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Abstract

As a critical component of cross-sea transportation systems, subsea tunnel engineering faces mul-
tifaceted challenges during construction, including geological complexity, environmental sensitiv-
ity, and technical sophistication, resulting in unique characteristics in schedule risk management.
This study focuses on a large-scale subsea tunnel engineering, aiming to advance theoretical and
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methodological innovations in schedule risk analysis. By integrating the Interpretive Structural
Model (ISM) and Bayesian Network (BN), a comprehensive research framework encompassing “risk
identification, hierarchical analysis, and causal inference” is developed. The objectives are to sys-
tematically identify unique schedule risk factors, quantify their interactions and hierarchical rela-
tionships, and trace critical causal chains to propose targeted risk mitigation strategies.
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st gtk dd LI R mp O KRS A ORI RO AR SR 7E[10] - BE A BEIE TREBOR (52 TH AN T H 7 24 2
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3.2. ETFIREHANGITIERERETREHERERE R

3.2.1. TiER
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3.2.2. BIREFERL#E RS T

T2 R R T8 TARAE A v T I Tk R T IR Rk R B AR, RS O AR R AL T AR
JiE T H&E W EEHARICR R E . AGER T H 2022 429 FJF T4 2024 42 9 H A, #3556 M
Bef it 602 it TR, ARAEE R < TR TAE e it il 7 e a3k K Ak BE A 55 B ge it it
RGER o« ZSCAR A BARE T AHE G, JEAR R 430 ALt ETHRIR SERIC S, Fila s 1 fis:

Table 1. Statistics on the non-completion of construction programme of the subsea tunnel engineering (Partial)
#* 1. @B RBE IR THEE T RIRTARIE RS (RS

H # FrEt A=A it T PN 2% SERRIF B 58 SRR
U,
2022/11/26  TJ-03 E@ILHQR%JF / / A4 3 2H 2 G —
R &
FLNERE G

/N HRR B 7T R R, Bl AT

2023/4/28  TJ-03 FEL/NEE ;E;Z;?EBUFZI:J% it TS% R R

2oz T2 spsppy o O T sy w57 s
2023/12/22  T)-04  JFSREIE FHzIITE R 9 m 70% ETEM‘E%&%{% 40, THERRE
2024/4/12  TJ-04 JhZkREiE gg%fn@%ﬁ”% 33%  NEFRRHRRE IR TR

AR RS E TR, R AT PE . BLEArE . FATPRIR I, AR SR AR b 45 A TR TR
Braggit, Ut 4 283801 20 N IRESIE TR XU 3R, BARIE an e 2 o

Table 2. List of schedule risk factors for the subsea tunnel engineering
F2 BERBELIEHENKERES

— AR & /37 547 ity 51 E Sk
KRB AR Al X 4545(2018) [21], Xue %5(2019) [38]
AR E KU A2 Pyvind £(2017) [28], Zhang %(2024) [20
SR E yvind <5+(2017) [28] .ang. (2024) [20]
FE 2 BUR 2 A3 Wang 2%(2020) [39], Sihombing £%(2021) [40]
it RS2 ) Ad Forcael 25(2018) [41], 4 #E(2021) [42]
FARIT k1% A5 Hong %4(2017) [26], Niu £(2022) [4]
it A AR AR PR 3R Jiti T 2 A6 {75 (2019) [43], Konyukhov (2022) [44]
B IhiRzE A7 Zhang %5(2023) [3], Sun %5(2023) [25]
YL HE A AF T A8 2B %5 (2020) [45]
ZH A U R 3R
VANPGRS A9 AN A5(2018) [46], Koseoglu ££(2021) [36]
o b i PR 1 A10 TEE LS (2017) [47], ZE/NE(2023) [48]
Jit T XL PR 2R ‘ . .
MEHE R RERA 2 All Sihombing 24(2021) [40], Koseoglu %5(2021) [36]
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it 1 R TR Al2 Andiyan (2021) [49], ZE/NZ(2023) [48]
TR A Al3 Shelake %:(2022) [50], Andiyan (2021) [49]
W% i 41 Al4 Marco £(2021) [13], Koseoglu 2(2021) [36]
Jite L5 A A Al5 ZEPUEZE(2020) [45], HIEE4L(2022)4[51]
W& TR LR Al6 Marco %5(2021) [13], Koseoglu %5(2021) [36]
PP IR IR Al7 X2 (2018) [46]
PBEERE Al18 Hong %(2017) [26], Z=/)N%5(2023) [48]
Winzakas Al19 Marco £5(2021) [13], HI/K#&%5(2023) [52]
PR IEIR A20 Wang %(2020) [39], ZEBUE%5(2020) [45]

3.3. BRBELRREE N FRIT

3.3.1. KP&sERE

AR AR RS T 8 SN S R AR R FLE R AL, KU R RIS — P T £ A B XS
R, SR USR] B P Che AR R) AN G i R JEE (I8 F A 2K 1 7 EE M) REAT JeAl, AT AR XU P 18 5
Poo FAZO B BRI RURS: S A AR 3 1 DX 2P ) S MR 79 1 4 PR R PP XURS 1Al

ARSCRR EGAERE S 3 fiw, Hf R, R2. R3 AR ARRREE . AR R KU

Table 3. Risk matrix
% 3. MexErE

ENSERES
UG 25 25 - :
AdEHCE B HEM C REMM D 75 Ry E A Z W& 1)
1. AEHIL R1 R1 R1 R2 R2
2. "JREHIEL R1 R1 R2 R2 R2
KATREME 3 AR R1 R2 R2 R2 R3
4, RAHI R2 R2 R2 R3 R3
5 JLPAHH R2 R2 R3 R3 R3

3.3.2. RMEERFHITME

Table 4. Overall risk ranking assessment of schedule risk factors for subsea tunnel engineering

4. BIEhEE T2 R XU RG X 32 Y BE A4 JXURG S5 R 1T Al
Ity KRAEMFIL  BRIPS RSS2 i KAEMFEIIL BRI RSS2

Al 1 3 R1 All 2 4 R2
A2 2 3 R2 Al2 3 3 R2
A3 3 2 R2 Al13 3 2 R2
A4 4 2 R2 Al4 3 3 R2
A5 3 3 R2 Al5 4 3 R2
A6 3 3 R2 Al6 4 3 R2
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AT 5 4 R2 Al7 4 2 R2
A8 3 2 R2 Al8 4 4 R3
A9 3 3 R2 Al19 5 3 R3
Al10 1 2 R1 A20 5 2 R2

SR 3 W IRPEIE TRERE L AR, DL T RE GRS i U R 3R A A VAl A R T REE, A
TREBURIGETH (0 KU DR 21 EOT 23 Ja AV RSB %, B RLL R2. R3 I H AT AT il 32t 5 XU
IR BAT IR R, T B KRS SE PR DL 4 PR . RIESETHER, RLSEZ00 m A B 2R
FEAHE AL KRGS KBS AT ALO 15 T PR T — 20 R R BLE B Gt ot A i, £ By DU 27 0 2%
X JRE B TE TR it Tk B2 X G 2 AT S AT S A 20 A7 o

4. BRBETENGERHEREWE
4.1. BIRBETIRHEE NGE RGBS EE

Table 5. Reachable set R, antecedent set Q, and their intersection set T

5. AL, KITESRE

k4 R (A) FATEE Q (A) TH T (A)
1 1,5,6,8,9, 10,11, 12,13, 14, 15, 16, 17, 18, 20 1,7 1
2 2,5,6,8,9, 10,11, 12, 13, 14, 15, 16, 17, 18, 20 2,7 2
3 3,6,8,9, 10,11, 12, 13, 14, 15, 16, 17, 20 3 3
4 4,5,6,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 20 4 4
5 56 1,2,4,5,7,18 5
6 6 1,2,3,4,56,7,8,9,12, 18 6
7 1,2,56,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 20 7 7
8 6, 8, 10,12, 13 1,2,3,4,7,8,9,18 8
9 6,8,9, 10,11, 12, 13, 14, 15, 16, 17, 20 1,2,3,4,7,9,18 9
10 10 1,2,3,4,7,8,9, 10,12, 18,19 10
11 11,13, 16 1,2,3,4,7,9, 11,18, 20 11
12 6,10, 12,13 1,2,3,4,7,8,9,12,18 12
13 13 1,2,3,4,7,8,9,11, 12, 13, 14, 15, 16, 18, 20 13
14 13, 14, 15, 16, 17 1,2,3,4,7,9, 14,18, 20 14
15 13,15, 17 1,2,3,4,7,9, 14,15, 20 15
16 13,16 1,2,3,4,7,9,11, 14, 16, 18, 20 16
17 17 1,2,3,4,7,9, 14,15, 17, 18, 19, 20 17
18 5,6,8,9, 10,11, 12, 13, 14, 15, 16, 17, 18, 20 1,2,4,7,18 18
19 10,17, 19 19 19
20 11,13, 14, 15, 16, 17, 20 1,2,3,4,7,9, 18,20 20

£ 3.2 T CAME 1 20 N IRFEE TR KN 2 e ght, 2T TR BOR ot Hodle 0 UL 7y
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JEG Y RS A PTIR AR A T A S A S DU R S A AU TR 2, A 2 A AR I 45 R Re 8 T R R i
JEFETE TAEE RS RN R Z 2R R N B 5 LA H A6, AL10. A13. AL7 &M, W
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Table 6. Result of hierarchical decomposition
6. NEEARDEER
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Figure 1. Bayesian network node
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4.2. gIRREE Ti2dt A B B 32 A DU R 5 4R B

4.2.1. DIMERREEIGE ]
HT TR G A R TR 5 Lo o 2% A S ST RN AR AE — B, DR R R S M B R g 5 DL B 2%
GENITEAT R, 453 DU 28 40 P 2 B, FL e 4 S5 ) o 75 R R R 3R — — X o

Figure 2. Bayesian network structure

B 2. NMHERR4ELER

4.2.2. NMETR%ESHEF ]

Table 7. Risk ranking statistics for each node (Partial)

F7. EVRREFRG(ERD)

A Al A2 A3 A4 A5 A6 A7 A8 A9 AL0 ALl e Al19  A20
wl R3 R3 R3 R3 R3 R3 R3 R3 R3 R3 R3  eeeeee R3 R3
w2 R3 R3 R3 R3 R2 R3 R3 R3 R3 R2 R3  eeeeee R3 R3
w3 R3 R3 R3 R3 R3 R3 R3 R3 R3 R3 R3  eeeeee R3 R3
w4 R3 R3 R3 R3 R2 R3 R3 R3 R3 R3 R3 e R3 R3
w5 R2 R3 R3 R3 R3 R3 R3 R3 R3 R2 R3  eeeeer R3 R3
w6 R3 R3 R2 R3 R3 R3 R3 R3 R3 R2 R3  eeeeee R3 R3
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Figure 3. Results of Bayesian network parameter learning
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Figure 5. Maximum causal chain analysis of Bayesian networks
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Figure 6. Bayesian network sensitivity inference
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