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Abstract: During TBM tunnel construction, collapse risk
continuously evolves as a result of interactions between sur-
rounding rock conditions and tunneling behaviors. Existing
knowledge modeling approaches mainly rely on static textual

semantics or empirical rules, making it difficult to capture the

dynamic risk variations revealed by construction monitoring
data, which in turn limits the timeliness and accuracy of risk
assessment. To address this issue, this study proposes a
TBM surrounding-rock collapse risk knowledge graph con-
struction method that integrates expert knowledge with con-
struction monitoring data. First, an ontology of collapse-risk
elements is developed based on literature review and engineer-
ing expertise, providing a unified semantic model for geologi-
cal conditions, TBM tunneling response states, risk events,
and their relationships. Second, using tunneling segments as
the fundamental spatiotemporal unit, segment-level statistical
features are extracted from monitoring data such as advance
rate, cutterhead torque, and thrust. An interpretable decision
tree model is then employed to learn high-risk split thresh-
olds, semantically mapping continuous numerical features into
instances of TBM tunneling response states, thereby enabling
an explainable transformation from monitoring data to graph
semantics. Finally, under the constraints of the ontology, seg-
ment-wise knowledge triples of “geological condition-TBM
response state-risk event” are organized and stored in a graph
database to form the collapse risk knowledge graph. A typical
TBM tunnel case demonstrates that the constructed knowl-
edge graph can systematically organize the associations be-
tween adverse geological conditions (e. g., fault-fractured
zones and water inrush) and abnormal TBM response states,
enabling structured representation of the collapse-risk evolu-
tion process and supporting segment-scale risk assessment as

well as retrospective analysis of risk evolution.
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Fig.1 Workflow for Constructing a TBM Tunnel Collapse-Risk Knowledge Graph by

Fusing Construction Data and Expert Knowledge
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Tab.1 Semantic Relation Types Defined in the Ontology
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Fig. 2 Ontology Structure Framework of the TBM Tunnel
Collapse-Risk Knowledge Graph
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Fig.3 Instance-Layer Construction Workflow of a
TBM Tunnel Collapse-Risk Knowledge Graph
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Tab.2 Typical TBM Response Features and Engineering Meanings

UL T R fiE HEAR R AE P9 TR 15
HAE SR CV, CVi=or/pr il AL SRR, OV 0 R X I 0 2 AN R i L i g 58 AR
ek RS, Sy=dV/ds FENE A R (1 S I AR b e B, R e sk AR v Y BEL T 7R Ak 4 Bl G
B A% API API=PI,— PI, , W ] A5 R 00 A A, % TR A0 k-5 A e A 2 Uk
I g SE SE=(T+w+ F+v)/Av FEF AT PBUS R B 2 REFE , 2 VLIRS R 55 6L 25 1) 7 4 b
etk - MBI AR ER,()  Ry(O)=T,—f(F,)  fikifet )y 550 2 100 69 1 2504 i 2 TR0, R 22 W R UL 4 WL R 50 32 4 Bl B T
HIHAE L% S S, =dT/dt FENE AR B W 28 A8 47 oy, S S W7 00 5 A7 B A I S22 1k A S A AR R

W TN I B HLRE s F O ek 0y 5 VO ffi 0 801 5 o 38 7 #fi 00 0 88 10 I O {0 5 o0 O D0 B A B 5 A K BE TE T 42 T I B s e 5o 53 00
PR G B D LA A Y (B S AR o 22 5 PT O BTN AR AR 5 2 K R I R BOR AR I 205 (F ) O kA k) 40045 A5 20 A L w0 RR AL,

P AR A E — 4R 2 o) B 22 8 T2 R AR

5T S5 A g A A A P K SCHE BT 45 48 R AT S 1
JT R 2R XU 5 e, T e T R b R A e
P R O KOO AN R, MOCE R FE R
5 M 5 BB 28 TR R A Ml R PR A i T H AR AR R
ERI AL SCAS B , R R IE 5 LAY DeepSeek 4 B9
FER YL IR S SCA R (1 5 e A R AU
FAETHEAT A S BT AS [ RORHE A R
R PR AR T ZEM RS 5% — 5
GARFZR T b BT 5522 R DA R da e Ry B 0 O 4 XU
FAFHAT IR

38 3 LA b B R — i X B A AT X R — > 2

¥ Ak 1 DX B 2 XU A, 523 T B M 4t 2 i) 7 R A
b I F A RS S R X B RUEE 15— 2140
1.2.2 A7 CART PSR 19 TBM # i il 1y bR 25
WU B i L4k

DL 2 X B Ry AR 4 B 0T, A SORE X B G
TBM H 35 Wi 57 R 18] F AR A I AU 3544
P& r AE R MBS A TR B CART PSR M)
FHF 42 4 = AU T TBM i 2 1 17 5 AIF 179 G i 43 584
BAE . 2 B %0t T R e O R A E R
lia] 58 4 09 0 S . AR I ZRad B b e D
FRAE fe F X ILBIE 0, 38 i fi /ANE 30 43 J5 0 AL 5



5 51 55 5 US

PEAE < it T4 5 % AR B R 04 T BM 5% 38 35 07 KU 3R P18 4 22 vk

5

Je A8 Bk B L 3 B
( f*, 0*%)= argf, Omin Gini_split(D, f,0) (3)
AR 2 @ ={ 0, } s T FRAEAEAS v 5 KU
F 4 135 AR OC I OB B AL, T A Sy TBM 4l 2 i 17 R
A SCHE )RR o 7R [, 257 TBM 4
W W REAE 5 T SCIRAS B W BIL o 328 R IX B Al 2
FEAE FAE hy i A S £, >4 W D0 50 8 o oF 17 ) i
RV 3% X B TBM i 30 5, I 3 A4 vz A9 T2
T X% Lo A — X B AR 1F 24 18 SObR 25 [R] B
BAE, T B IX Be 96 TBM i i iy R 285 38

CSEE

L, ={Ly, -, L} (4)
e Ja MRS T SCAE S 09 355 5 AU 21 BT 3% A 44
BRI R b A 1 ) 75 30 9 X B T B M 4 1) i
ARG SRS L AT 5204k o A< SC DA F X B s A
RgE—2 G|, R E - X BN ) 2 IR AF BT R S
FEMR : —TJ5 1, K i TBM 4 BE R 7R AR 28 CART
1] {1 e 555 45 21 F) T BM i 2 i iy 4R 28 S5 4] DG 36 31X
Bes, s o3 —J5 8 5% X B BURE 1 FBD6F 10 1) b o

FAF LA G5 R F 0 SR ) 25 O BR 3 X B 5,0
TEPCSER [ AR PR AR RS2 /38 R A T X
e R A YUK BEIN ML T 4% 2F - T BM 38 2 i )57 1R
A5 RUBS S B I = on A, AR AR S R A
Neod] I E i

2 LBIRES S

PEHUMAY TBM B8 TR F37 W Z KB, &
K 25400 mo % X BB 5 DARD BT e A W2 U A
JR B K W Al O A R ES AR L B R
B R E MR 2 i T 2k Bl e 5 O 4
U 5 R o IR ST CAE T % IX Bt T 4 4 A 1 £
F AL L CSV % 2% 2210 55 19 TBM i 2 15 %%
it L B b J5 25 4 RR T M 5T TR 4 A i T H AR AR
Bh AL AN B b BT 45 1 XU S ke Ok AR

R G — 43 AT RUBE N 3% 25 0 2 ok R e i g IX B
43 > B R T X B, I DA X B S LA X 5 b
A TBM $it a0 7 45 AF 55 JXURS: < 14 A 25, 4y 2t
259 A S TEREAR , 3 3 BN T AT FEAR .

F3 MHRXBEMTHEARLHWLERRG
Tab.3 Examples of Instantiated Quadruple Samples at the Segment Level
TBM 4 3 1 )57 54T F,
e 4 7 25 1 IS P, R
i E X B s, )
G, SE/(MIm™)  CV, Sy API/(mmer ) R,(2) Sy 7
S-001 ¢ [ 39.6 0.18 0.12 5.3 310 10.8 T R = A
0T 2 T e
S-002 o 51.8 0.31 0.21 4.1 420 22.6 Jey 5 H7
Bl R e
B 2 Tl e
S-003 WA EE 64.2 0.64 0.33 2.9 585 27.4 7
WKEF
Wr 2 i ey
S—-004 i T B 25 69.5 0.52 0.36 2.6 630 30. 1 W
ik A
W7 J2 1k e
S-005 ik 1 B 5 58.7 0.40 0.28 3.2 560 24.7 Jry R O
BIKKEH
T 2 Al o iy
S-006 o 42.3 0.48 0.15 5.0 345 23.1 fri g
B RE A
Wr 2 i ey
S-007 - , 40.8 0.19 0.13 5.2 330 11.4 T6 R 2
r 5 8 K R o o A

K CART B 56 W 55 3k X 259 A~ A 2 47 )1l
G, DAL R R KR AR N 4y 28 H AR L 1248 TBM
P SRR AR 3R oy A, B4 R T IR AR B B
PR R EEH . R Y2 R A T L RURS: X BE Y
TBM i 1 i 57 45 iF 308 5 52 B0 PR 58 25 SO RR A 21 3%
AR L REAE T 2 0% Sh R AR E B R R, R T
JRUBSE & A= 1 TBM T35 e J5y 3 57 % 31 38 4 1k R R iy
HALRRAE o 55T P A5 81 10 A B, A I X
B TBM Hi 15 0 17 15 S 565 R0 0], 4 50 R A 25 1K

o BA B AR SCRY S TBM 48 3w i AR 257
o 2 A4 5T ol PSR B IS 2045 2 A T 2 A% 0
VSO fih K 26 5 T RE A

HHH Neodj B4 P x b 34 12 9 18R 2R 1T 47
5Ok . DU SR X BE s, I 25 0T R B AR A
TBM i 2 i PR 25 5 XU = 11 2847 STk, # B Jl
2 TR X B A 3 J7 RURS: R 3 (UL IR 5) o X 52 491
P 0 PR35 5 R AT e T 0 A, e B v XU IX B Y
Pl B I SO AR L3R 5 4 i BR s LA R 5t



6 22 3 345 15 2026 4 10 H

AR
ST<21.42
B Samples =100% 7
A HLAEE 5% A
API<4.29 CV,<0.51
Samples =63.6% Samples =36.4%
£ ; £ @
AR T’Ei& AR 5% 2 RS S R 5L T
ST<19.66 R.,(1)<469.55 Ccr,<047 API<3.38
Samples=22.2% Samples=41.3% Samples=23.1% Samples=13.3%

NN NG N

Sample=16.4%  Sample=5.8%  Sample=33.8%  Sample=15.6%  Sample=7.6% Sample=7.6% Sample=9.8% Sample=3.6%
Class=Risk Class=NoRisk Class=NoRisk Class=Risk Class=NoRisk Class=NoRisk Class=Risk Class=Risk

4 REWMERLEY
Fig.4 Structure of the Decision Tree Model

B 5 TBM B 1577 KU &0 R B i
Fig. 5 TBM Tunnel Collapse-Risk Knowledge Graph

x4 ETFTHREHSEER TBM {E it I K7 35 X8R5 80
Tab.4 Semantic Mapping Rules of TBM Excavation Response States Based on Decision-Tree Thresholds

1 SORES ik & B {H 251 TR AR
K 5 S;>21.42 S T 5 57 L A A 2 5 AR e KU PR Y B AU RRAE
BEARE S T % API<4. 29 o 7R W ASOR B AR R B s Ak R AL AE T .
FH A i B0 3h CV,>0.514 AR A R R RS, TR R e M T R
EHURBG R(£)>469. 55 Tk Iy 2 5 i B 2 WU, BT WL R G0 AN AR S o
i AR AR API<<3. 375 AE BN T 00T 1 i — 25 Ak 8 78 KRR (1 35 7 KU
%5 MAKSERRRRELHNG VIR H o 75 e S 7 00 I B L HERE 0 TBM
Tab. 5;3 Statlstgéth;@Earls:r;OfRSe?;ntlc Structure S WL I 2R 2 R R R X B B
etween High-Risk and No-Risk Segments
To R X B, T34 it B “he +
T e s | SR WX Bto Ji4h, IZHE.FF' I RBAE S+ 2oy

ST 3 B RS 1 LKL 2966 3 12377 W B - HEVEAZ BH /) 42 2R 46 3 4%, 322 W RS & A= il
RECI RS 7.0112 4.7868 TBM%%L%@%%?’HQE‘HFE%I%O Mz




5 51 &5 5 ) A PRAE I TR ZR M E A9 TBM S T8 35 75 KU A0 1 3 4 2y 12 7

L O X BE 93 SCGE SRR B, 22 R B B —f8 A5
MR A B o AR IR AN SRR AIE T A B XU X 43 )
AR S A A5G AR R U T
W 30 A o A b - LR AR A S XU 4
R4 .25 19 S-003 Hi 2E X BEE A7 OB 18 1k i 7
Bro W T30 5% W, % X BEAL T I8 2 iRty i [
I PERE K A T o AR T 12 X B i 52 ] A 25
WAL 6 Jr 7, HE S I 45 K 1 0 St B 1 88 7 KU 4%
Pib LE R ERL R FR . 72 TBM gt 2z IX
Befih e 1 BUARE TR T o ) 2 3 - LA
B SRS A g8 AR 7 AF TBM i 3 e i R A 26 B
TBM il #E R ™ i 25 15 W T00, 5 ML RS2 A
FRPE Bl K 2 MR e 2, LA S o IR 2 3 ) 4 )
CERTT AR SR R %R AR ST H R
i 2E DR E AR Sl 5 B S TR 2R B TR IC
e AR JZ T — 2, 1l WAL A 4 483 O IKURS: Jon 3R 14 1 g
T8 DX B RUBE 1 Xof AU AR OG B8 38 K ORI G R i A7 45
FAE A, Sy AU, 2o i o0 5 i B4R 11 S5

, HHHETRAR
\%@\\\n\
W2 A
it
v%éy@'?%//// KN
B
g,:%z, N
ik -a=)
0% W
%
Y (e
% W 7 o
PO Wl P,
B
“%ﬁﬁﬁ - $-003
R FEARE

R

6 S-003 i ¥t X B 15 77 R AR E i F &
Fig. 6 Subgraph of the Collapse Risk Knowledge
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