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Abstract: Dock engineering in soft soil stratum faces challenges such as high uncertainty of soil parameters and large errors in
traditional early warning due to complex geological conditions and long construction periods. To address these issues, this study
proposes a dynamic early warning method for safety status based on multi-point time-series monitoring information fusion. First, a
Bayesian network model is constructed, which utilizes the response relationships of network nodes and Monte Carlo Simulation
(MCS) to calculate prior probabilities. Then, time-series monitoring data are introduced to update posterior probabilities through
the Markov Chain Monte Carlo (MCMC) Simulation, dynamically quantifying indicators such as the safety factor (F,) and failure
probability (P;) to establish a direct correlation between monitoring information and safety status. Finally, based on the
characteristics of soft soil and relevant specifications, dynamic early warning criteria incorporating 5 warning levels and 3 response
states are established. Applying the method to a dock project in Shanghai, this method integrates multi-point time-series
monitoring information for parameter inversion, effectively reducing the uncertainty of soil parameters (with the coefficient of
variation decreased by 14 % —30%). Meanwhile, it realizes time-sensitive safety evaluation, where the time-varying curve of the
safety factor shows a regular decrease as deformation increases. Based on this, a hierarchical dynamic early warning standard is
established, which determines that the dock is in Safety Level I during the construction period (F,=1.945 > 1.50, P 0.001%).
Additionally, the feasibility of the early warning standard triggering alerts under hazardous conditions is verified through extreme
working condition simulation. The proposed dynamic early warning system significantly improves the accuracy of parameter
inversion and the accuracy and real-time performance of safety evaluation, effectively avoids the risk of false alarms from single-
source data, enhances the precision and comprehensiveness of dynamic early-warning, and provides a scientific method for risk
prevention and control in similar engineering projects.

Key words: Bayesian network; multi-point time-series monitoring information fusion; dynamic early warning; soft soil stratum;

dock engineering; engineering geology.
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Fig.1 The framework of the proposed method
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Fig.2 A Bayesian network integrating multi-point time-series monitoring information
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Fig.4 Standard for safety status warning of the dock engineering

P& v 25 TS 45 G BRAE A 3t IX T RO 38 TR EAT 3R, A4 ) 1o v, B 45 A LA TR e 4 S 2 b T 4%
A H I S8 L W i 2 RO Ml TR 3 3 0 A8 R R LB Bt (Zheng et al.,
S 90 PR AR 2 ] g AR 4R S R A 150 o

B, HARAR T 3 45 T 0 0 1z 1Y 78

SURRRY T B R G T [
2025) , AR AT T Jr 7 M 00 A5 057 3% 122 4 V1A 8] F) X 1o 5%



1422 HERFF=  http://www .earth-science.net

51 %
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Fig.5 Procedure for dynamic safety status early warning integrating multi-point time-series monitoring information

M= {5 B 0=BEHLE R (LA SH)  F =22 7B m () =03 W5 B M) =M &T 0 [ 1R R o650 F(0)=F J&T 0 /)W ] bR 44 ;

SLO =01 5T MR 5 AMIO) =M (1) e 36 5% PP 5 AP |0) =F s ¥ S 30 25 PR s P(OIm) =75 m (O B9 26 AF R 6 195 I P(F/ Pim) =7E

m () BT FECP Y JG B2 s W (L) =56 T BUE bR b 47 4 2RSS B TE (U G0 Level - 222 |, EH N ERG, EH g

Vg V)



4 W R R S W R 0 I S TR B AR A A 1423

92 m, FFHZ TR L 10.5 m, 45 % A9 /i 1 BE 1K AR JE 2y
1.0~1.2 m, 33 5 HE 3 S @600PHC & B, 1 55 Jig 1
T R RELR AL A WAL K 27 m, IS RE R TE R S
41 A AR A9 BT AT (290@1 400 mm) | B A B
7 REMR AR (K 12 m, 450 mm X 500 mm) ¥ 1% , 15
% JBG T R R K 3 B 5 R R AR =2 T T A Y
i @600 5 PSOOPHC 44 Bk . b Il + 2 S WL 3% 1, e
T L 2.

2 P B S TR TR G A I ) AL R
PRt T 4 3 5 38, FL B K R g 3 PR v i B A4 T
B | SO R 57 B 3R ] SE AN 5 L B W ) A
R T 2 P sl B/, BOHE 7% 2 5 B, FLIG BE K
S A% SR R A 5 TR 4 B B A R T 1 DG i 4
. PRI, AR S 3 B R A AR £ TO03 2 A4 i R 43 S
W A5 (X, 0 X ) HEAT ARG, W00 A5 A L T 6.

Pl 7a J@ 7R 1 W AR K ST B I AR il 2% 2 2022
AR 10 H, BRY W T B ST T 6 e T, 5 o 483 7 0 AR
& HEAT W 5 BE FR G025 B B A B Bl DN
20224F 11 H 2 2023 4F 2 H A S IF 2810, (7 58 2
LRk KR B TR AR 2~4 H ORI AR DR SR B, 7 B8
ANIEIE A, SRR TR R RR B £ R 1A A
J& ,5~6 J S 138 4 1l BRI AR A 0+ R g
ZR, 0 A% 5 BB 2O 5 S 4 it T 58
B R TE W B SRR R SR DL B T I R AT
SR, L PP AL AT AR AR E M R 2 )
ATV 5 UE BT 4R T vk Y TR M

22 HERBE

i A BRI PLAXIS 2D #5401 % TF 450
it TR A VR R 2 = 0 Y AR TG 0, R Jie Sk ST
M) 17 T 7 i A L A4 B ) 2 Al R EC L m R
iR DT T, BRC(E AR B LA ROSF R 252.0 m X 1.0 m X
68.5 m. XF 45 5 A0 DX HEAT A% F0 fk A 3 KRS PRI
S 0.707 1, HoAxAEAZ O XOMLRE RO 1.0, B4R i
4 118/~ HATT, 37 307 4~ A5, PIA% Xl 43 4 141 8 T /s

BRI 300 45 R 15 Sy« DG 38 [ S 249 SRR
M3 0] 29 L8 T BRI T B B B A B L RO
FERR T E A AT, W R KA — 1.0 m; I
P25 500, 352 AR KA E — 4.0 m, 35 = N KA
il A7 —10.0 m, 4527 JE 5 Ko N 18 18 2 Sk AS 33 K i A
M3 52 P bt T3k A2, 6 B S A i R A e T 4B AT
BA M S N T ey % B 20 kPa, T35 A5 BE AN R K
AR W3 2.

S N Ny AR I S N VA e o N L R
(HS-Small). & + 2 F LS HHBME S % T T HRE
(2023) 2 H i ¥ 4k + HS-Small B 5 2 8 2 56 5
ok, RN SR 3778 . YIS ERGE K & LA bR A
SR FH 4 P AR K BB B LR SR FH AGE R T A
1, PHC % #t 5 4 i B A R J Embedded ML, 15
IR R I EL 78 20 A AN AR SR FH Al B T AL, 45 45
g A8 TET R T R A AR RE TR0, A OG5 2 8
W4
2.3 g3 DU H ) 2%

BT 072 i B 43 0T M 1 AR T AR R

I A I
. DEBEBRES : @FLEHELH l
- HR A 1 T 41 L SR )
T ST 7 +4.80 X, A S s 1

200 g s s 170 OF B E LY i L —
RRH e 2 3000 mgwER A HHEF s
@, B i W seemmll | 5100 J£1000 mm 214 b b | § iyl #

& —
H e =.4.00 -850 © JR AR BE 5 =27 m I Q4604 47 F I N
@, Kk £ B 10.0 I ®90@1 400 mm \
L= | HEREARME , L=12m ]

@ U TR L I 450 mm X 500 mm
©,, Mt 1

) ¥ i A - - I
O, Bkt ®600PHC E Hf  -=—mmmo

/ ®600PHC # b @3 000 mm B @NOO Sin S
®,, MiEH L ®600PHC 7 hit ﬂ Slﬂmll‘ ]ﬁzmmm ®800PHC 7 fit
@3 600 mm , =39 m, 38 m @4 000 mm, L=45m,47 m
11— ®600PHC 4% bt
O B+ @7 @3 000 mm, L=45m

6 i AL BT T R B (AL m)
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Table 1 Mechanical parameters of soil layers
e EhEy - 14y JEL Li'E DAl W o JEgHEE, BiERBK
- (kN/m?) (m) (kPa) ) (MPa) (m/s)
Ot 18.5 3.0 10.0 10.0 5.0 5.00%<10°°
@, IV ST K T AN 1 18.0 2.0 13.0 20.5 5.3 2.00x< 107
@, Wk + 18.7 4.5 8.0 27.0 9.2 2.80x10 7
@, KBk 18.0 10.0 10.0 23.5 7.6 1.15x10°°
@ YAV JoT RS 1 16.9 7.0 12.0 11.0 2.4 3.51%10 "
Oy "= 17.3 4.0 14.0 13.0 2.7 2.80x10°°
© ., ¥ UK + 17.8 4.0 16.0 16.0 3.4 4.42Xx10°
©,. B UK £ 18.2 20.0 20.0 20.5 4.5 5.91x10 7
O, M AL+ 18.2 5.0 21.0 22.5 5.0 5.91x10°7
F2 MBEITESHTKEETER
Table 2 Construction steps of the dock and changes in groundwater level
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it T4 9 | T —
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4 2022-10~2022-11 LHERRE RS —4.0 —4.0
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6 2023-02~2023-04 12 PR AR T —4.0 —10.0
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Fig.8 2D finite element model for the dock engineering
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Table 3 Parameters of HS-Small model for each soil layer in the dock
Eéif Ere( ELr:( Gre( ref
LR d 50 0 P Sf’ 70.j - . R,
(MPa) (MPa) (MPa) (MPa) (kPa) ) (107
@) 5.0 5.0 15.0 60.0 100 0 2.0 0.2 0.8 0.9
@, 4.8 5.7 28.5 85.5 100 0 2.0 0.2 0.8 0.9
@, 8.2 9.9 49.5 148.0 100 0 2.0 0.2 0.8 0.9
@, 6.8 8.2 40.8 122.0 100 0 2.0 0.2 0.8 0.9
@) 2.1 2.6 17.1 51.2 100 0 2.0 0.2 0.8 0.9
®, 2.5 3.0 14.7 44.2 100 0 2.0 0.2 0.8 0.9
O 3.1 3.7 18.3 54.9 100 0 2.0 0.2 0.8 0.9
®,. 4.0 4.8 24.1 72.3 100 0 2.0 0.2 0.8 0.9
@ 45 5.4 26.8 80.4 100 0 2.0 0.2 0.8 0.9
=4 MIBEMSH

Table 4 Parameters of the dock structures

. R Gy R A FAIE A 7R e
E2 ) LSy
Bl (kN/m®) (MPa) 4 (m”/m) (m*/m)
. 0.17(£600) 0.005 3(¢600)
PHC & HE Embedded ## L 20.0 3.80< 10" 0.2
0.24(£800) 0.015(¢800)
TR BE L ISR bt B 25.0 2.55x 10" 0.2 1.00 0.083
TR B - AR i + 1k 2 25.0 3.15X10* 0.2 - —
Hor ke ik + 1k 2 25.0 5.00X 10 0.2 — —
Rt AT AL — 2.05%10° 0.2 0.006 4 -
i BE AR BE Embedded b [ixds 20.0 2.05x10° 0.2 0.25 0.005 2
AL R L A R AR i Lk 20.0 2.05%10° 0.2 0.35 0.003 5

TE O WA AR EARZE A PHC & BE

GARRB AL (WEYA Level: “EH 1 ,1E
HY VBRI EREN ERBV).

BT EJEARZ BRI & 80T 52 e 1 R P 1Y
2 AT R BURAE S BT (PRI R 32 3.1.3715 ), 4521
KW L E @, 1Y 12 2500 1 % W0 A2 T 11 R
PR W AT 3 e T R )R R, AR SR

A 21 0127 S RO AR A S 1 R EOC &R (Li
etal., 2016; 3KIE 45, 2016). %t L7 Fifi AL A8 2 H oy
A1 2 ARl RO K o AR G54 v] S PR 3 i 4 —#n
M) (GB50199-2013) 25 6.1.2 4% , 2R I X $1E & 4
i, AR 7 R B cov U 2 % SCHR (Phoon and Kul-
hawy, 1999; Peng et al, 2014; 3% €45, 2015) , H
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Fig.9 A Bayesian network of “monitoring information-

soil parameters-safety factor”
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Table 5 Random variables and their distribution character-

istics
@, 2Rtk
Fifi #1745 Gy AR ¥ bRz AR R
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T Anf 2% BUE AR R, 9 8h R T is/Ning 32 8h R
TR e KOKSF % H BL A 7R & IO - A2k &
4 0.204 m, A5 M 7K 5 4 0.160 m. A7 U 48 JE B %5 /0N
JEH T HRE T 53A 0015 6 &R PHC &5
B 2 F A, PR UL A 2R G0 5 AR T 1) 24 SR RN
S BE AN, B b MR 2k A 32 R AR Bt T e
5 ) 7 A N AR KO B e A L i A
&L AR bR
1 Bl 10b % 42 REOK T = Bl UL i 35 4%
1 a E M2 4 BB F.=1.938, it K T 1 2 bg i

1.50. 5 FET Ik 1158 T, 35 = W 00 T LU 135 i Y
e L8 B T, 22 M0 R SCA 25 0 AR R D RS XL
B T A (E A 0 A A SR B AR AR T A R
LT AT e O R A A e M
3.2 Mg RXFLLIIE K 7RER T E AR
FH R 75 & T00H8 7K A3 8% 78 AS [a] T8 1 728 il 2k
P 7a S S PR W0 BdE | P 7h Sk BB AR A0 45 AT L
BB, B DLAE S 55 B I W I i B R AR I
Po—3, ATE S M AR RGBT
T T K £ TO0HB W I 5 X, A X, 7K A S B
I 5 A5 UL A X Ll 2 SR, AR R 25 B/ T 5 %,
X 2% W T by A ) BRI R TR 2 Bk B RN TR ik 3
AL B8 0 B ) S B 3 2 ST Y 45 1 KT AR TE R
38 T i 0 T A A
313 BNEENELTENESHSEEMES T
WA 2 B4 R 43 A T AR Ol 3 2 B T Y
filh . PR 7 £ 00 AKOSF 67 B e K, AR 4T LA T A X,
X AT RL AT B MR , XA 3R Ty ¢ P BE 4
i o AN PE B E = 28R ALAS i AR A B AR b
S0 Y Y R PN ) 5 2 AT R AR A A

11 o s v R A R R TR — R &
T L%+ 2 BEHLAS B 2 808 KR B R £ T K
TR B R R R R o BRI A o XK RS
AR5 R B ol 3 R R ) ek B S B E AR R
AT 5255, B HLAE B AR R o> > EL il —
b & B, MR BE ML AS AR AT, £ R @, 1K
S5 e 7 0 R g A )2 X EE AT
24 2 R AR AL A AR R B K BLAL T IR IR A% O
DX, eSO A 5 )2 @ 7 T AR R S
MR Z Wi T REARERENEZEO.Q, il
@y, Ho O A X AR . 2 ORE HEE R
@3- D>D~Q,~D,_,.

BT L 2 S BUURE T Es R — R
# 1 2 S B0 52 i AR (5% i AN EE = AR AR X
SHE S FZH) AL 12 S B0 B KK B
ST A X)) Y BT 5 L, &5 8 00 3% 7. 89 o
@, 2 BIAE & ik 63.1% , H m AL E H kG
B e WNEEES @ FPERL B E 4 B 5Tk 33.5% .
22.7%.6.9% ; @+ A M ACE & Ry 22.5% , H
R R R ) o N EEHE f o UMEAS BE E 43 3] BT ik
7.6%.8.5% .6.3% , % S H G KT O, +
2 Hofth £ 2 ACE (S AN 14.4%. FREER %
W ,Q, 2 EEH TR S 2 aREN 1



55 4 ) w

BRAE R T 22 m I A B AR Y AR R S TR RS BT

1427

X,=0.213m

220.00

180.00

= 140.00
X,,=0.160 m

100.00

60.00

|

Vol

20.00

L

N

7/

N

I 38 3 ”

-20.00

KL F (107 m)

M| 5 30

-60.00

P®s: FEREE+L

X

-100.00

-140.00

-180.00

50.87

45.05

39,22

33.39

27.57

21.74

15,92

%4 F UK AL B (m)

10.09

4.26

=1:56

~1.39

P10 s T 4 A R T AR AT Y
Fig.10 2D finite element model for the dock engineering
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Table 6 Comparison of simulated and measured horizontal

displacement values for each key step

X,y(m) X;,(m)

it T - =

s T SLpr BUE SR Bl
) e B W B
4 LR E R 0.000  —0.001 0.002  0.003
5 FizmE 0.213 0.204 0.163  0.160
6 25 P4 IS AR T 0.220 0.207 0.168  0.161
7 R R RIS 0.228 0.225 0.176  0.176

2 H A L E BRGSO B
32 NMHETMEALEEREESF

DT ST 190 2% 1) a7 2 R B E A% T R S
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Fig.11 Sensitivity of monitoring information to random variables in soil layers
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Table 7 The influence weight of soil layer parameters on X, horizontal displacement
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Fig.12 Comparison of response function and finite element method results
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Table 10 Design and safety evaluation of extreme working conditions for super large deformation of dock
T () I K U5 540 3 e EL= iy
X,,(m) X,(m) c(kPa) o) E(MPa) F, P, B

0 0.00 0.00 12.3 26.7 8.22 2.29 0 —

1.0 0.08 0.05 11.5 25.8 7.96 2.16 0 —

2.5 0.20 0.15 10.2 24.3 7.59 1.99 0 —

5.0 0.28 0.20 9.72 23.3 7.48 1.90 0 —

7.5 0.30 0.22 9.59 23.1 7.43 1.87 0 —
10.0 0.35 0.24 9.40 22.6 7.39 1.82 0 —
12.5 0.45 0.30 9.07 21.5 7.33 1.73 0 —
15.0 0.55 0.38 8.75 20.5 7.24 1.64 0 —
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Fig.17 Horizontal displacement cloud map of key steps in “basin excavation”
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