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Abstract: When a tunnel collapse occurs, decision makers often do not have enough reaction time to take appropriate
reinforcement measures. Advance prediction of tunnel collapse failure probability has become a key issue in tunnel engineering
construction. As for assessing the tunneling collapse failure probability and providing basic risk-controlling strategies, in this study

it proposes a novel multi-source information fusion approach that combines the cloud model (CM), the multi-output gaussian
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process regression (MOGPR), and the improved D-S evidence theory. The fusion of multiple monitoring data (vault

displacement, horizontal convergence displacement) reduces data uncertainty and improves the accuracy and robustness of

assessment results. In addition, the surrounding rock deformation predicted by artificial intelligence is used as a source of

information to obtain an advanced collapse failure probability assessment. As a result, decision makers have a longer response

time before the collapse occurs. Applying the method to the Jinzhupa tunnel provides decision makers with more response time. In

the end, only a small amount of deformation cracks were generated in the surrounding rock support, avoiding the tunnel collapse.

Key words: tunnel collapse; failure probability assessment; cloud model; D-S evidence theory; multi-output gaussian process

regression; safety engineering; engineering geology.
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Fig.1 Flow chart of the proposed hybrid method for multi-source data fusion decision
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Table 3  Prediction results of surrounding rock displacement in K242+ 880 monitoring section

ST MOGPRB  SVRHL SVRA SVRH

A 0 s i) . i . MOGPR # - S AT MOGPRB — © MOGPRAHI  SVRA
(d) e Wi W ) TRE (mm) Wi mm T () w
(mm) (mm) (mm) (%) (mm)

10 12.3 12.00 11.40 2.45 7.29 10.7 10.36 10.34 3.14 3.38
11 12.9 12.38 12.00 4.04 6.98 11.3 11.00 10.31 2.65 8.73
12 13.8 12.77 13.00 7.45 5.80 12.2 12.00 9.89 1.64 18.92
13 14.6 14.65 14.43 0.33 1.18 12.9 12.74 12.72 1.25 1.38
14 15.3 15.63 15.10 2.15 1.29 13.7 13.33 13.30 2.70 2.94
15 158 16.66 15.68 5.42 0.79 14.4 13.88 13.83 3.60 3.98
16 16.2 16.58 15.92 2.36 1.71 15.1 15.09 14.63 0.05 3.08
17 16.8 17.27 15.81 2.78 5.88 15.9 15.80 14.63 0.62 7.96
18 175 17.94 15.42 2.51 11.86 16.5 16.50 14.32 0.02 13.20
19 18.1 17.76 17.76 1.90 1.87 17.0 17.13 16.78 0.76 1.29
20 18.7 18.06 17.73 3.41 5.21 175 17.68 16.91 1.05 3.37
21 19.2 18.29 17.30 4.76 9.89 17.9 18.17 16.80 1.53 6.15
22 19.7 19.41 19.30 1.46 2.02 18.1 18.23 18.07 0.73 0.16
23 20.3 19.38 19.19 451 5.47 18.4 18.47 18.21 0.38 1.05
24 20.9 19.13 18.82 8.45 9.94 18.7 18.62 18.24 0.40 2.47
25 214 21.36 21.23 0.21 0.82 19.1 18.98 18.78 0.62 1.68
26 21.9 21.82 21.54 0.38 1.65 19.3 19.32 18.81 0.08 2.53
27 22.6 22.24 21.77 1.59 3.69 195 19.68 18.72 0.91 3.98
28 23.2 23.18 23.00 0.09 0.88 19.7 19.49 19.55 1.07 0.75
29 23.9 23.81 23.36 0.39 2.27 20.1 19.31 19.41 3.93 3.41
30 24.5 24.44 23.56 0.24 3.82 20.4 19.00 19.15 6.85 6.14
31 25.1 25.15 24.84 0.21 1.06 20.6 20.60 20.59 0.00 0.07
32 25.3 25.81 25.03 2.02 1.07 20.8 20.85 20.81 0.22 0.07
33 25.5 26.48 24.99 3.84 1.99 20.9 21.08 21.03 0.88 0.61
34 25.7 25.40 25.42 1.18 1.08 21.1 21.10 20.87 0.01 1.10
35 25.8 25.11 25.11 2.69 2.66 21.4 21.22 20.75 0.85 3.04
36 25.9 24.66 24.58 4.78 5.10 21.6 21.31 20.52 1.36 4.98
37 26.0 26.00 25.94 0.02 0.24 21.7 21.71 21.62 0.04 0.37
38 26.2 26.10 25.98 0.39 0.82 21.9 21.85 21.50 0.25 1.83
39 26.3 26.18 25.97 0.47 1.25 22.1 21.96 21.26 0.61 3.81
40 26.5 26.38 26.21 0.45 1.11 22.4 22.25 22.34 0.65 0.25
41 26.6 26.38 25.98 0.82 2.34 22.6 22.41 22.62 0.83 0.10
42 26.8 26.29 25.70 1.89 4.10 22.99 22.56 22.80 1.86 0.84
AL TR 149 7 24 4 Xk ¢ 22 (26) 2.29 3.43 1.26 2.29

R4 FOERERNZEISHE

Table 4 Cloud model parameter values of two monitoring indicators

B 1 I I} v
g
Ex En He Ex En He Ex En He Ex En He
i H % 1 0.333 0.002 3.5 0.5 0.002 7.5 0.833 0.002 12.5 0.833 0.002
E SR 5 25 8.333 0.002 75 8.333 0.002 150 16.777 0.002 250 16.777 0.002

B o) A BRE VR PPAT SR AR S I B 25 . A R EEAT LA, X BRGE FBLAOIR B AT A A IR,
SCBE B 2 O RS R TUAL RS FIOK S B DA R AR RO 04 O B T B R T A 00 v
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Table 5 Fusion results of five test samples
BRI Wi PEASREE GIMRUEER IR AU R SFRUTMRBAER SRV RS EE SRR

No.1 HETR A 0.80 0.20 0.00 0.00 I I
TR W8t 0.45 0.55 0.00 0.00 1 I

Improve D-S 0.77 0.23 0.00 0.00 I I
No.2 HETRNL 3% 0.50 0.50 0.00 0.02 - I
TR W8 0.60 0.40 0.00 0.00 I I

Improve D-S 0.70 0.30 0.00 0.00 I I
No.3 BT B 0.00 0.80 0.20 0.00 1l 11
KPS 0.19 0.81 0.00 0.00 11 11

Improve D-S 0.00 1.00 0.00 0.00 11 11
No.4 LT 0.00 0.30 0.70 0.00 111 111
K8 0.00 0.56 0.44 0.00 1l 111

Improve D-S 0.00 0.35 0.65 0.00 1 I
No.5 HETL B 0.00 0.15 0.85 0.00 111 11
K8 0.86 0.14 0.00 0.00 I I

Improve D-S 0.43 0.15 0.42 0.00 I I

*6 FEEEEMBTN
Table 6 The prediction of tunnel surrounding rock displacement
I ZREE (mm) T A4 (mm)

KE 1 2 3 4 5 6 7 8 9 10 11 12
BETRAL S 3.1 6.6 8.2 9.4 10.2 11.2 13.2 16.8 21.1 26.5 36.5 47.3
K-l 2.7 5.1 6.5 7.2 8.1 9.3 11.4 14.4 19.5 25.1 30.6 35.1

- 3.1 6.6 8.2 9.4 10.2 11.2 13.2 16.8 21.1 25.8 34.4 38.1
S BRIK

- 2.7 5.1 6.5 7.2 8.1 9.3 11.4 14.4 19.5 24.6 31.1 33.4

(2) X4 W WA A7 F 2 o5 HE 5 5 9 ih 7 et
H e RME SR o A A A e DL a2 TR ARG T 8 K
R 459N Bk T # T No.2 B TR A % BT s, 4
B B30 0 304 S TR 1T B9 HE SR R A S 0.50. X
(DS R 7 R D= - G N
il A 2 A W R W T OV A 2 RS
SEVE BT VR AR A o o ME RN

3 HiR i

<5 BR A B T 7 il T 0 309 R SR H A S A Y B
B0 R B ARV A D7 YA 48 Tt T . 2 R T 2 R A I
ZLAF I, T R O R R S A R S B O Y
B, WAL 6 I 7 L3 PR O Y BT B LR i R
B 2R A B A7 Bla 32 am i 1 & 8T Y
B KA S A TR R M T SE DR O T REA
G B IR 8] R A5 34338 190 By 15 0t . AR SR R [l 2 9

T A A A5 B R HE AT I O OME ZE PP Al X R AT LA
I TR0 S 4 A A G, AT Lk U S AR A 1
[F1] SR S FL 25 o 31 %) A 66 0t B 3% 05 ¥ s T TR Z
DT 28 i A ot %) P 38 2R S50 ME 2R TR . 4 % A D T
it (K243+160) , % F MOGPR %t [l & {7 # #F 17 1
W, 25 5L AN 3R 6 BT 7R B Bl 060 7% T0I(E A A 15 5L TR
HEAT 22 508 il A 4 B A5 20 IR R SOE R AE 25 3
RTPR AKEKIIW, PHERUERKE BB T,
A AT BE & A /N FLRE Y I R AR R IR 35 1 0 SR B
AH L HE il 9/ BE 004 B8 1K ST i SR B B 1S
TG, N A5 Ik BE G T R G 1 X PR A
A TEAEFERKE, THEMURKZ N
Jn s 400 YR A A R RE S g% . R B L AR it S L
TR H AR R R K G T 4k St T
MFE 6 H AT, 45 10 d 11 d B 07 F% T 5 52
B R 22 55 /0N L 585 12 d 1% S Rl A o 345 3
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Table 7 The prediction of the collapse failure probability

I %5 4 (mm) T50 0 £ 5 (mm)
K 1 2 3 4 5 6 7 8 9 10 11 12
o AP 35 4 I I I I 1 I I 11 11 111 11 11
BMUS R I I 1 1 I I I 11 11 11 11 11

6 BEif T

Fig.6 Tunneling collapse
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Fig.7 Failure level assessment of tunnel excavation cycle

IR CR B A G0 TG X 2 i TR MU FBLE o o i
i, B TR A S AR G, DT AR T A RS
AR SR T B4 57 B A £ S IR BEAT P Ok 2k
S QLTI , Oy R 3 4 I B 2 ) W) IO P (] e 2
S HU A A B R Y LR bk T B T B
& A A SRR W T A O Ik A B RE
o Je 2 W GE O 42 4R IR ARG I O ARt R (E

T AR PR X B T A T

AR SCXF — A~ 5E 4% B FF 250t TR 30 A4 3 O Rt R
PEAT T, A K243 140 % 18 W7 i (47 T W 24 % w5
) B 2 BT 04 B A TS T T 2 Ak A O AR
SERANEN T P . BT, 265 13 d AERS 24 d R TE Y
5 R A A G UM L T B T % Ak T /N BB 3P 3 2
RO YW R T IE WS, FEREW
(250 mm/h). tH F R K A2 il A opeds | B AL Bl
T HEA RS HE A AL AR T B e
Bl 25 R R Ak 1 15 B KO AR R AN 25 S DR
T B A s T, K i X % G W R S A AT
J i 5 K i HE K, A R A A B A ] I B 2 4y
IK A R A AR T R R I oK
- ZHT AN HEAT T L Ok RORE R DAL T IR R T
B AE FHCR AT PR R TR 20 R A TR g

B R G 33 30 2 20055 g s b I 8 S o R AR

4 g

AHIEFE AR T 3 T [ A RS T A B G Y
5 R O AR VP4 O vk L 456 v B AR WA A A
SR T B 2 A% BEAT B . 9F s 2ot 59 D-SHIE
F: PR AR R L T B 2R B S5 A8 A K P Wi Sz 7%
R R A AT RS 19 BRI R R A R
{E . WO A% A1 O A5 BRI E AT 2 BdE R, T R
B LK (9 53585 2 20 B0, Dt TN B 4R it e
AL SRR AR B SR TS TR B S T
DL, 0 T R Y B 32RO R A RN, TF
Bt Ok LA TR R SR JBCAH R Y G, S B AE R 2,
RRHEF T TR 05 A SCORE 4 H Y 2k R 36
VAL 7 Wk as T A Bk BE OB 15 B LT 4598

(L) AR J5 ¥k g8 1 #E T 88 F K 7 W 8 fs
F 19 W 0 Hh A S0 oE A A4 B GE B 8 Ok 2k
BERIPAGZER M TREREEZERERAZ,
KB R AVE Al e — A 2 Jm M P S R A —
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(2) % Bl A 0 %% 3000 A AR o fil & 20 B 19 45
ST, TN B GE 8K OB R X O B R iR
B — A AR PR BUE S S R E A LB
F4 T ) SR JBCAD SR e 02D B I Y A

(3) 2R FHI2% 77 1 %) < TR W R 18 047 3433 2% 20
P, WD T 5 S AR OB AR AT R
RO AR VPAS Z AT, P 4 100 m 5942 48 3t 2 &2k —
B /NP S R AL | B 250 m 942 4 TR
oS A TR R 3R B, A DU T 2 5F B4
SR AN BB 45 T, i L R RN R Tt T A
HIF 9 AR 5 2 28k 45 G il L 7 % L A9 8 i B 2 o
B RBCE R A AT REAN R ALY AR AR, n] LA
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