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Analysis of dynamic response of horseshoe cross-section tunnel under
vibrating load induced by high-speed train
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(Key Laboratory of Transportation Tunnel Engineering of Ministry of Education, Southwest Jiaotong University, Chengdu, Sichuan 610031, China)

Abstract: In this paper, both physical tests and numerical simulation were conducted to study the dynamic response characteristics of
the tunnels with horseshoe cross-section under high-speed train loads. Based on time domain and frequency domain analysis, the
frequency response function (FRF) and peak particle acceleration (PPA) are used as evaluation indicators. Under the train vibration
loads, the dynamic response of tunnels is analyzed at the speeds of 300 km/h and 350 km/h in the physical tests, respectively. The
numerical model is developed by FLAC?P to study the dynamic response of the tunnel under moving loads of high-speed train.
Results show that the dynamic response of the tunnel is not attenuated in the circumferential direction as the distance from the
vibration source increases. The tunnel response shows a clear attenuation from the inverted arch to the arch. However, there is an
increasing trend from the arch to the vault. The test results also show that dynamic response of the horseshoe cross-section tunnel is
greater than dynamic response of the circular tunnel, and the average difference is about 3.8 dB in frequency range of 40—200 Hz. It
indicates that the tunnel cross-section greatly affects the dynamic response of the tunnel, which should be considered in design.
Furthermore, the PPA of the tunnel is the largest at the inverted arch under single-point excitation load. The peak acceleration is the
smallest at the tunnel dome. The PPA of the tunnel at monitoring points shows obvious periodic effect under moving train loads of
high-speed train. The PPA reaches the highest value when the train travels at the monitoring section. The PPA of the tunnel under
moving train loads shows a clear amplification compared with tunnel response under the single-point excitation load. Therefore, it is
important to consider the effect of moving trains when studying the tunnel dynamic behaviour under train induced vibration loads.
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Table 1 Similarity ralationship of physical parameters
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Table 2 Physical and mechanical parameters of soil
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Table 3 Physical and mechanical parameters
of tunnel materials

Hm PR BIYIRE

v \
/GPa /GPa Tkt
JR 34.5 13.30 0.3
LAY 1.1 0.44 0.3

2.1.3 IEEEE LN RA
AVGRIEKH T B HI AR A, H

)
\
L)
//% >\
06c=d
7300

E1 DERBENEN SRR RER (AL mm)
Fig.1 Design dimensions and model of horseshoe
cross-section tunnel (unit: mm)

o2l 6 mm JEH Q235 HIANHRAREEL M B 1 T
O CHEREE SRR BINL RS M, AR
VU4 T ANEEARITIAR, 39 DA B A e AR I B2
[FII, R N ER I 7 /K I A 3, DA A2 B 7K 22
Ko BMFNIA SR, 5. manlh 150,
90. 135 cm, MK 2 FroR. J9I s IRaNfr 875 K
TR 4 AU PE AR 1 T b RSN, AR
FINIRAAE 7 —)ZE 3 cm FIWIRM £ Duxseal,
MR RO RB RE R, 80/ S RUSLXT B /)

WA, SR RIS E0O20,

135 cm

H2 A

Fig.2 Geomechanical model frames

PRI O I IR S (5 5 el r b P ), PR
PR AR ARG BB I (E 5 R AR A IM-1230 3645 4 L
5%, BEHBOE IMS801 K5 5K G %
2 B A PR S O IR B8 TM-20, IR
AR 2 10145 5 AE R 1 R M IR Sl fr 2, FTEBR
P 2% 5 B% 18 45 0 IS HB 2 8] &2 35 B A& 00 Ak R AR
IM0710-001, FH T~ RAE BRI AR BN far 2R o
TEREIE IR S LA B T 5 Al B AL 2%
IMO0213, DA 5 0 3ok v 7 9% i 3 2 1] (1) 4% 3
P FEREE W 1 AT 2 4> B E 6 AR AR
SRR, DU 7 R0 W TR A [ A5 28 A P o o g R 2R



3638 be) +

Pho EAMANKKINECR B 3 fon, AL
AT E I 4 PR

B3 AR mEEE
Fig.3 Loading device of physical model test

- |
g & BV
o feiiatyy e A
Z .buﬁ&%@%ﬁ%ﬁ@ & *
g : £{ %10\313‘ FEHHIAZ
8 IT l /i%ﬁ}}ﬁ%%
gL arAr !,jw;@%%
g Eﬁﬁlﬁ‘ﬁ@ sl Ao
ol | T o\ J
Nl et JE LA S==YIA 1245
. . AT
900 mm

B4 iR kRS il st B A

Fig.4 Layout of acceleration sensors

2,14 R HTE

BEAIRIE 23 AN T PR IRBN AT 2k : B9
BRI B At 28 R v T B 2R B i R B A k. R AL %)
PR B AT X BE (0~200 Hz) [ IE 5% 4140
PR, FBRIN 5 s H MRS /7 ih 2k o &
S@FTR. MR AR RS, Gl L A
PO A BRI RS A PR R 7R REE
JiE N T B 4> B 3004 350 km/h 1 B AR B)
far . (UL 5(b)s 5(c))
2.2 FERE

BAE R A - AR R T AR S 7w R
PERE R T AR, i — P 5T = B ZE IR B A
AR R i W i B B R, AR
HIRZDHE R FLACY HHT = 45l . 3k
AR RS SR IR — 8, K. % =l
N 30.0. 18.0. 25.6 m, ARFIBEIE LAY H)
S GRS F A — 8, R SN A
I 00 st 7 B Ak el B AT MR o ER T B ZE AR B
B | D Y R AR T — ML/ R e B A v A
RURH T 8RR, R, N RIEEE A i

FAFHRB T E/N

/s
(a) FUIE T2 17 il 2%
400
300

200
100

I ZEARB i /AN

_100 1 1 1 1 1 1 1 1 1 ]
00 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0

I 8)/s
(b) 389 300 km/h T AYFZEAR B A7 30 Hh 22
400
300

200

100

H ZE 4R i B/kN

0

-10

0 S L
0.0 02 04 06 08 1.0 1.2 14 1.6 1.8 20
I} 8] /s

(c) WA 350 kmv/h N [ 51 2R 3 o 8k i 2
Bl s 3 ERSNE L

Fig.5 Vibration loading curves of train

AR, R XA B0 RTINS TR N AR BT X o
K 1/10~1/82, @3 BETHFEHEA A 6
Fime 15 il Fok kit A 1 5 oA, W]
A RO R T AR, DRI EUE T SRR
5B AL T SE R0,

e HiaitHHEmRA

Fig.6 Meshes of numerical simulation



9 1

My SC AR i B 2R AR BN i B3 P ) i TR A 18 % T ) g o 4R 4% 53 H 3639

FEREAT BN 10 Bt BELJE ) I i e B 1 DR
EA TSR OCBE . EASSC R, AR E
BHEAE RS0y

C=oM + K Qe

e M K 73 SRR ANI R o F1 B
43 5 P 2R BRI FE RE e 2R 2

TEAS FH i 1 BH 8 B 75 ¢ B ) g £ FBE e b
& () A0 e it o T Pk 3 J 8 1) 1 5% iR B A 28K At
R, PR LU rTARYE 2 O E i e, AT REEE
AR BEJE B2 B ECA 0.10 1 0.06.

HAE AL BN R A B S T 0~200 Hz
ZIANHRIE Y 1N (RS, far 30t n P& iE
SREHE O AL, SEAGAEE — 8 BT A B
N BRI AR, T IR BN A E F T BRI A
FAAEAS [  F 138 o] JIr ekt FEE v 5
2.3 Bl Jyme Rl 2R K FAH RS AT

T FEAEAS R AR Ze AR B far 8 A FH T ik i S5 44
(A2 77 2R, AR SR A3 e . pR % FRF 454
TR B Ar FAE F T A dakh R A 46 sk 4 SR kAT
A3 T TR FH AR 5% 2R 500 45 SR Al T S bE A 790

AN N R FRE 58 O Z I Ad B AR 4
Ja BIIIE B . R(w) SR F (o) PIHAE, 1
HATRRN

FRF(a))zm 2)
F(w)

DRI o AR (R RE R, e T B A R AT
FEME, ASCRABEVIRS S, HIEE T RIEES
JIHE RIS G SUUNBENIRSNE 5, it &
TR 75 s FE 1) B Th 2838 5% 2 R B L S e 1]
) HLAS % B R A, 19 AR e 1 R H ik 2
SFA(w) (3)
S (@)

e Spa (@) J9hnid BE (1) H T 2635 % FE ok 40
Ser (@) JYHAIR 1 H D23 1% 55 B R 2

RIEFEHLIRZN TS, SIAM R Ry (o)

SRAG TG AT A )97 R 5L FRF e 5%, Hatb&EUA

FRF(w) =

_ Sea(@)S (@)
7/2(60) - Sep (@)S 5 (@) “

s Sp(@) IR 77 1) T 2h 598 3 R ph 4
San (@) NI E () H Th 410 5 i R 4

H IR AR BB AT 10 T3k i 25 B e 4y
FIAHRARRE, T 0~1 ZIa). MR REHUEBOR,

o T P ) 75 JEAR A 28K FR AE D

IR TR T SAS B R BRI A5 A A I
AT J A13 (P50 R R H 28 (FRF) JAH K R %L
e i 7 Fios

80 3 1.0
m 90 103
=
2 100 ! 106
= 110 104 X
= 1—FRF =
R -120 2—MRFH 02

_130 1 1 1 1 1 1 1 1 1 00

0 20 40 60 80 100 120 140 160 180 200
B /Hz

(a) M A7

0.8

0.6

0.4

TR REL

1—FRF
2—HRRH 4 0.2

3l /30 N, FRF/dB
i
=
T

-130
—140 1 1 1 1 1 1 1 0.0
0 20 40 60 80 100 120 140 160 180 200
SR /Hz
(b) M AL3

B7 W7 530 13 B3h7m R 2
Fig.7 Dynamic response at points A7 and A13

M 7 ATUAE Y, SdR T 20% 2 0~40 Hz
B, MHOCREER, WENHR, XFERH TR
BT S TR RG S IR EIR N 40~
80 Hz B, MHXREPEN N, FEARLN 0.95; 4
PR ETE Ay 80~200 Hz I, X M (A % R %L
PR L, BB YE A ) FRE 2R AH DI 47
IR A R HE
24 HEEREST
2.4.1 FEIE LRI T B0 e R 5T

NT a3 KT B TR R T 5 R TE AR AR B0 A 2 A FH
TNARFALEA CRIEMEE. . S LT 1
Bl 0 AR, ASSCRIEFL T PR TE W T 1R 30 e
o o i) R AT 0 7 o 5t 2 Gn ] 8~10 Fro, 1
DECHF

(1) 1E 40~200 Hz $ZRJa N, B8 4
EIFE TS R EEE 1.2dB A4, WEE
B, RIS RTR. BN, BESWNsiH
Wi 57 o S SRR 025 1 8 T T 38 K



3640 = o % 2019 4
,70 -
=70 g0 k /¥~j*
o 80F 8 ot
S 90 L E
5 o~ & —100
o ~100 J A 4 2110 - NE
= 110 F WS NN s E AT
- v A B Sl * AL
S 1o . ALIER ® oo pa” « A7
—130 * * * A2 FE ~140 1 1 1 1 1 1 I 1 TR
—140 ! ! I 1 L 1 1 1 I 1 0 20 40 60 80 100 120 140 160 180 200
0 20 40 60 80 100 120 140 160 180 200 ——
M/ Hz
HIER /Hz
e B 10 BRI WS i
(a) MS AL A2 Fig.10 Dynamic response along longitudinal
direction in tunnal
770 —
= o[ . T 1) 30 1 W SR S A — L, (AR b — e
2 ok ZE5t o RTEHRIFECUT W 2 FA A e B ek 2L (B 9)
gﬂW- J_Mﬁ% HEAT A3 MT, AL CA7) B3l SR K HE
| ) S Mps i (A8) HIENJIIRG, HKZEMATIE 101 dB, F
S PO o' YIFEAHTE 5.2 dB FiAi. TESUBELL (A9) FIZ)J1M
0 20 40 60 80 100 120 140 160 180 200 HHEIA/J\H:EUEALI\ (AIO) E["Jij]j]ﬂﬁ@, E%j(%{aﬂ
Pz ik 7.4 dB, FHIZMEIE 33 dB fidi. BT DB
(b) I A3, A4 TH] B T8 25 0 A ) RN [E], TR S R B 4
B8 MGTE 1 3 R e WA R AE R R, BEIE S5 M3 1R 130 77 R 3E
Fig.8 Dynamic response at section 1 I8 S I e B T N T T R PR 2 A 1)
o - ) 7700 [ AATHE 2 48 B S B — s PR, (HA
g0 b HERERIHETI, g5 3h 7 B 50 S0 B 5 K
g —90 F=EN
g:ﬂ: (3) Syt 1 S 2 APHEb B ) B
S ol CE 10 U5 AL A7) T H T RORIE A1
® 30 bt « A8 il T3 F5E W S 9 P A e B T R B, B K U
e 0 20 40 60 80 100 120 140 160 180 200 ME{ERTIA 109 dB, P32 N 5.6 dB Aiti. @it
$i% Mz 5 SCHR 2] I3 T7 W TH % 1 25 74 (1) 31 g v AR L, AR
TRIE (I AL B FE AR —2], 7E 40~200 Hz A 5
a) M AT, S _ "
@ AT, A8 PO T BT T T A K 50 W K P
-70 PR b, “FIZEMEL N 3.8 dB. Kk, BEIEMIKT
g SOF THI TR e 5 44 1 80 77 i 2 A 550 B S R 52
= ol 242 BEELEHIN I T 3000 5
gfm- — A9 R 7% L8 2 S R A B SRS ey BN R E A R B
5o Py KU I SER NS, INTT S8 3T B 8 7 i
I Dt RSB SN T B ZERFS 300, 350 kmv/h (4R 3)

0 20 40 60 80 100 120 140 160 180 200
A% /Hz
(b) M A9, Al0

B9 Wi 2 I A 3N 7 e 2%

Fig.9 Dynamic response at section 2

(2) HE 8. 9 AIAL, Xt TREIEHA A %0 5 30
JIMENE, AMHERT-HERE, SN N T HET. A FE W

firak o [FIRSEREIE B 1 AT 2 0 A E T 6 4
s AT AR AT B M o i 11 Fos, 2]
AN [ DT T SHL 200 s Ak ) WA IR S0 I3 B« o A T A
(1) FEEIE P A [R) DA 2 Ak g e {1 9 0 skt
B B ZE I R 3 I AE BRI K, T 2 o,
350 km/h B3R APHE (A7) b f W AR N 3% RE 2
300 kivh (1) 1.18 %, H. %18 &5 4 RHFRAL B AL (1 I8 AE
DRI EE I AR —3, UL S IR BN far 8055 K (130 i



9 1

My SC AR i B 2R AR BN i B3 P ) i TR A 18 % T ) g o 4R 4% 53 H 3641

0.692 0 m/s?
68175 m/

~v=300knih
~v.= 350 ke/h

(b) Wi 2

B AR T R A A VA AR 3l o

Fig.11 PPA of monitoring points in tunnel

under different speeds

N B R

(2 FETE T T ) VR A R 30 ekt P AT B Ak A
T A /N o W] 2 ARTYERS 3R 300 km/h [ 51 %=
PR EAER T, AL (A7) Kb BUEAE g B 2 4
JH CA8) AbIF) 2.04 5, EHLEAL (A9 1) 4.54 fif,
FEHETH (A10) AbRY 21.41 %, Rk, JRBNATEST 5
I TR % 1 25 M AV HE Ak () 3 g R sE A B K, TR 4
2B R L s

(3 WTTHT 1 Acb M 3000 e PR WA skt 52 45 /8T W T 2
AR B A I (E IR B, 751 ZE 134 300 km/h
PRBNATERAE T, B AL 1 e AR 1R 50 o 3ok 5 3 s 1
25 14%. HTBEIE LSRR JE I AEAE,  hnid B2
I % 3 G 171 328 T R 0K

KNSR 2 N Pl D )VA ik

R SCES B AR e S AUE AR, BT 1 5 RidR
A A R S B T RS T8 S5 A R 21 g Wi SR S A%

R o B AU B G 1) B g i I AR — 3
TERA T BUEARL SRR IS H ) & R, 4R
AL, SR, BRERSIEIZER, R ERSI R
R s AW R A AR L, DR A 4R 3l i 2 2 R Bl 1,
FAER IR AR . BTk, 7E LIRHE TR A
fih b, BREHIEM NN, @ E R 7
3 2 % 8 E A7) B 3ol 1) el ) ZE AR Bh e A E R
(1150 73 e R
3.1 FEBRRE

YRR, SNPUEI LRI R
BNAaf B BRAFAE— AT [ Z2 40, fuf 2R F2 h £ S A
REMEFEA — 8. 1ZI R) 22 2 FOWEI A5 5 51 2 () BE
ANFEFTE. ST S —HneE, 2457 L
SIEUEIER, YRR T AEARI0EE B F AR B A 2
LRIRAFAERT A Z AN — 8. Bk, HIES AL
B AR X IR PR AT R FE 2R, BRI R, B AR PR
BT AR RS Bl KN

AR SRS 2.2 8. LIV GEERH
B IR, FRZREH D4R, BB
ot RRE AR SR 6 figndl, K
FEN 150 m, XFTHIZERE# 7509 300~ 350 km/h
RSNk, THEE 508 3.84 3.3 s. N TIRA
WF 5 e 51 22 7% Bl far VR F T B &5 4 i 284 7 5 A
[0y e B RRAR 5 B SR B i B E N 1B )
Wi B 3R AT 0 LG Ar,  RISE S S A B S 2.1.4
.
32 HEERST

MY o3 T BB 5 R A [F A B AL PR T e R
P, BL 300 kiv/h IR BN A7 2 AE F T I B TE 45 44 1 3
JIMENCAE, BEIE T 2 APHE. HERR. R A LT
(3t P T R i 2R A P 12 R

EH BT 12 7] %R0, B T 25 ) 149 5 1) 3k P2 e S92 A AT
HECAT LM B 5 A BR AN, FTIA 4.53 m/s?, HETTCAL0)
AR DI BE MR L5 55, B RN 0.28 mis?e A5 i I A
Agb PR T FEE 97 A R 498 o 2P 498 5 ) 9
DA ZEAT G 2 M 00 U I o g 7 e Ko PR T 4544801
Wi 7 5 5 % 2 1T 28K 140 A% 3 1 2 B0 L B S 1 R Ak
N, e ST A, % T A AR T A K
F30 )57 B S5 PR AR, {E B ZE AT I A R 3 S
TE—AN W VB IR B R A — 3, R RA
WAL PO N TR BES AT 22 57 0 DR 17 6 X i o g J9 4
HAT AT, SRIEUAS [R] B T R 2 W7 T 2 A % A5
WA HR ek FE P 13 s

X A AT B s R B0 fmr 25 AE T A [) M ) et e



3642 be) +

B 2019 4

EIREIEE LB 10) "THL, BahmadE i N
T TR PR WA 351 K T B AR BN A A FH T P ok R U
fELo DAWTTRT 2 5 Ml 5 FR) B8 [y 3ok B2 i )82 g 48], A
#t (A7) KEAEFIZERE 53574 300, 350 kivh #£3))
Faf FAE T PR 03 B WA LG B s AR BN e T 43 ) 3
T 45 22%F01 23%, AHEE (A12) AbAHR SN T

56%A11 58%, BEI (A10) KM KT 107%F1
110%, 2B 2% [& 4 ZEAIR BN A 20 1) 7 B 3500 2= A 45 Fi%
BB IR K, T RES 2 AR s e
W RSB 7 BB IR . Rk, FERFFLA 4
PRBN AT BAE F T (130 7700 R 2% B8 4 22 [ A% 3 3L
IS o

B 1) N B /(m/s2)
N AW =0 =Wk w

1 1 1 1 1 1 1
00 05 10 15 20 25 3.0 35 40

fif 1a)/s
(b) HLE
5
4 —Al0
w3
g 2
w1
0
E 1
T 2
R
4
5 1 1 1 1 1 1 1 ]
00 05 1.0 15 20 25 30 35 40

A [)/s

(d) HETH

Bl 12 BEIESEH Pl A s LI 7 2%

5
4
~ 3
Z 2
Pl
K
2
w3
4
5 1 1 1 1 1 1 1 ]
00 05 10 15 20 25 3.0 35 40
R ] /s
(a) ik
5 —
4 F — A9
o 3T
i 2 -
E ot
= af
= 20
2 4L
5 1 1 1 1 1 1 1 ]
00 05 10 15 20 25 30 35 40
5 T /s
(c) HLE
Fig.12

B 13 AR T B IE S5 A R WA 3R 3h hd B
Fig.13 PPA of monitoring points in tunnel
under different speeds

4 4 w

KRR RIS A T S AR S S T3, DA

Curves of acceleration in time domain in tunnel

20 )3 R BN EAE IR B FEAE AR Fa A, 04T
B S IR AT R A R I IR T B A AT
R AN FEIAL B AR B R . AR b,
—BH BN EARBN BRI BN RS, AL T =4k
FEMETHERR, WO T e S RS AR T
L 5 T W 1 B PR 30 e SR, 753 32 B R
T

(1) F T 5 T W T e 5 M 00 o 5 1 i 26
AN, AEFN RS A A 40 A 2 AF T W s E B
[l 1) 713 e 8 2 TR HE Al B — (S A . Ty TR
T8 S5 R PRI 77 e L ARVEE BHE A 1 2 I — 1 3
P, AR R HETH 1) 2 77w B 20 2 30 8 .

(2) JE IS5 B Wr T s 18 45 ¥ 3l 7 B bR
B, TR W TR 2 o 25 A4 R 3 g e A B S R TSR
RUL. 1E 40~200 Hz A 6 P, Sy 0 W i s i
SERII B Jam N K TR T R IE S5 0, Py 2= A AR
3.8 dB /iy, FHARKIE T TR0 H 53 7



%91 MU A RSN B FH T S 0 W T 5% 0 30 g Wi [ 435 43 B 3643
W B A R, RIS N T L RS . 71: 244—252

(3) EmEA ER B ERH T, &Ml
%mkﬁm&&%%mmﬁ%&mﬁ%Mﬁ%mm
SRR, o B R8T S — BT T INF, 12 W T 5 A
RIS e S H S0 BE S WAE . FLH  E E RE
GANNEE LS WAL YA oy N N s R X =Py ]| RS =
Vi) 5% HG B A M

(4) HTAELEZ A TR s LW I A 30 i )37
BN, AN A F R RS 45 44 (1 I R 30
Tk BE 5 B AR B A A R 395 A TR R B A 1
I0e 2% M RS G IR B2 20%~110%, He LT
SIS IR B B . R, 7RI A A ZE 3R B fur 255
VA EIDAL VA P e ¥ I AN O 21 S A

Z % X W

[11 YI H, QI T, QIAN W, et al. Influence of long-term
dynamic load induced by high-speed trains on the
accumulative deformation of shallow buried tunnel
linings[J].
Technology, 2019, 84: 166—176

(2] #oC, BRTa, 1RWIRH, 4. EMREIE S A B AT
P AR BAE R B3l i SRR R[] 05,
2018, 39(2): 537—545.

YANG Wen-bo, CHEN Zi-quan, XU Zhao-yang, et al.

Tunnelling and Underground Space

Dynamic response of shield tunnels and surrounding soil

due to train induced vibration[J]. Rock and Soil

Mechanics, 2018, 39(2): 537—545.

(3] B, XOKR, EZEME. a8 WIEE M EEIE D) /i

NoHT]. A 15 TRk, 2006, 25(2): 3508 —
3512.
MO Hai-hong, DENG Fei-huang, WANG Jun-hui.

Analysis of dynamic responses of shield tunnel during
metro operation[J]. Chinese Journal of Rock Mechanics
and Engineering, 2006, 25(2): 3508 —3512.

[4] 530, B, 57, 5 MBI AR EE R A

o B A W REE AIE FR el i B A )], At
J1%, 2017, 38(4): 1003—1014.
YUAN Zong-hao, CAI Yuan-qiang, YUAN Wan, et al.
Dynamic response of circular railway tunnel and track
system in saturated soil under moving train loading[J].
Rock and Seil Mechanics, 2017, 38(4): 1003—1014.

[5] YANG W, CUI G, XU Z, et al. An experimental study of

vibration  from  shield

ground-borne tunnels[J].

Tunnelling and Underground Space Technology, 2018,

YANG W, LI L, SHANG Y, et al. An experimental study
of the dynamic response of shield tunnels under long-term
train loads[J].
Technology, 2018, 79: 67—175.

DENG FH, MO HH,ZENG QJ, et al. Analysis of the

Tunnelling and Underground Space

dynamic response of a shield tunnel in soft soil under a
load[J]. of China
University of Mining and Technology, 2006, 16(4): 509
—513.

HUANG Q, HUANG H W, YE B, et al. Dynamic

metro-train  vibrating Journal

response and long-term settlement of a metro tunnel in
saturated clay due to moving train load[J]. Soils and
Foundations, 2017, 57(6): 1059—1075.
EAERK, BMRAE, JEVRIE. 5 RS EAE T B IE A
SE KB S SRR M (D). A S TR AR,
2006, 25(7): 1337—1342.
WANG Xiang-qiu, YANG Lin-de, ZHOU Zhi-guo.
Dynamic response analysis of lining structure for tunnel
under vibration loads of train[J]. Chinese Journal of
Rock Mechanics and Engineering, 2006, 25(7): 1337—
1342.
AR, R, B, A5 JEAREIE SRNEIE S XS5
K 51 25 4% 2l w8 R éﬁﬁ[J]. TARTRER, 2015,
48(3 T 1): 228 —235.
YAN Qi-xiang, CHEN Cheng, HUANG Xi, et al.
Analysis on vibration response characteristics of cross
structure between shield tunnels and cross passage
induced by the train[J].
Journal, 2015, 48(Suppl.1): 228 —235
RS, ST, B L. RO S AR A B KT i R
TE S5 M) Jywa RS ATT]. A 5 5 TR AR, 20085,
24(23): 4259—4265.

LI Liang, ZHANG Bing-qiang, YANG Xiao-li. Analysis

China Civil Engineering

of dynamic response of large cross-section tunnel under
vibrating load induced by high speed train[J]. Chinese
Journal of Rock Mechanics and Engineering, 2005,
24(23): 4259—4265.

WRAT, =Rk, XUBH, 5. weodi ks A ki i AT
BEIEZ)) Ty ML), BRIE R, 2017(2): 48— 52.
CHEN Hang, YAN Qi-xiang, LIU Yang, et al. Analysis on
dynamic response of parallel tunnels with small distance
apart of high speed railway and metro[J].
Engineering, 2017(2): 48—52.

Railway



3644 = o % 2019 4
[13] &, 22300, BRIEE, 55 SrgkBEE oo e T 2 TR [21] ZHAI W, WANG K, CAI C. Fundamentals of

[15]

[17]

(18]

(20]

) 25 g B SR FE[D). MR ] S TR AR, 2016,
123 2): 669—677.

TIAN Tian, LI Tai-feng, LI Guo-qing, et al. Investigation
of dynamic response model of high speed railway tunnel
lining structure with vault cavity[J]. Chinese Journal of
Underground and
12(Suppl.2): 669—677.

WAy, =arE, B, F SRS AR R A A
BTG S 7m0 RS B 70 A (0], BRIE B, 2016(8): 60
—64.

HUANG Xi, YAN Qi-xiang, CHEN Cheng, et al

Space Engineering, 2016,

Dynamic response and damage analysis of spatial
intersecting shield tunnels under vibration load of train[J].
Railway Engineering, 2016(8): 60— 64.

BEHNAM M, MOHAMMAD V. Numerical study of the
depth and cross-sectional shape of tunnel under surface
explosion[J].
Technology, 2015, 47(1): 114—122.

GUPTA S, HUSSEIN M F M, DEGRANDE G, et al. A

Tunnelling and Underground Space

comparison of two numerical models for the prediction of
vibrations from underground railway traffic[J]. Seoil
Dynamics and Earthquake Engineering, 2007, 27(7):
608—624.

YANG W B, HUSSEIN M F M, MARSHALL A M.
Centrifuge and numerical modeling of ground-borne
vibration from surface sources[J]. Soil Dynamics and
Earthquake Engineering, 2013, 44: 78 —8&9.

(CIDNIIES P 7Y e AN e e DN T T O S R T ES
AR BRI BT L ()], & J1 45 TR,
2007, 26(11):2260—2269.

HE Chuan, FENG Kun, YANG Xiong. Model test on
segmental lining of Nanjing Yangtze River tunnel with
super-large cross-section[J]. Chinese Journal of Rock
Mechanics and Engineering, 2007, 2260—2269.

YANG W B, HUSSEIN M F M, MARSHALL A M.
Centrifuge and numerical modeling of ground-borne
vibration from an underground tunnel[J]. Soil Dynamics
and Earthquake Engineering, 2013, 51: 23—34.

PAK R Y S, GUZINA B B. Dynamic characterization of
vertically loaded foundations on granular soils[J].

Journal of Geotechnical Engineering, 1990, 121(3):
274—286.

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

vehicle-track coupled dynamics[J]. Vehicle System
Dynamics, 2009, 47(11): 1349—1376.

FHl, BEY, HERE. Bk G A BEE 2 W BEAL
PR HTARAL[I]. TREH1%, 2014, 31(6): 117—123.
WEI Kai, ZHAI Wan-ming, XIAO Jun-hua. Vertical
random vibration model for subway shield tunnel in soft
soil[J]. Engineering Mechanics, 2014, 31(6): 117—123.
WEI K, WANG P, YANG F, et al. The effect of the
frequency-dependent stiffness of rail pad on the
environment vibrations induced by subway train running
of the Institution of

in tunnel[J].

Mechanical Engineers, 2016, 230(3): 171 —178.

Proceedings

YAN Q X, XU Y J, ZHANG W L, et al. Numerical
analysis of the cracking and failure behaviors of
segmental lining structure of an underwater shield
tunnel subjected to a derailed high-speed train impact[J].
Tunnelling and Underground Space Technology, 2018,
72:41—54

PENG X, YU P, ZHANG Y, et al. Applying modified
discontinuous deformation analysis to assess the
dynamic response of sites containing discontinuities[J].
Engineering Geology, 2018, 246(11): 349—360.
ZHANG Y, CHEN G, ZHENG L, et al. Effects of
near-fault seismic loadings on run-out of large-scale
landslide: a case study[J]. Engineering Geology, 2013,
166(8): 216—236.

International Organization for Standardization. BS ISO
14837—1: 2005 Mechanical vibration-ground-borne noise
and vibration arising from rail systems[S]. Geneva: ISO
Copyright Office, 2005.
ISHIHARA K. Soil behaviour in earthquake
geotechnics[D]. Oxford: Oxford University, 1996.

EV. FLACD YU A 40, 75 723 e TR o2 Y ——R N AT
FLAC® 5.0[M]. Jbxt: AR Tk R, 2015:
302.

WANG Tao. Numerical simulation method and
engineering application of FLAC*P—in-depth analysis
of FLAC?P 5.0 [M]. Beijing: China Architecture &
Building Press, 2015: 302.

Itasca Consulting Group, Inc. FLAC?P (Version 5.0)
User’s Manual[M]. [S. 1.]: Itasca Consulting Group, Inc.,

2004.





