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Evaluation of collapse possibility of deep foundation pits in metro stations
based on multi-state fuzzy Bayesian networks
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Abstract: Many construction risk factors and frequent collapse accidents are associated with deep foundation pits in metro stations,
and there are limitations for the traditional methods to conduct risk analysis of such complex systems with multiple states. In this
study, a method for evaluation of collapse possibility of deep foundation pit collapse based on multi-state fuzzy Bayesian network is
proposed. The multi-state Bayesian network model was constructed via fault tree transformation, and fuzzy numbers were used to
describe the fault state and the failure rate of root nodes, which overcomes the problem that the traditional methods cannot consider
the influence of intermediate fault states and are difficult to obtain the accurate failure rate. Based on the forward reasoning of
Bayesian network, the risk probability of foundation pit collapse can be calculated in two different ways including the fuzzy
probability of root nodes and the actual fault state in construction. As a result, a real-time dynamic risk analysis during foundation pit
construction can be achieved. Furthermore, the key risk factors can be identified for the guidance of risk control according to the
sensitivity analysis results. In addition, the posterior probability of each root node can be obtained by backward reasoning to carry out
fault diagnosis and further predict the system state. Two case studies show that the proposed method can scientifically and reasonably
evaluate the collapse risk of foundation pit and determine the key risk factors, which can be used as a decision-making tool for safety
risk management of foundation pit construction.
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Fig.2 Triangular membership function
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possibility based on multi-state fuzzy Bayesian networks
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Fig.4 Fuzzy number representing natural language
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Table 1 Semantic values of event occurrence probability
and corresponding triangular fuzzy numbers

T 5 H =LY IR
1 VL (0,0,0.1)
2 L (0,0.1,0.3)
3 ML (0.1,0.3,0.5)
4 M (0.3,0.5,0.7)
5 MH (0.5,0.7,0.9)
6 H (0.7,0.9, 1.0)
7 VH (0.9, 1.0, 1.0)
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Fig.5 Bayesian network model of deep foundation pit
collapse of metro stations
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Table 2 Events corresponding to intermediate nodes
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Table 3 Symbols, names, semantic values of expert evaluation, aggregation results, failure possibility scores
and failure probability of root nodes

R AR E, E, E, E, E, BB RS FPS FFR
A K55 VL VL L VL VL (0.000 00, 0.063 65, 0.227 30) 0.088 65 0.000 01
2 By HEK H it A e A L VL VL VL VL (0.000 00, 0.022 57, 0.145 14) 0.047 57 0.000 00
% P Y B TE R K H H VH H VH (0.665 48, 0.865 48, 0.982 74) 0.844 79 0.049 19
i B ™ E ML M ML ML M (0.177 53,0.377 53, 0.577 53) 0.377 53 0.001 91
s WA i)t e M MH MH M M (0.377 53,0.577 53,0.777 53) 0.577 53 0.008 45
K FEHANG T A& 2 M M M M M (0.300 00, 0.500 00, 0.700 00) 0.500 00 0.005 00
% BT JE AR /N H H H H VH (0.143 78, 0.343 78, 0.543 78) 0.343 78 0.001 40
s e 795 6 A 22 ML ML ML L ML (0.118 32, 0.300 80, 0.500 80) 0.305 18 0.000 94
% VERUE A TR 1 22 ML ML L ML L (0.082 74, 0.265 48, 0.465 48) 0.269 76 0.000 62
o NI T AR 22 ML ML M M ML (0211 36,0.411 36,0.611 36) 0.411 36 0.002 55
i SCHE TR K VL L VL VL VL (0.000 00, 0.063 65, 0.227 30) 0.088 65 0.000 01
i BN IR AL MH H MH H MH (0.500 00, 0.700 00, 0.900 00) 0.700 00 0.018 41
i3 YUK EHEER MH H MH H MH (0.500 00, 0.700 00, 0.900 00) 0.700 00 0.018 41
e i AT 08 i MH MH H MH MH (0.465 94, 0.665 94, 0.865 94) 0.665 94 0.014 85
s SCPEBEBER J H H MH H H (0.588 89, 0.788 89, 0.944 44) 0.777 78 0.030 51
e G- POEEA G VH VH VH VH VH (0.810 64, 0.955 32, 1.000 00) 0.930 32 0.107 17
i TR 7 A% M M M M ML (0.267 33, 0.467 33, 0.667 33) 0.467 33 0.003 95
Nis BRI /N L L ML ML ML (0.083 43, 0.266 87, 0.466 87) 0.271 01 0.000 63
o SCPERR BT U R 2 ML ML ML L ML (0.134 06, 0.334 06, 0.534 06) 0.334 06 0.001 27
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AT SR A HR TR 55, 25 A 5 DR A5 110 Wi 5 4 26 4
W

P(ys=0)= % P(x5%%=0)=

> P(y6=O|x15,x16,x17)><P(x15)XP(xl6)><P(x17)=
0.78512

[FFE, nrfg
P(y6 20'5): 2 P(x153x16>xl7;y6 20-5):

X155X16,%17

0.124 68

P(y6:1.0)= > P(x155x165x17;y6:1'0):

X15%16,M17

0.090 20

F4 RAELx, HREUHE

Table 4 Aggregate calculation of root node x,

SRS Bl SIS Bl

E, ML(0.1,0.3,0.5) w(E) 0.264
E, M(0.3,0.5,0.7) w(E,) 0.236
E, ML(0.1,0.3,0.5) w(E;) 0.167
E, ML(0.1,0.3,0.5) w(E,) 0.180
E, M(0.3,0.5,0.7) w(E;) 0.153
Sp, 0.8 AA(E)) 0.900
S 1.0 AA(E,) 0.850
S, 1.0 AA(E;) 0.900
Sis 0.8 AA(E,) 0.900
Sy 0.8 AA(E;) 0.850
S,y 0.8 AA(E)) 0.900
Sy 1.0 AA(E,) 0.850
S, 1.0 AA(E;) 0.900
Sy 0.8 AA(E,) 0.900
S, 0.8 AA(E)) 0.850
RA(E,) 0.204 55 CC(E)) 0.23422
RA(E,) 0.193 18 CC(E,) 0.214 65
RA(E,) 0.204 55 CC(E,) 0.185 61
RA(E,) 0.204 55 CC(E,)  0.19255
RA(E;) 0.193 18 CC(E;)  0.17298
Ry (0.177 53, 0.377 53, 0.577 53) - -

A S, (u=12,.5 v=12,.5) HREEWANLXE, M E, FIELKH
fBLEE .

RS TRy MEHEMERCPT)
Table 5 Conditional probability table
of intermediate node y,

X5 X6 X, =

0.0 0.5 1.0
0.0 0.0 0.0 1.0 0.0 0.0
0.0 0.0 0.5 0.0 0.9 0.1
0.0 0.0 1.0 0.0 0.5 0.5
0.0 0.5 0.0 0.0 0.8 0.2
0.0 0.5 0.5 0.0 0.6 0.4
0.0 0.5 1.0 0.0 0.2 0.8
1.0 1.0 0.0 0.0 0.0 1.0
1.0 1.0 0.5 0.0 0.0 1.0
1.0 1.0 1.0 0.0 0.0 1.0

DL 25 SR BH, A a) T 5 y, HA I H A0 T
B RSB AR/, MR MR IR K, %45 RS
I LB LA F AR o 6 A R A5y, 34T TR
FERITHE, BRI R SR RERNMAE, Xt
ISUE 7 BN B SN S ZH ) B A A E .
JE R F B R U v REME VPN BN BLEY, R
X 13D, ZRE ST USRI ME A AN AR ST 5%
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PEREAE R AT DLSRAF I 10 T S WO IRAS (1 R A i
539 P(T =0)=0.740 26, P(T =0.5)=0.152 14,
P(T=1)=0.107 60.

FRAIRERE, BB T I SR
AR PHRREERIE N (0,152 A1 0.107)
S Sk bR T R b B SUR SRR &, 2k
GUAE RN TT 23R8 vh AR R H BLAZ T 8 R 0 1) 15
B, HREKUIFE AN - 10.74 mm, SZHEERIERIK
EALF CEREBALRS) A 14.80 mm. IXHIIE T
AR Y B0 22 A BOR DL 7 ) 2% 07 VR AE s BRI U
B A B PV 7 A AT AT PR AL IR

FESEBRIE Tl A, PREEH — M N oG E R L
R0 G R 2 7 AR A . AR AR T A
FER/ANHER, AT DLHERAARR SR UG A 7, Tl A
FEGUFZ L A B X e oG BE R,  AT A AR
AR A (16) SRIGHRT 5 x,
XIS A T MR AS A 0.5 F1 1.0 B () S B LR
6 AN 7 RGP BN R 5 A KRB
FIRRDES i

HIZR 6 T A1, 4 T = 0.5 (FEPTAab T &l ”
R I, SR EE B e KRS UM x g » XS TR
FGTh PR BCR IR, DRI AE RV S I B ™
R HR BT EOR AT B3 0 & B L o A I AT A TR
DL IR AT MR . x v Xsy Xy X5y X0
FIFEEZR 6 1K1, T =1 (GEyrabT «™E kR
AR I, S8 E L e KR R x g » T
PR SCHEAN IO RS FE BTG5 B T 7™ B R S
MR e AW, [RIIN AT DA% DR URFF HEAT B i
FRHER: X0~ X5~ Xy~ X~ X5 0 DA (17D
THE TR R T SR AR SRR AR AR X, 1
JEIMERE, WA 7. HE 7 A, CHEEGURAE
OO, KPR R s x . x, R
BERBUR, S ] e 3 B DUR A SR M U5 A
e A, i AR RO eI SR N R a2,
LT LAKE 2R GE AR K i BReRES AT 18—

&6 NEGIPHILMBANRT A XRERE
Table 6 Critical importance of root nodes which has a
large impact on the collapse of a foundation pit

s ffiﬁi a(v) S ffii i (x)
1 X, 0.207 6 X, 0.241
2 x, 0.066 7 x, 0.082
3 X, 0.022 8 X, 0.066
4 X, 0.018 9 X, 0.050
5 x, 0.009 10 x, 0.045

KT RERFEMER
Table 7 Posterior probability of root nodes

P(x,=05[T=0.5) P(x,=10|T =1.0)

TR x,
0.5 1.0 0.5 1.0
X, 0.000 0 0.000 0 0.000 0 0.000 0
X, 0.0000 0.000 0 0.0000 0.0000
X, 0.053 1 0.066 9 0.057 2 0.084 0
Xy 0.003 5 0.002 7 0.004 1 0.0115
X 0.0127 0.0159 0.0114 0.0156
X, 0.008 8 0.0113 0.006 9 0.013 1
X, 0.0053 0.001 0 0.003 2 0.0112
Xg 0.001 5 0.000 1 0.004 6 0.008 8
X, 0.001 2 0.000 0 0.003 4 0.005 8
X0 0.0050 0.000 2 0.013 5 0.023 5
Xy 0.0000 0.000 0 0.0000 0.000 0
X 0.0370 0.041 8 0.0420 0.093 2
X3 0.0409 0.0113 0.049 4 0.1510
X4 0.032 8 0.009 1 0.040 4 0.1220
X5 0.099 2 0.087 6 0.0490 0.0919
X6 0.3300 0.288 0 0.1440 0.3020
Xy, 0.0131 0.0116 0.006 7 0.0122
X5 0.001 5 0.000 2 0.0020 0.0055
X9 0.003 5 0.000 3 0.004 6 0.0110
42 TREZEH2

BOM HL 2R S R KON 9345 m, BEAN
20.5m, JFZIRE N 15.7~16.3 m, FEHERA “F
T4 EANE NSO, HUERE )RR
800 mm, HRAZEGTERH L RN 17.3 m. 2008
11 H 15 HE 4 skt 2 B0k 4 Kt
B, R 21 AFETIARRE . &R, HikE R
JR RS YUAAAE 7 e SIS, SR RAEAE
B (B3 E A A DU IR A K
B, I TAE TRk L ERERILFEEA,
USRS W BEAR R AL, & TR AR T,
PR RS R -

TEARIE h 82 0T TR B S Al TR . R
BE B a0 B M S o) S5 AR Y st 1) 2 i A S AR
FEBEAT TR G, ] DLKE B AR fC2 B IR SE B i
RAVERUEHRH N 2 2 B0 BN B o) B it
T AR A BN AR T T, X R A A T2
YU RN AS 2 4 KRG, [ B 16 2 e b 79
AT SEFE IR R A K o T VB BT A A6 1

S )P BT ) 28 P UL 30 0 268 AT ) S 2K S 3
BEGUHREROAT R B R R
BEL B 300 B M I e i ) M AR Y A < B R
x, N CEIBIETE x, 7 L IR A S x, 7
CHPEBGA TS x 7 S - EEEASE X, 7
MR T RER A, HoR BRI R S AR T m Y
T IS BR il Bk A, L 8.
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Table 8 Current fault states of root nodes

Fe o WA Y HMEERE pe R MRS
1 x| 0.6 4 X5 0.8
2 boA 0.8 5 X1 0.8
3 x, 0.6 6 H&x 0.0

MRAE (D THEARR 9 AR Y RTReR
BIRERE, HPRAGERIX f=/=03, FHX
BYfEs =s,=0.1,

K9 WY SHERSHREE
Table 9 Membering degree of root node fault state

0 1 HBEIRAS HRE

0.0 0.5 1.0

X, =0.6 0 1 0

x; =08 0 1/3 213
x;=0.6 0 1 0

x5 =08 0 173 2/3

X/, =08 0 13 2/3
HAx =0 1 0 0

WRIGE 9 175 1y, ISR S AR, A
(14D, AT B APRIAT Ly, 2 P sReR A 1 A A
e

P(y6=0): > P(xIS’XIG’x17;y6:O):

X155X16,%17

> P(y6 =0|x15,x16,x17)><P(xlS)XP(xlé)XP(x”):

X155X165%17

0.002 34
FIRE, AR

P(y6 :0'5): z P(x15>x165x17;y6 :0‘5):

55%16,M7

0.052 54

P(ys =1.0)= > P(xls,xlé,xw;y6 =1.0)=

Y155X16,%17

0.945 12

L RS AT R, 2 SRR K
H B0 A G i, B-E0ER AL
B SRR AT REE AR R, A5 RS SR DL
FIARF o MRIER O AR mip PHRER R, IR
A A4 R SATRAF A 50 T F MRS B K
EREFE: P(T =0)=0.01223, P(T=0.5)=0.150 24,
P(T =1)=0.837 53,

B3R Arar i, RGBSR R g
PEZ979 0.8, WA FTREACAE ™ B SR SR Rk,

BT T AR R H SO SN S [R]I B—
FOERAGEINE IS, YUK AT AT RelE
WK, il T AR b N 51 A 0 RO EAL, 2 A%
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