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Abstract

In this study, a comparison model considering the stochastic characteristics of the load
and member resistance of the shield tunnel segment lining as well as the variability of
the boundary condition was selected and reliability analysis was performed, and the
adequacy of the limit state design was analyzed by calculating the probability of
failure and reviewing the structural safety. For the analysis considering the probability
characteristics of these ground constants, the ground spring coefficient was considered
as the mean value by calculating the quantitative value by applying the Muirwood
formula, and the coefficient of variation was selected based on the existing research
data to review the models according to the change of ground boundary conditions.
Through the structural analysis of these models and the reliability analysis using MCS
technique, the failure probability and reliability index were calculated to examine the
changes in the failure probability due to changes in ground boundary conditions.

Keywords: Segment lining, Limit state design, Soil material probability, Boundary
condition, Coefficient of variation
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Kim et al. (2020)2 EAVSEIEAN AP A& St Eot B=5/d 57878210 7 3 @748
Ut TS Sl = 387 AR EARE BT E 2240l tieh SHESAAE AAIEH e, 2 Aol o]
S AR AAE WEd AES At A== B8t T, oS3t AR EEAA Ahm et & A0
8 A4 An TS 288 Q6] ATAT S Muirwood 4], ATHATH L Qi EELZE HARE -
s, sfdanyge A2 EEAEE AAEE - o124, Leonhardt?], Jansen4l& B - HESIAH.
213515

gtolid o] A2l ojgtshEol His MCS7 W& 28519 2Ha S4#1E 277 Byun et al. (2019)] 4714]
Ao 28] A2 FollA Hh Table 13 22 B 2174, A 9l 422 44 5 2 I HEWS d=HE

Case 1Vl T8 25} o] giszo] thet SES 4412 Tefelgick

Table 1. Soil material probability variables

(a) Review case

Case Tunnel diameter (m) Tunnel depth (m)
Case IV 7.2 20.0
(b) Calculated results COV of load acting on the tunnel
Soil type Mean (kPa) SD COV (%)
Weathered soil 1 (N = 15) 238.89 19.21 0.080
Weathered soil 2 (15 <N = 30) 232.30 18.01 0.078
Case IV
Weathered soil 3 (N > 30) 229.51 17.12 0.075
Weathered rock 215.77 17.16 0.080
2.2 5 A &= 54|

AT ES] ARl thet FEE/ZA] o tht A 7R2H] Nowak and Collins (2013)< Revised load
and resistance factors for the AASHTO LRFD Bridge Design Specifications®|4] ZIZ I 2| ER A O] HHIE
o k]| tisll 2+ 0.13370.155 2] W5 AIE A|SIgHat Lo w, Sfjoll 4= Kim and Kim (2011)°] E2E32]
E B2 A58 2] A Bl /il thgh 45 5ol fat 5 e Ao E3 | ELt Mo i ¥t
of ket Table 22} o] Z415HAHt. Nowak and Collins (2013)°] ©Je+ 2o} vl wsf] =i A2 3] HEAl4
7hAS A o2 yepgtont, 2 Aol HE g HArt melsiAE R Al2FE| 1L 23§ S TA ol e
Al 7hetslo] 2 Lol A= Kim and Kim (2011)0] AIoFet 2FEA 21 S 125151t}
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Table 2, Statistical models for resistance of RC concrete member

Compressive strength
Index OPC High-strength concrete
Bias coefficient Coefficient of variation Bias coefficient Coefficient of variation
Rebar f; 300 1.128~1.215 0.073~1.109 1.092~1.122 0.073~0.097
(MPa) 500 1.048~1.183 0.066~0.108 1.072~1.107 0.073~0.094

Table 3. Summary of measured parameters

Range of Standard Coefficients Number of
Index Layer measured Average . .
deviation of variation data
value
Unit weight Weathered soil 18.0~19.8 19.0 0.502 0.026 20
(kKN/m”) Weathered rock | 19.4~22.0 20.7 0.841 0.036 27
Deformation Weathered soil 30.0~91.5 50.7 17.289 0.341 17
modulus (MPa) | Weathered rock | 68.7~794.0 351.3 150.978 0.430 58
) Weathered soil 11.0~31.4 22.1 4.892 0.221 51
Cohesion (kPa)
Weathered rock 19.5~37.0 30.3 3.781 0.125 48
Frictional ang]e Weathered soil 22.4~34.0 28.4 2.646 0.093 68
(degree) Weathered rock | 24.0~37.2 32.0 2.513 0.078 48
2.4 HEE{ MOIE 2f0|do] AMEAZS 9ot AlhAmy
ASE ATHE ol o] AAR AL IR ANtAnvh I E QAR SHALY T AT

2t A
2 Tha Table 49t Zo] AFgsIgl o™, A4 oz 4
1

2]
30| 2 2Rk SFE S =25 E A

Table 4. Springs coefficient for boundary conditions

Classification Formula Applied value
S . _ 3L, Upper: 1,689 kN/m
Soil spring Muirwood k= (1+v)(5—6v)R, Bottom: 2,927 kKN/m
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Table 4. Springs coefficient for boundary conditions (continued)

Classification Formula Applied value
3h—2z)bE,
Japan standard oo M_ @B 244,234 KN - m/ 0
specification moof 24
i b,
Rotat.lonal Leonhardt k, = M_ 9a’bEy m(1—2m)? 460,954 kN - m/ 0
spring 0 8
bl E N1
Janssen —_1 ( < _t) 460,954 kN -m/ 6
! 12 6
Radial: k,, = IQQE;I i .
Shear sprin Japan standard (2b) Radial: 378,794 kN/joint
pring specification . ) LhE Circumferential: 2,898,933 kN/joint
Circumferential: k,, = 5110

3. A8 AA R W2 D23t HE A 2 MA

3.1 Ak FA = o} ey Yot

£ ATE Y5 =22 ok Fig. 19 A HETHI A Y-S 1ot on, tidi oA 2|9t A=
A2 AgoHRE FEsto] AtAaneS vEfstnt. AR Fig. 1014 Bi=vieh Zo] 2 oA 4=
ARE7RA] 0] Exji=oF 19 mZ w0 HEZ O =2 /5] o] §low, 2J5k=9]i= G.L. -8 mo|t}. @734
e g2 B R aiE-g Taot] AFE o A b= FIER o QL

A IHE AL 9174 7,770 mm, W7 7,070 mm, 57 350 mm, Z2°] 1,500 mmo|H, ZT2]|E 7= 45
, A7 400 MPa= A= ok MITHE 17 %2 4709] A-type AITTHHE, 2709] B-type A THE 2 1
719] key Al THEZ /g =]o] Qirt.

airplane load

land fill

weathered soil

(a) Ground condition

(b) Segment cross section

Fig. 1. Ground condition and segment cross section for models to be reviewed
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Fig. 2. Boundary condition and segment lining modeling
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Fig. 3. Analysis with probability characteristic of boundary condition

Journal of Korean Tunnelling and Underground Space Association

452



A study on failure probability characteristic based on the reliability analysis according to the variation of boundary conditions

%910 BR Fig, 3(b)9t 2ol AAZA SBEAE Tele RS AR E Aol Bag Ao By

AR SEE ] nHE Amelio] WotS mele PR ES Agel7] S19) Table So4] Mol
o} o] AT AL WEH Sl Mean)TH A A 03415 85 1101 F 25 Min) 7 eHzHMax)
2o Agelglon], FAMetE 1] o) SRR 710 Ak B ARV EERA el

B 7]
= T
A AlEststod 22} 3719] SHkES 7 HR Aol B 971 o ti ol tish 218+ AESHIrt. T3, Table

sol Hele AmeAeg A e 242 RRES Fa Autamae] vl t2 HuHlEe £2o) KA

Table 5. Considering spring coefficient of models

. Between of Min. to Mean Between of Mean to Max.
Index Min Mean Max
1/4 2/4 3/4 1/4 2/4 3/4
Upper 1,113 1,257 1,401 1,545 1,689 1,833 1,977 2,121 2,265
Bottom 1,929 2,179 2,428 2,678 2,927 3,177 3,426 3,676 3,925

4. PN U 2 UE

4.1 Tl o] R

HEA LDSol et 755042 Fig. 4(a) 2 2o] 22 A0 A2 B 3 @57] ol 8
FEY S o2 AlEsielnt. ofu A2t 5, ARl 2Rt 5, B ERY Bl ekl oot 5 T1fal

29 s1Fl et slSAsH e Fig. 4(b)2F 2

346,80k

o dk 5\'/”32 live load
l i f Tf (airplane)

210.00kN/m?

173.40kN/n?

195.68KkN/m?

A -‘s 2= KN/m? \
A 4T
250,66kN/m2 250.66kN/m

326.55kN/m*

346.80kN/m* P
(a) Load condition (b) Loading

Fig. 4. Loads condition and loading for analysis
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Load combinations

Self weight + Earth pressure

Self weight + Earth pressure + Hydrostatic pressure
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Table 6. Load combinations
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Fig. 5. Diagrams of moments and axial forces
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(a) Moment (b) Axial force

Fig. 6. Results of member forces due to applied load combination

Table 7. Analysis result with spring coefficient

Index Min Between of Min. to Mean Mean Between of Mean to Max. Max
1/4 2/4 3/4 1/4 2/4 3/4

423.99 | 411.95 400.5 389.60 | 379.21 369.30 359.83 350.86 342.76

M v 1.118 1.086 1.056 1.027 1.000 0.974 0.949 0.925 0.904

(kN-m) S 606.03 | 593.83 | 58223 | 571.15 | 560.60 | 550.50 | 540.85 | 531.61 | 522.80

1.081 1.059 1.039 1.019 1.000 0.982 0.965 0.948 0.933
U 1,929.42 | 1,937.57 | 1,945.32 | 1,952.72 | 1,959.76 | 1,966.50 | 1,972.93 | 1,979.00 | 1,984.84

P 0.985 0.989 0.993 0.996 1.000 1.003 1.007 1.010 1.013
(kN) S 3,122.13 | 3,123.39 | 3,124.59 | 3,125.74 | 3,126.83 | 3,127.88 | 3,128.88 | 3,129.86 | 3,130.82

0.998 0.999 0.999 1.000 1.000 1.000 1.001 1.001 1.001

E
Carlo Simulation) 718 E-8513.27], Fig. 7(b)2H & MCS 7| £ LE OIS o] gofo] mld/ R a)e) 4
o

= =
a|EhES Fstom Wi sl Agte] Azl g 918l 10088 Sastrt.
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(a) Flow of failure probability by MCS (b) MCS analysis program
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Fig. 7. MCS and analysis program

AR R ok 2 A SFEEAAE SRl e ZePAE FAIYS Alesto] U Table 8]
.6

oM CASER = A2fd gh= =513t

Table 8. Probabilistic variables of loads and resistances

Index Review conditions Mean COV (coefficient of variation)
2 members
L B { 1 .
oad Each other 9 models Var. for models 0.075
. fuc =45 MPa, f, = 400 MPa )
Resistance H16@150 826.47 kKN - m 0.073

29k A0 HEdS Nefgt Bl o] fa)ehE-g MCS7 S ol-8ate] AFgstSiat the Table 9 2 Fig.
8ol Aefstl. o, M (U)oHE AP tiv] 2-8-3o] 2ot A2 9] Hslels Fuop| B ntvjet

E(P)2 022 4 =em, SHR(S) ME AR 0] welel met mhajgtE (P o] #Hsolal Sl Zo®

Table 9. Probabilities of failures considering members of model

) Between of Min. to Mean Between of Mean to Max.
Min. Mean Max.
1/4 2/4 3/4 1/4 2/4 3/4
S 0.001732 | 0.000937 | 0.000530 | 0.000267 | 0.000148 | 0.000086 | 0.000039 | 0.000012 | 0.000007
U 0.000000
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Probabilistic Risk Analysis Probabilistic Risk Analysis

© Iteration Number : 1000000 © Iteration Number : 1000000

© Probability of Failure : 0.000148 ( 0.0 %) © Probability of Failure : 0.0 (0.0%)
421 421
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R R
316 316
an 210
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000 000
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Fig. 8. Failure probability by member position according to spring coefficient
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Table 10. Failure probability and reliability index

Index Probability of failure (Py) | Reliability index (3) B
Min 0.001732 2.92 e
min-1/4 0.000937 3.11
40
min-2/4 0.000530 3.27
min-3/4 0.000267 3.46 P . S
Mean 0.000148 3.62 Target Reliability Index B=3.5
max-1/4 0.000086 3.76 20
max-2/4 0.000039 3.95
max-3/4 0.000012 422 55
Max 0.000007 4.34 ¢ °
6.2E&

2 A oflA= HEEE A TITHE 2ol 9] 515 B 2SI BlEe] ARPEA|R 0 iAo e RdlE
2 Aok TS Sote] RAGHELS] WMEtE Selsiglon], Az RS Bl ntushE-S AT
RNEVIATE AP st BRAIEVIAGe] BlwEAS 4-3stdt. ol 2jet 241 AT E Soll tha 22 2=
2934 ol
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