/s,
% B 0,=500 kg/m", AR b p,=0.3, TG i 44 R
n=2a/A,, 5 MW »p=0.25.0.5.1F12, %8P
J R Rk [ BHL @ 3R 2034 0.002,

1157



4.1 MR

& 345 i T Rayleigh 3 A S T A [R] #4755 A1 k% 16
RS b 3 57 B W S 4 B R R A bR X N b 3R A%
FALE x/a, DA bR 2R s (il Rayleigh 3% 057 #% i {E
A — AR5 B Hb 3R AL W A [0t/ Al o [ IS 2> T % T
O F Rl S A IR O HLOCF y Bl B g E
W B d/a=3.4.5.6(43 % h 12 m .18 m .24
m) , EEH Y B H a=9 .11 .13 (5 51 %} 1
36 m.44 m.52m),

W3 TR, 2 A R AR (p=0.25 5
0.5) s, #5504y 1o B 114 7% 16 X6 Hb 326 07 7% il M) 4
JI 5 % TR 1) 8 Ak X A SR A K HG R L R A5 A%
(B A AT — 8 W 52, (F 52 e 2 BEAR S5 . an g oy
0.25, #E50 & B 44 m, b5 i HL VR N 3a.4.5a . 6a i} , &
J7 1) ) b R AV A W 43590 2 1.45.1.46 .1.47,

B A 326 T 1, b 2 107 S A Ak B 3 L R
ARG TR A R A3 A AR AR AL T O A A . T
FY 44 m H B GE 8 d=3a.p H 0.25 3 finF 1
BF o 7 R AR R R 1 AS B I ) 1.82, i K 24
25% , [AFE y J7 ) 6 A B8 W AE R 1.96 39 fm 31 2.40,
R Ly 2256 o [R) B, 22 400 252 4 ey, 8 540 e B X
i 3% 57 B (L B0 52 i) e 8 3 0 K OF HL 5 R G G 1
WEYIM G, WY p=2H d=3a . EHY & E 5l

IS
2

=1

k36,44 m A1 52 m B, & 5 1) 3 3 A A I (5 5 ) A
1.84.3.36.1.83;y J5 In] i 3= A7 B I {H 43 51 hy 2.50.
4.62.2.53, 1M Y4 B8 MG KRy d=4.5a i, # 5T
Y5 36 .44 m AT 52 m X R A o T 1) M 2 A8 B 1 (.
241,352, 2.45, 40 B B K 31.0% . 4.7% .
33.8%% 5y Jy ] M e 5r B W {E Oy 3.17 .4.87.3.29, 43 5l
Bk K 26.8% .5.4% .30.0% o 24 % i M IR 4k £ 4
KE| d=6a i, H R ALFE IR T RE .

42 HEIFTIABALE

R G BT R SR TR A AL 1 AR Ak AR SO T T
W 4 Fis i 8 Fh AR T i 4 1, P I 4(a) Ry
PR B SRR R T8 b, B% 3 HLYR ¥ Ok d=
12 m, B& 1& 3407 T o (8] 2 5090 1E T J7 B B% 1E 3.0 R
By ihiKFEEE d,/2=6.5m, K54 H T Rayleigh
e A A TR) T 00 3 S04 TR A B8 25 2

G R BN (9p=0.5) , T 1~5 2§ I
WA WEL. 2, WL THSAL, TH 6 M2, T4
7R3, TG 8 RN 4 DY ZH A v AR THUHR A6 7% e (B
AR B, ML SURE TR A RS 5 b — R BT
PR RS, U AR B AE 7 T - AR RE v |) 1) 2544
W TR )X T 1~4, B R A T
Aib - S5 20N A SRR NS T AR T AR B ik
YEH

BHATELSE(—)

Table 1 Building roof displacement(first)
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TH5 0.245 0.474 — — — —
TH 1 0.343 0.175 0.117 0.537 0.041 0.157
TH6 0.121 0.449 — — — —

T 2 0.050 0.164 0.117 0.535 0.046 0.156
xR2 BHEWMEAELEC)
Table 2 Building roof displacement(second)
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