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Abstract:To investigate the dynamic characteristics of the tunnel-group metro station in rock site under earthquake, a large-scale
shaking table test model of the structure with a scale of 1:30 was designed. The model was subjected to transverse inputs of peak
accelerations of 0.07 g, 0.15 g, 0.21 g, 0.30 g, 0.50 g, 0.70 g, and 1.0 g, representing seven different intensities of artificial seismic
waves.The study focused on the acceleration response characteristics, displacement response characteristics, structural damage
modes, and dynamic strain response characteristics of the tunnel-group metro station under strong earthquakes. The results showed
that the amplification factors curve of Arias Intensity reveals that the model rock and the hall lining structure entered into the plastic
damage state after the peak acceleration of 0.5 g. The platform lining structure gradually entered into the damage state from the
plastic state after the peak acceleration of 0.3 g, and the energy dissipation increases gradually. With the increase of earthquake
intensity, the relative displacement of the hall cross-section increases significantly, and the gap between the peak relative
displacements of the open section and the non-open section widens further. The cracks of the structure are mainly distributed in the

longitudinal direction, and the longitudinal cracks in the middle of the straight wall of the platform are wide and long, while the
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middle of the straight wall of the hall did not produce obvious cracks. With the increase in seismic motion intensity, the main

frequency of the structural transfer function gradually decreased, with the main frequencies being 22.7 Hz and 18.5 Hz in the elastic

and plastic damage stages, respectively. The tensile strains at the same locations in the VL section (the lower section of the vertical

connecting passage) are larger than those in the HR section (the right section that connects the horizontal connecting passage) under

transverse excitations, and the maximum tensile strain occurs in the arch shoulder of the VL section.

Keywords:tunnel-group metro station; shaking table model test; rock site; seismic performance; crack distribution.
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Table 3Acceleration amplification factors of each point
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1.53

0.99
1.19
1.15
1.28
1.27
1.23
1.36

1.28
1.34
1.36
1.48
1.52
1.71
1.62

1.01
1.12
1.12
121
121
1.19
1.27

0.99
1.10
1.09
1.21
121
1.28
1.16

0.92
1.09
1.06
1.13
11
1.09
0.99

1.16
1.16
1.20
1.28
1.25
1.26
1.28

0.94
1.01
1.02
1.06
1.04
0.97
0.98




5
—a— AS|—e— Al —A— A2
—v—A3 —+— Ad—4— A5
4 —r— A6 —8— AT —*+— A8
/./._‘__F_r_r—l I—_________‘-
=] —"
=
W —
Ea ./‘::'ﬁz——’ ¢ :
2 | v
ﬁ 21 I/A.‘rA——--l A__‘\‘_
— R —Q8————— ‘“‘““
=25 ’:—T:T:!?:—::‘
. }l:’:k—k:;-_:;:‘_h' N
{] T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

WA IS FE ()
P 7 -0 TR 22 B AR s 32 3R 1k
Fig. 7 Variation of energy amplification factors with peak
acceleration at each measurement point
3.2 {0 R
X TR T, KR T S A A 1) A

(S EIR RPN EZEP O KA AU | AR =3 = A - AT Rl THTATNEf)
FEXI LRI R, R 2Rt 4o 0 KA 1) BY D)2 4%

Bl 8 5% Eb 1 1 R i BE A i 3 Ko A sl T
1 W 18 5 JE 5 1 B R [ A A RS I R 2. 7E
0.07 g~0.21 g TR, 3l F 4 b AR i) A X 57 2 3¢
/N, W S AR TR O WA # e SR AR — 3, U
EAIRHALEL 23 54 0.94 mm. 2.24 mm F1 3.34 mm.
I o b R S5 P IR, 7R A i 7 22 (P
B, MM GEShEE N 039, 059 1079, FF
1 BT D 5 S 111 0 1 P s A 6 A2 A% 43 701 - 4.60
mm F1 3.97 mm. 7.58 mm A1 7.01 mm. 11.49 mm #
10.20 mm; 4HEZHREN 1.0 g B, B[
FAXF LR 23504 16.81 mm A1 14.20 mm, FHXH
g R g BIgERE— 2y K, U sRERVER T Rk
i [T W R ) B AR T 2, XS 3.1
TR E A E A BT AT A N TR

RIUEAE Z A AR AR RS, T E AR S s BOMIRES, BERINIEES D, B AR GRS 3.
FE R SEt R A TS O, B A, A HETIUR I A
PR JI0 3k P52 W) 2 N R AT U8, SRS AT ST N R
g — JFOWii: 0.07 g = —— JFAlkriii: 0.15¢g 0 — JFA: 0.21¢
- - - -4EJF O : 0.07 g --- -4 OTE: 0.15g - - - - 4EJF O 0.21 ¢
§ 0 A M AAA ] 04— A = (e I '1‘ A
“;' M\W — UWJ\p,\/'\/W\_
2 ——JF0Wi: 038 . — R = — A
- - --4EJF O WiTE: 03 g I OrE: 0.5g AEFF O : 0.7 g

{5 (mm)

|
»-‘—’MJ%N\'A«/\NW 04— \’W | ir} ij /\b J/\/\J\J\m 04—, N ‘f&

10 4

m)‘\ ﬂl‘ J'/‘l\v'\ﬂr\q'(\w\f\\

| N

|
-104 “

0 5 '1 :, 8 0
W] (5)

4 6 8
] ()

1 (mm)

—— FFHME: 1.0g
- HEJT LM 1.0g

; .A/WMJ', AUl ﬂ A

\JU

T
o 2

T T
4 6 8

I (s)

B8 % T OL T il JT A4S RIS T AR X (82 A% I A i 2

Fig.8 Time history of transverse relative displacement of station hall under each working condition



33 IR

Kl 9 R T RERZESREE ) G T, R Ipessim
EREE G (E5RE R 5 W a2 R EE ) A E L o
WELRDL, ZEubsE R Z5% 3 B A NI, Bh)T
NS R B AR LTI LS, AT RN,
Z14 0.1 mm ~ 0.6 mm, REEKEZN0.8m; BH
BREIMTE S5 M R4 A E LR, REETELA
0.4 mm, ZLEKELN 0.3m; vk G 45545 30
A{EHEE A BB PR, BEREadsk e ks 1.0
mm, K EZ)y 1.2m. [FIN, S E) & ER
MZ4%, TEREZN 05 mm, KEEAXES, 4K
0.3 m. TR B4 18 5 /K PB4l i B Ak R
AT ORI 528, bR A= AR 2 Y
4 (K9 (b)), UL 1 R, 3G
ERE PR TE HK (K9 (o ), mkTH
BErp A A AR W R 204E, DA IE M RESIE T R
FEARE M BRI, wh T AN HEER & T AR R )
NI, Tk & A B B AL 3 3U7E s B AR A B
ST Rata sE 32 S IR S Ry AL 187 Neimps ) 1) 18

(b) 8 [ IR 4 0 T 4 1) 2R 4

(©) AL
Kl 9 A ks kT2
Fig.9 Cracking pattern of station structure
RN T BB W BRI 2Rk 45 A AR o B AR R
) 3 N 22 S R0 A e 25 R R AR R, SR A R
BAE R FEbR . KT IES NG S x4
HAE T y(t), fEEbRE H(s) S TS 5 1 hk
P AR X(s)=L{x()}5 i A5 5 B A 4
Y (s)=L{y() et ok &, AP
H(s) = 33 = ol (@
PR RITAES ASL. 3t T HETH AL Al & HET0 AS
PENAREMEN S, X HEAEA R R 50 T T (4% 38
PRECE AR, WKl 10 frs . BEAE HRE B s T g A0
WK, AR E B B, FEH L=
ANEEAR X3, S AR A o B A FE A IR 1)
YU N . XS TR ASL AUk T HET AL, 7E
0.079~0.3g LA T, B FIsh T At i EM4 N 22.7
Hz, ULESA34b T30 B B 7E 059 TN, fEiBeR
BORAAE, PR AE B AE 3240 18.5 Hz, Ui B %
RO T AT RO A A R AR, BRI NI EE DRk 7 0.79
A 1.0g THLR, FAudkslm 18.5 Hz fmte, %Al
S T AT AR B — P iR . XFFuk G HLT0 AB,
7t 0.079~0.21g T30, wli 5 #H#) E 41354 22.7 Hz,
BT AL T3 B B 7E 0.3g LR, B4
(PR =40 18.5 Hz, Uk Bk & b i) A 22 BEVER IR,
TR W BEIRDS, 3% 530 & B TR R gk 2 A1)
45 fE 0.59~1.0g LA N, FHUEHTR/NE 15.7 Hz,
3 5 Ao RV IR FE I R



S---0.07g——0.15g——021g ----03g 0.5¢ 07g----1.0g
6l AS1 1 As1
i
2 18.5 Hz
E 4]
B AL A
% |l Y ik
z | 4™ f“ i
24 g : 4 7 g \
’ ; M, i
M Y ! |“I{ v"’// \‘“‘-\ A ’ I
. P gy T
0 I‘O 4’0 30 0 I‘[) 1’0 30 4’0 30
##E (Hz)
8
----0.07g 0.15g——0.21g ----03g 0.5g —0.7g 1.0g
= 6 1 Al
k=
= 185 Hz
5 ) ‘
2 A A
= } 2
2] i J-»"' q I ll |
Ty A i N AN
0 T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
I (Hz) S (Hz) S (Hz)
8
S 0.07g——0.15g——0.21g S--03g——05g 07— 10g
w 61 AS A5 A5
el
T4 22.7H
= iz 18.5 Hz
z 185Hz 1 157 H<. /
21 A | Il 1 J’J‘L.n' | h\ ] A
Wi, o e "'W“ltm; . J"ﬂ L ]
S gt AN R
0 . - : . : : r . : : - - ;
0 10 20 30 40 300 10 20 30 40 500 10 20 30 40 50
Hi# (Hz) ## (Hz) H# (Hz)

P10 I ASL. AL AT AB FEA Al RR Bl 58 T 1% 38 bR K32 AL
Fig. 10 Variation of transfer function under different intensity at AS1, Al and A5

3.4 TN

B 10 XFEE T VL WAL HR 71 0 5 A 2
1IN AR i i N U (TS P PR AR A A e AR
SR ) R DU A o 7 73 A R A il e P 3
MK MR S s, VL Wi A R A7 B
(R AZ I T HR WTTET, VL W7 T 4 35K s AR H
BAEHYE VL2, A ind Bk 3 1.0g I, W)
FLNAE 510 pe, 18K THR VR EE L T RNAR 320
pe, 1X 55 9(b) 5 ] I 4 TR [ S5 A RS
Fy—J7 T, HR W7 0 K Bl B AR H I 7E HE
HR3, 4t inid ik %) 1.0g i, WEAEEhH N AN
310 pe, RS AR A ILHL A B BT RRSE . LR
b, R A S 1T WA B ) S A

600

500 4

RZAE (ne)
s
2

300

o
A

W fiE zh 4

+ 200

100

0

—a—SVL] —e—SVL2
—A—SVL3 —v—SVL4
@ SVL1 .
svi2®
VL
- SvL3
®svia /A
1 s : .
v
] /'/E%
L ) ./
»ﬁc?;;//
==
0.0 072 0:4 0f6 0?8 1 TO
A IIE P ()
(a) VL Wi




600
—=— SHR1 —e— SHR2
—A— SHR3 —v— SHR4
500 4 @ SHR1
sHR2®
- HR
400 swe,
"5{ ® SHR4
& 300 Jpamin
R
E)
& 200 1
100 -
=
— ==
0 ‘ . T T T M T T
0.0 02 04 0.6 0.8 1.0
VAR I (g)
(b) HR Wi

P 11 W {1 ) ar 7 A e DA skt P2 P A2 A
Fig. 11 Changes of peak dynamic tensile strain with peak

acceleration
:|: N
4 én ﬁ'}

ARV VT F 56 BT I bk A Sk 1K L 4R B
(S SN s s R BT 2 A SN - N
Al P PR O T R I B AREAE S AT RARAE . 54
TR N B AR W SLRFAIE, S5

(1) BRI L T 45 7E T4 QD-0.5
JERENBBIIRAS, BRFERE TIN5 & AR 25
FATE T35 QD-0.3 Ja MEBHIRFS B A 3 NIRRT
[Fi B i FE RO 0

(2) W& MR SR BEIE R, 3l JT 45 b T ) A
o R IR W S, HLIT I S5 T R T A
PR WA ZEBE E— P IR, AT S5 A AT RLAIR
R, BEFRIEERCDN, R AR AL RS 3 K

(3) HENBEIRG, ZEuh g R 32 20 A A
I REE, T REE T E AT HLE, B Ik
EIMIEREFE A MEHE, WhERE T ENME
PR FIERE R, Hob, 3h 6 BRI n 2 aE
B HAC, kT ERE AR A AR AR . fEHE
BE R N AT AR IR BT Y ARTE, Sl T AR
TARIRIORE IR, T B R R B AL T B R
YRR N BB R = R 24 4% , ik & 45 MBI .

(4) BEAE R RER R, S50 4% i R 2T
LB HE B RS TR, AR SR BRI
IRBT B, S5H FHURI 22.7 Hz M118.5 Hz. =
N HUE SN 0.3g I, ¥ & Z5 R TG E N B TERY
Ny S NHEShTREE 0.5 I, B S A T EE R IT

TEHENSPEREIR

(5) M= SR R, VL W AR [F A7 E
[ AR KT HR Wi, e KB RAS HIAE VL
Wit HEJE VL2, qUEE NI AR 1.0g B, 1EEHZ)
FINAF 510 pe, BT LARS [ IBC 4% I TE (1) T Wi 2 HUiE
(1 B TS AT

Ji R A 25 5 T B R EG 43 b U 2k A
Sl 55 A PE AN [ b B 7 ) R AS [ 28 R 7 9
Jili T S5 RIEN DI RERFAE, B o IR RS B A AT
NIERfR, FEE BT R RIVEAS B Rk 2k, DA
N TAER KRS S

SE R

[1] Kemal O, Makbule I, Gizem C, et al. Preliminary

Reconnaissance  Report on  February 6, 2023

Kahramanmarag-Pazarctk  (Mw=7.7) and Elbistan

(Mw=7.6) Earthquakes[R]. Middle east technical
university: earthquake engineering research center,2023.

[21 Mohammad C. Pakbaz, Akbar Yareevand. 2-D analysis of
circular tunnel against earthquake loading[J]. Tunnelling
and Underground Space Technology, 2005,20: 411 —417.

[81  TAEAE SRERJAL, FR D% i, 55 37 b 72 s 2 73 T 78 SR

J SR EE[I].B7 59 9 A2 54 ,2021,41(01):181-192.
Yu Sh Sh, zZhang X Y, Chen X Ch, et al. Present
Research Situation and Prospect on Analysis of Site
Seismic Response[J]. Journal of Disaster Prevention and
Mitigation Engineering, 2021,41(01):181-192.(in
Chinese)

[4] EEGRE, WA ARIEE, A5 00 1 7= X LR 20 R S G A

W5 TG vt o3 7 [3]. b 1 M ok F 5 B ek,
2011, 22(1): 122-127.
Cui G Y, Wang M N, Lin G J, et al. Statistical analysis of
earthquake damage types of typical highway tunnel lining
structure in Wenchuan seismic disastrous area[J]. The
Chinese Journal of Geological Hazard and Control, 2011,
22(1): 122-127.(in Chinese)

[5] RIS BRo5, AAE ) 45 ST T S5 Hu e it e it e [J].
B3 ¢ ik ¢ TAE % 41,2016,36(01):1-23.

Chen G X, Chen S, Du X L, et al. Review of Seismic
Damage, Model Test, Available Design and Analysis

Methods of Urban Underground Structures: Retrospect



(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

and Prospect[J]. Journal of Disaster Prevention and
Mitigation Engineering, 2016,36(01):1-23.(in Chinese)
TP R v K, 6 R 0, 5 I AR B 1 AR BESE T 1 Bl
IRFAE 356 B 9T (). B R 98 R TR 4Rk, 2023,
43(1):122-131.

Liang Q G, Chen K L, Xiong Y L, et al. Experimental
Study on Failure Characteristics of Tunnel Portal under
Ground Motion[J]. Journal of Disaster Prevention and
Mitigation Engineering, 2023, 43(1):122-131.(in Chinese)
FA T, A A R A b R B g e SRR AR Bl
BAERNRIGHT 7L [J]. 55 1= 71%%,2014, 35(7): 1921-1928.
Wu D, Gao B, Shen Y Sh, et al. Shaking table test study
of seismic dynamic response of tunnel entrance slope.
Rock and Soil Mechanics, 2014, 35(7): 1921-1928.(in
Chinese)

R A, i, e e 55 T B R X 1L B A T
RIS AT FL[I] BARFEE H A, 2008, 45(5): 38-43.

Shen Y Sh, Gao B, Wang, ZhZh, et al. Model Test for a
Road Tunnel in the Region of High Seismic Intensity.
Modern Tunnelling Technology, 2008, 45(5): 38-43.(in
Chinese)

Chen J T, Yu H T, Bobet A, et al. Shaking table tests of
transition tunnel connecting TBM and drill-and-blast
tunnels [J]. Tunnelling and Underground Space
Technology, 2020, 96:103197.

Chen J T, Yuan Y, Yu H T. Dynamic response of
segmental lining tunnel [J]. Geotechnical Testing Journal,
2019, 43(3): 660-682.

Li S M, Cudmani R, Xiao M Q, et al. Ground motion
amplification pattern with TBM tunnels crossing soil-rock
interface: Shaking table test[J]. Underground Space, 2023,
12:202-217.

Yuan Y, Li S M, Yu H T, et al. Local site effect of
soil-rock ground: 1-g shaking table test[J]. Bulletin of
Earthquake Engineering, 2023, 21(7): 3251-3272.

X GE R, A, BR 55 QT M TR S R RS &
IR WETT(1 ) a R AR AR RHEE B 36 0] £ 027,
2015, 36(1):6.

Liu X M, Sheng Q, Chen J, et al. Seismic shaking table
test for large-scale underground cavern group (1):

Proportioning test on similar materials of surrounding

[14]

[15]

[16]

[17]

(18]

[19]

rock[J]. Rock and Soil
Chinese)

R IGE A8, R U, A A, 55 DR R T ] = M AR IR B 5
Wog o () WKy %N A B
2#,2015,36(06):1683-1690.

Liu X M, Sheng Q, Chen J, et al. Seismic shaking table

Mechanics,2015, 36(1):6.(in

test for large-scale underground cavern group (II): Test

scheme[J]. Rock and Soil  Mechanics,
36(06):1683-1690.(in Chinese)

FEER AR, 1 500, A R B T IR = B R B g AR
FLEEIR[I].B5 5 Yk ¢ T2 244, 2013(5):606-616.

Cui Zh, Sheng Q, Leng X L, et al. A Review of Study on

2015,

Seismic Catastrophe of Large-scale Underground Cavern
Group[J]. Journal of Disaster Prevention and Mitigation
Engineering, 2013(5):606-616.(in Chinese)

R, R, A A 25 18 R AR GUR A5 0 BB ) 5V
FEL S T VA S R A AR AT (0] ) S TR
1#,2020,39(05):1011-1022.

Zhou Ch, Yin J M, Zhou Ch H, et al. Stability analysis of
surrounding rock mass of underground caverns at
Huanggou hydropower station considering cumulative
microseismic damage effect[J]. Chinese Journal of Rock
Mechanics and Engineering,2020,39(05):1011-1022.(in
Chinese)

2R SCAE P KB, EAREE K T 1 T R 25 B AH 4R B A th g
UV N MR IS I S S I
}2),2016,44(03):196-202.

Li W Q, Tong D W, Wangzh, et al. Seismic responses of
adjacent blocks in large-scale underground cavern group
[J].  Journal of Hohai  University (Natural
Sciences),2016,44(03):196-202.(in Chinese)

7 RAL HE R, R 55U 4 th AR BEh & 3 R T B IR =
T B 3 8743 AT [3]. K FK HL 4R, 2018,49(08):55-63.
Li L Q, Tian Y Ch, Zheng Q F, et al. Seismic response
analysis on underground powerhouse cavern group of a
pumpedstoragehydropower station in Middle East[J].
Water Resources and Hydropower Engineering, 2018, 49
(8): 55-63.(in Chinese)

I A P SR A R bk 2 B A
SIS =S O VA S VI ) 7 7 = B R 7
7t,2022,25(08):182-186.



[20]

[21]

[22]

Yuan Y, Li R Zh, He W G, et al. Seismic response
analysis of link passage in rock site tunnel-group metro
station[J]. Urban Mass Transit, 2022,25(08):182-186.(in
Chinese)
Stephen J. Kline. Similitude and approximation
theory[M]. Springer Science & Business Media, 2012.
Zhao X, Li R H, Yuan Y, et al. Shaking table tests on
fault-crossing tunnels and aseismic effect of grouting [J].
Tunnelling and Underground Space Technology, 2022,
125:104511.

Chen J T, Yu H T, Bobet A, et al. Shaking table tests of

transition tunnel connecting TBM and drill-and-blast

[23]

[24]

tunnels[J].  Tunnelling and Underground Space
Technology, 2020, 96: 103197.

Zhao X, Li R H, Yuan Y, et al. Shaking table tests on
fault-crossing tunnels and aseismic effect of grouting[J].
Tunnelling and Underground Space Technology, 2022,
125: 104511.

Li R Zh, Yuan Y. Seismic experiment of tunnel-group
metro station in rock site[C]. Expanding Underground-
Knowledge and Passion to Make a Positive Impact on the

World, CRC Press, 2023, 3174-3181.



