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Abstract: It is of great importance for guaranteeing the metro operation safety to promptly grasp the condition of deformation
and stress of tunnel structures. A new modified longitudinal equivalent continuous model for shield tunnels is established based
on the conventional one by taking into consideration the lateral rigidity, influence scope of annular gap and bolt pre-stress.
Subsequently the equations for solving the equivalent longitudinal bending stiffness, the ultimate moment of tunnel and the
maximal amount of joint opening under elastic and plastic states are derived respectively using to the modified model. Based on
the engineering practice of Shanghai metro line 2, the influence laws of lateral rigidity and influence scope of annular gap on
the equivalent longitudinal bending stiffness are analyzed. Finally, the formulae for longitudinal curvature radius, joint opening,
segment stress and bolt tension are proposed according to five critical conditions of tunnel structures, and the corresponding
critical indexes which can be used to diagnose the tunnel health are obtained.
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Fig. 4 Stress and deformation of tunnel cross section under plastic

state

K4, HD,
AN SSTHIUE AN AN

G ) 7 3 0 Fr i1
1k

KD
R AR, WA [,

b B IR AR B RN RS A E, A
[, Wos /5 GHUL LIRS E N g 1AL Y i

MR RS, AT Focd W T2 X,
wodD 1 H
o[ T [ (14a)
YA FRAIX, W M Br,
HH[ O (T )H{
PEF d\ E$ )% iz g ke s )y,
(HKD™WdOD , (Gd U (15)

.. N
Hob, W\ ERE R, L o
2nU 2n U

AdM PR, 1., a2, 3 3

.§ 2
12 argy
[ LAk, BB RRRE TN )5, iRk
RN (G & i (14b) 13
G G (T b Q. (a6
Hat (15) 1 (16D Tk H [) 74

(14b)

Q oc,§' 'le' 17
4 [ [/© Q$,; (17
AN 1 m
7/1 | (C$’ )\]J
'jIQ
Q G 1 17b
P 4" (m
Tk, EIIRNAR HCD . SRPERNAR D

TEPERINAS (D 53 AT
(1) BN HD

, 0 D i,

1 G 6l L
A

I

~ / m, 0 D I,
2

1 G 6Ly

(2) FRPERINAZ A

M 1Z, M DI,
2 2
L G Gl b
MO e
T T
5 | ., M DEEM"
LG Gl b
MO
g I ., X D awf,
I G Gl |
MO T o a

(3) WRERINAE A ])

M 1 E 1 b I,
2 2

h 6 G LU b7
1 /1 Q 4 1//\/{ /[1}{

(L
y DT[EM"
2

/l g OQJ’_ /2 [l L i
1 1/ /v{ /[,%

RCD

'jZQ
X IB RSN H 5T ) P A 4 A T 4
23( H Dttd D2 3(Ct(l-[)trd D% I(Hd .

Xf BT S S
6 (6 6 (18)
DU (18) 1 6, 6, GIEFHICUL:
(D 6MIFHRIENX
M Ixn/2, 0 D it



666 a5 oE L OB ¥ 2014 4F

6 (D)HYE M siDbM /2 | w, 0 D i

1D )E_/V% D) c‘?S/;ﬁCOSMCOS ¥ 7 ® D) D) @° & 3I?))I'_=M2E( )siDMD  E
= 2 /4 c’
§,

n/2 | =, 0 D I: 2D EM( D)E3D YE M
6 (D)E M siDM ©

ED~.sir1 cdd
2 1

éQ(D EM 8 (E D 4’ /}Q/(cos Mos ).

a M o 14
(P ESCD) %S’i-’f(""s’”""s > (2) 7ML

(2) 6 MitHEREN M Ixn/2, M Dn/2It:
M Im/2, M D I 7 gé%”(4b6 DE)BR ( DsBME2( )sBhE D

6 (D) MW siD M sinD /( )D E
(B B/ M 2( D)]JEos M2(  PcoE [/

b BY _%s M ( Dy Kicos M §. E E
(D FS 5 oM Dok Bcos Meos ) B £ dinntos M E DFin s
< ©® 2 1 © 2 °1

n/2 | w, M D IN: D D )dm /cos M (> D)edE 8ds [/ ( De® E/

6 '(D)Y M ¥ siD MsinD [ )D E "(D B
M » (/I MW EE )[@ps /VB (cos Mcos );l/
9 2 -
(D % 3 %zosM( D)cds l:{(cos Mcos ).l 2 I x. M D HT.
(3) QLR 7 soeyd! M4 b DE2E DWW E
M Irn/2, | D nhf: 2
6 '/[(D)Ye H ,Bd/ (/D E 20 D)s/ [(* D)nE M Y 2(  )DeosEM
n/2 /2 cos M ®/ 1D E 2(D Ecos / '§2D7E2 sin Mos Mcos> ~M
© °1

n/2 12 1,(D Yjos I Acos M cos ¥

/2 | wm, | D mlitf: 3

E—DsE]n dos [/
© 21

CEo wres,
€ "/(D)& = 5 B4/ (/D E D D )si /cos M ( * D*)cds dos M

n/2 1/2 cosM ¥l 1,)D E D D)dEsz/\/(cosMcos Yo

172 =/2 (D )Eeps/ /(cos M cos ) (3) ZIisE#RIER
I PRIRAS N B 58T ) R P4 2 A v 45 M Ir/2, | D nitf:
23(CHDMO D2 3. MLV 7 / [6D2)E D EG@/ © 3DE2E,"

(D )sin/ { ,(/*D *®& 1)/2 L(} D)IE
(D3) D)}Eos/ (% D)1 Elycos M2
[/,(D ¥E2) /D D/2Ein /cos /

28 (ADVOEd D O (19)

A YO YOI YO BIRRZIEX . #iE &
ERPE 2 X TS oe 2 T A TR B

WHTSCIOR D, MR BCD fodeikstfon  hR D) les M2 [0 DGE
X (19), B4rAE 4 (D °B/2]Tcos Mos [ {/[(D Y( I m)/
7071 7 oL MO (20) 4 (B B2 U DY@ NH/4
206 H(W E E )Pcos® /}/(cos M cos )
LR (200 W 7, 7, ZAERISGHE, n/2 | m, n/2 D =nlif:
(D 7THIFERIEN 7 ! |[(D2)E D E@4} © 3b&E {2
7 ®D)E D) 8° @ 35)%” 26 )siDMD E (B Bxr /) 3 D) E Djcos/

§, BE_. (B B(/ 1 meosM2 2 ,2°D4 DB/ E
D EM( D)E3D%EM"’ —Dsin cM

K e 2 2 /D D)R@hlicos/ , (/D Bin Eos M2
Yoo M (e D g A?( Mos ): | I(D E(/ m/4 (D B/2]cos Mos |



5 4 3] BT, SR R TEBIEI N SE

{,[(D ¥ ‘EHDR] ,7Y B
(m /4 (2D ) D)}Es’/ [(cos M cos )

MRPE (18). (200 wJLA#EH VAT 11 AL
X A7) HEEHBESNE G RMEA AR T

Of)@}\gw%ﬁ7'g‘su&mE%ﬁT£

ﬁﬁﬁ%ﬁﬂ%%ﬁT(fs,ﬂﬁ%ﬁﬁﬁﬁﬁ
M A A L

(()p (L’L~2(7
T 9Q o2, sz@snh%)@

YN

/ h(cos M cos Y, O
QP
(21)
(BEBEHE SRR A B — s IR IR, IR
KBS G, o EHEE B P A S A (KT

ZAF PG KIS KT & G A
’ o) W 33 .3 22
G.. 0 M N WO()
1.3 3. BHRETENE dRIE R —BUEEE

AL EHES AT A, JE R BRI ) S8 2S WA
SEPERTEE YRR TR AT, LSSt s
WIEZ ( (g, S REE RIS EA R, M It
BRIEE ()L WA S RRE R LTS8 R, d 55
MAPREH 0 A%, MEFEPZIMNEFE 0 hBEiE

AR RS A O (I (el 1 mD, 3. PR
B (1 55 ﬂ%%Wﬁfﬁ£
¥ AT, 7, TR
1 :

7 ——®(D)E D) B @ 3DE 26
(D BnM 2°D?>EM_ P B)Bgs EM
§|3 ?EsmMos M—Q( D )E M ( E D€ g,//i
©

I A

[ v (D) D) @° 6O 3DE
g_M"lzlbD)sﬁlMiz DX B )1
(D3E@M4&DE§mdm M-

© 2 1 4
%E D )E( D(Em) Y5 M

7 0.

B 7, 7, LA -, -, | KA, WE

7 ) . = o

W D)(c& M 1) W D)(c& M 1)

A Q21D fhfijnf45

OB BEIE AT % 1 0FT 667
p ( 7 | _2) so
(Oh L D, (- 1)k OQ
st (8) WAL ()L (O, TREMkE

S ERPESERES KR A 2
i BL b SIS AT LA i SCEAT AR
AR AT EER .

2 BT TiERMIRIREIE F N E 517
(DTSN [ R R, 4 T 8 T b
SER ) W BE A TSR AR SPT, B IESCIRIOTS LN T B
FFE 7 R e . BRI AT 0% PR 5 g
BT I AT BN ) LR A DA, A7 2

WIRKR:
1

P1 vl (23)
LA, ABEATNREFRER, O RRESRKPE
&%&%%,W“,zm E.

FIAN, BT FH X S R AL FA RS RE I

BRI O B RRIRE 145 e 5 (2 L, L5 P04
W REL CREWAH B AR, HAT— X NPk

N THCKE DAL Rk T g R R O TR T
¢, AT SCHE S A3 B AR AT 2 3o At 1 W 2 A
ZEAEFVO R, SRR T BRI SRR NI 1) 5%
WA e R S4B o i A B At ) 45 4 (R A RE 24
HERAMER 6.2m, EHNAEN S.5m, HRWER 1.0
m, BHEEN 035 m, BN Ql 17, BRER
30 mm, BEARKFER 0.4 m, JEEE L IRTERIE K 3.45
X 10" MPa, $2AHPERIE N 2.06X 10° MPa.
2.1 EHERESTAEBERRENE S

B 5 o T i R R R 4% A D 9 R oo s e v
LGP NI BE g R . FTLUE 2, AERPERIRATT,
% 2B o) A5 285 2 A1 e o O 8 A 28R I O Rl 2k
W RS LTI E IR, TR R 1) WU AT e F
fRIs i, S SRS MIEE ()5, AT, FR
HEAE X S22 H PO Bt 1 4 ﬂﬁ%ﬂﬁm%
Wi R SR o AR DA g M BE AT RO, PR,
FOOPRER ()5, BN, BAHSCIIOC R [N, FIX
BB, TN (()y,  FRAMZ MR,
WH%W%E%mgﬁﬁ¢ SR ) A5 S S NI
2 1) W AT R S I K

T O AR R AT R, RS
NG N — AT S5 R A BB I W B2 S i i, SC
BR[1~ 3125 R A5G I B S DTS WIS A 2R 0 0.07
Fidrs O RGE A BR AN Repi ) W EE I, Sk
[41RAFI R NI A R Ay 0.143~0.25 M5 SCHR[6]



668 a5 oE L OB ¥

2014 4F

bt L kT A TR A P X S0 R 4k
B, % FIUE N 0.2, 454 SCHRI10~ 12]H A bR i
R e Fromrgosst, x Fivil 0.7, S8
S A SRS NIBE AT RS 0.114, 1% 51D
FIFD 50 R4 AT 0 75 B 45 AR BT, 2
5 FRARL

_ ——x=0.1

—o— x=0.2
[ —=— x=03

_ e m o= N NN
N A~ OO‘ S N B
— R

10'/
8 ._/,/——-/'/.

6 1 1 1 ]
0.6 0.7 0.8 0.9 1.0

Ll sp et

LR R BE (K1) g /(107kN-m?)

5 1 [e Rl B FNIRGE 1 ST B 2 s 1 F AU T RIE RS20
Fig. 5 Influence law of lateral rigidity and influence scope of
annular gap on equivalent longitudinal bending stiffness
under elastic state

2.2 BBMRETNEERERERIE S
RIS T, B Fh 0.2, Gl A i) W)
JEEA 280 TR HRAE P 7 BT R 1) W BEE 0T B 28 1 S5 2 25
WIEERISEm . & 6 (a) HA M2 /ER WA ME F
MARFBUE R (0.6< F<1.0), MIELHHUERIEE
( ()5, BT I 32 25 Ja L DR AL 1 AR 4K il
g, o JUERCN, SRR RSy BT,
BEAESIPE IO AT I, (L), W A2 Ak
e, H BB, 0N 2 AR AR EEOR, A R 2801
DR AL E X RLIR (()F WK S35, SRR
RIEAT R T (g I RFRMMEREH 1R
Wl TE A, 1 60", FihZ R ()8, 2k

[ f U

BUE F40.7, K6 (b) fifiid 1 3V SF i W
( ()R FEANRIPA LMY TG D0 T Bl 2 1 DXk A
1R AR AR o HT BT A0, S PR A TS W
( ()5, BEAEIVE DI A R M BT/, AEAR R R PEIX
RFERDL T, IAGEVE DR MR FHUED N, HOX)
R ()8 B8R, XY FSO3XNT o<1,
MG IICRE ON TR KL e, FREDE),
XTREE A PSRBT R . S35, ANRIPREEAE
HRGEMRE P (),  IRRMLRAE T EA.

3 BESHWTEMRZNAREFITE
RSO LT A SR HT T 5 18R AR H L %
S O P M ORI S0 i s T 1 5

BACKAY, DU K AR Lt — 200 JE A BE TG 454
A5 T T RAR AR ATV 5

301 —— u=0.6

/(107kN-m2)

p
q

BT RIEE (ED.

Y R R B ()
(a) BERNIE R

<~’g 40 -
; —a— x=0.1
4 L
. 35 —o— =0.2
g 30 —a— =03
o
“Sg 25
o 20
H
B 15F
w
8 10F
& ol
ﬁ 0 | | | | |
B 200 180 160 140 120 100 80 60 40

B R R B ()
(b) S RERIZEE

6 BHEYNERIESBEHXARMENXER
Fig. 6 Influence law of lateral rigidity and influence scope of
annular gap on equivalent longitudinal bending stiffness
under plastic state

MRS A 8 Y, 42 Py B T8 4 g ) W ¢
AL R LT 5 20 OJE H k% i il 542k 5 L
T MU A U 1 O M BRSO BT AT R E )
PUAE ) 15000 m i s @ eSS4 R AR 1A 2L
JRF Vo 6.4 ul0® kKN/m® It}; @FF4E5K TRk 56
FrARHT 0.5 MPa K IR AVFIKIF & 2 mm ;. @
RGETRIT Bk B ORUEPA G2 S B K IR A R 5K T
6 mm ;5 G5 i AN 2 b ik B ILaIR N )
V8 ul0’ kN/m’® if .

WA AR S HON S Ei gk — 5 4 MO )
BEIELCHT, BEIE R0 WIRE e R EL FIC 0.7, FR4EME
PP SEM R E FAL 0.20 He TR SCHES R AL 1571
2 5 KRBTSRI FUIRAS, L T BRI 1A A
oo BERIHE. BB )RR ) B SR AR A
Ao JERAG TN R SRFRE . BAkas R & 1, 2.

I3 2 Wl 0, AEREE 52 2UAH R (A i AT
MBEIE R CE15000 m, AR SEA IR AR PR32
Ty BIREAE AR K-, BEIEAL T4 e 22 A i TARIRAS s
2 U 6929 mitf, FEIEEIASZ R MR R T gEdE A






5 4 3] PR, SR T IEIN FROELLE I BEE ALY 2 )T T 669

F 15 RleFAIRTS T XA FRIRIBIRERB AR
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