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2. Research Institute for National Defense Engineering of Academy of Military Science PLA China, Beijing 100036, China)

Abstract: The integral response deformation method is a commonly used seismic response analysis method for
underground structures. However, in the process of solving the equivalent input seismic loads, it is necessary to
apply the free-wave-field inertial force to all soil elements surrounded by the soil-structure interface in a free field
model. The implementation processes are relatively complicated. Based on the discrete finite element model, the
equivalent seismic loads caused by the surrounding stress of underground structures can be obtained through a
static analysis of a substructure model consisting of only one layer of soil elements. On that basis, a modified
integral response deformation method based on the substructure of soil layer is proposed, namely the first
improved method. Furthermore, it is revealed that the influence of the inertial force of the soil layer on the
equivalent seismic loads can be ignored. Then the second improved method of the integral response deformation
method for underground structures is proposed. This method avoids the calculation and application of the free-
wave-field inertial force of soil layers, thus effectively simplifying the implementation process of the integral
response deformation method. The comparative analysis with the traditional integral response deformation
method verifies that the proposed methods have good calculation accuracy, thus can be applied to the seismic
response analysis and seismic performance research of underground structures such as subway stations and
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underground tunnels.

Key words: underground structure; integral response deformation method; soil-layer substructure; equivalent

input seismic loads; seismic response analysis
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Fig. 1 Model of soil-structure interaction system

S5 H RS

K2 Al
Fig. 2 Model of free wave field

R A A 5 S AV A 7k (R B A BB BT, iR
GRE) P A2 R i R R D i AR =8 23 B

D) o B HIRARTE SR I 8 f: ST AR L
R 2 0 2 A IR TR rpofy -G b Sz & 5
HI AR TEAL B AL T AT 8 40 3(a) P

2) th & K AN R 3L 8 13 e AR AR
TE R BB AEXS N T AR A7 B AR T



78 T 2

{u} {fed {u’}

(a) L HIEE LS R A A 4

Al {u’}

(b) M S A 3R A 5 R (o) 4

LErEE
B3 d AU AT R A P IR A RO e 2

Fig. 3 Equivalent seismic loads in the integral response

deformation method
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Fig. 4 Free field model of soil medium corresponding
to the structure location
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Table 1 Physical properties of soil layers
NE LR WM EE(kgm?)  BIUIEH/(msY)  HERA
1 At 0~1 1900 140 0.33
2 Wt 1~5 1900 140 0.32
3 b+ 5~8.5 1900 170 0.32
4 it 85~115 1900 190 0.40
5 #t o 11517 1900 240 0.30
6 Fit 17~39 2000 330 0.26
7 He >39 2100 500 0.30
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Fig. 9 Time histories of input seismic waves
Ao RN 45 K 72 SO o 55 B SR AN ) D7 v B 1
PR 1L 25 A 00 55 L TR T )~ 280 45 28 7
. WA AL By C. D AR AR AT LA AT
JREALR Z RN G AR T o DLAL G REAR A
IR AP ECE PR3 S o S NI R OFE PURS
Z, BRI HINER 2 K 3 PR
TSR EIR, KA H BN L 7 4k i
3 52 W R D8 D7 vk o AT B MR S5 AN TR
A7 BB AL P A5 S o A A SRR AR K S A RS
Mok B85 ROy I, e KM R = A
1.33%, ) FH 210 5% Ay 430 - G545 281 FR) 4B T 25 R 45
AR T (K e KR 723 931 2 0.17% A 0.33%, DAL
SURAEW] T2 2.1 WHRHES K ERTE. 2 ZIE A
W2 T S R D, SRR AR B T

R2 TEMRERERTHTEENSFHM R

Table 2 Equivalent seismic loads of underground structure under different seismic waves

HhRE R N YRS M35 J)/kPa M348 )3 /kPa T34 89 )1 /kPa JEETHI 148 )1 /kPa
148 Ty ik —58.03 39.01 -176.76 151.52
Kobei Belyaara| —57.97(=0.10%) 39.01(0.00%) —-176.77(0.01%) 151.56(0.03%)
Bk ik2 —58.60(0.98%) 39.01(0.00%) —177.77(0.57%) 151.26(=0.17%)
(L WIRES 58.47 -37.87 161.57 -153.75
Loma Prieta} Belyaara| 57.69(—1.33%) —37.89(0.05%) 161.41(-0.10%) —153.99(0.16%)
Bk ik2 58.93(0.79%) —37.89(0.05%) 163.32(1.08%) —153.52(=0.15%)
148 Ty ik -71.63 48.05 -216.06 189.12
Northridge# BSL RS | —71.69(0.08%) 48.04(—0.02%) —216.12(0.03%) 189.12(0.00%)
kT2 —72.64(1.41%) 48.04(—0.02%) —217.41(0.62%) 188.45(—0.35%)
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Table 3 Seismic responses of underground structure under different seismic waves

HuTE R RS ABIHEH/KN-m)  BEIHSH/(KN-m)  CERESH/(Nm)  DEIHZEH/(KNm) 45148 /mm
(WIS 353.26 366.34 219.19 219.59 -3.04
Kobeitt Bk :1 353.30(0.01%) 366.34(0.00%) 219.21(0.01%) 219.60(0.00%) —3.05(0.33%)
Oy vk2 354.56(0.37%) 367.60(0.34%) 220.00(0.37%) 220.42(0.38%) —3.06(0.66%)
WIS -336.16 -356.39 -212.15 —209.42 2.92
Loma Prietaift Bt Ik —336.18(0.01%) —355.77(=0.17%) —211.99(0.08%) —209.21(-0.10%) 2.92(0.00%)
Oy vk2 —338.64(0.73%) —358.30(0.54%) —213.55(0.66%) —210.83(0.67%) 2.94(0.68%)
WIS 434.61 45221 270.49 270.21 -3.75
Northridge¥ Bolt Ik 434.69(0.02%) 452.32(0.02%) 270.56(0.03%) 270.28(0.03%) —3.75(0.00%)
Ok vk2 436.21(0.37%) 453.83(0.36%) 271.50(0.37%) 271.26(0.39%) —3.77(0.53%)
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Table 4 Seismic responses of the underground structure under different burial depths

R /m N VRS A5 5/(KN-m) B4R 25 H/(kNm) CHRII 5 /(KN -m) DA A/ (KN m) £5K4978 ) /mm
(CEWIRPS —56.53 —61.77 —40.12 -38.77 0.60
2 Gt yvS | —56.63(0.18%) —61.74(-0.05%) —40.17(0.12%) —38.81(0.10%) 0.60(0.00%)
BT :2 —58.44(3.38%) —63.52(2.83%) —41.38(3.14%) —40.02(3.22%) 0.62(3.33%)
(CEWIRPS 329.16 356.20 222.16 219.55 -3.25
5 Eié iR 329.11(=0.02%) 356.40(0.06%) 222.17(0.00%) 219.59(0.02%) —3.25(0.00%)
BT :2 332.57(1.04%) 359.91(1.04%) 224.45(1.03%) 221.92(1.08%) —3.28(0.92%)
(VIR —336.16 -356.39 -212.15 -209.42 2.92
10 Eié iR —336.18(0.01%) —355.77(=0.17%) —211.99(0.08%) —209.21(=0.10%) 2.92(0.00%)
Bk T2 —338.64(0.73%) —358.30(0.54%) —213.55(0.66%) —210.83(0.67%) 2.94(0.68%)
(VIR 321.36 324.13 183.35 184.45 -2.43
15 B YR 321.21(=0.05%) 324.00(=0.04%) 183.26(—0.05%) 184.35(—0.05%) —2.43(0.00%)
kT2 322.31(0.30%) 325.00(0.27%) 183.88(0.29%) 184.99(0.29%) —2.44(0.41%)
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Table 5 Seismic responses of the underground structure under different soil wave velocities

PRAATHL RS AR H/(KN-m)  BEIAIZH/(KN-m) CAHBIT 25 /(KN m) DA A/(KN - m) 25K ¥ /mm

B4 05k -302.71 -320.23 —-217.64 210.21 3.89

0.5 AT —302.65(—0.02%) —320.23(0.00%) —217.61(=0.01%) 210.90(—0.01%) 3.89(0.00%)
ARILTE2 —304.88(0.72%) —322.45(0.69%) —219.15(0.69%) 211.77(0.74%) 3.92(0.71%)
B4 05k -336.16 -356.39 -212.15 —209.42 2.92

1.0 AT —336.18(0.01%) —355.77(=0.17%) —211.99(0.08%) —209.21(~0.10%) 2.92(0.00%)
ARILTE2 —338.64(0.73%) —358.30(0.54%) —213.55(0.66%) —210.83(0.67%) 2.94(0.68%)
(WIS -111.79 -121.81 —62.79 —60.97 0.83

1.5 AT —111.72(-0.06%) —121.68(-0.11%) —62.73(=0.01%) —60.90(—0.11%) 0.83(0.00%)
ARILTE2 —112.44(0.58%) —122.41(0.49%) —63.12(0.53%) —61.32(0.57%) 0.84(1.20%)
(WIS -79.38 —87.60 -39.88 -38.07 0.53

2.0 AT ~79.36(~0.03%) —87.19(~0.47%) —39.77(-0.28%) —37.93(-0.37%) 0.53(0.00%)
ARTj 2 —79.85(0.59%) —87.69(0.10%) —40.01(0.33%) —38.19(0.32%) 0.53(0.00%)

(RE 7 A e VP I N 9 o N P N
SCPR R VR RE R R R T RS R . I
o, FBEWNIS AR SR IR D, STk
— TF A 30 1A A AR ) B KA N R E A
0.47%, Z5R7ZTE AR ZESI N 05 2088 A+
P A R PE T, S T vE AR AN IR AR NI RS
AT v B4 380 11 4B 1T S R R &5 4 AR T R A R
Z i KA AN 0.74% A1 1.20%. 4k, XFF
ANFEWTHE T, B T ARRIEE R, S5
TEFI N 735 Sk /N 3h, A0 T 46 G 38 4 2
PR ) 558 2 B k]
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Table 6 Seismic responses of the underground structure under different structure stiffness

SR JSE A TR A R WEE ARIEH/(KN-m)  BEEZH/(KNm)  CRIZA/(N-m)  DEREZH/(Nm) 45725/ mm
(L WIRES —248.41 —266.12 -140.38 -138.74 3.76
0.5 K WiRrS| —248.48(0.03%) —265.61(=0.19%) —140.27(-0.08%) —138.59(—0.11%) 3.76(0.00%)
ARICITi2 —250.28(0.75%) —267.48(0.51%) ~141.31(0.66%) ~139.68(0.68%) 3.79(0.80%)
(G WIRES -336.16 -356.39 -212.15 —209.42 2.92
1.0 K WiRrS| —336.18(0.01%) —355.77(~0.17%) —211.99(0.08%) —209.21(—0.10%) 2.92(0.00%)
ARICITi2 —338.64(0.73%) —358.30(0.54%) —213.55(0.66%) —210.83(0.67%) 2.94(0.68%)
(L WIRES —387.20 —407.73 -256.07 —252.09 2.46
15 K WiRrS| —387.18(—0.01%) —407.05(=0.17%) —255.87(—0.08%) —251.84(—0.10%) 2.45(-0.41%)
ARICITi2 —390.03(0.73%) —409.97(0.55%) —257.76(0.66%) —253.78(0.67%) 2.47(0.41%)
(L WIRES —420.87 —441.24 —285.65 —280.64 2.15
2.0 AICTgiL —420.83(—0.01%) —440.53(0.16%) —285.42(—0.08%) —280.37(—0.10%) 2.15(0.00%)
ARIIgi2 —423.93(0.73%) —443.69(0.56%) —287.53(0.66%) —282.52 (0.67%) 2.16(0.47%)
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