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Abstract: Rock tunnel excavation using the drill-and-blast method often involves multiple concurrent
operations and encounters complex geological conditions, leading to the occurrence of tunnel face col-
lapse accidents. To analyze the risk of tunnel face collapse during tunnel construction, a risk analysis
method considering the temporality sequence of basic events during rock tunnel construction was pro-

posed, utilizing T-S (Takagi-Sugeno) fuzzy fault trees and Bayesian network. Extensive research was
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conducted on 46 tunnel face collapse accidents in rock tunnels excavated using the drill-and-blast meth-
od. Thirty hazardous factors and risk-prone environments were identified as basic events. The occur-
rence probabilities and conditional probabilities between nodes were quantitatively calculated based on
statistical data, generating fuzzy subsets for the occurrence probabilities of each basic event. A T-S
fuzzy fault tree for tunnel face collapse was constructed and mapped to a Bayesian network. By em-
ploying the bidirectional inference capability of Bayesian networks, the posterior probabilities and im-
portance of each basic event were calculated, and the key basic events that had a significant impact on
tunnel face collapse were identified and selected. Furthermore, considering the temporal occurrence of
basic events during the tunnel construction process, the risk status of corresponding events was se-
quentially updated in the Bayesian network, enabling the assessment of the temporal variations in the
probability of tunnel face collapse risk. Using the collapse accident in the Youfangping Tunnel as an
engineering example, the feasibility and challenges of considering construction sequencing in the risk
analysis of tunnel collapses during tunnel construction were discussed, Risk management strategies
and focal points for different construction phases of rock tunnels were provided. This research offers a
novel theoretical framework and technical means for the analysis and management of safety risks in
rock tunnel construction.

Keywords: rock tunnel; tunnel face collapse; T-S fault tree; bayesian network; risk analysis; time se-
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0.319 9 {0.0609,0.071 7,0.082 5}} 0.100 7 0.199 9 0.180 7 0.122 4 0.080 6 0.150 3

0.116 9 {0.022 3,0.026 2,0.030 1}

0.011 2 {0.002 1,0.002 5,0.002 9}
0.019 6 {0.003 7,0.004 4,0.005 1}
0.019 0 {0.003 6,0.004 3,0.004 9}

0.015 4 {0.002 9,0.00 35,0.004 0}

0.012 7 {0.002 4,0.002 9,0.003 3}
0.269 8 {0.051 4,0.060 5,0.069 6}

0.130 0 {0.024 8,0.029 2,0.033 5}

0.043 7 {0.008 3,0.009 8,0.011 3}
0.070 7 {0.013 5,0.015 9,0.018 2}

0.171 9 {0.026 1,0.030 7,0.035 2}

0.082 5 {0.012 5,0.014 7,0.016 9}

0.033 9 {0.005 1,0.006 1,0.007 0}
0.113 8 {0.017 3,0.020 3,0.023 3}

0.058 0 {0.008 8,0.010 4,0.011 9}
0.130 4 {0.019 8,0.023 3,0.026 7}
0.128 1 {0.019 4,0.022 9,0.026 3}

0.034 8 {0.005 3,0.006 2,0.007 1}
0.171 8 {0.026 1,0.030 7,0.035 2}

0.019 3 {0.002 9,0.003 5,0.004 0}

0.019 9 {0.003 0,0.003 6,0.004 1}

0.027 2 {0.004 1,0.004 9,0.005 6}

0.013 2 {0.002 0,0.002 4,0.002 7}
0.062 2 {0.0094,0.011 1,0.012 8}

0.056 1 {0.008 7,0.010 2,0.011 7}

0.089 1 {0.0135,0.0159,0.018 3}

0.03120.044 4 0.168 8 0.084 3 0.027 5 0.037 8

0.002 6 0.002 7 0.161 6 0.061 0 0.002 5 0.002 6
0.004 6 0.004 9 0.162 2 0.063 0 0.004 4 0.004 7
0.004 4 0.004 8 0.162 3 0.063 2 0.004 3 0.004 6

0.003 6 0.003 8 0.162 0 0.062 3 0.003 5 0.003 7

0.002 9 0.003 1 0.161 8 0.061 6 0.002 9 0.003 O

0.078 30.1614 0.18500.1157 0.069 6 0.119 9

0.034 30.05360.173 3 0.08800.0314 0.043 9

0.0104 0.012 6 0.1651 0.068 8 0.0101 0.011 5

0.017 50.023 2 0.167 8 0.075 0 0.016 5 0.020 3

0.038 2 0.066 8 0.178 4 0.100 0 0.034 0 0.052 5

0.016 6 0.023 2 0.169 5 0.079 0 0.0155 0.019 9

0.006 4 0.007 5 0.164 4 0.067 1 0.006 2 0.006 9
0.023 8 0.0364 0.172 7 0.086 6 0.021 8§ 0.030 1

0.01150.014 3 0.165 2 0.072 7 0.010 6 0.012 9

0.028 6 0.042 7 0.170 5 0.089 6 0.024 7 0.035 7

0.027 9 0.040 9 0.169 9 0.087 9 0.024 2 0.034 4

0.006 6 0.007 6 0.163 3 0.066 7 0.006 3 0.007 1
0.03930.0629 0.172 9 0.097 4 0.033 0 0.051 1

0.003 6 0.003 9 0.162 2 0.063 1 0.003 5 0.003 7

0.003 7 0.004 0 0.162 3 0.063 2 0.003 6 0.003 8

0.00510.0057 0.162 8 0.064 9 0.004 9 0.005 4

0.002 4 0.002 5 0.161 8 0.061 6 0.002 4 0.002 5
0.01240.0156 0.16550.07350.011 4 0.014 0

0.01100.0136 0.16500.0721 0.010 3 0.012 3

0.018 50.0250 0.167 4 0.079 9 0.016 6 0.021 7
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2.3 T-STTHEHER K G TRt BT [ 4%

AR 30K T GE S R A R DL T RA R AL
H, 0L A T-S BOB = BoRs i 134> T-S TR0 i
TR Bk O A T-S B 3 5O sk
i L N o N AT S R e Sl N o B
T-STT1R NS ACEI L 35 0F b5 18 T4F mi 51 35
— 7 [A] B E T PR 3R SN DR 3R AR ] A, A
124 T-STI1 s el ], RERE AR F LR
HEEAE LRl S &k A . L g il
R G Sy DU B I 2%, 3R 1 v A B A SR Y R AR
RN A I MR T AT B A F A R S 56 A R
DL ] G 5 T B A R A (R 1) o

HY T 9 AR 3 /006 5 MR 23 40 A RIS s AN Y
SO I 5B DR, T R S 2 YT e T
B TR DR Al S 06 A R/ B AE S o0 A AT
T — 4, o 1 B AN A1 508 7 SR 5 i AL
Hi, DIF WA B—WAR k2R, A 34K
LR C— A R KA TE , C— A R b T4 1
Co— AN R MBI . — AT A ARG A 2R 43 A 4%
WA P(C,)=0.049 3, P(C,) =0.595 0, P(C,) =
0.046 7, WAL AT & C M ALE we HHRA R (7) B
R TRV, AL Cy AL E 4R N we, =
0.8610.,w. =0.067 6.

we, = Pc,) =0.0714 (7)

P(C,)+P(C,)+ P(Cy)

BT LB RV, 25 A0 A o R IR S Oy
O(IK) 0.5 ) 1O ) B, 715 Ay, 9 JRURS: R 2 AT
fig Pk, X R 25 A 5 T A B B M R R
ME(FE2),

F2 T-SEMEBMNL-FHREBHMEER
Table 2 Transition probability matrix of parent—child

node in T-S fuzzy fault tree

y;,=0 y;=0.5 y=1
;=0 0.95 0.05 0
x;=0.5 0.01 0.9 0.09
x,=1 0 0.01 0.99

03 6 AL R B A0 T A R M R S
R TS Faloh o4 T-S TTHUI . 4 L
T A, (A AL 8 (=12, ) B KRR 7S
I (= 0,05, 1) B, 00 F 45 41y, 19 ARk 7 o
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(y"=0,0.5, 1)1 Z A ME R A A= (8) iR
P(y=y")=2" w.*P(z,=xl.y,=y") (8)
[ L5 5B o], 2 HAC T £ C, LGy CuRY
R IR 2508 43 00 R 0.,0.5 1 B, H 7735 40 B, 19 KU
KRR 0.5 M HER TR =L (9) fw
P(B,=0.5)=wc*P(C,=0,B,=0.5)+ w*
P(C,=0.5,B,=0.5)+ w:*P(C;=1,B,=
0.5)=0.0714*0.05 + 0.861 0*0.9 + 0.067 6*
0.01=10.779 0 (9)
TG, 25 1 = A 19 800 B AE = O [ XU R
ATMAE GBI P EEB A T-STTHN LR 3,
ARHLI FE A 33X 3X3=27 %k, T-S F A b Hifly

F3 PEEGFBAT-STHN /GG ER
Table 3 Rules of T-S gate / Conditional probability table

of intermediate node B,

B C1 C2 C3 bl
0 0.5 1
1 0 0 0 0.9500 0.0500 0.0000
2 0 0 0.5 0.885 0.1075 0.0061
3 0 0 1 08858 0.0473 0.0669
4 0 0.5 0 01407 0.7819 0.0775
5 0 0.5 0.5 00771 0.8393 0.0836
6 0 0.5 1 00764 0.7791 0.1444
7 0 1 0 01321 0.0156 0.8524
8 0 1 0.5 0.0685 0.0730 0.8585
9 0 1 1 00678 0.0129 0.9193
10 0.5 0 0 0.8829 0.1107 0.0064
11 0.5 0 0.5 08193 0.1682 0.0125
12 0.5 0 1 08187 0.1080 0.0734
13 05 05 0 0.0735 0.8425 0.0839
14 05 05 05 00100 0.9000 0.0900
15 0.5 05 1 00093 0.8398 0.1508
16 0.5 1 0  0.0649 0.0763 0.8588
17 0.5 1 0.5 0.0014 0.1337 0.8649
18 0.5 1 1 00007 0.0735 0.9257
19 1 0 0 08822 0.0471 0.0707
20 1 0 0.5 0.8186 0.1046 0.0768
21 1 0 1 08180 0.0444 0.1376
22 1 0.5 0 0.0728 0.7790 0.1482
23 1 0.5 0.5 00093 0.8365 0.1543
24 1 0.5 1 0.0086 0.7763 0.2151
25 1 1 0  0.0642 0.0127 0.9231
26 1 1 0.5 0.0007 0.0702 0.9292
27 1 1 1 0.0000 0.0100 0.9900
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Fig.5 Bayesian network of rock tunnel face collapse

X 2R 1 AR S S MR i 1 x
Fb, X4 5 B 2R & T BB RE A A X K B 1R AR
PR 25 A XO03 48 78 W7 J2 B IR AT L X 23 300 32 7 il 3K 4
B S 1 R A TR A SR IUA B AR
il 15

2.4 EEHE TR FETERERSKE S5

Shy G 58 JUT A T A TP B XURS: B 3 A
5 AR SC L B B T RS T A ) 3 AT KU 4
Bro ZBEN TPREZLRKEME, RH =
BEr-E IS AT T, B R LV A
AT R ORI HE R+ B FF + 4 W+ mE R B 1) .
W& 1k Xl J2 o 5 XU AL~ 55 KA 5T /568 K A 5, D8
J ARG BCR A 1 B R T L A R . g
45 W, B% 1 DK388+ 055 B T il it 1E W7 )2 Foys
0T )23 T A 1 B A O D B B B K R AR L )2
FEMKEE A 20 m, SEEA 1 m, Wi 2 5 m. Wi)Z2 8
O 7 B T 2 Ul B B R A R B AR, 0 BT 5
FEAR o H W2 2 8] K W R U8 2 I K e
b HEAR 32 X R T W2 Fa O KA
N KEEAZRE S ABE K, 2012487 H 15
H , B%3E 76 9742 2 DK388+0354bmf, TAE M 28 & H

TR 77, 39 BUABE 2 100 m®, 3 5 o7 & o F W67 )2 F ),
WEIE A R B R L F B ARG, JZ A R OK e
JRFESL, AL B G

3 Bt B G A T3 DR IR By 0 R T
AR EMER MBI K. WiZHE R R KB T
Fil o S W T2 08 o A 5 A R T2 I, BT )2 A T A 0 AR
TERA o 2 BEIE o T R I, W R N Z e 5 R A
AR AN ) E YA BE T AR T AR T 23 AR
&L BT OIR IR e Ah T B RERHA
WA TE o), B B IR J2= AT SR T 22 T Y V9 R S
I, FECLY R E AR R s R S R AR B
i PN S 2R 5 T e R AR T WA B AT B I R 5t Ak
R 2P BUT AR I

HAT T H BERE, I SO T 2% B Bkl Hh A XU
FEA A B T A B SR ) XU AR S R e 4
A7 HEB « B A 20 8 W J2= A el (X — ™ E A, i XL
W R A (T S e (X, — B BT, i KU RS ) T
Zia dE w s E KA R (X —mB s, KU AR
) KEAL R (X — P E A, E KR RS )
P RLB R B R A A (X — ™ E A e XU AR
A W 5 sl AT B 5 TR 20 (X — M LR
e o USRS ) PP B R B 2 (X — P AR

587



2 USRS ) B S AR N (X — P AR
AR RUBS R A ) ) LI R A AN BB (X— ™ i E
B RIS

BT T R B ik XUR: A O R, AT A
DL b e A = 0 e B 5 AR K R AR B A A R E AR
8] 3P AU A MR R A AR A A AR AR
F 0 X486 58 W J2 B & A HL R0 kv LR R
G H R AR T P (2, = 1)U
H1,ZMAMFMAEREBREH AT, ZXBER
AWM EMRE[P(T=1) 13 X% 0.122
(B 6) o HET, 25 Z A F A S M X, — B 5% R
KuEJE, Pley=D 8N 1, i EE[P(T=
1) ]38R & 0.149, 4K b o1 55 45 21 3k B b7 Bk 38 T/
TET B35 XU 301 B MR 3R B % A R R A Y i
BA(E6) .

Shy W 5 400 1 XU I BRI T A
CL G831 1 46 A 22 49 (1 T4 T8 3 35 XU 1 22 A R
A Je AR S BT A 8 461 v S5 AR 1 T A 18T B3 XU
WA 0.172 1 S % B, i T BT A 8 ) 52
T i o S TP 1 e e B T SR O s !
ik B SR 3 I A 28 ) v S KR XU 0T ERARE SR TIE
B Z 08T 52 0t € 10F A 08 E DH IR | 0 224 SR IO i
b J AR L P TR RN 45 R AR T W s e A
il PE RS i, DA R AR I A

F 16 1] 0, A I 7 B R G it T AR P, 4R
SANEARE M LA G, TAE I KU 5 B M R R
T 0.198, & 4 I KUK 512 B 0.172, 5 1 i ife
TN GOR R A ORI IR RS2 1 BT N R R iR
S1 % B ARG B A = i R T AR R A R /A
WRFE A S T SR AT IR B 2 A% 0 S A o
JE R RS (A T 1 T 3 XS SR R AN B Y
Mo e Ja T A e D B A B R R S AR

R A TR 7 A R R AR AL
= 0.600
%ﬂ 0.500
E 0.400
I8 0.300 { iz

ﬁ 0.200F Nﬁ A
B X—
E 0.100 foass — |

1 0.000 TS
i S E T R EN
P63 11 kG T T 55 IRV 390 2R M SR e e AR 4k

Fig.6 Time series variation of expected probability of severe

tunnel face collapse risk in Youfangping Tunnel
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