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Experimental investigations on failure mechanisms of DOT shield tunnel
subjected to extreme surface surcharge
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Abstract: During the service lifespan of shield tunnels, the surrounding construction activities are easy to cause significant
structural responses. To explore the structural robustness of double-o-tube (DOT) shield tunnels in the face of environmental
disturbances and to provide a guidance for tunnel operation and maintenance, a failure test is designed and conducted on a
prototype DOT shield tunnel structure. In this test, a quasi-static method is utilized to simulate the external loading conditions
of the tunnel structures subjected to the extreme surface surcharge. Through an analysis of the evolution of deformation
responses of the structures and longitudinal joints during the tests, the failure mechanisms of the DOT tunnel structures are
revealed. The tests indicate that the failure process of the DOT tunnel subjected to the extreme surface surcharge can be divided
into three typical stages: initial linear stage, rapid accumulation of plastic damage stage, and instability stage. As the
convergence deformation of the long axis (from the left waist to the right waist) approaches approximately 25 mm, three
negative moment joints (No. 6, No. 8, and No. 3) enter the elastoplastic state, and the structures simultaneously enter the second
stage (rapid accumulation of plastic damage stage). Subsequently, with the extrados concrete of the No.7 positive moment joint
being crushed and the intrados cast iron plate of that joint being fractured, the structures enter the third stage (instability stage).
Ultimately, with the bending failure of the B7 block (segment), the structures completely lose their bearing capacity. The
structural robustness evaluation indicates that the DOT tunnel,

compared to the quasi-rectangular tunnel, better utilizes the EEWmE: ExERRFEEEDH (52078376)
WFSEE: 2023-11-29
*H E/E# (E-mail: Thugospace@tongji.edu.cn)

good load-bearing performance of circular tunnels, resulting in
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a higher robustness performance. The relationships between the structural convergence deformation and the joint rotation angles

as well as the joint opening deformations are also investigated. It is found that the structural deformation at the first stage

mainly comes from three negative moment joints (No. 3, No. 6, and No. 8). Near the end of the second stage, with the

redistribution of internal forces, the No.7 positive moment joint quickly reaches the linear limit and enters the plastic state,

causing a rapid development of the structural convergence deformation. Based on these findings, the critical monitoring

locations during the service lifespan of tunnels should include the structural convergence deformations of the long and short

axes, as well as the crushing of intrados concrete of negative moment joints at the waist and the side of the small seagull block,

and intrados opening of positive moment joints.

Key words: DOT shield tunnel; prototype test; surface surcharge; failure mechanism; robustness evaluation; measuring location
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Fig. 1 Schematic diagram of DOT tunnel specimen
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Fig. 2 Configurations of longitudinal joint
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Fig. 3 Loading procedure of failure tests

S8 A W U0 BB 5 4 T R b BR T 20 4
BAU T, XA 5 T8 R 45 M IR A P IE W 188
THL (10~17 m)~ MBS0+ b 77 THLAN TR A
MR, 3 AP, BIR 1 AEFIETT IR nE, 25
PRI AT 10, 12, 13, 17 m HRIEH IS T,
Bla B8RS . B3R 2 KinmiFP R, 'HE
M ik BN 5 7). B3R 3 ORFFMIIL I AR,
TOUS R SRSt R OR A [ S5 L) BT, B R S IA R )
PRARZS . BRIRATE TR AL B (BB 45
BHEEN T IBEERL  ARLAER B B 355 A
ek RO, 3 A B AR AR A 3 (b) PR
1.3 HEWHE

AYRGS I FCFR bR S 75 S0 R

(1) AR

T BEIE [5 ] 25 AT Ve 2 A R8T B 45 K B A
¥, LR TR S AL B A Y 2 A T
BEMSIRTE, it 28 Ml

(2) YPE&EKIT. FEBhEM

ERENPGEN . SMUEATE 2 Mg A% T
I REE I GE N SMUTRIT 5 R 48, FEAMUAR & 1AM
AT EMNER S, It 50 I

(3) ASWIE P AR L G 172

TEGE R ANy AR S S B b s A I
HAMI AR B SAL I SR L R, 3Lt 559 ANl
Mo

FE ARG 1 2 H RIS SRR M LR AT 40 P A A
BRI R . AR EERT (1D, (2) 11
SR BRI T AN S B B AR T AT 73

2 FEARWERD
2.1 SEHESSERL



490 HoE L OB ¥ M

2025 4F

XI5 JE5 ) 5 T 85 R FE 1 2 HE B T 00 T S5 M 3K B
BRAF G LRSI I 4 Fros. Kk B
AL G5 R 1) ) P8 T 95 )RR 2, 7] 4
CAZLIBI Pt o SR S5 F IR B 2 NS R,
ML 4 T, HZPIRGE BRI . 3
R 2N E -2 OPNS A S 7

4 GEIRERTSRES RN

Fig. 4 Final state of specimen and distribution of weak parts
W s R, mERET, EFEH 6 5. 8 5
BHRCKS 7 SIEE RS M P B S AR B
R 3 AR IR Rl R e - 32 s e B
PR H 658 SHESON Sk, Bk
PTG B B 2 AR T, B kA i) T L7 17138
. 8 SHCKIBIAEETEE, HEHRAZHE
FHEEMBREMR, W6 (a) fx. 758k
NIEE RSk, H A I kA 2 1 HH LR AR 2R
BRI R BB, Wl 6 (b)) P,

| Eme—

(¢) 7S8R INE

(b) 7 B8 AIRE
5 EHIPESLITRTS
Fig. 5 Failure states of joints at left half-ring
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emergence process of characteristic points
BT B R, AR T K F) 25.09 mm i Cf
ER ADs 6 KA ] A Je il 24 Y IR S o
ZAHEAT, 8 SOERHCREE AN 1 B
4, 8 SHSL IR MIRE L2 E SR Rkl 4
Z A, BERIAT B T, SR AR USSR R S R
RLJFEA R LV R R . FHIER A 25, SRR
NIBEZHT TR, A 6 5. 8 Sk MR Il &
P, HEREEAARTE R FEZ IR, 9 P22 IR
Bl AR T Bt — P 1 K2R 51.03 mm CRFE R B),
1 5. 3 SHSAIHIRMZ R, 5k 6 ek 8
FeNFF SR, Mo 8 SHELH Bl —E R k.
MK IA ] 72.88 mm CRREsS O, #:3k 3
THRNE Bl — P R R IR R M I R, 7 5
Bkl sz R egs, HILE 7 SESARTR RSN K.
KA M4k Sk R 2 131.52 mm CRRIERT E), 2
VA5, 55 95 K% 10 Sk Ak IS R4 .
8 SRk I S It FRE— 2K, AR A
THG I B ATE . 7 53R AN R &L R A
s, TSI AL R R . 7 5 8 5
B T T LR IRES I CAE K 6 IR
FRIE R EJ5 S5 R BEAR S Sk JRy F AR T By - i
J&, MR E . B KAARTLILE] 225 mm A1,
B7 YA R A 2 R, IR R GE RN, Rz
B AN K TR S 4 I B A R o [RIINE 2236 6 5 7
T 8 SHEKAIE MR B K I AT H PR L
PR LA ZE R CICik Ak SR AH A 2o

3 WERBZEANFMRED T
3.1 CEADRRARHLA BB At

2.2 PR, SR sl R R P A 3
BrBOR RS, T PRk BRI P R AN

FEEAR RS 3 LB B

BB (WAL B DIRFIES A AT, %
W BEA MR T 10~ 17 m BRVR IE 738 LA
WA LR T . BEEKIABFIER 25 mm A4
i, GERIFEAAL T2 VER B U 32 Sk AR 5 4T
B R AL AR 4 M E NI I ELE . Ky
RS R T A T 4 4% B A S5 Mk N 58— BRI A2
HA WM. BB A S AR TR, MR
oA —E R, XNE NI EA—E N, HX)
RGN T2 E R R A PR, X 05 & M R T 45 1)
AT BRYR T Sk A e — S s,

BB BRI POE R BD DURHIE S 4
FURFAE & ENTY, 120 BOr B R E e 5 o B3k 2 R
MRS R, HESAAE R E. ZMBah T 7
IR/ NGRS E) 6 5. AR 8 S Ak I
MERHMERIN S, FEHERE A A, #EkiE M
RIERZEMR, A0 3 SESLBHIER, wE 10
BT o 33k I BE () B AN A4 5 Je e it 5 35000 [ s s
SERITE S B B W BT 1, B A A D R A

— -7
........ B8

0 . . . . . . . . )
-25 20 -15 -10 -5 0 5 10 15 20 25

HekFe £l /%orad
10 BAEBLR
Fig. 10 Development of joint rotation angles

BEAT Ak SE BT, ZeEIRED 7 S SR A
JERHD 4 SHESKENAD IE BRI MRS R, HA
SR EE L2 TR . HrpIEE ARk 7 SRk
R R, WAL A C BRHE R E, BN
B E T A 3 BUR R ARG e A 4NN R, [
I PO T LA B PR BIR . B 7 5 3k KE i
R SRR NIR FEABHENT- B B G5RIR5E it A
BRI B (=B,

BB B A R R CARE, S5 CIEA
TERE. 4k 6 5. 7 5. 8 SHEKHENBIER B, 1
BRI 3 NS, AMT IR NME RS OL T
LERRAAR IR AR S R e, KA I F) 225 mm J2
i, fecfRh 3 AN RS Wk, gk
TERE. RAIE 65, 85, 35, 75, 458k



492 s + T

Eitd 2025 4F

JeJE T B R MR |, BT YU AR Z B RIE,
FEFE IR ATE N 4 DR A, AR 2 A
PEEZ AL, SR LT AT AR LR, R R L AR BEETT
el 4 FRERTR

2% Liu U7 P H 0 S R BEIE A T T S b
PEPEONJ7i%, BA 10 m BRAE N BT HRRE £, RS 4
VENGER AN R, R E VR NS R R 3R
PR AL, JEREXUR BEIE 4544 5 55— XU 7 AL i R g IE
LRISGEIEEREE (e, BEARIRALHETD fEXSEE,
KBTI R TR 1. 45 FRWIOUR & #BEiE i
THIUVT S H E AR B & RS TE ATk, PRI
R RE T RITEREE 2 LRI . XL g Rk
B, OB TE B R IR TR A A A T SR J ) B T R 4
BRI . 28R, T Pl S KA AR T (& i
PEREVEUT R A AT, 5 SR 2 T IR B 45 kil
AEARLANE T2 VERE TR, XS BETESE M ETE 2
JURSE S A TO0 N B & B RE T 45 5 VR

R1 NEEERE. KEREEEE SRR
Table 1 Comparison of robustness indices between DOT tunnel

and quasi-rectangular tunnel

MR LI S ¥4 B PG FbEE
R K 4.75 3.54
BILERE D 25.61 28.75
SETE R HL 1 5.24 3.05
HAERE ) 1 299.03 162.12

3.2 ¥ELFHFFER TR Sk

WK 10 Prox, YRR, 6 5. 8 5. 3
SIS I B R L A S M =
B BOR R R, TR EE 52 R TR R RSB A A
VL. T 5 IEBHESLAE SR 2 AT A AR I H B i
(SR IE PR B, B ) TS 4: o 7E BIA 25 H B AR
PR J D91 o R e N BB VR B, i 25 VR e LA
FLEE BRI R o IXHFF 1952 77 REAE DX il 32 222 ] 9 7 T
g PE: OEMAG U SEAESL 6. fiE
IREMEEMBEORE T4 7 SESLIE TS S,
WM TR B MR POE R BD
Ja¥A, MUHTS 7 SHSAHAT 6 S5/ 8 5 BHIHE
LECHI NI ERIG . 7 6 5 8 Skt A
SYBIEBE, AN IE S, HEZMNIH 7
SR, Y 7 SEERRHE S ILE, SN
AFHEA RSN ESARE ], FEEE I 2
T, 7 SEE Sk PRt 3 5 P B B T g N BV
Bt. @BSLME LA EMER . i 2 B, SR JE
BEIE LS I IE . ARk R — 3, R A E
TR s R ) X, AT 7 5 IR RS AR B
B 5 Sk BB A B S S AR AR R R . (H B TS

2
RO 20 a, TALNARER G ER P K 132 W
IR PR, R BRI B AR, BBk
REGL, MRAXIEREFRIRRY, HHSEH TR 6 (b) fiw
R F AL BRI R o AR 23T 7 Sk
JAREYERE M IR, FRAE 7 S8k IR B et g
fiE, BE—BIE T 7 SRS S BARFIB0 R
o

BT FEA A S0 GRS T A DTk, DA Al
W SHARTEAE T AR bR, AL 5 99 mi S B Ay 2 (]
fIAHIRNE, B 11, R8RSR iy £ ERIE ek
SEHMGKIT, WO ZAR Pt 8 S L 45 4 2 WS T
MERTKIT R R, BEm B RARER R B KPERER .

80

See

~
(=4
T

[+
(=4
T

W
S
T

F
(=]
T

w
=]
T

—a— 3L3

—e— k4

—a— L6

—— L7
—— L8

1 | L L |

30 60 90 120 150

KBS /mm

B 11 RS Sk ARt

Fig. 11 Relationship between convergence deformation of long

ek fA e WHE %orad
[\S]
(=]

—
(=]
T

(=]

axis and joint rotation angles

Wk 11 s, RS — I BL 3 5.
6 5\ 7 S 8 SN GHIALIY I TTIR ZE AN K o S
HENE N BUE, 6 51 8 5N 4548
TR DTk 5 EEBON RS, A S 3 5/ 7 SR
STHRARN T 35 WAL « BRSSO T IE 2 100 mm
CAEIY, BEE 7 SHESKHENGRIBYER B, XA
SR TR A PRk $E T, R 3 Sk,

R A A THUMURHIE 51N S5 ISR IEAN 3 5. 6
T T 58 SECKIN R MO RIS TR 2. 45
REY], SHECLEMEREHMIL, 6 5. 8 Tikik
THEROR, 798K I BORKITEA ® T 3 53k,

W G REIE TR WM adE: GB(T)51438—
20210, LA 2 mm fEJ9hEETKIT IR BIME, XN Bt
FRALA 6 SHESANINI, AL RO MRS+ s
Bt 10~17 m SR TS0 2 ZoR, Y45 1E
Bt Lo T HpE RIS R 2. 53— 51, X
I8 JE AL B A 9SG RS 6 5 A1 8 S Sk o T B Rk
SR IEEFE S AT, PRI TTAE KA T B 80 1% T DA
Mo (ESPRTAREH K AR KT ok A&, i
T ST G5 A R ARSI T AN Sk TR T B 5% R P )



3 1

MR, S HRMERRAE T R A4 B TE AL BT 7 493

LU R FI A7 B AR S A AT &, 1Pl Sk K
PERE, B AERR PAN 544 2 BT IR BOIRES -
®2 PRI, FHER TSR AIEL KT E
Table 2 Convergence deformations of long axis and opening

deformations of joints under different conditions and

characteristic points HLA7: mm
Ki o #%k3 ke kT k8

PR ww wr wgF AR AoF
10 m HE 514 051 0.31 0.25 0.43
17 m HE 880  0.79 0.76  0.42 0.81

WiEh RS 1912 1.32 1.99 0.78 1.67

A 25.09 1.32 2.68 0.87 2.28
B 51.03 2.38 4.93 1.33 5.51
Cc 72.88 3.46 7.53 1.62 7.86
D 111.79 5.30 12.44 3.25 13.29
E 131.52 5.45 13.97 7.82 17.85

3.3 EHARIRZS K 4 M BB AL

BT BRIBIRHLEN B S 2 TR T, B
R RICS TS, TP RGBSR N . AT
TR RS HRPTEN] ARG h OS5 H R 8D
(RIS Ll T RS BT AE M I Bk O e, BRI
SR 0 P8R 7 45 A O A B 47 25 R ke BB/
SRk . 5 I8 BISEPRBE IE s 4IRS
DN B AGTIN 2% A, AT X [ B T A 11 3 24 P4 T s
IAEIE T 0L, MRS RTELT Hiahw:

(1) SEtRH. RS e ;

(2) & P Ze A THURE 8 A I A7 T2

(3G F2 A5 TS B /N S R e ) 47 25 4 Sk Y
ST S A DL 5

CA)EE/INRE RS HN 1E 25 Rk A 9T 5K & T 9L
7RO

4 HE5RE

R T G HIBE I AR HE A A T
KRR O, TFR T BRI MBR R, J575 TR
U 4o R G KR R A SRR RO TR, W T S5 MBI
BLEIRIZ AE, EFEFILLT 6 S5k,

LU B H BEAG 7E b A B0 T R R 2%
SR, R ELH SR AL . BRI U B AR
ik RAa 3 ANWEL. Fh s I B IGIE SN 6
BRI 8 B4k AN 2 FEFFRL, 55 W B 25 R
RN T B AN R, PR Bk FLER

(2) HiFHE (TEEE) BT, WHE
MBS 6 B, 8 B, 38, 75, 4 BELMKE
OEIBIEI B, RIBERL, B BT PR R AR
RN, SRR 4 MBI, (L
A U AT AR, G54k 2R R A

COMUE GG 7 4R A T BTRBRE I R 52

JitERE, FRANTOUT B8 b B Ui TR AR AE 793
DAL R (ST FI B

(4) BT H MG i AR R IR, O P 2k
A B AR RN EE AR S RE R e AR
H6 5. 8 S 3 SRS NSV B,
SRR T IR RE AR R . WA RS T S IE
BRERCK A AR BUR RS NV B, JF A%
KBIR B WEVERAE. 7 SREKM KRB EE ST
LEMIBARHE N AR R ARSI BL o

(5) X [EA Ji g il 2 A0 00 B AR T 3 RS
T35, 6 58 SHEIERL, EH _BURH 7
SHELHATE TR B K. IR B HIRES T
SERITROT B R VTR, TSSO T ANk 5K
FHEAR S 73 vl T B AR AV RE PR -

(6 X [ JE AL B 3 4y BN B i S S5 A K
SR e RS N I T3¢ B S
/NI RS SR 97 4 Sk oA ST s e AR 00 B I 5 ARk
P I TR S T AL R ARG L«

ASCE ARG TR 7S 1 U JE AL B 5 Ah T
TR, sk Pris g BETE A T4 i fiE bR fit
T IR . JRERAs S A R AR 2 Hr AR R X
JE KE % TE 45 R AEAN [F) R A 00 T BB R R A AL
AT RE— BT

SE -

(1] PR, MBS, ok, 5. L HuE scm s X ()5
TE RSN PABLLHR BT[], H R LFR 5 B%3E, 2004(3): 11-14,
56. (DI Yongmei, YANG Zhihao, YUAN lJinrong, et al.
Lining ring design of DOT running tunnel section of

transit line[J].
Engineering and Tunnels, 2004(3): 11-14, 56. (in Chinese))

21 LF77, WEs, BRilgk, 55 XU (DOT)E MVERSE £5 &
HARRHTFFE]. LR, 2005(5): 5-7, 17. (SHEN
Xiufang, YANG Zhihao, CHEN Hailong, et al. Research on

Shanghai rail Yangpu Underground

application of comprehensive technologies for tunnel
constructed with DOT tunneling method[J]. Shanghai
Coustruction Science and Technology, 2005(5): 5-7, 17. (in
Chinese))

[3] CHOW B. Double-O-tube shield tunneling technology in the
Shanghai  Rail Project[J].
Underground Space Technology, 2006, 21(6): 594-601.

Transit Tunnelling  and
[4] WEI Z. Simplified method for evaluating mechanical
interactions between tunnel and soil due to adjacent
excavation[J].

Technology, 2023, 139: 105205.

Tunnelling and  Underground  Space



494 .

+ T B % ik

2025 4F

[5] WEI G ZHANG S M, XIANG P F. Model test study on the
influence of ground surcharges on the deformation of shield
tunnels[J]. Symmetry, 2021, 13(9): 1565.

(6] Ehni, &, £ B S WA EBEIE R SR
B R )], 1R TRESREIE, 2001(1): 12-15,
21, 47. (WANG Rulu, SONG Bo, WANG Qi, et al. Lining
experiment and structure analysis of bi-circular shield tunnel
with staggered joint splice on segments[J]. Underground
Engineering and Tunnels, 2001(1): 12-15, 21, 47. (in
Chinese))

[7] R
[R5 K%, 2003. (SONG Bo. Research on Lining Structure
and Construction Technology of DOT Shield Tunnel[D].
Shanghai: Tongji University, 2003. (in Chinese))

(8] M FERE, MRSHE. XURJE F BEIE KB e n a8l 56
R R HT[CY) A B AR TR 43,2003 L [ Brk%iE T
TR 2808, i, 2003: 173-179. (YANG Guoxiang,
LIN Jiaxiang. Loading test and structural analysis of large
scale DOT shield tunnel linings[C]// China Civil Engineering
Society. Proceedings of the 2003 Shanghai International
Tunnel Engineering Symposium, Shanghai, 2003: 173-179.
(in Chinese))

[9] FAEA, & =, X UG JERVERSER) 101 454
WIS N EITEBE T[] 454 TRIW, 2004, 20(3): 64-71.
(GUO Zhijie, LU Liang, LIU Zuhua. Loading method of test
for double-circular face shield-tunnel lining[J]. Structural
Engineers, 2004, 20(3): 64-71. (in Chinese))

[10] FASCUH, AEM, B WH, 55 XUE GRS EE TR
B R AR R AL T[], S35 A ], 2005, 23(6):
59-463. (ZHOU Wenbo, ZHENG Yifeng, TENG Li, et al.
Mechanics  characteristics ~ study of segment in
Double-O-Tube tunnel under in-situ test method during its
construction process[J]. Chinese Quarterly of Mechanics,
2005, 23(6): 59-463. (in Chinese))

(117 5% 3, % b, skimesr, 55 XUE G MR E -t 2 A H
A FH LR FR A5 L K 6 K iy 82 23 A7 (7] BRIE 27 4k, 2016,
38(9): 101-108. (GUO Xuan, ZHU Kun, ZHANG Xiaoxin, et
al. DOT model test and interactive response analysis of soft
soil layer to double circular shield tunnel[J]. Journal of the
China Railway Society, 2016, 38(9): 101-108. (in Chinese))

[12] SHEN S L, HORPIBULSUK S, LIAO S M, et al. Analysis of
the behavior of DOT tunnel lining caused by rolling

correction operation[J]. Tunnelling and Underground Space

0. SO B8 5 A B A ) 25 ) S it T BRI S [D]. bk

Technology, 2009, 24(1): 84-90.

[13] LIU Y B, LIAO S M, CHEN L S, et al. Structural responses
of DOT tunnel induced by shield under-crossing in close
proximity in soft ground: part I field measurement[J].
Tunnelling and Underground Space Technology, 2022, 128:
104623.

(14] A8 e, B, KARY, 55 RAHERG R LS
B KA T R R B TTT]. L AR 2R, 2016, 38(6):
1036-1043. (SHAO Hua, HUANG Hongwei, ZHANG
Dongming, et al. Case study on repair work for excessively
deformed shield tunnel under accidental surface surcharge in
soft clay[J]. Chinese Journal of Geotechnical Engineering,
2016, 38(6): 1036-1043. (in Chinese))

[15]LIU X, BAT'Y, YUAN'Y, et al. Experimental investigation of
the ultimate bearing capacity of continuously jointed
segmental tunnel linings[J]. Structure and Infrastructure
Engineering, 2016, 12(10): 1364-1379.

[16] My Wk, x| &=, TN SR EARZA R E MR R Y
2RI B BT R S SHIE[T]. A TR R, 2024,
46(5): 927-937. (LIU Xian, LIU Zhen, YE Yuhang, et al.
Development and demonstration of prototype test platform
for shield tunnel linings under complex loading scenarios[J].
Chinese Journal of Geotechnical Engineering, 2024, 46(5):
927-937. (in Chinese))

[17] LIU X, YE Y H, LIU Z, et al. Mechanical behavior of
quasi-rectangular segmental tunnel linings: first results from
full-scale ring tests[J]. Tunnelling and Underground Space
Technology, 2018, 71: 440-453.

[18] ZHANG Y M, KARLOVSEK J, LIU X. Identification
method for internal forces of segmental tunnel linings via the
combination of laser scanning and hybrid structural
analysis[J]. Sensors, 2022, 22(6): 2421.

[19] LIU X, LIU Z, YE Y H, et al. Mechanical behavior of
quasi-rectangular segmental tunnel linings: further insights
from full-scale ring tests[J]. Tunnelling and Underground
Space Technology, 2018, 79: 304-318.

[20] LAQUE F L. The corrosion resistance of ductile iron[J].
Corrosion, 1958, 14(10): 55-62.

[21] KBOGHE, P e, FRAE. F&TBEIA L RO i )& 1 g i
WIAHLH] S G2 AT TE 23 AT (7] BEIE (39 50),
2021, 41(3 ) 2): 165-171. (ZHENG Guanghui, PANG
Xiaochao, WANG Kangren. Failure mechanism of shield
tunnel based on full-scale experiment and analysis of

Tunnel

longitudinal outboard  deformation[J].

Construction, 2021, 41(S2): 165-171. (in Chinese))

joint's





