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Fig. 1 Network topology of mechanical equipment risk factors

( 5 TH AR D )

B3 ANARKEEREMEAINE

Fig. 3 Network topology of human risk factors

e L] e PR IERBE AR B3 645 ] 4
B2 TRARKREERERNE Al s,
Fig. 2 Network topology of construction technology risk factors
XA IR bR R B IR 56 (e )
FRAFAESE SOOI, WA FH it B 5 A A5 2L (ISM) 43
S 5 PR B 167 5 L 3 22 20

Fo ZRIREE, DA R R R
S, BPRHRUR: FIEREE IR B34 45 R

HRAIE ISM B 055 — S 1Sy AR HERE I A, A543
WE A (77 1 M2 3047 591 60 4 DA 3 1 1 (<))<
TCEEIN A, Ay, A5, Ass Ry Ry Ris. Ry Ris. Ry,
A R B9 67 5 IR 5 PR — R, 5
AU DR 4563 LR S 14 4 12 28 10 [ 4

B4 HRIXEEZMERTINE

Fig. 4 Network topology of material risk factors
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Fig. 6 Network topology of risk factors in shield construction progress

2 BT DU H ) 4% 19 % R FE A e T XURS: B
STl

DL $8r I 28 SRR AR B2 0 2%, 2 DL ik i

JEE, 2 H RGN 2 TR Tk I PRk i A Rk
R 22— D137 9 4 6 T ik o S 1) 22 5
T2 B e 2 AN 5 1 K R 42 % ) A0 EL A AR 5 14 1
I AN 55470 TN 33 & P B TN N RSB
RNz 0 3T DU 30T I 4% B TR R A
B DT s TRZEBIG 2512 B R EMAE R MK
WEECHE, B TR GeNTed.0 4, 38 o 43 B8 45
IRAT L0 RAy it T RURS: P B KB i
2.1 AT N A R A

i 1 £ RGNS 2 SCHR™ A5 H KU R 2R 4%
GRS 0, AR D oot e, s 0Lk 2,
T Ry T U INEC AR A T, TR S50
RN AR AT IR, B AU ] 28 RS =4 25 2
Gy R 4 G T R mT 2 KBS s 192k T 4232 XU 5
M2l AN 2 52 RS 5 IV R AN RE 332 IXURS: o 3l an
AR R R A, it TN SLBRAS I, 38 2 0 e 48 i ok
AT G 3 A - 2 XUS: PR 2R 2 T 2208 XL ) R
A 0.89, ST 4537 KUK AR A 0.11, A %2
JRUES: FIAS BE 22 32 IXUR: A AR 0.

®2 KEERHERHR
Tab. 2 Prior probability of risk factors

s UG AT )
I Il ] v
4, BTN AR R 0.89 0.11 0 0
4, NAGHA G 0.91 0.08 0.01 0
4, ERLRARAE N BRI S L 0.98 0.02 0 0
4, BT Ir RAFAEBIIG 0.52 0.45 0.02 0.01
B, FALGE T ALY | 84T RPFEIN R 0.58 0.20 0.02 0
B, B [ B8 PREPEL ARG 0.58 0.20 0.02 0
B, JERGPLLR B 30 0.50 0.30 0.10 0.10
B, JERG PN R G 0.40 0.30 0.20 0.10
Bs TIEEFE 0.40 0.30 0.20 0.10
B, W I 5 i B B 0.45 0.35 0.15 0.02
B, IR G 0.50 0.32 0.16 0.02
C B R AN R 0.70 0.28 0.02 0
G FORHIE R A K Bsf 0.75 0.23 0.01 0.01
G FEHE IR 0.79 0.19 0.02 0
G, MRV RS 0.95 0.05 0 0
D, ek TR Y 0.84 0.12 0.03 0.01
D, 1% AP A AN B R 0.76 0.21 0.02 0.01
D; IR BWER A G 1 0.69 0.29 0.01 0.01
D, R S5 TARRAN Je 2ok 0.72 0.24 0.04 0
D; W EIIAGH 0.54 0.45 0.01 0
E, i 0.60 0.38 0.01 0.01
+ 1002 « KA TAEH R



FH, % KB B HOKEOR B % TR = 4 B2 FN

x2(&)
Tab. 2 (Continued)
» MWER AT
&5 DA R 2
1 Il I v
E, HEAME 0.71 0.27 0.01 0.01
E, R B 0.45 0.47 0.07 0.01
E, HZARTE 0.55 0.40 0.03 0.02
E; R KA 0.54 0.40 0.05 0.01

WU A 25 SRR E A TSR gL,
HEERAE N R, A n DT BT A 4
AEEG ) DU S R AR o, 5 — 25 R m MR
AL MR R P nxd™ MR, SR

REHIGEE R, FrUASCHIIH AR R, T
AL, AR 3. 3 3 MBI RIR 4, 7 BIE 4 P
it [REE X R 95 550 Ry B 4 FP ARSI B0 T 1T 45 Ry,
MY SR A T 0 o

#3 As-R,-R, EHHE
Tab.3  A4;-R,-R,, conditional probability

VSR Gh) A0 Tt

A0 Tt AR IVt

RI4%§& R|2%g& RIZ*%% Rl4%ﬁ RIZ%% Rlz*%%

RI4%§& R|2%g& RIZ*%% Rl4%ﬁ RIZ%% Rlz*%%

I 0.286 | 0.284 I 0.286 | 0.288

I 0.254 JIi 0.256 I 0.254 I 0.252
1 I 1 I

I 0.248 1 0.244 I 0.248 1 0.246

v 0.212 \% 0.216 v 0.212 v 0.214

I 0.218 | 0.216 I 0.218 | 0.216

] 0.305 I 0.307 Il 0.305 I 0.307
1 I 1 I

I 0.243 I 0.241 I 0.243 I 0.241

v 0.234 v 0.236 v 0.234 v 0.236

I 0.338 I 0.338 I 0.339 I 0.336

Il 0.260 Il 0.260 Il 0.250 Il 0.262
m m m m

I 0.210 I 0.210 I 0.220 I 0.208

\% 0.192 v 0.192 v 0.191 v 0.194

I 0.255 | 0.253 I 0.257 | 0.253

I 0.285 I 0.288 I 0.283 I 0.287
v v v v

I 0.246 1 0.247 I 0.244 1 0.248

v 0.214 v 0.212 v 0.216 v 0.212

2.2 Dt AT PR 255 A 2R

K FH GeNle3.0 4 4 4 8t D1 i 307 1o 2% 55 730 U2
W 5C 30 A 2R A% R A R A O UE % AR A AR
GeNle Hr, F i35 A5 “JE M7 0t T2 B XUBS:” R8s
GV E NIV ANREHEZINRS” , B AT i Ay
MR KPR, 2 BRI 7.

P 7 w0 SR AT RE M R S S A R R B

i 58 MR B A B 50 TR ] BRSO o it R LA
B, YE MG T A ARV AR ST, PR
IXUS: 2 A IV XU MR R S 59%, B B 76 LIRS, 2
Az IV AR B3R R 27%, TN R KUBS: | 4 EXURS:
T T A XU A IV B XURS: B AE S ERARAIE, X 3%
B IV 2 XU 3 22 o 0358 AU AL i 48 XU 3 2
] 38 A A Sk A RELZR I, A o Sk MO SRR

KA LAz 1003 *



#20% % 5H BWALEGAFALCPEES 2022 £ 10 A

7 Ty B T 0 A Az, el e R K R R B
HEA G FNLPLR % 8 O F ILIh G 2 Gt e |
JIEEPE ) — i AL B — BB 7 XU — JE A 1
it T RS 5 A L BT B — b T U o — S 25 g 25— 3F
S5 RS — JE B YR e AR s B SR — T — AN &
D% (CRITEL RYE ) —FRS5 XUS— e Rk it T X

W25 R 7 H: — 3t I LR — 2 25 i 2 — A58 KU —
JE AL T TR 5 B S I — I T — N B % (R
JIEE . RE ) —IRBE KBS —JE Ak it T XU .
ST DL, ARSI 1 XU PR 2R 0T i i T XU
Lo TSGR T TR, 24 IS PR 3R i A R e g
IO AN AR 5 M A, B B 17 0 o XU B4 4 A

o B (@] D, (@) B

] D (€] D, @] D;

L138% L173% L1568% L181% L172% L168%
L2 28% [ L221% HeL228% [l 12% |1 L224% || 12.29%
L3 19% L3 2% L3 5% 3% L3 j%l /u 1%
L4 15% L4 5% & |4 9% = 5% L4 0% P |4 2% =

N\ I

=
O ABhE [©) D;

&) B, @) B, (] B,

L147% IL150% L138% L149%

L228% [0 L2 32% [ L228% | L2 44% (BT | L245% T

L3 9% L3 16% 1319% |l L3 5% L3 1%

L4 15% = L4 3% L4 15% M 2% M [L4 0% %
.

)
e g (2
=] B B e | Qi LEARRE D | (© R =) FiFE
L144% L1 1% L122% L175% IL148%
L234% (I L2 18%| 0 L253% et L2 19% ([ | L221%
L3 15%(l 13 33% | L314% L3 6% L3 15% |
L4 8% B (L4 ss%| I g a1 o (L4 0% B L416% v,
N = - ®
=) B, @) B OPEEKR B [© FEAK E O EERE
2 Lk |
L175% 1175% L1 3% L1 2% L148%
L222% L22% ) L2 23% | L223% t—1L221% 1T
L3 3% 13 % L347% L316% L315% |l
L4 0% M e 0% IL4 27% L459% L416% 3 &

R g

R O HFEKE C

O EBERIE | © &

©  wheB | & BT © _ TmiR

A,
o
L156% L141% IR L1 0% L116%
t22% il L2 36% {L243% (] 2 0% P —5 -
L3 1% L3 6%l | it 12% 0 L3 0% L331%
L4 1% & |4 0% o s sl & mw\uzaﬁ %
o AHRK 4 | —

o Emak
L% L172% L159% L137% 114%
L219% . b
! L2 19% [ L232% L w-l12.45% | L230%
L3 6% L3 6%|] L3 7% L3 11%|l L327%
L4 2% Px Ls 2% & 4 2% L4 s%|1 L429%
4 44 [ ) \
(@] G (@] it © EEEIAR o AR ZEk
L178% L1512 I L181% I L146% LiT1%
L2 19% L2 42% [ L218% (I L241% 1
L3 4% L3 7%l L3 1%| L3 9%
L4 0% B U 0% E/“ 0% =
- & 7 4
@) C, @ C @) 4,
L195% L169% IL189%
L2 5%|] L2.27% [ L2 1% [
L3 0% L3 4% L3 0%
L4 0% o ) P4 0% &

/ |
(] (@)
L1 51%| I L173% L191%
L2 44% ] i 1219% [ L2 8%
L3 3% L3 6% L3 1%
L4 2% 7 L4 2% L4 0% B |4 1% =

M2 18% (I
13 3%

B 7 DHETRLRE SJ4ER

Fig. 7 Bayesian network learning results
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Prediction of risk event path for shield tunneling
of long-distance water conveyance tunnel

LI Qiang', LI Ziyang', WANG Changsheng’, XU Linjun’, JIN Wenchao’
(1. Nanjing Hydraulic Research Institute,State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Nanjing 210029, China;

2. Water Conservancy and District Engineering Construction Administration of Xixiayuan Water Conservancy Project, Zhengzhou 450008, China )

Abstract: In order to solve the problems of uneven distribution of water resources, mismatched water and soil
resources, and serious shortage of water resources, China has launched many long-distance water diversion projects
during recent years. With the implementation of these projects, a large number of headrace tunnels has also been
constructed, which is continuously developing and improving the construction methods, and now the shield method
has gradually become the main construction method of tunnels. As the shield tunneling is a complex system process
influenced by a variety of risk factors, construction risk accidents occur from time to time, resulting in delays of the

construction period as well as loss of life and property. Therefore, predicting and analyzing the possible risk path of
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FH, % KB B HOKEOR B % TR = 4 B2 FN

the shield tunneling of long-distance water conveyance tunnel plays an important role in ensuring the safe
construction of the tunnel project.

At present, the risk analysis of tunnel shield construction schedule have several limitations. First, the correlation
between the risk factors of shield tunneling of headrace tunnel is not considered; Secondly, the existing research
results are mostly based on subway and traffic tunnel, and the differences in construction technology and risk
management of long-distance headrace tunnel of hydraulic engineering are not considered. This paper takes the
shield tunneling of long-distance water conveyance tunnel in the water diversion project of hydraulic engineering as
the research object. Statistical analysis are made on a large number of collected data of water diversion tunnel
construction cases, and the risk causing indicators and possible risk events are extracted of tunnel engineering shield
tunneling. By using interpretative structural model, the causal hierarchy analysis and network topology diagram
construction are conducted. Then a prediction model of shield construction risk events based on Bayesian network is
established, and the reliability of the model is preliminarily verified through Bayesian network learning.

Finally, the risk event prediction model obtained has been applied to the shield construction project of Xixiayuan
Chuangin Tunnel. The reverse diagnosis reasoning technology of Bayesian network is used to calculate the
maximum possible path of risk events and determine the key factors leading to risk events in shield construction.
The results show that the risk accident path calculated by the model is consistent with the actual construction
situation at the current stage of the project. The reliability and applicability of the model are verified, and according
to the prediction results of the risk accident path, the guidance is provided for the troubleshooting and governance of
the risk hidden dangers in the subsequent construction of Chuanqin Tunnel.

Conclusion: (1) The risk path prediction model of tunnel shield construction is established. Through the
interpretation of the structural model, the correlation between various risk events that affect the tunnel shield
construction progress is determined, and then the Bayesian network model is established, forming an effective
method to predict the development trend of the tunnel shield construction risk events through the tunnel shield
construction risk factors. (2) The reliability and applicability of the model are verified. Through the application of
the shield construction project of Chuanqin Tunnel Project, the predicted result of risk causal chain is consistent
with the actual construction situation, and the model can provide real-time decision support for managers. (3) This
model can be directly applied to shield tunneling of headrace tunnels with similar construction conditions; for
different situations, such as special geological conditions and different shield machines, some parameters of the
model need to be appropriately changed, but the model and calculation process established in this paper are
applicable.

Key words: shield construction; risk path; interpretative structural modeling; Bayesian network; reverse diagnosis
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