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Fig. 2 Loads-structure model
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Fig. 3 Upper and lower bounds of axial force
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k) 2 wmAHA AL
Tab. 2 Comparison of maximum axial force
i P/ T 1 T4 2 TO 3
1o AR X
kN RS /RN  BEINE /% KRB /KN MEmE A/ % R /KN BmE /%
KESE —24877 —25 149 1.09 —24 965 0.35 —25 172 1.19
KEEH —25062 —25115 0.21 —25 228 0. 66 —25 340 1. 11
k3 HAEBTHEMNL
Tab.3 Comparison of maximum positive bending moment
T8 1 T2 T3
wraps  VETRRE . 5
AT %) Fal [=) A =] i =} P
Nem)  F D ommmswsy NI e TN i v
(kN * m) (kN * m) (kN * m)
K5 763 1792 134.95 914 19. 77 2 140 180. 53
KEAHHE 3315 4 885 47. 34 4047 22.06 5922 78. 62
x4 mRAGEENL
Tab.4 Comparison of maximum negative bending moment
T8 1 T8 2 T3
e S A5 BB/
[ 7 s s Py
(kN * m) KRB e PP s v SO s/ %
(kN * m) (kN * m) (kN * m)
K+ 45 —501 —1 169 133. 37 —564 12. 68 —1 499 199. 31
KEEHE  —10942 —3 255 67.63 —2 636 35.75 —1 366 124. 85

[, an e 1 7R A 1) 7S £ AN [a] L x A8 R il 1)
AR T L AN ] A R kAR T AR T AR B R

S T N S D VAU N S = 2 s = DU D/ S
S 28N DRI R I B AR T B R R T SR AR TE



% 31

BARILE. BG4 8 7 4T A KB 5 o 2 AT 227

N5 PR 3 P A 2 A T I 4 SR 22 B
K55 —J7 T M JZ 50 5 | 4 Sk A8 250hT 24 W i 2
A B OC, i 55 A L, 3 S H
AN E X AR T LR A5 R T

k5 THREBKIN

Tab.5 Interval of segment deformation mm

K55 KEAR
PR R sErs TR BRSO et
W 11.0  63.8 16. 3 46.2 163.5 74,1
JE# 7.1 36.0 10.7 37.4 120.2 60. 4
i 1.1 34.8 4.3 32.2 112.7 56.0
Wk 11.4  70.6 17.3 47.7 180.9 77.8

4.2 FEA BRI

5 5L T 20 5 05 09 DX IA) A 3 E P o0 A b AR AR
S 1 2 S i T R S T B B
FEAS B K 3 w8 DX TA) A T B0 1 At 4 ] I
QORI AT S IT R . 32 6 25 tH X T 00 3 24 e,
B 2.3.6 A1 11 B, oK 45 SRR T A8 R 3R AL 20
[T i A A SO o N DD M= A e < T
J1 /AR IX ] B FILT- A 23] m, B S
Xt AT » B K o B R Ay LA 2R

%6 FREARKENSRLR

Tab. 6 Comparison of results with different m;

) B J1/kN
(A
m; =2 m; =3 m; =6 m; =11
90° TH  —23296 —23296 —23296 —23296
R —20591  —20591 —20591 —20 591
135° TR —24 297 —24297 —24297 —24297
b
S —23035 —23035 —23035 —23035
180° TH  —25268 —25268 —25268 —25268
S —24 948 —24 948 —24 948 —24 948
24/ (kN » m)
(A
m; =2 m; =3 m; =6 m; =11
135° TR —976 —976 —992 —992
b
TR —429 —429 —429 —429
180° TH —3757 —3757 —3757  —3757
[ 5t —61 —61 —61 —61
. FH O —667 —667 —682 —684
225
R 127 —127 —127 —127

X G- SRR R TSN M R 5 B T R R
LR B T A O B 2 AR SR 2 vk Y. ph o B A R
SR )2 5% 5 1) AR SV TR BT I KR T R
BN RS ) A AR AR 1 L RG4S e L Ak g A

2 A A A T R AE A B E 2 B X 18] Y S el B O
A
4.3 S 5y e

] Pk BB i) = e Ty 28 %50, b )2 L T A B 4
Sk SR W BE A X 18] A2 L 2B ROk 4 2 RO A
i 5 P R e R il g R i R AR Y X [R] S T
JETRARI TR T

X7 RKESHKNYHEE

Tab.7 The degrees of influence of interval parameters

e KA 7
i i
K+ K+ K+ K+ K+ K+
IrE a8 5 a5 Iy a5
« 6.74 2.86  21.58 15.45 10.23  20.93
A 87.30  90.20  54.73  73.60 71.12  64.66
ko 5.96 6.94  23.69 10.95 18.65 14.41

R R IEZ A

0 i

 FNIRLF

e BE

%
g

>~

A (26) % Y52 A BE P {GE T 280X )
AL INEIAG B L PRI 3 AN 2 B0 X ] 2 42 H
(B 25 & 1% BEAT 38, 3 A2 5009 X ] 43 51
0.445 5~0. 454 5,27 225~27 775 kN/m*® i
217 800~222 200 kN « m/rad.

N 7 W LLE IR K BT S
B0 1) = R R O b T 5 R e R A
Xt K, 3 AT B 32 B IR R M 1) R R B
S 45 T A 3 KO £ 28004 Ll A L 2 TR R 1)
I BRI,

4.4 RAEFRBOGIXN 5T

BB F b 7 075 A Y X8 e Tk — 4
TFJ AR O 14 42 4 1k 43 A AR B R A 2 s Rk i
Bk T TR TRV 0 YR A R TR R T D o0 2 R R
P A BT 5 JBE 0BT 58 B I 0 ) % 2R (3 D) Ak
(32)114 .

KN=gaR,bh (31)
KN=g L TORibh (32)
beo 4
h

0 e <<0. 27 I, R 470 1 5 J3E 42 i) 7K 28
71524 ey =>0. 20 W, dRL 5 HE £ 0 R 2 0y ok
K N4 280 N O 0 T 32l 3 s o R AL 1)
B ZRECGX I o= 1) 3R, 1 R, 7351 iR §E 1
B8 B0 R 437 A8 PR 3 82 5 & O 48 THT 58 32 5 e A 4 1)
IV 560 =M/ N g%l 77 s 0 M2 8 T8I o
Sy SRSk DK TR AR (O e



228 Ax % # I K ¥ F #® % 59 %

a:H—O.6486—0*12.569(6—0)_—0—15.444(6—0)0 #9 TRHHEEHNZ2RAHGFREX D
h h h Tab. 9 Safety factor of different lining thicknesses
(33) (loading mode 1)

O 1 - FE 1 40 S ) RO e L — i v
KBTS W EE ] Ay X0 A8 4, C70 YR BE L1 R, K M m Fm m malt
31.8 MPa.R, N 2. 14 MPa® , REZ JEE 1 . IR 0.70  0.010 0.092 1.73 1. 81 1. 80
. , S b e A 1L - 0.75 0.010  0.097 1. 86 1.93 1.92
i o DI AT RN AR N o e = R = SR N 7S 080 0010 0100 195 205 5 03
SERHBXE. R EELITE A AR T 0.85 0.010  0.104 2.09 2.17 2.15

bt e T - Je1 7 0.90 0.010  0.106 2.21 2.28 2.27
I 2 4 2R BOTHCHC P de/MELRF SR 0.95 0.010  0.109 2.33 2. 40 2.38
KA/ T HERBXMEE L TR LA 3 .00 0.010  0.111  2.44 2.51 2.49

A SR X R RT3 A 2 10 B P 2 4 R \
x10 FRHAHEENZA2RBGTFHEX 2)
*8 ZAZRHEKXE Tab. 10 Safety factor of different lining thicknesses

Tab. 8 Interval of safety factor (loading mode 2)

B 1 R i B %h R A
ARt *! i b 2 A hm R/ KRR
T 5 F 3 [ s [ ff
G = 1.73 1.81 1. 80 0.70  0.047 0.288 0.17 1.79 0.81
e 017 Lo o 81 0.80 0.047  0.316  0.21 2.03 1.32
- . - 0.90  0.047 0.337 0.26 2.26 2.03
1,00 0.047  0.352  0.32  2.49 2.33
e NS SIS .10 0.047  0.364 0. 40 2.72 2.63
- - e 1 1,20 0.047  0.372  0.50 2.94 2. 86
COR K 53 5006 22 4 AKX I L R A 1.30  0.047  0.378 0.62 3.15 3.08
ZHB/AN, FERERN K 0B EE R S 140 0.047  0.382  0.78 3.37 3.31
e e s N N 1,50 0.046  0.385  0.97 3.58 3.53
AN KA B D9 0,092 3 mo BEATEAL 0. 2R B 1.60 0.046  0.387 1.23 3.78 3. 74
DL 2 4 pe R i 8 9 ol K 30 00 I 0 H R A A R 170 0.046  0.389  1.57 3,99 3.95
- % . . N 1.80  0.046  0.390  2.05 4.18 4.15
TR RBAEAGD IS, LS B R A K 1 1.90  0.045  0.391 2.75 4.38 4.35
T X (a1 AR AR BN B D)2 4 2R 30X (8] 388 /)N. 2.00  0.045  0.391  4.15 4.57 4.55
(DK EEEN B2 RBX AR, HE 4
RECF R 017, X EE R - 4B S 26
B ey <<0. 20 BTS04 2 B e, 0. 20 BT, Gl I
30 5 F 3 7 ) TR R el T e
AT LY A 4 AR IR T 5 0% 2 5 B0 I )
AR L %2 4 R BOX Ak 185 —-
DS RTE AR O 1= A - RV N 7 SR SR IS A 73 1'06.70 0.75 0.80 0.85 0.90 0.95 1.00
U /e B 3 B % B ) B/ 2 A R B TR h/m
R BB 2 R /N 4 R BOh 2. 4, T 8 () B L
Al LLE L TEAR SO E AT 3k 51 L iR R S C ] —
7,0, 7 m (AT AR BE SR N AT A T B SR 1. 36l — > ~KMLER ]
PR FR AT 1 PN A% A 3R AN S L IO [R] 1) 46 81 VP P S
JEBE 38 7 Ay A 2T BB R M 4 R L LA T A
Koy 4 e 71 280 )2 Bt 2 B8O 5 Sk bt 12 et
- o N AR B Hok Al ® ==
25RO € [ ey X ] 2 kB 019 22 4 AR LR S 07080910 11121314 151617181920
2 9.10 ron, Horp fap g 5 1 o8 K 405 op h/m
AR 2 FBARKEEE. XFFE 910 PREHE T (b) fif B 2
S A A B, v] 45 B A e T A 4 RRA MR e R B5 %2RBMradEENE

HETRSHEWEEN R, WE 5 s, Fig.5 Variations of safety factors with lining thicknesses



53 HELE: FElEEE

o # J AT R K 18R g M AT 229

B L 5 r i il 2 T B G ey 2R 20 2 4
RBOH 2.4 BRI R BE. K £ 20 A i e v
Bk 0.96 m, 5 X[ FAIEAAAR, 5 X E T
0.98 m WAHZE AR K K + & F w0 Mtk
1.03 m, 5[] F % 1.85 m MZEE K.

5 % ®©
(1) FHESR F X ) A5 2 4 54 000 1)+ 6 ) 280
o JZE T 7 2 OR35Sk S 2 WFMT%E@,

I8 BIWIIR Be Br BeA S RN S AR B AE
ﬁ”ﬂﬁUTH,.AmLTﬁﬁﬁmEﬁm”
AR A R A BT E N R, R
B
()N T 26 T - A FROT B R A9 4 R
45 g DX i) A 8 A A o T AR S B T X A
FRT A A R T B AR S 2 A R IX TR AS
B 5 Vo M I8 A 5 A E 2 A A R A X
W T SEX A 1 5 1 il L R A R
AT
OV T AR HA A OR 283 5K 25
SR X AN 5 M 23 T 0 R e TS A5 R R W AN [H]
(14 i A O BOAE SR AR 22 O I A Bt
»/i%)ﬂ_“
(OARSCIRAERE F BLAR/48 7 PR ORI/ LR
Sh s VE BB T R TT B4, A5 B $2 07 ¥ ] 5
WK AR AR IR KR/ TR ATE Dy X TR
i 5 M2 B AT 0
MAEE H A2 D 0 8 1 B 1 8 R e A 5 3L
BRI R WL B 5 AR SC T AR B R A9 4 18
7 SC R A T -5 A R TR B R T B, fELR X
1) A 0 2 A [ £ Ak B 5, T A ) B B AT 2 Y
LA T RRERL. R R 5 R T | Sk AR LK
AT RIS RHRE Lk S R i 7 T — 2P
IFFE T AR DU 4 7 ek i) 285 4 22 A e i o
EHREINC IR SR E e

2% SCk -

(1] (FEABFHRIGEN. TEREIEFRARE
#2015 [J]. ®EAHFR,. 2015, 28(5):1-65.
Editorial Department of China Journal of Highway

China' s

engineering research: 2015 [J]. China Journal of

Highway and Transport, 2015, 28 (5): 1-65. (in

Chinese)

and Transport. Review on tunnel

(2]

[3]

[4]

[5]

L6]

[7]

(8]

H oW, ok A% BMBEMERS R
B EGE AR [T % TR FIHR,
2014(7) :62-67.

FENG Kun, LIU Sijin, QIU Yue, et al. Research
on the modified calculation method for ground
resistance coefficient of shield tunnel [J]. Journal of
Railway Engineering Society, 2014 (7):62-67. (in
Chinese)

ERAMES. EEREEME S R SE LR EH
kR [J]. KE B IEFR . 2013, 31(7) . 111-
114.

WANG  Junjie, HAO Jianyun.

earth

Definition of

coefficient  of pressure and methods
review [ J]. Water Resources and Power, 2013,
31(7):111-114. (in Chinese)

INRE, BB R R — AR R
BIMBARA K& (M) EAE,F. x: &
HS T W R AR, 2012

KOIZUMI A. Shield Tunnel Design: From Allowable
Design Method to
Method [M]. GUAN Linxing,
China Architecture and Building Press, 2012. (in
Chinese)

FRA BB, 2. BREEHHEHRA R
sHMTH R L) 27 4 %5 THEF®|, 2005,
24(21) :3894-3902.

LI Shucai, XU Bangshu,

Stress Limit State Design

trans. DBeljing:

LI Shuchen. Lining
structure type of subsea tunnel and its support
parameters optimizing [ J]. Chinese Journal of Rock
Mechanics and Engineering, 2005, 24 (21): 3894-
3902. (in Chinese)

NGOC-ANH D, DIAS D, ORESTE P, er al. 2D
numerical investigation of segmental tunnel lining
behavior [ ] ].
Technology, 2013, 37(6):115-127.

omL.f L H L% KRBT EOAKT B M
CREXMENEREGE R R AEHFE [J]
POE 4k A ¥, 2013, 34(5):46-53.
GUO Rui, HE Chuan, FENG Kun, et al.

Tunnelling and Underground Space

Bending
stiffness of segment joint and its effects on segment
internal force for underwater shield tunnel with
large cross-section [ J]. China Railway Science,
2013, 34(5):46-53. (in Chinese)

oL AFR. & W& ETHELFEERERT
MESBEMBREEREENSZASEA [J] £K
TA¥4R, 2012, 45(3):166-173

HE Chuan, ZHOU Jimin, FENG Kun, er a/. An

iterative algorithm based on segment joint stiffness



230

K #

I K ¥ ¥ R

%59 %

[9]

[10]

(11]

[12]

[13]

[14]

shield
structures [ J]. China Civil Engineering Journal,
2012, 45(3):166-173.
% H.mANER.FER. BHHBMERELINFES
MRRELREMETR [J]. 524 %, 2006,
27(12):2154-2158.

ZHU Wei, ZHONG Xiaochun,

nonlinearity and application for tunnel

(in Chinese)

QIN Jianshe.
Mechanical analysis of segment joint of shield tunnel
and research on bilinear joint stiffness model [J].
Rock and Soil Mechanics, 2006, 27(12) :2154-2158.
(in Chinese)

A BRME. KEEEMBREEFELTT %
e ot [J]. AAREEHEHE A, 2013, 50(1):115-122,
133.

SHI Yongxiang, ZHAO Wusheng. Research on

flexural rigidity of the segment joint of a large-

diameter shield tunnel [J]. Modern Tunnelling
Technology, 2013, 50 (1): 115-122, 133. (in
Chinese)

Azl 2 FLURE. BMBREHAGELNEAR
BRI a7 [J]. L7, 2013, 39(10):181-1883.
WU Lanting, LAN Yu, ZENG Dongyang. Finite
element analysis on masonry joint rigidity of shield
tunnel [ J]. Shanxi Architecture, 2013, 39(10):181-
183. (in Chinese)

FETLAN A ¥ WL B A K AT Ay 4 A K AL WL E B
% R g A R [J]. & THAR, 2013, 50(3):
48-50.

TANG Yuansong, YU Haijian. Experimental
research of stiffness weakening effect on joint of
shield tunnel lining structure [ J]. Port Engineering
Technology, 2013, 50(3):48-50. (in Chinese)

#H oW NLHAW. BREFATENREE
rE#EERELIRET AL [J] AT R EH®K,
2016, 49(8):99-110,132.

FENG Kun., HE Chuan., XIAO Mingqing. Bending
tests of segment joint with complex interface for
shield tunnel under high axial pressure [J]. China
Civil Engineering Journal, 2016, 49 (8): 99-110,
132. (in Chinese)

BRok o, BRILE SN, M I N A LA T i
SHEAFE [J). 26 h%5 TR ZH, 2016,
35(s1):2953-2959.
CHEN Biguang, CHEN  Weizhong, GUO
Xiaohong. Study on calculation model of flexural
behavior of shield [Tl

Journal of Rock Mechanics and Engineering, 2016,

35(s1):2953-2959. (in Chinese)

segment joint Chinese

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

COLEMAN H W, STEELE W G. Experimentation
and Uncertainty Analysis for Engineers [ M ]. 2nd
ed. New York: Wiley-Interscience, 1999.

HADIDI R, GUCUNSKI N. Probabilistic approach
to the problems in civil

solution of inverse

engineering [ J]. Journal of Computing in Civil
Engineering, 2008, 22(6) :338-347.

ODEN J T, BELYTSCHKO T, BABUSKA V,
et al. Research directions in computational
mechanics [ ] ].
Mechanics and Engineering. 2003, 192(7/8).913-
922.

ZANG T A, HEMSCH M J, HILBURGER M W,

Computer Methods in Applied

et al. Needs and opportunities for uncertainty-based
multidisciplinary design methods for

vehicles: NASA/TM-2002-211462 [R]. Virginia:

aerospace

Langley Research Center, 2002.

FARKAS L., MOENS D, VANDEPITTE D, et al.

Fuzzy [inite element analysis based on reanalysis

technique [J]. Structural Safety, 2010, 32(6,SD):

442-448.

B . EMNERBREAXNERBEAHTRIARE

2 [J]. W EE, 2014, 34(7):603-607.

CHEN Kui. Prospects on new technologies of

super-large diameter shield machine for Qiongzhou

LI 2014,
(in Chinese)

Strait tunnel Tunnel Construction,
34(7):603-607.
RABEAAEE RLE, % FHEEE EHES
NERRBEXEEFLN L 5% 5T %
. 2012, 31(s2):3847-3854.

ZHAO Wusheng, HE Xianzhi, CHEN Weizhong,
et al. Analysis of seismic damage of segments and
joints at the junction of shield tunnel and shaft [J].
Chinese Journal of Rock Mechanics and Engineering,
2012, 31(s2):3847-3854. (in Chinese)

R BE.WAa. % BRAEKEREMN
BEE R EEEAKRITESR®BAR [J). # LT R
#4%. 2013, 35(s1):227-231.

TUO Yongfei, SHU Heng, GUO Xiaohong, et al.
Design and experimental study on waterproof gasket
of large-diameter shield tunnel under ultra-high
water pressure [ J]. Chinese Journal of Geotechnical
Engineering, 2013, 35(s1):227-231. (in Chinese)
BXEHEE TR F. RBELEH (LM
BAEELE MBI EE [M] . PEAER T Y
Rt , 2012,
CHENG Wenrang, YAN Deheng,

Concrete Structure ( Vol.

WANG
1)

Tiecheng, et al.



3 BARILE. BG4 8 7 4T A KB 5 o 2 AT 231

Concrete Structural Design Principle [ M ]. Beijing: [27] WANG Chong. QIU Zhiping. YANG Yaowen.
China Architecture and Building Press, 2012. (in Collocation methods for uncertain heat convection-
Chinese) diffusion problem with interval input
[(24] BB =. ENEEEFEHBRE FEILERLAE parameters [J]. International Journal of Thermal
A 1], B #ik, 2010GsD) ¢ 1-7. Sciences, 2016, 107:230-236.
GUO Shanyun. Shield tunnel scheme for Qiongzhou [28] HANSS M, KLIMKE A. On the reliability of the
Strait: key technologies of the project [J]. Tunnel influence measure in the transformation method of
Construction, 2010(s1):1-7. (in Chinese) fuzzy arithmetic [J]. Fuzzy Sets & Systems, 2004,
[25] # f.B&KF. ZHBAL2MHREEHART 143(3) :371-390.
# [J]. TA 4%, 2013, 30(12):36-42. [29] R BRFEITIR. A HBERITAE: JTG
HUANG Ren, QIU Zhiping. Interval perturbation D70—2004 [S]. 4. AR X H R4, 2004,
finite element method for structural static Chongging Communications Technology Research &
analysis [J]. Engineering Mechanics, 2013, Design Institution. Code for Design of Road
30(12):36-42. (in Chinese) Tunnel: JTG D70-2004 [ S]. Beijing: China
[26] HEWK . BE#E. XTREQTE TRENLTH T Communications Press, 2004. (in Chinese)
HHREAR G RE [J]. A F# &, 2005, 35(3): [30] 4k % —# Rk itbe. hH BB RITAE: TB
338-344. 10003—2005 [S]. g o E 4k # H KA, 2005,
SU Jingbo, SHAO Guojian. Current research and China Railway Second Survey and Design Institute.
prospects on interval analysis in engineering Code for Design on Tunnel of Railway: TB 10003-
structure uncertainty analysis [ J]. Advances in 2005 [ S]. Beijing: China Railway Publishing
Mechanics, 2005, 35(3):338-344. (in Chinese) House, 2005. (in Chinese)

Interval uncertainty analysis on mechanical behavior

of segmental lining of shield tunnel

RAN Chunjiang'*, YANG Haitian®'*, TAO Yue'“

( 1. Department of Engineering Mechanics, Dalian University of Technology, Dalian 116024, China;
2. State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology s
Dalian 116024, China )

Abstract: With the consideration of the uncertainty of parameters concerned with the preliminary
design of segmental lining of Qiongzhou Strait shield tunnel, the coefficients of lateral earth pressure,
subgrade reaction and the equivalent flexural rigidity of segment joints are regarded as interval
uncertain variables, and a beam-spring finite element model based numerical framework is built up for
the interval uncertainty analysis. A formula to estimate the degree of influence of interval parameters
is derived. Upper and lower bounds of axial force, bending moment and safety factor are provided,
and the impact of an individual interval variable uncertainty on the mechanical behavior of segmental
lining is evaluated by utilizing numerical analysis. Numerical results indicate that the axial force of the
segmental lining is less impacted by uncertainty of considered coefficients, but the deformation and
bending moment are considerably impacted. In addition, a significant difference between intervals of
safety factors of segment given by two loading modes is observed, and is necessarily taken into
account in design. The work presented is hopefully valuable for the robust optimization design of

segmental lining.

Key words: shield tunnel; segmental lining; beam-spring model; interval uncertainty



