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Abstract

In general, segment lining tunnel refers to a tunnel formed by connecting precast
concrete segments as a ring and connecting such rings to each other in the longitudinal
direction of the tunnel. As the structural properties of the segment lining is highly
dependent on the behavior of the segment joints, thus correct modelling of joint
behavior is crucial to understand and design the segment tunnel lining. When the
tunnel is subjected to ground loads, the segment joint behaves like a hinge that resists
rotation, and when the induced moment exceeds a certain limit of the rotation then it
may enter into non-linear field. In understanding the effect of the segment joint on the
lining behavior, a moment-rotation relationship of the segment joint was explored
based on the Japanese practice and Janssen’s approach commonly used in the actual
design. This study also presents a method to determine the rotational stiffness of joint
refer to the bearing strength. The rotation of the segment joint was estimated in virtual
design conditions based on the existing models and the proposed method. And the
sectional force of the segment lining and joint were calculated along with the estimated
rotation. As the rotation at the segment joint increases, the joint contact area decreases,
so the designer have to verify the segment joint for bearing strength as well. This paper
suggests a consistent method to determine the rotational stiffness and bearing strength
of joints.

Keywords: Segment joint, Moment-rotation relationship, Non-linear, Rotational
stiffness, Bearing strength
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Table 1. Summary of lining, applied load and soil properties used in the analysis

Parameter Value
Outside diameter of tunnel, D, (mm) 7,780
Thickness of segment, # (mm) 350
Width of segment, b (mm) 1,000
Compressive strength of concrete, £, (MPa) 50
Segment and joints Young modulus of concrete, E. (MPa) 32,325
Number of joints, 7 7
Internal width of joint, w; (mm) 27
External width of joint, w, (mm) 117
Joint width, w (mm) 206
Vertical earth pressure, P, (kPa) 171.120
Loads Horizontal earth pressure, P, (kPa) 113.120~160.672
Water pressure, P,, (kPa) 221.000~298.800
Elastic modulus of ground, E, (MPa) 50
Surrounded soil Poisson’s ratio of ground, v 0.37
Coefficient of lateral earth pressure, K, 0.7

Journal of Korean Tunnelling and Underground Space Association

100



An approach for moment-rotation relationship and bearing strength of segment lining’s joint

oA Eik efolid o] e Bl o} 87.0] 9141 Fig. 6(a)2} 2k THAL 70e] AL IHE, 7] o] g 74
S0] A efoly 3 2 Hol5r. o] &40] A Fig. 6(b)9t 2
o}, ol 33 W efoln] Ee|Ert A7 HERE BACE LA I S Aol 9 R 912

o Bz =22 TR ES] A FA T ol 570 T AF ] Elet At o5& wEsto] A2H 2

rTI
10
I
Y

AR E B 2 , AITTRAE 2ol of A 5] sflA] =4k Table 1] RoFs}lTt. a0l 4]
Hele B QAR AIHE, A% 9 HIAY o7 S 2 ol e /35 S ARES nl-5 T USACE,
1997)2] FAIS o]85lo] b= A A o g mHElalsigct 515532 Korea Concrete Institute (2012)@—
285] Case 1 (1.4xAF5 + 14X EQ) + 0.8xTHESQS
LOxTBES + 1.0x7%) o] 7 Zotof thisiA] A 2stairt. =
+ sksxgo] &M gto]d o] 9= Case 20014 ERIg 4 A2 %}729'01]/\1 Al ]Q /‘ﬂ:LDJE ol 5o i
E-3X TAIE 2-85t%] o359 H|A1e 2172 et -9t A9 217 dut i et 7-eof thisf 2t
SISt & o370 oA Fajt 8 40| X[THAITTHE o] 37 tigh ofshE fiof] o] =2 QI
JHh R 9= FAlSkL, Tl ol thellA] HESIAT, oAl A= Table 2¢] =I5t

¢

= T
2

ol I
5
)

Lo
O>"

Table 2. Comparison of bending moments and joint rotations (linear and non-linear analysis)

Linear/ | Moment/

Model . . Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6 Joint 7
Non-linear| Rotation

Linear |M (kKN-m)| 284.667 | 269.092 | 28.997 | 89.796 | 185.135 | 230.664 | 21.035
Proposed |Non-linear [M (kN-m)| 192.100 |(-)183.373| 17376 | 110.564 | 165.803 |(-)167.304 | (-)92.851
Non-linear| 6 (rad) | 0.007003 | 0.005074 | 0.000152 | 0.001011 | 0.003005 | 0.003127 | 0.000792
Linear |M (KN-m)| 283.751 | 268.041 | 28.938 | 89.311 | 184.137 | 229.223 | 21.366
Janssen |Non-linear|M (kN-m)| 191.047 |(-)182.603| 17.400 | 110.130 | 164.735 |(-)166.287 | (-)93.356
Non-linear| 6 (rad) | 0.007065 | 0.005201 | 0.000152 | 0.001056 | 0.003075 | 0.003202 | 0.000831
Linear |M (KN-m)| 263.127 | 244.303 | 27252 | 78933 | 162.171 | 197.436 | 28.896
Japan |Non-linear|M (kN-m)| 212.814 |(-)204.650| 21.485 | 125.649 | 188.958 |(-)191.422] (-)82.091
Non-linear| 6 (rad) | 0.007791 | 0.006091 | 0.000376 | 0.001957 | 0.004290 | 0.004499 | 0.001436
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Ayt 739 H LA E(positive bending moment)©|t}. siAA7}, o] 3H-52] =232 2,100~2,500 kN Afe]of| 4]
sl 24 2e] 7710 2 RE- S8 WA Fig, 7o) LeRelch S2o] AR A, ol ge) 3]
Ho| Z71aloll et o] 2 RRIE} ES]T o] 23] MY AF0 2 S0 A gashA Br o 2

Hejo] e, Y 709 SIAPIL 27Kl A9 T00] SRL xjeje] 2]9h Bk,

Journal of Korean Tunnelling and Underground Space Association 101



Young Joon Lee - Jee Seung Chung

A o} 7kzke] Aslat a2l e A oo SHAIRE, o] = Fel A 419 S 9]
RE ol g o] W E. 514 BAZS A
250
-----------------------------------
200 e N2350
] gl IR T e
z R gl
= 150 it et
= V4P
@ ks
g
= 100 i
g
z Joint starts to be opened
2 s
0
0 0.003 0.006 0.009 0.012 0.015

Joint Rotation, 0 (rad)

Fig. 7. Bending moment - rotation relations: comparison of different levels of normal force (Janssen)

Janssen} Aot REle o] S H

Joint 39]14] Janssen & 0] S| AL 91': 114,000 kN *m/rad (= 17.4/ 0.000152)011]\1} %1% o]
of| Slg51= 57,000 kN - m/rad (= 21.485 / 0.000376)-2 LFERALE, ]S 75-& S1= Joint 1S HH
O RHIES} 9)o] tf A of=eh RAIE-S)H P o] 54J2 2.2 A AT
300 ;
jointl ’ﬁ‘
joint2 A
250
o jointe A'
E
= 200 .
= joint5 A' Jointe i
;:: ,", Joint2 Jointl
g 150 "" Joint5
(=} K
E ; .
w Joint4
5 ' | soint? M jointa
L
50 {iain —— Proposed model
Joint3 | Proposed model (linear extension)
0 int7
0 0.002 0.004 0.006 0.008

Joint Rotation, 6 (rad)

Fig. 8. Bending moment - rotation relations: comparison of linear and non-linear analysis

S
11—

o
A9
Qrny

Sf kel 2,350 kNO 2

102

Journal of Korean Tunnelling and Underground Space Association



An approach for moment-rotation relationship and bearing strength of segment lining’s joint

. o o = = =1 = o = =] = o =
Fig. 8- A T1HE o] 5-50] A oA} HAd Y sfiAle vl T1goloh A siAle] 3¢ s & RHE
=11 1T = [eR=] = = = =
7H k=], ol 3ol T o3 Re] M AAE Aok g AA| A E T IA Wrtsl] wlEelt)
wEbA] o] S5 217 o] HhE vhed e o B2 AR AnE & 4= Qltk
250
L e L
‘.E Joint5 o i R
z el e
s 50
-
c
Q
E Opened to half
=} Joint4
2 10
-1}
[=
£
3
@ 50 Joint starts to be opened —4— bearing strength (positive)
Joint3 —— Proposed model (effective in design)
0
0 0.003 0.006 0.009 0.012
Joint Rotation, 8 (rad)
Fig. 9. Bearing strength of segment joints (positive bending moment)
250
200 {111y T ——— s (e
E Joints  _.--@ -~~~
= o"
= 150 i
e
c
@
:
2 100 .
o Joint7
£
©
3
2 ‘
50 lointstartsito.hejopened ‘ —A— bearing strength (negative)
— Proposed model (effective in design)
0 [~
0 0.003 0.006 0.009 0.012

Joint Rotation, 8 (rad)

Fig. 10. Bearing strength of segment joints (negative bending moment)

Fig. 99} Fig. 10-2 Fig. 52 AU =( @ =0.65)

TS Ao o] HE. B YA |19t FHAIA 22+ A, H
DHER] tis]] TAIGH 17 0 2 ) o] 2-F-2] z|Qtofl tgh oS 7] Ay e 4= QI Fig. 9] A RHIEZ}
B R E 7S E 5= Joint 22} Joint 62 Joint 1

RS H= Joint 17} Joint 3~5+ Aol ol &SIt Fig. 109]

Journal of Korean Tunnelling and Underground Space Association

103



Young Joon Lee - Jee Seung Chung

S

o W2l 914

=
=]

4

ol B

=
)

[eR=]
=T

o] ]

t}. 71 o]-8-= Fig. 6(b)°A =

5

A3

SIOS I

1l o

TRIER ] H]s

1=}
T

'l_

o=

st

g

R

CCER R

3

94

Sl AT, webA o} 8

wet

5

o] 57 2]
FAY kA g7FsbA| Het. o= Z]§k =

5|

(e =]
=T

o]

S|

g A

] 9]

o H
=

s of

t
=
¥}
£
)
Q

(%]

©

i=

.0
=3

o]

— — linear analysis

nonlinear analysis

linear analysis (scaled up)

Fig. 11. Deformation: comparison of linear and non

R Ee}H]RIA

=S
.

oflA

47

3} e,

ok

[e]
T

, o] 52| Sof whE AP AT WHe AX s, 2

S

o

7}t

o 27
2. AIHE 2lole] wo)

o] 2] 71%

£ wsle} ol g

AAo] =

7| 2oy

1
1

Journal of Korean Tunnelling and Underground Space Association

104



An approach for moment-rotation relationship and bearing strength of segment lining’s joint

oF 37| B7FshA o350 217 §7F fhAael] XA HelE HAgrF 4 Qlek of= A6 23
of| whe} 5l d 2] g ol 2 ke 71 4 Qltk
3. o] o RHE-31 TAlo| W= =22 o] AT ¢, o] 547394 7kl w2t v & BHES R
&)1 o] SHO HIAH A5 02 3137 o , Ol F ] El= RIS
TZhellA =218 0] F7tel| whet 3147 o] F7Feh ol 357 5] @#ﬂt AR ] 21378
2 522 0] 37]9F Faelal YAsi.
4. Janssen®t Y4 R O] HHIE-31H A0 2fol= o] 5K Y 9] 71ol| 71R1gMt o] 7P 0 = Qls] o]
25Lo] Ato] Ha]7] 2714 Janssen @ 2] 317 7AJ0] A7, 01 =57t B 25t =9 817 do] A
U Janssen 2 H19] 217071 Jo] Zofx| B =2 glo|d o i} ;9IS & wf o] E44-& AjTooF gttt o] =i
of| A AR A E-317 A= o3 7-2] AU 5 Aok Il & 4= 912 Janssen BE 2] 7}
J= 7|4t e = 5o Janssen AT} 71 0] ARt AXHE A2 4 AT
5. G¥HA o & WpA7E A TTHE o] 2-50] ]S Hl | E|o] A|TTHE O] 24| Tl Hlsf o] 250 T 2
26HA| =M o] 5-7-0] 42 S A E T US| 1RI5H] et o] THEAof] ofa o] 35 A =
ARAERUS Q7 FRHER | B]5] o It o= FRAERTL 2|9t & 9@ 5 qlrh= ojr]
o[}, wba] o ZF-0] FAlo] ThHZ ol H|eh YA ES shof 4, R ER O] #5-S W= Zo] o]

B\

Wi

)
B>
ol
R
i
ne
4
)
)
o
_I_4

22} 7|0 =

ol AT 7id 2 AA, dlole] =4, Hlole] B4, Hlo]E sl4], Y1l 2HI-S s, AR |2 Y HE
= Hersisich
References

1. Blom, C.B.M. (2002a), Design philosophy of concrete linings for tunnels in soft soils, Ph.D. Thesis, Delft
University of Technology, pp. 41-42.

2. Blom, C.B.M. (2002b), Background document “Lining behaviour - analytical solutions of coupled
segmented rings in soil”, Delft University of Technology, pp. 16-22.

3. Duddeck, H., Erdmann, J. (1982), “Structural design models for tunnels”, In: Jones, M.J.(Ed.), Institution of
Mining and Metallurgy, Tunnelling ’82 Papers Presented at the Third International Symposium, London,
pp- 83-92.

4. El Naggar, H., Hinchberger, S.D. (2008), “An analytical solution for jointed tunnel linings in elastic soil
or rock”, Canadian Geotechnical Journal, Vol. 45, No. 11, pp. 1572-1593.

5. Hordijk, D.A., Gijsbers, F.B.J. (1996), Laboratoriumproeven tunnelsegmenten (Laboratory tests tunnel

Journal of Korean Tunnelling and Underground Space Association 105



Young Joon Lee - Jee Seung Chung

10.

11.

12.

13.

14.

15.

segments), Report No. 96-CON-R0708/03, TNO-Bouw, Delft, pp. 1-78.

. Janssen, P. (1983), Tragverhalten von Tunnelausbauten mit Gelenktiibbings, University of Braunschweig,

Department of Civil Engineering, Institute for Structural Analysis, Report No. 83-41, pp. 1-136.

. Japan Railway Technical Research Institute (2003), Design standards for railway structures and com-

mentary (shield tunnels), pp. 91-95.

. Korea Concrete Institute (2012), Korea structural concrete design code, pp. 67-68.
. Lee, K.M., Ge, X.W. (2001), “The equivalence of a jointed shield-driven tunnel lining to a continuous

ring structure”, Canadian Geotechnical Journal, Vol. 38, No. 3, pp. 461-483.

Lee, K.M., Hou, X.Y., Ge, X.W., Tang, Y. (2001), “An analytical solution for a jointed shield-driven
tunnel lining”, International Journal for Numerical and Analytical Methods in Geomechanics, Vol. 25,
No. 4, pp. 365-390.

Leonhardt, F., Reimann, H. (1965), “Betongelenke (Concrete joints)”, German Committee for Reinforced
Concrete (DAfStb), Vol. 175, pp. 1-33.

Morgan, H.D. (1961), “A contribution to the analysis of stress in a circular tunnel”, Geotechnique, Vol.
11, No. 1, pp. 37-46.

Muir Wood, A.M. (1975), “The circular tunnel in elastic ground”, Geotechnique, Vol. 25, No. 1, pp.
115-127.

Teachavorasinskun, S., Chub-uppakarn, T. (2010), “Influence of segmental joints on tunnel lining”, Tun-
nelling and Underground Space Technology, Vol. 25, No. 4, pp. 490-494.

USACE (U.S. Army Corps of Engineers) (1997), Tunnels and shafts in rock, EM 1110-2-2901, pp. 9-9 &
9-10.

106

Journal of Korean Tunnelling and Underground Space Association



