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Boundary condition setting method for coupled static and dynamic response
analysis of deep underground structure

ZHAO Yue-tang, LUO Zhong-xing, LI Zhen-hui, CHU Cheng
(National Engineering College, The PLA University of Technology, Nanjing 210007, China)

Abstract: Based on the specialty of loading environment for the deep underground structure, a reasonable boundary condition setting
method is developed to the coupled static and dynamic response analysis of deep structure. The system of forces on the boundaries of
computational region is determined and used to match the inner initial earth stresses; and then the system of forces is transformed to
that of dynamic forces in the form of step function. Finally, this system of dynamic forces and subsequent dynamic loading act
together. Research results show that the reasonable results can be gotten through indispensable transform of boundary condition
during a complete coupled static and dynamic analysis. In addition, the coupled static and dynamic response analysis can be done
well with the artificial viscous boundary condition in software simply. The case studies indicate that the boundary condition setting
method has many advantages such as good accuracy, efficiency and convenience.
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underground structure

ANSYS/LS-Dyna P15 74 ORI 26 Hi
BN WS E T E R, SR P K
L BB

2 TGRS AR A R
SN

e GOk HESUR I LS SEWIRPS R U | (N SN
BHJE S, (ELF L n&VERL e oA ) o %A )
iU FAEFUS REE S o R ROE L, S50 R
TR
o, =pc,v, (AI) } H
o, =pcy, (V)

K o, Flo, o0 A A Y] ) (G BE JE 43 A
J1s p ASBERL: ¢, e, 30 9 TR
BYYIB A v, F v, F3 0] Ay 55 s )32 ) R 1)
BB
R A AT A — RS B SR N Cia gy, T
JLH ST X HUR P RS, A BB X 3
IR I AR, X AERHL & R A B
(Y J R
Deek”/7e Flih i it FLmt EHE 0 T Bhs AT
. RN TR AR B E — R i 2 1 S A
BELJ& 25 4 p 1) ] B ) 22, RSO ) N T3 5
WeEhfeE, AR N T A4 BTG L
BT Ty o RN T RS 5L S AL
FE R FEAH OC
o, =pc,v, +a, G/R (%)
o, =pcy,+a,G/R (VIn) }

A o, M, 7000035 ) 5 D) ) RS0 N T 5
BIERE: ¢ W NS IR R A
HUN BRI TS i . B N il e
WATEE (R 1 TS ARSI o 2 i DY, I E T
BoT ML RN R I R S o, Mo .
RIS Eh T 32 B B A IE R 1371 3E
[, SRR Y - AR AR B 2% . Pldnit
IS 3 3 (BRI T VR 22 I 5 R T T, BEE R RE
NI FE e, (HISEt R L R 2%, 75
LR ENEIFAFALERS, T HAHILGN T Y
AR BAUA AR K CHlr T oH SR ORI 58 R
GAHEAER, WIGHN ). AR oy S N il 5t
AeFEEKARTE , TSR PN A AR
DRAAN, X LBRE AT ). RELS TR
e T IESEMIEm, ER ) A 2 B



55

ARER A5 R S5 R 30 0 Rl 5 i N AT KR S A e T Tk 1497

AW, MRER S AT, Hean Ls-dyna HORHSEY
TG BRI 38 A 4% ) s X BRI T RV A

7 I R SR AR — R R N, TSt
B ) R 23 B 5 SR F 2 XN (D 0 R oy BT
TEHAT B 1 i, TH R N A AEA R 0 1)
WL J7, FEVH R 5 b 25— 41 KAl
WIRBERZWI IR TP RDIRAS AR — N8 Al
AR D B I A 300 — 5 o3 BN 2080 ) o3 A i+
H, I 5 5 B3N ) e 8 AL R FH s B o5 H 1 .
R, ASCE I IB) 18, 5nT AoE s A
A AN L RVE R SRR . 2O EA T T
WCE FRE TR I — R A, i H TS
WILE N 1 N A (A ANABAR DT (8, X AE it
N ARSI AR TERIREIA 1) R S8 AR B

THE RIS S E R g far 280] LA 4 /R I In
[) TG PR 1 1 i 2, 250 bnT BLH B K Ay 2
H(0)o %, H(O) NMERkE, o FitHEA5 -
(R I 28, A8 E IR (8] A2l 34 284 A FH I
ZIFFUG o THEBALIA S Ft N I Bk 4w 8 H (0)o A
B ORI GINAR =2 2 )5 A o TN St WY
H Bhish A2 51 1 Pl 4 . BT Eh R, AR
WEIBF AL, MR AR, 4
bR R B Ay, AT IMER . LETR it
BRI b, AR B S I E R o XA
WIURE: 7 P PR IR 7 Z8 0] AR L M ikt o L%
YW1 4e N )48 K 3 Dyt n 2 458 B 51 3 13
N, AR S T ] Re S Rl I S

TN TR 2 o A48 A 5 B T A e T VRIS
R

3 AL

Wi 2 PR R I R AL R . A 7
TS, AL IEE e, B [ RO R A,
B IKEJ5 R EE B 23 04 1.0 m A 4.0 m, HI4A 5%
A A 7K R T 5 ) 3 il A A 4 py, A p, o ARAE
KR S22 G0 R, M ) R — o VR
0 [ P K R g 3 K T N T, AN g L
p,=2p,=2MPa. {E Ls-dyna #KfF, X4
] PR AU AE AT R 36 8 F AT VF 2 10 JRy B o
h T ST G S0 LG A A AR AT 4 AT
MR SHEEN 2.65 glem®, FVEBIE N 25 GPa,
THFALE R 0.2,

K2 d, dnik (0) RRZIOCHUAETT BEAIIGEN
NHERA, (1) FoREZTCHANAE S 18 vH 5

K, (0,1) RaiZITTHAERIAE N it HAEh )
TSR . BARKITH SRR P20 . OB |
DU IE ) ) py B p, 5 VHRES AR R 5 828 D)tk
SLRRIERIN - NARRES . @8k py FEH, B
FECE R AR GEAT o N TR I 5o R K
At RN ILI O R BCE BN AT AT, RN AE
IR py o p, MBI 3 Fios, 3L
i p,=5MPa, t,=0.001s, ¢,=0.003s . 5%
HY &S 2 B3R A5 NS 1 RTTT ESO (AR 2. 772
VIR AEREAT BN i, O AT BT 4R b
TIRINAZ, A%, XA &S batiil .

1 (1 (O, 1)
= 72ER 02
*(0)
2 Pn
0. D33
lo-of
lo—of
g(l)
N51
E50
=L Yo
(1 ©, 1)
B2 WEERT

Fig.2 Computational model I

(t, Pm)

M3 fERsER

Fig.3 Schematic diagram of loading

T 2 g BT, ISR M B A
G, OB, RN iR )1
8 p, o VRIS T 3 B i A Sre it n i
SEHATIE 2 A, P A K T s N )R I s I
AN, BCBE A i B ., IIEUEAE N p,
USRI SR R B AR, T N
ﬁ[]]]



1498 b +

b 2013 4

p=2p. (3)
SRS ), A

ph, = pc,(1+cosO)v (4)

K O NS v A BURIEEIEE . B ]
AU BB LR, 58 BRI T & F st
i B ] 1 2 R T S S DL, X HLANE
TN AT

K 4 JEHIC E50 T T ) A - 2k,
ARG IR R e 2. WEH R LA,
AN IEATUR LR I3 (AT 545 RN 25 FE AT AR Y. 77 (1)
TR AR E LS TGN ), X SE e i
Phi) s . FCAh A BN TSR
M A .

WRINST RS RoR TR S, W
FEB) 3o S R BT %5 ST AR I 2K i HL
T BRI, I, WU N IR AL
TR, WHERT AR ERES,
A A B PR A A E T AR5 R AT 5 A AR
.

&
S 3
~
8 —, 4 'II
A S e oy 1 )
- 2—H RHILHH Y )
6 3L %

0.000 0.001 0.002 0.003 0.004 0.005
t/s

B4 HIT ES0 8 N - 2
Fig.4 Time history of vertical stress for ES0

0.0
-0.2
-0.4
£
£ 06 |
™ — BRI )
0.8 | === LI N
-------- WL 2
,1.0 1 1 1 1 ]
0.000  0.001 0002 0.003 0.004 0.005

t/s

Bl 5 R NS LR -7 2%
Fig.5 Time history of vertical displacement for N51

Ty AR R S I T A A R S R
P ARG SX U WA S I B B VR R e A BN

4 BRVEARIEIS I F AR v B K R W

DRI S S50 H W M B BB AR T . 3%
Gy PR LI ORIEE Y ) - N AR S BAT BT AR T
A2, Bt R T LT R . @FIURNY,
J1-ARIRS AT BB IE AL TG K AL, B A i e rp o
PEASTERE— D R o X PP BT DU A 7] ) i
WA I

el 6 FrosiRIERIE &Sz ok B T LRI S
AT EAER, THRBAUKE I WA 4 m, T T
1 8 m, M B T BRI . T LS-DYNA
A SR AR S ARV [ SRR, IX LI
F PLASTIC KINEMATIC ##4, HARPF kIS E
WR: %R 2.6 gem’, FERIEY 25 GPa, kA
by 0.2, JE AR 71 %9 20 MPa, Y] [a 4 A 1.5 GPa,
WL RECH 0.5 WFREE T IIE 60 I Toifs
PIRR, BAAEEW N QT8 1: p, =2p, =10 MPa,,
t,=3t,=12ms , p_=20MPa , XN T p/ =
40 MPa ; @ T#. 2: p,=2p,=20MPa, ¢, =3¢, =
12ms, p, =20MPa, XJNT p! =40 MPa .

& AP 4P
M 1 ©D

4 +(0)
(0, D& Py

El E2
- p-ok
N1 N2 k(1)

a  ©On
ER Y2

e +HEMAI
Fig.6 Computational model I1

THEEIRAR], O 1 WA RS N
PENAR R A, T 00 2 AR N ARES P AT IR A A
A, BRI ARV AR 7, BT ot
T TR AR R A AEER IS P BE - AT S M B B
PENAR KA



5 R ER A R S A B0 R e A3 BT R S A B T 1499
2 Rl R
1.303x10 7.271x10 % = 2.397x107 7
1.173x10° ] 6.544x10* 2.158x10° ]
1.043x10° 5.817x10* 1.918x10°
9.124x10°7 - 5.090x10* - 1.678x10° -
7.821x107 4 4.363x10* 1.438x10° 4
6.517x10°7 4 3.636x10’4ﬂ 1.199x10’3j
5.214x10°7 2.908x10* 1| 9.589x10*
3.910x10°% 2.181x10* 7.192x10 *
2.607x10°) 1.454x10* 4.795x10*
1.303x10 7.271x10° 2.397x10™*
0.000 0.000 0.000

(@) Lok 1 BhirdfE g

(b) T4t 2 Bhar 44 FH

(¢) Lot 2 BhidfE g

B 7 RN AR
Fig.7 Final plastic strain

H ST XN BRI AT A HE N R AR
FAR AT DLACIIL, P A far 2 T 00 A A RN ) AR A0
IEAAA: OIBTEX N BLIT N ) AR AR L 3
PEX B AN, FEFRPEDX,  WIUR R gk X
TGN 3 SRR S T T 2R 3 T se A Al AR S
DX, TGN AR X I 3 A 48 R 5 i AN T A
BNEHL; @Y R 1R A R B DR YR
X ZERAN K  IXEE R P LA ] 8.9 I ik,
B8 & Lol 1 gkt Ryl 1 AT s 2 OhsidE T
K6, Bt E1 AT A NI S JLTFES, ot
E2 FIT s N2 (A B R Wit 198 ) 7 B 5 45
B, BRI S K S seeME. B9 2T 1
FETE 2 (b T 6 ) B N vk B4 .

2
0
_2 -
“4r — AHIEYRHR )
g e H FEATUR N Ty
£ e PH L TE
<5 8T
-10 F
-12
_14 -
_16 1 1 1 J
0.000  0.005 0.010 0015  0.020
t/s
(@) Tl
2
0
_2 -
4t — REEIUHHNY )
----- 2 SN g
E o\ - 2=
~
< 8T
-10
_12 -
_14 -
_16 1 1 1 ]
0.000  0.005 0.010  0.015  0.020
t/s
(b) iri2

B8 U1 TR AR 2 IR AL
Fig.8 Vertical displacement of node 1 and node 2 for case 1

15
10 |
5 -
0
<
S -
\Q -10 — RF UG F
s kN f Z FEATUR N Ty
........ Wi%z%
-20
-25
_30 1 1 1 ]
0.000  0.005 0.010  0.015 0.020
t/s
(a) B 1
0
_5 L " \ / y
-10 } 4
£ /
2 -15 s
& — RE YIRSy
20k N\ S 2[RI F7
VA Wi %
_25 II
_30 1 1 1 J
0.000  0.005 0.010  0.015 0.020
t/s
(b) HT 2

B9 T 1EIT1RETT 2 KRN

Fig.9 Vertical stress of element 1 and element 2 for case 1

5 4 @

(D FRAEBLT, RIS MM AR TE R R I F
AR N ) (e LA, Bl 23 b i it
T a6 H Y. g A F B Fa i v B4 A R I G
SRR B2 o A S Y A T Iy 280
FEAFL AR &R, SR G HZ 1 R S e
A IV R %55 R S s e, LU
G b ST A s b 7 RS AL

(2) 454 LS-DYNA AR & 1K, %
AT FAAT N5 7245 Bh T HEff . & B Hb AT
IRIRZE R (AR G ), AT BE BB A2 X NS
DIBEATEIAEILAE T, BB L X 45 S Y. 9% 11



1500 b +

71

4 2013 4F

AR, (Rl SCREMER 5 e AT dr it I g 4r 1) 5
Wi o

(3) ASCHR I RIL R Bk o, AT
LW EBINISE, IR I o rh B o
ARMREL BFANEL AT R AR,
AT (RIL F AR T+ A, HEX T 04R
I R RSN, a5 R 4 A, A
LA AL B RV R R S5 R A TR AN B A 73
B A BB 2K

2 % 3 MR

(11 PMER, VFeR, PR BEERTEUEH T H T S pen
BEBEFU[]. 3 6 SR, 2011, 31(5): 89—93.
SUN Hui-xiang, XU Jin-yu, LI Qing. The failure model
study of underground structure subjected to blast load[J].
Journal of Projectiles, Rockets, Missiles and Guidance,
2011, 31(5): 89—93.

[2] SHAHNAZARI H, ESMAEILI M, HOSSEINI
RANJBAR H. Simulating the effects of projectile
explosion on a jointed rock mass using 2D DEM: A case
study of Ardebil-Mianeh railway tunnel[J]. International
Journal of Civil Engineering, 2010, 8(2): 125—133.

31 ®ks, HEHL WRE, 55 BIERTEAE R NS IE
JEABIEIA B W], 002 5 TR, 2004,
23(21): 3664 —3668.

JU Yang, XIA Chang-jing, XIE He-ping, et al. Numerical
analysis on rupture of subfloor of coalmine tunnel
subjected to blasting loads[J]. Chinese Journal of Rock
Mechanics and Engineering, 2004, 23(21): 3664—3668.

4] RZ. R B SR E B )N TR &
+ 732, 2011, 32(11): 3508—3514.

WU Yi. An equivalent far-field artificial dynamic
boundary condition for one-dimensional problem[J].
Rock and Soil Mechanics, 2011, 32(11): 3508 —3514.

[51 XUkhie, M. =R ER-2) I8 — N L5,
o ERRE(E ) TRERREL MEREE, 2005, 35(9): 966
—980.

#1494 T

[20] BROEK D. Elementary engineering fracture mechanics[M].
Dordrecht: Martinus Nijhoff, 1986.

[21] TADAH, PARIS P C, IRWIN G R. The stress analysis of
cracks handbook[M]. St Louis: Paris Productions, 1985.

[22] 5. EWET LR ARE T BY hr o B ) SR T [ 19 22 Al
D] WAIRIE: MRIE TR K, 2010.

[23] CHARLES R J. Static fatigue of glass[J]. Journal of
Applied Physics, 1958, 29(11): 1549—1560.

(8]

[10]
(11]

[12]

[24]

(23]

LIU Jing-bo, LI Bin. 3D viscoelastic artificial boundary
with static and dynamical load[J]. Science in China
(Series E): Engineering and Materials Science, 2005,
35(9): 966—980.

BYEsk, ¥, B, & IR ARL M) ) )N
SIRTI— R, dba Tk K23, 2006, 32(2):
115—119.

LIAO Wei-zhang, DU Xiu-li, ZHAO Mi, et al. An
algorithm of the nonlinear dynamic analysis of open
system[J]. Journal of Beijing University of Technology,
2006, 32(2): 115—1109.

A, KRR, AR SORR. = 4E BB N LI
MEEFMEL T RG], TR 2%, 2007, 24(12): 31—37.
GU Yin, LIU Jing-bo, DU Yi-xin. 3D consistent
viscous-spring artificial boundary and viscous-spring
boundary element[J]. Engineering Mechanics, 2007,
24(12):31—37.

Livermore Software Technology Corporation. LS-DYNA
Keyword user's manual (Version 971)[R]. Livermore:
Livermore Software Technology Corporation, 2009.
DEEK A J, RANDOLPH M F. Axisymmetric
time-domain transmitting boundaries[J]. Journal of
Engineering Mechanics, 1994, 120(1): 25—42.

BRI, A S TRMY. bt BRE AL, 2002.
EUIE, RERE, B-bR. s oot 541
HHHAE P T BN 3 S P A T .
+ TR, 1995, 17(1): 92—95.

WANG Ming-yang, ZHAO Yue-tang, QIAN Qi-hu. Two
problems in setting up artificial boundary while analyzing
soil-structure interaction by finite element method for
wave motion[J]. Chinese Journal of Geotechnical
Engineering, 1995, 17(1): 92—095.

LIU JINGBO, LU YANDONG. A direct method for
analysis of dynamic soil-structure interaction based on
interface idea[M]//Dynamic Soil-Structure Interaction,
Developments in Geotechnical Engineering. Amsterdam:

Elsevier, 1998: 261 —276.

ATKINSON B K. Subcritical crack growth in geological
materials[J]. Journal of Geophysical Research, 1984,
89(6): 4077—4114.

TG, DT, W, 55 JURRME AR = i AR i
WSHIHRT]. &+ 1%, 2007, 28(35F1 1): 103—106.

YU Hao, LI Hai-fang, WEN Yan-feng, et al. Study on
triaxial creep test for Jiudianxia rockfill materials[J].
Rock and Soil Mechanics, 2007, 28(Supp.1): 103—106.



