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Table 1 Gas volume fraction, temperature, and buried pipe depth L at monitoring points 2 — 10 on the intake side and

2 -3 on the return side of 45207 working face

©(0,)/% ©(C0)/10°° ©(CH,) /% 6/°C L/m

i 2-10 2-3 2-10 2-3 2-10 2-3 2-10 2-3 2-10 2-3
4AH15H 18.21 17.24 25 15 0. 02 0.01 14.3 14.3 0.2 10.7
4H16H 17.59 17.33 30 20 0.11 0.1 14.6 14.5 17.5  19.5
4H17H 17.24 18.21 31 21 0. 14 0.13 15. 1 15. 1 23.7  24.1
4HI18H 16. 89 16.8 34 24 0.15 0. 14 15.9 15.8 29.3  29.7
4A19H 15.22 16.1 34 24 0.20 0.19 16.4 16.3 36.6  38.6
4AH20H 14. 61 14.79 35 35 0.31 0.3 16.5 16.5 41.7  43.7
4A21H 14.26 14.35 36 36 0.42 0. 41 16.9 16.8 45.9  46.9
4A2H 13.9 13.9 38 37 0.51 0.51 17. 1 17.1 52.4  53.4
4H23H 12.9 12.7 39 39 0. 74 0. 74 17.6 17.6 60.1  58.6
4H24H 12.1 12.2 39 39 0.93 0.93 18.0 18.0 67.5  671.5
4A2H 12 12 39 42 1.08 1.08 18.4 18.4 2.4 3.4
4H2H 11.4 11.6 41 41 1.25 1.25 19.1 19.1 78.9  79.9
4H27H 11.1 11.2 41 39 1.39 1.39 19.2 19.3 82.3  83.3
4 H28 H 10.7 10.9 42 42 1.56 1.55 19.7 19.7 89.6  90.6
4A29H 10 9.9 43 45 1. 64 1. 64 20. 1 20. 4 95.4  95.4
4H30H 9.2 9.2 43 40 1.68 1.68 20.5 20.7  100.3  101.3
5A1H 8.1 9.1 45 45 1.71 1.71 20.9 2.1 105.4  106.4
SH2H 7.2 8.8 46 45 1. 84 1.76 21.3 21,5 110.1  111.1
SH3H 6.3 8.5 47 47 1.87 1.8 21.7 21.9 1145 115.5
5H4H 5.1 8.4 47 47 1.91 1.85 21.9 21.9  120.3  122.3
SH5H 4.1 7.8 48 48 1.95 1.9 22.1 2.1 1247 126.7
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Fig.4 Distribution of fuzzy equivalence matrices for bundled-tube monitoring points

0.92,0.93,0.94,0.95, A, ; 4 0.83,0.84,0.85, TR | ¥ R [R R M X o0 O R 2851, DL 3% 2
0. 86.0.87.0.88.0.89.0.90.0.91.0.92, 15 3| 4[] 3 A AR W 7

2121



Vol.26 No.6 -

226 55 6 1

(it stmteimm e K= miRumnUERs (bt

IEFEARME

LR WFEAAIE TR % |

| BTN |<:: k7 NEiPY I\‘H‘J%%%%iﬁ%%ﬁt%tﬂ%|

E5 A-BERESTREER
Fig.5 Flowchart of A-cut clustering analysis

91 0.92 0.93 0.94 0.95 0.96
A
(a) 2- 103 s

.88 0.89 090 091 092 093 0.94 0.95 0.96
A

(b) 233 5
B6 FEMSA-EHERENSW
Fig.6 A-cut clustering analysis for different

monitoring points

0.96r 9 @ @ @ @ 0 0 00

030 030 0 0%0 0 o WO
0.95; o oge o 0833330 o g

080 o0 o

AR

210

A
oooooppgg
50 OO OO0
RRS2SZRGS

210
(b) 2-33 35

B7 A-HEEEHSSHE

Fig.7 Scatter plots of A-cut matrices

ZE LT DA BRI R AT X e B 2 ) e
R  MELIRIN A AR 725,10 2 — 10 A5 {4, 5,
6,7, 81115, 161 1{19, 20, 21} 2 -3 P16, 7,
81117, 18, 19, 20, 21|, % T AR X LAY R 25
XA M 25 K, 5 52 AN [A) A s Rl S /N Y
T,
2.7 FHitEREITE

F S syk R F KK, % 2k BT A
FEA B HO3E A5 PR A Z [H] 1 22 5 5 & AR
HIARAEZE Z (A 0 LB, F Goit ik, Wi FEAR 22
[ Y22 BB, WA RS EARE R X = {x,,
xy,0x, b H P EAEAR xS m 4ERFIE ]
BESEN G RIRECE, i (i=1,2,3, -,

K2 2-10 WEHESH

Table 2 Data classification for monitoring points 2 —10

i A 21 BRsr

1 A<0.91 1 X

2 0.92 2 {1}1{2,3,4,5,6,7,8,9,10,11,12,13,1415,16,17,18,19,20,21 |

3 0.93 4 i1} {2,3,4,5,6,7,8}19,10,11} {12,13,14,15,16,17,18,19,20,21 |

4 0.94 5 [1}12,3]14,5,6,7,81 19,1011} {12,13,14,15,16,17,18,19,20 21}

5 0.95 10 (1}12,3}14,5,6,7,81 (9} 10,11} | 12,13} {14,15,16} {17} { 18,19,20,21 |

6 0.96 16 (1} {21 {31 {4} (51 16]17) 18] 19] 10,11} {12,13} {14} (15,16} {17} {18} {19,20,21]

2122



2026 46 H

WLV, A5 TR C B RIETIE IR X AR =7 Rl 7

, 2026

Jun.

®3 2-3WRBHESE
Table 3 Data classification for monitoring points 2 -3

%' A ik NN

1 A=<0.88 1 X

2 0. 89.0.90.0.91 2 i1,2,3,4,516,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21 |

3 0.92 3 11,2,3,4,516,7,8}19,10,11,12,13,14,15,16,17,18,19,20,21 |

4 0.93 5 {1,2,3}{4,5!16,7,8}19,10,11,12,13,14} {15,16,17,18,19,20,21 |

5 0.94 8 i1112,3}14,5}16,7,8}19,10,11} {12,13} {14} {15,16,17,18,19,20,21}

6 0.95 12 11112,3114,5}16,7,81 19} {10} {11} {12,131} {14} {15} {16} {17,18,19,20,21}

7 0.96 16 11H{21 {3} 141 {5} 16,7} {8} {9} {10} {11} {12} {13} {14} {15} {16} {17,18,19,20,21}
)L n, DREAR GCE X = {x),xy, 0 | A W F SR EAAA X NE AR A XL, M

W

S, i n o - x|?
Mb k—l i=1 k—l
F: = — ; (9)
M, S, iz H vH
n_k Pyt n_k
ot M, M, SRR NS, S, S

AL NI 0, ER L ARG, xjvé
ROCRR B L AT 25 A k-1, 41
TrZAMENn -k,

FSEH o R IR AL, ik, il F
IBFR KA A T XF I 1) 73 B ke BRIV fe 00 26
B, AR A XTI F AN 8 R,

2 1o«ﬁ'J,¢i W 2-3

0894 99
0.91
0.92
03
095 506

8 AR AETHF %itE

Fig.8 F-statistic values at different A values

B FGE R O I A SRR AR AU
THRALTEAG . NS BIR EAR A X = S —
K53, IN— G — 0 A A &, SR, A1 A

e ol T A TAR MY S — e A 8, TR
SRS R a VA D A E R TN E Rl L 3
I SRR SRR 5y TR F SRR, BiE
AU G P GET e 0 R i AR T X LAY A X
XL DX R LRI B T — N SR AT L A . A
fifl b @ i R e KA A I AR F SE R B LA
SEIME F o (), AT AEASUAE 25 I 5 2R SRR 1) il

b, U 3 g R T A TR T Y 4 — e A
A{EO
Fu>=/ﬂFu> (10)

A F(A) W uﬂ"’ﬁfé EATHF S
T,

BN, =0.93 BF, F, | HUSKIE 5.19; 4
A,y = 10.89, 0.90, 0.91} B, F,_, BUi5 # KA
15. 21,78 LR IX B N AR A (735 F, 5 F,
IS e KB, BRI, 25 B LT P35 de e a5, e U
FEE AR A =0. 93 LI A 2 - 10 .2 - 3 Ay EE
SRR S A A LR 9,2 — 10 I s B g 22
4252 -3 M B2l 5 2% ‘f?éﬁiﬁﬂﬁﬁ*
A A FI0U , 23 20 22 R R 1, R i
AT T AT | ) 90 X A B A o £ ;ﬁ%%ﬁ
I325,2 - 10 M AS A5 R R i1,2,3,4,5,6, 7,
8119, 10, 11} {12, 13, 14, 15, 16, 17, 18, 19,
20, 211,22 -3 M358 {1, 2,3, 4,51 {6,
7,8119, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21},

MRS FIRr 245 1 45207 Fezs X [ IR« =i
TR AN 10 AR BT7R 56 T SOy X iy S22
REEIE AR 250, i?Ehiﬁﬂﬁir@iiﬁ,E%
SRR R, TR R A i I s A, TE

2123



Vol.26 No.6 -

© 5 ;B F K

226 55 6 1

2124

s
PIEN
1

1 3 6 9 12 15 18 21

FEA G5
(a) 2-103 4
1 FEPE
3 JLHE
1
6.
o 9f
ﬁ
ﬁlz'
15}
18
200 . . . 0
1 3 6 9 12 15 18 21
FEAGm S
(b) 2-33 14
EaiY
0.6 %A R 2-3EZE
04} A X2-10%FEH L
A
& 02} K*ﬁ*
R o
1 A % X A
ERH - W
04l %*
0.4 "
-06F A
R e e T S ——
-5 4 3 2 -1 0 1 2 3 4 5
B
(c) BE> i

9 A=0.93M A-HEERSHRELER
Fig.9 Distribution of A-cut matrices and
clustering status at A =0. 93

140 m 120m  100m  80m

TR A3 1 RARLEE 5 A R PR 5 BE AR, A
14 ~17 C , AH& AIRAE, R P i B8R
FEASTRLRH I BT S 2 1 32 DX I R s XL B 25
)5t o 56 I 2Ry X B SR 2R 45 3R v ) i 2k
S0l S DX R R 1 R A ) DG DX R, 32 IX el ) 40 <
WSE AR T HCAAT  ER DU R 2L A 2 B
IO, [ Ak b DXl s IR JRE 555 , it B N TR 4a AL
PR SRR AR R SE AR I 17 C R T
ZF 19 C,CO FIRRMETRMEL B F I, REH
LR E MR R SC R R B A AU L2 R
FRERREA R A BUE T 11 R XU, o o ) 2 (58
S B8 | ESeF50 OITR ESA PN MR (A SMIbES
I, 2 DXy T R R 2 X PR, T XU 35 L 2 9
R AT ERR S T R BAA SO TR LT
BB S, R T —RE, HgizX
SREARTE RIS I A R B LG A i AR R, 28 45
XFF A R, P S — R B RZE, AT
JTRI o G < = DX T AR UR E
FUNTTER K E L AR RS T5 =" R
X L L3 4

XA R IR, A ST 65 B AR A A
FE Eog 8 B e HE EAFE RGN
FETE R, A5 4 S A T PR HENC AR 7 m, A8
PO HER T 40U BE IR A (E AU S A3 19+ I
SEALDET S e [m AU DU i S SE AR 6, P50 H PR £
G T A7 AE B YRR RURS: X7 3 o R 5 1 R 4, o
B TARSO LA 2 YRR AR 5 BLXURRRS 4R 1L U
IR, BT I Bl KRR B SR e A3t T SR
AR
3 & it

(D) ARSCRAEM] C MHERR Ik % 82
Mo URHRE JRE B 2 e, iR
REMIARL SRR I EAT F e, R s IX
C =R PR T — R R ST 05 i, 1R B HE R

40 m 20 m

I V.
140 m 120 m 100 m 80 m

40 m 20 m

10 ETH#HE# CHERXHRZTRBM =F" X5

Fig. 10 Division of spontaneous combustion “three zones” in goaf based on fuzzy C-means clustering
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Table 4 Comparison of oxidation zone boundaries between FCM method and platform
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Division of spontaneous combustion “three zones” in goaf based on
fuzzy C-means clustering algorithm

PAN Jingtao' , QIU Chen', ZHAO Dan®, LIU Liren’ , YUAN Qiang’

(1 School of Mining, Liaoning Technical University, Fuxin 123000, Liaoning, China;
2 College of Safety Science & Engineering, Liaoning Technical University, Huludao 125105, Liaoning, China;
3 Sandaogou Coal Mine of CHN Energy Guoshen Group, Yulin 719407, Shaanxi, China)

Abstract: To address the challenges posed by fuzzy boundaries and the limitations of traditional methods in managing uncertainty when
delineating the spontaneous combustion “three zones” in goafs, this study proposes an enhanced division method based on the Fuzzy C-
Means (FCM) clustering algorithm. A multi-dimensional evaluation index system that integrates temperature, oxygen concentration,
carbon monoxide levels, and burial depth was established to capture the complex environmental characteristics. The study develops a
comprehensive mathematical model encompassing data standardization and calibration using Manhattan distance, the construction of
fuzzy similarity matrices, and their transformation into equivalence matrices via transitive closure. Utilizing MATLAB, a dynamic
clustering mechanism based on A-cut sets was implemented. Notably, to determine the optimal classification granularity, an adaptive
threshold selection method for A was developed by maximizing the geometric mean of F-statistics across multiple spatial monitoring
points. Results indicate that clustering sensitivity exhibits spatial variation; monitoring points near the working face respond sensitively
to changes in A, reflecting high environmental heterogeneity caused by air leakage, while deeper goaf areas demonstrate strong stability.
Using the optimal A, the goaf was distinctly categorized into heat dissipation, oxidation, and suffocation zones. The identified ranges for
the oxidation zone are 72 —96 m on the intake side and 36 — 72 m on the return side. In comparison with the on-site “ Disaster
Comprehensive Intelligent Management Platform” , which is based on single oxygen thresholds (intake: 72 — 103 m; return: 36 — 66
m) , this method effectively identified a 7 m “sub-oxidation zone” on the intake side where oxidation remains weak despite high oxygen
levels, and it extended the risk boundary by 6 m on the return side, revealing a “latent risk area” atiributed to thermal inertia. The
relative deviations of the boundary endpoints are 6. 8% and 9. 1% , respectively. This data-driven approach uncovers risk details
overlooked by single-threshold methods, providing a more scientific foundation for precise fire prevention.

Key words: safety engineering; fuzzy clustering; goaf; spontaneous combustion “three zones” ; data classification
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