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Unified model for internal force and deformation of shield segment joints
and experimental analysis

ZHU He-hua', HUANG Bo-qi', LI Xiao-jun', HASHIMOTO Tadashi’
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of the Ministry of Education, Tongji University, Shanghai 200092, China; 2. Geo-research Institute of Osaka, Osaka, Japan)
Abstract: First, based on a series of tests on reinforced concrete segment joints, the rotational moment-angle models for
segment joints including linear, bilinear and nonlinear models and the axial force-deformation and shear force-deformation
piecewise models are summarized and proposed, and the theoretical models are also given to describe the effect of the initial
torque of bolts and axial force on joint stiffness. Second, based on the bending tests on flat plate segments and arch segments
with or without sealing materials, the parameter determination methods for various stiffness models and the model selection
principles are proposed, and the effect of the initial torque of bolts and axial force on joint stiffness is discussed. Based on the
shear tests on flat plate segment joints with or without sealing materials, the parameter determination method for three-stage
shear force resistance stiffness model is proposed. The results have proved the applicability of these joint stiffness models and
will promote the application of beam-joint model theory in design practice.
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Fig. 4 Curves of initial torque of bolt and opening of joint
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Fig. 5 Diagram of acting point of axial force of bolt
(3) ARLkrEAsy
ERAT et i AdE i, Bk
FORFA H  OCAR AT i 1 ORI A -
M=a(l-e")+y0 . 9)
IR (9D X 0 KA AT LSRG K KU1 e e s A
kg o Ho M- 0 KRWIE 6 Jim. 4 ky =kolo LIK
kez :ke|e»oo CIEES
kg = (kg — kg, Y’ + ko, s (10)

A, Ko o Ko, 53 ARG R D)L ZWI L, B
A I AH AR 2 40 B e sh W BE R RN H R 8, AEIE
RS AR AN BUEAN ), AT DO s Ay ik
ARG [B] VA 7 ik IR 6 Hs T 3T

M

k;l +
1 1 ko,

- ke,
1 ko, T

6 M -0 KRIFLIEREY
Fig. 6 Nonlinear model of M -0
(4) ANIFIr i Lo SRR IR AR T TR
BN
ARSI —HR > BT I BORFE T 7, 8 B i
SRR ANIUB A B Sk 2 S IR AR, IR R
SFEHOONE R E 7 (@, 8 (@) &Kl 9 PR,
I A A TP 7 (b). 8 (b) I
R RS A A Lo e T S SCA

B=1000 &
800
7000707 2700 700007
R 3254 R~ ifi: mm
(a) REARITER
I ¥
Py

%N Nl ] N

[=1350 mm, /=400 mm, /=280 mm

(b) REARLR
7 FRELE R AT TR PRI RO
Fig. 7 Eccentricity in bending of flat plate segment joint

! 3693 !me: mm

[=1846.5 mm, /=400 mm, /=280 mm
(b) KB
8 IMBLE L Z TR P HR BB
Fig. 8 Eccentricity in bending of arch segment joint
R R0 W Sk B B I E & 52 38 i Lo P e [ 5
Wi o AP 11 R ARAE— ANl S O, Il e < ¢
WK A 00 52 s 2 A5 TR e > e W) oAy Kl 0 52 . 4%
fho MRPEREE LRSI ES, e TICH 0.3R, I



2156 a5 oE L OB ¥

2014 4F

W Bl 25 Rk —Es . ik, Y e < e K H
MR R F IR FE R B R - A B AR KRR, 4
e > e, WIR IS sl AR e AL . (R

ky=k) +Ale , (14)
X, ky J2 e— oo RS EESIRIRE, A4 Aor T
T e 1R H R E

A4 =19.86 cm2 (D16 x 10) §
o
o0
[N
A =15.89 cm2 (D16x8) 4 &
B=1000 N
= R #4% : mm

% B=1200, A¢ =23.83 cm2 (D16 x 12 ), 4,=19.86 cm2 (D16 x 10)
(a) B BRER A

o M30
[

1 o0

55 !100|125

B=1000
(b) BekMrmER

9 R RBEBEIE

Fig. 9 Cross-section of experiment model
N M

ST ﬂf_N_____f___q__

10 R ZERE T AR iR O 2B
Fig. 10 Eccentricity in simple bending

B 11 M-0HZ%S5R0EE e FIXR
Fig. 11 Relation between M - 0 curves and e

B, 3T S S e S ISR BR AR TS 1K
B2 o AL 58 AP AT R0 G il B L
ESIEAES ST paliih A TR S S EET RS 22 SURUR T AN
RBEATHEIR . MAESEDORI] T ORI IR M AT an AR
A TSR S I L AR 5

k,=ky +BT, +CN (15)

K, B C 3 Ay TR I A6 A A Sl
S8
1.2 3K - AXMmETERXR

R 12 m o (e 28 - RS 2 A 88 1E -l
F8 73 1) h 2 1 A B AT ANIE ST R A M R SZ s
S T2 AR

XIS IR AN A S 58 1T (1 6 7 VR

gL AE, BT IRAAIR SR, RN RR AR
ALY FH 2 by B8R ) 3 FL A g — ARG Bl 17 22 T 50 AR AL
M SR T ERRRE IR, I 255 lE AR 2 4

WA THIIFERE . P Hol ) - Bl ARG R
FoEAY g
+ umaxu >
N = k“O uma —u (u>0 ﬁN;O) o (16)
k u (u=08 N=0)

Ak, IR HUHMIRE 5 1, e K 1) 44
sy ou RARPIE R uy,, DO FCAITUE 8 /N DA AL 2
SRR AKEESR, AR, 5 Sk PR Al 1 [ J5E tho il 20 A2
K BAECHGE W AT LA IE 55 K0 &, il 4t
FrAEE,  FEHR g TR A A DI S AN g T ) e 4
o

HI AR BTSRRI R S BT Sk A
W PR B30 5 5K 5 A SOR A GE— 2B AT 98 51 18
RGBTk, TTRANC— SRR, 1 10° KN/m.

N

|

g Umax u
kn
1

Bl12 N-uXFiLk
Fig. 12 Curve of N -u
1.3 LB - AT IR

JAEIA T A, 8 SR AR X BT D)
TGRS, ATLLZN,  ARITTAEAT A 7K s 1 R 4%
FAE AN IMEL S & .

KBy - XTIV TR R A A K 13 Fron(E
SR g TR UED, A R ESKETINERERE 3 AN
Be: SB—WBrB BYYIA Aokl R Sk ki 7] P i R
PR, B LA ZIAA BY )RS 5l Hrh AR
I3 71 85 S B 13 Sk BY D) AR T B S /N TR B K
BERECK: BB B B AR AR B E
PIE AL R ZE BB AR AL T B SRR,

IR RAZ BT )
- /A/p{ ’
1
QT %o

0 v

B 130-vXkREML
Fig. 13 Curve of Q -v
Bl AR AR R BR 2 — I B LAAM R BT 1)
YRR



12 3 KRG, S JERRIE RSN ) - ARG B AR K T

2157

Q=ky+0, (17)
Arh, Oy LAV BESE I BY 38 0%, HAHSE T
UN - CH kR g AR R B0, BAFAER K+
HUN HAEBGE T 0.0.
BV AE T BB 4 T 42 Sk BAT R PRI B 5T M
&, A3
v=sv)
(v>v)

A, v ONERIBR IR R, K, kSR
FT R HTES B B B S BTN

) (18)

2 BREIRRBENEGHE S
2.1 0., M,®MEUE

FE s AL 52 o Tt T T SR AR g A T ) A A T 2
ITT —FRANE RSl . W RS 58
GERIMIKITEAIR R, 3] T RSO AT K
B N RERR R ) IR - MG R W
PRI R0, Mo S5, HI TR .
2.2 HELRIEHEE

BT AR A e Sk ) 32 25 A
BUYIREG, J3 0178 S8k KA X B 311 B2 AR 0 B )
WIEE o AN FRFE W LA FAFEAC A T I PR B ki
sk CankEl14 Gad Fron) wlBASR il AU LA
LGRS, WS R. AN, BRSE
Wk S AR L IR A5k, W32,

120

120 &
+ A
+pA o° & AL
90 N o ~ A
E s of gor # P
(o] ; A
z [ Z Vs o
~ 60 o R (N-m) Ze0F ¥ o0
< 0% 519 3 00°  HE(kN)
S ol 2343 o° 00
419 30 E ¢S 2294
+588
0 2 4 6 8 10 o 2z 4 6 8 10
6/ mrad 6/ mrad
(a) KNP (b) RFmi#f &4

14 FARBEE RIZEKIESHEMEIRE M - 0 ik
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Table 1 Results of 6 and M+t

Ty 0. /(10 rad) M /(KN -m)
/(N -m) K 57 7K 5 s AR H 7 7 3% 1 K 57 7K 5 s AR H 7 7 3% 1
49.0 2.172 0.015 1.4 1.4
98.0 2.731 0.123 4.8 11.0
196.0 3.869 0.323 22.1 29.0
294.0 3.468° 0.523 44.2 46.9
392.0 3.191° 0.738 59.3 66.2
490.0 3.047° 0.892 73.1 80.0
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2158 HOoE TR ¥R 2014 4F
F 2 TREVE R IELIETIEMEIR I R EZie AR HAE T BYEE sh R B
Table 2 Rotational stiffness in positive bending tests on flat plate segment joint with different torques
r UL AR R
b N k k 0 k k
/(kKN-m)  /kN 4 2 T 4 0, B
/(KN -m-rad™) /(KN -m-rad™) / mrad /(KN -m-rad™) /(KN -m-rad™) /mrad™
196.0 294.0 38014.2 8114.4 1.088 77341.6 9133.6 2.563
343.0 294.0 46844.0 12299.0 1.249 78890.0 11956.0 1.468
490.0 294.0 481474 13357.4 1.380 81947.6 14112.0 1.462
F 3 FIREE R K IETIEMEIR I R RN T e sIN &
Table 3 Rotational stiffness in bending tests on flat plate segment joint with different axial forces
r A EAER] IR HEREAD TS FRAE ] O AR
N b
k, k, k, k, 2]
/kN /(N -m) o o h B o o T
/(kN-m-rad™")  /(kN-m-rad”') /(I'mrad”™) /kN-m-rad") /(kN-m-rad™) /mrad
0 343.0 31957.8 6301.4 0.743 13847.4 5174.4 2.2
294 343.0 78890.0 11956.0 1.468 6722.8 16865.8 22
588 343.0 89954.2 7663.6 0.744 9104.2 16983.4 2.2
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Fig. 17 Linear relation of rotational stiffness
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Table 4 Parameters for linear relation between rotational stiffness

and initial torque 7,(N'm) and axial force N(kN)

N IEEEEAE T EEAE

b osm k K, P
/(KN -m-rad™) /(KN -m-rad™)

3 kS 32513.5 51401.0 43414  7103.0

% B(L/rad) 03447  0.1783

e C(em/rad) 0.0081  0.0201

BE ky 39583 3773
¢k B(L/rad)  0.1567  0.1693
" Cem/rad) 00986  0.0023
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Fig. 18 Curves of bending moment and rotational angle in positive

bending (1.0 m-ring)
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Table 5 Rotational stiffness with different models in bending tests on arch segment joint (1.0 m-Ring)

T e T, ky ko, 0:(B) o
2 /m /(N -m) /(KN -m-rad™") J(kN-m-rad™) /mrad(mrad™") ~
0.07 343.0 11583.6 26861.8 1.26 B.M.
IEEHAEH 0.3 343.0 58202.2(96686.8) 12112.8(11956.0) 0.605(2.986) B.M.(N.M.)
© 343.0 33369.0 6840.4 0.927 N.M.
0.05 343.0 51861.6 L.M.
AR 0.17 343.0 239306.2 LM.
0 343.0 36524.6 3939.6 1.534 N.M.
F6 MEEREITHREETARERETERGEHNE KRE12mER)
Table 6 Rotational stiffness with different models in tests on arch segment joint bending (1.2 m-Ring)
Z R e I, ks ko, 0:(B) o
el /m /(N -m) (kN -m-rad™) (kN -m-rad™) /mrad(mrad ™) ~
0.07 343.0 32761.4 L.M.
IEEHAEH 0.3 343.0 29057.0(43933.4) 11103.4(11172.0) 0.877(2.108) B.M.(N.M.)
© 343.0 129046.4 11956.0 24.035 N.M.
0.05 343.0 79213.4 L.M.
AR 0.17 343.0 53929.4 LM.
0 343.0 39209.8 4067 1.587 N.M.
F7 BYIRKEEREFIER
Table 7 Average values for describing shearing processes
A v u 2 K, k,
/kN /em /KN /(KN - m) /(KN - m)
AR W 7K o 147.0 0.372 44.5 10591.8 38514.0
SR K 3 147.0 0.531 1.3 5661.5 48363.0
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Fig. 20 Curves of bending moment and rotational angle in Fig. 21 Diagram for shear tests on joint
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