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Abstract: Based on the engineering background of the
Xiamen Metro Line 2 tunnel, the similar model test and the
finite element numerical simulation were used. Aiming at the
shield tunnel’ s unloading conditions on both sides, the

ks HHA: 2018-05-16

transverse deformation characteristics, failure modes and
segment damage process of tunnel were analyzed, and the
stress mechanism and the key performance points of shield
tunnel under unloading condition were obtained. The results
show that:
concrete crack width 0. 15 mm of design allowable value is
3.29%0D (D is the diameter of the tunnel);
section of bolt failing to yield is 10. 67%¢ D, the structural

failure form is caused by segment cracking, bolt yielding to

the convergent deformation value of segment

the vertical

excessive deformation and collapse.

Key words: shield tunnel; unloading condition; similar model

test; numerical analysis; deformation characteristics
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Fig.1 Transverse section of continental section of

Xiamen Metro Line 2
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Fig.2 Segment block diagram of Xiamen Metro Line 2

*1 {YEESHRUEL
Tab.1 Similarity constants of each physical quantity

LY/BLizy ARRLE 3
JUf R /m 5
% /m 5
PR /(N m2) 5
M F/(Nem™2) 5
BB FZE/ (N m™) 1
REAE 1
HEp N 1
HAmE/ (N« m—2) 5
/N 125
/(N » m) 625

TC T B, Bt B B PR R B, I 3 . B
WHRAERA 2 mm, M K/NA 40 mmX 15 mm
FIE BER 2 L. IR PR % RS B F AL, 12
FeSRF M6 AZ91d 866 £ 5481 B30 E J /MU A5 B
fiitk 36 MR BER LR, F HORA ABA R4
BEPPP R MRS B A BE Ry 45°.

B3 #REREMEE R
Fig.3 Experimental model of assembled shield tunnel
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Fig.4 Physical diagram of model test loading device
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Tab.2 Geological parameter
A2t WMBEEREE/  BEIIEE/ HEIRRHY/ Sy
2R m (kNem™3) (MPa*m™!) RE
HHEL 5.56 18.7 10 0. 43
HRR 1. 88 22.0 20 0.43
TRTE 9.57 16.2 5 0.72

BBy 2o # e RN i 12 4~
1] 380 ST B e B AU 3 A i 2. 34 7 2%
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Tab.3 Water and soil pressure
mH TR ¢ Bt/ kPa MR g &IHE/kPa
JR Y 190. 0 136. 8
R 38.0 27.4
33 L BN @ g 5 gs INEET SER R, I
5 fin. HIETHIELT 2 MRrBif T
B SE PR R TR R BL - o DL I WA IR AR
g 5 X AR N E L PR B, B A I Ag =
7. 20 kPa, Ag; =5. 48 kPa, Ag; =5. 52 kPa.
BB 12 B B BB B - AR ¢ AL, 52
PREEGOR S I XS BRIV P g0 TN g5, B 2P HIBR
W Ags=—3.91 kPa,Ags=—1. 96 kPa, B & ¢q; =
0 kPa BREEHIBEIA.
I W T B8 TR R
A [ T 2 g2 = (g2 —AR) /2, Fo g ol 4%
SEUME, A R TR i & S TR

E5 WEfETHEsarzE
Fig.5 Grouped schematic diagram of cyclic loading
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Fig.6 Layout of measuring points in middle ring

segment
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Fig.7 Relation between section convergence and lateral

load of middle ring segment(test)
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Fig.8 Distribution of cracks in middle ring segment
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Fig.9 Final failure mode of tunnel
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Tab.4 Relation between failure process and cross

section convergence of middle ring segment

B4 MR R FEAE /mm JREI S/ mm
BB HBI/Y% mpiksr #gayk BR BT
@D 0 7. 60 —4. 20 38. 00 —21. 00
(@) 14 9.71 —4.79 48. 55 —23.95
® 29 11.17 —5.76 55. 85 —28. 80
@ 57 14. 41 —12. 57 72.05 —62. 85
® 100 22. 20 —21. 46 111. 00 —107. 30
1.4.2 RN

YN F1-RAE R FR, B AR 0w =¢eEn (on HIR
B 1.6 FIREELNAS, E, IR EE - AR
g Bk T B TRV 4 N AR (B R e S B T R R TR
&+ Hr 7 BE =) fr AR An & 10 B .

B & 10 A1 0, ZE R TH A B A T, A it
TO0 P HE G PR B S M 4 YR B = 7 1 88 /N » 44
k1 0.5 MPa, i KT i , 50344 = E A A
F. T 0 1) e 2 ) AS DT UL /N  F SR JES PR A0 7 g 3
KR HGE, W& H Z R AR E , TR+
4 0. 89 MPa b} =4 —#tHr 2448, MMIEHZERIER T,
IR ZE A LI AMUTR 5 BN S K S AR —
M EIER 29 60 B, ZEBERESMI = A — BT 24 4%
1REE IR 124 0. 86 MPa. # 5 AR B = A= 1 N
BT B BERZ 20, i i Bk m FAE S, BT IR
TR TP A I HE AT, AR FRBER H BN
77 HETT A TR R 1 P 7 AR HE TR K SR 1.
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o 3.0 F—v— AHLEAMI RS BRE
£ IR 7 A AT R R LR C55
ﬂé FER A A= A 4% LR /GPa 35.5
B 20 R AR TR o2
H N R/ (kg » m®) 2 500
LS rhapgIip . S paql; WK/ () 30
i _%um;t@%mu%&j%% : e 0. 667
B ' .02 B FE 3 B/ MPa 35.5
£ 05 T HLHURER B/ MPa 2. 74
\J |
01 S EmA R 6 BRANBHESH
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Fig.10 Variation of concrete tensile stress of middle

ring segment with lateral load
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VFEH 0. 15 mm, %+ 445 55 FE L FROR B - 454
B HLTE )2 $E AL A A X S 4% 55 B AT IR BB 1
e 5 B0 157 SR P B AR B A M R U AR, X4 1 ) 35 B
IR 5 B S A A B Y AR M BN PG L TR
S SRR R 3R 2 SN SR 5 IR 6 .

iR

11 BEER
Fig.11 Tunnel model
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Tab.6 Material parameters of bolts and steels

R BE/ (kg - m™®) FYEER/GPa MK JBIRN S /MPa

[y 7 800 200 0.3 640
W 7 800 210 0.3 400

Ay 15 B B V) 5 S DL A SR IR B e % 1B Bl BT R AR
png T X Efr 7 3 SR AN R R — 80 B R
HI 7 SR ENE AT, R R E AR, TE R B
Hi ¥
2.2 HEERSH

B 12 R T g B S S AR T (R 3R D
ORI 6 2R, G50 SR 90 “ B RS 37 AR JE AR K. B
RRAE IR ZE LR S B &R BERA R
RHERE . LRI, AR W sk R 5. 41
mm, B [F P8 K 5. 01 mm, ZZHEER A2 0. 12
mm. & R $E K R 8 H N R, R 2. 213
MPa, BETRIE R Y J) 8 K, 24 37. 1 MPa, SfHHLN )
B B AEHL R M, % 10. 5 MPa. i+ 8 4EFH
TEEANIIINE 13 Fis.

—n— B EEK
160 - —a— B Y7k

FEIE=
1401 ar (DRI

- e 7
- BN e R

-~ QPR TR RE - R4 T IA 0.15 mm

120

q,/kPa

100}
80 1
60 @B ESMU R L
1 L REEFEIX 0.15 mm
aor Ny DB 78.75°
2ol GFETR 11.25° B[ RS 8 R =SS I 1 8 Jai A

-4 @WK KRR .
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Fig.12
lateral load of middle ring segment ( numerical

calculation)
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Fig.13 Maximum principal stress nephogram of

concrete under design load

MR EE +Hr 0y Sy AE4k A BT HR BE 2. 74 MPa, Jf- /=
AT EE. TR UK T ) 3655 S B8 T U )
EIE 31 0BT, BLE ARG B F7 1% 136 MPa, 1R%E +
g E R BRI R R KME 0. 15 mm, FE/57E
M EN R 6206 B, 22 HE B A1 TR 06 + 24 4% 5 B 3k
0. 15 mm. HF =315 5% PF 5 78 B T8 D 1] 19 R X 7R
P , B o 2 0 2 4 ok P KT A, [ IR 77 %%
B, ZEHEIE 78, 75° 4k m SMKTT 5. 34 mm, I (] #8 44
BARER. #E A2 Sl SOCF T0RHES, I B Wil #: 48
b T BORAS , AR ST RI B 55, SN S A AL B
57 FHEJEE Y. D] 18] 128, 100 %6 Bk, 72 A iy 1 i) ie 85
> 103. 17 mm, &R F 5 K 106, 50 mm, 11, 25°354%
I 5. 79 mm,78. 75°8:4% K FF 8. 56 mm, HEJE M
N 1R 346 MPa. HIZK T.O0 T & ik BIAR BR A&
RSB 2RI SRS+ B K E N I E 14 .

BRFEMNFI1/Pa
e~ +2.805% 10°
9.569%10°

225K FF 5.79 mm

FEFEIKIT 8.56 mm
R SK 103.17 mm
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- Z1938x107 R FT 346 MPa g
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Fig. 14 Maximum principal stress nephogram of

concrete under bilateral unloading when

reaching ultimate bearing state
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Fig.16 Variation of vertical convergence rate with

lateral load
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SR SO TR IR S SRR R 3, A
HHTH BB , B AEBARN PR T H 2L

biRzRFERTIRE &M HE B —5
MG, EEBR A RIS B0 () R BB A P To
PR i A HEREE S 5 4 7 IR W B 2B Xk 45 H A
R HHWE LR ER. X AR S —E
B EIE T BUE TR S R0 B, B R EE T
B BT AR EE R, U RS R
R EEAKIE T TR R SRR AR TR AR AR U
HiINAEATEEZE.

25 LR, DASUE TR 45 3R AR B, 15 R R
] T 285 T SRR A 2% U AE (g2 /qu) T 4540 A AE T A
WA, FERLAT 4 BB

(D BB (g2 /qn =0. 72) , IR AS T 52

HRB B, & R RS R AR, AR T S LR

I, G TCRR & . FESS IR ERIR AT, 4RI
B KA B 22 BEIEE , HEJRS P ) Ay VR B8 + F A A 52 L
AN E.

(2) R85 ;= H: R JRM B (g2 /g1 =0. 72~0. 50 ,
B S R HE IR 2 R o 1 S 4% 95 IR AR iFME 0. 15
mm BBt TP ERE R e LR P90 N A LIS R g
FHPEREFSES A 2. 74 MPa JE = A ZU5%. MM
172 S0 28R A 484 T AL JEC PR A0 0 A HL A0 4 A5 1
FH 4k 35 136 MPa, 24 48 95 & 3% 0 2 % i+ i
{80. 15 mm.

QVEE R MEsE K IF M B (¢2 /1 =0. 50~
0. 17) , BN 48 5 B A T i i R 2 A8 8 IR B

B MW RRERNIE T8 R BN, AT
Jil, sk R R . M2 U 78, T5 BRI TT 5. 34
mm B, 3% B I R RS T SR R B S HETR 11. 25°
W IR A8 7K TT 3. 50 mm B Al

DO B (g2 /g =0. 17~0) , BB R IRZE
ATt KIT R LR RERY B, 182 TR IR, B R
RN B 3 RIS, 00 #2100 %60 B, 45
AT 3 KIT R KR E I BE.

MBS AR A R RIBEHR TR T
BB AGEE AR R, 3] B YU IS T AT 3
HITEPRER U , 403K 8 FR.

®8 EREMBRGT RSHEEMX R

Relation between damage nodes and section

T
3.29
7.67

10. 67
11. 21

Tab. 8

convergence of segment structure
e LViREpa B i) R 8K/ mm

BRI MIZ4E3X 0. 15 mm 22. 02
ZeHEIEAMI 24485 0. 15 mm 51.39
ZEHEE 78, 75°FR ) B4R JE AR 71.52

HETH 11, 2573 1) W4 iR 75.11

4 g

(D IRYE Hb 2 Hb 8% & MBS 8 7E 1. 5D PR & A
1 5 TRER T 3 HL B 0. 72~0. 50 B, 4
R BRI AL T B T A B R B B W T MCSEOE  TR
R T AE A 7R R B R AR AR B o LA ) 2 1 SRR
18 s Dl 1) Ry S TR fmr 2% EL A A 0. 50 /NE 0 Fag
B, R RERESIE S R RAEE R ITH B &
JE = REIRB B, W7 T S K R R b AR R 1 B
e AR 8 o LA B 28R P AR 5. R, 2 2 4%
R FEER T AR DU B BT T 32 TR, W R AE T
Tl B A 1 AR R B R S 1, SR UK T A Bk
TE XU A R4 HIFE 0. 5 FF TR AT A L, LARIE RR
B ZEIEE.

(2) YAV Hb J2 485 % B 25 i 149 1k 3 7 DU S T
BUF 8 HER IR S+ 8% 5 R R BT AR i
{8 0. 15 mm WCSARTEAE R 3. 29%,Ds & F ZE HEIE
%M%%i%é% % A B Wt A E 0. 15 mm Y

IEAE R 7. 67%D; 8 ZEBEIE 78. 75735 [ 2
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