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Tab. 1 Particle bonding parameters

BRI BEAS 2L {H
Particle bonding parameter Value
SR R ) 010"
Tangential stress per unit area/Pa ’
SR R ) .
Normal stress per unit area/Pa ’
SRR o0’
Tangential stiffness per unit area/(N/m?) '
SR I
LB R .

Normal stiffness per unit area/(N/m?*)

R2 BHAFSH

Tab.2 Particle mechanical parameters

kel I THFA L

Particle type Density/(kg/m*®)  Poisson’s ratio

EIRvIE: S
Shear modulus/Pa

J& Coal 1.5x10° 0.3 2x10*

it Gangue 2.59x10° 0.123 1.35x10"
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Tab.3 Motion coefficient of particles

Restitution ﬁ.St? te e ])Ayn-amlc
cocfficient of friction friction
. coefficient of  coefficient of
particles . .
particles particles
J-J4 Coal-Coal 0.5 0.6 0.1
JEAT Coal-Gangue 0.5 0.6 0.05
HiF-HTF Gangue-Gangue 0.5 0.65 0.1
% T < 4m
PR 0.5 0.4 0.1
Coal-Hydraulic support
W0 S
Gangue-Hydraulic 0.5 0.4 0.1
support
80 120 160 80
U u%[w 2| J
FURLTEIR 1 RURLTEAR 2 TURLTEAR 3 FRLTEAR 4

Particle shape 1 Particle shape 2 Particle shape 3 Particle shape 4
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Fig. 3 Four shapes and sizes of coal and gangue particles in the

simulation
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Fig. 4 Finite element and discrete element coupling simulation of the

top coal caving

VEE B EIHE] N 15 s, BB N 1500, BEE
2R KT B R/ K 100, 855K i A 54845 4 vE AT
DL . [ Bsf Al R i o A 235 o RS ] 25 K %) Bisf 1) o5 gk
P R shim 2 K M B K IR, TR 2 5
F] 150 000 %04 45
2.4 IRBVEESTEHFEHAR

6 WA LT B2 R 7 1) i — 2 0 R R R AT A
B2t f il in s B th £, Qi 5 Fos

100

N3 Acceleration/(10° mm/s®)

I [H] Time/s
B 5 #ERUA IR S 2 i 2R hniE B #h &

Fig.5 Acceleration curve of the tail beam obtained by coupling

simulation of the top coal caving
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Fig. 8 Acceleration curve of the tail beam obtained by the top coal
caving test

132 5 Al IR IR Sh 55 U RF i o e L 75 7
(BRI EEAR T O 5 22 , A sk
RAIE D RE LR VAR 1 A IR T I

127 ® /% Coal @ fif Gangue 1.2 ® % Coal @#T Gangue

%5 1 4EFF 1st dimension
o
o
o T ®
S 6 .
5 1 4ERE 1st dimension
fe)
(3]

0 02 04 0.6 0.8 1.0
2 2 41 2nd dimension

0 02 04 0.6 0.8 1.0
3 221 2nd dimension

(a) figit (b) figHtH

(a) Energy (b) Energy moment
g 121 @ J¥ Coal @ fif Gangue g 12 @i Coal @ Gangue
z 1.0 - z 1.0 : .
2 < 2 PR
g 0.8 w;‘:;‘o g 08 LA
S o il sl e sl
™ 0.4 M‘;o “.?‘?'i': "'g:’ h —l;( 04 < ,\-. o
2 02 o 2ol b ¥
- 0 0 =
®] ®]

0 02 040608 1.0
25 2 4% 2nd dimension

0 02 040608 1.0
25 2 4% 2nd dimension

(d) WBfERF
(d) Crest factor

(c) 75

(¢) Singular value

1.2] ® J Coal @ fif Gangue 127 @ #§ Coal @7T Gangue

5 1 4EF¥ 1st dimension

5 14E7% 1st dimension

0 0.2 04 0.6 0.8 1.0
%5 2 4EJ¥ 2nd dimension

0 0.2 04 0.6 0.8 1.0
%5 2 4E¥ 2nd dimension

(f) i
(f) Kurtosis

(e) #HJEHT
(e) Margin factor

g 121 @ 4 Coal @ fiT Gangue g 121 ®% Coal @FF Gangue
E g '
£ =
o o
i g
& &
0 02 040608 1.0 0 02 040608 1.0
2 2 4% 2nd dimension %5 24E% 2nd dimension
(g) PREE (h) MM
(g) Mean frequency (h) Peak frequency
g 1.21 @ i Coal @ Hf Gangue g 1.2 @ Coal @FT Gangue
E E
el el
i i
& &

0 02 040608 1.0
2 24k 2nd dimension

0 02 040608 1.0
2 24k 2nd dimension

(i) LR

(i) Frquency of spectral centroid

E9 XIGEIE VMD 5 5 B 4F1E -SNE PR 4

Fig. 9 +SNE dimension reduction diagram of each feature after

(j) BARTr 2

(j) Frquency variance

VMD decomposition of the test data
x5 RERESHEEFHREBRE

Tab.5 Average silhouette coefficient of the feature set of test
vibration signals

P P P—
e M TR T cre AT
Energy Singular Margin
Energy factor
moment value factor
0.19 0.001 0.21 0.04 0.03
g PURELWORE OBR EO7E
- Mean Peak Frequency of Frequency
Kurtosis . .
frequency frequency  spectral centroid ~ variance
0.04 0.17 0.18 0.22 0.21

AR A5 R 55045 R 0 ASCEZE R i 1
AT R, BE R A A R E (AR
Lo 3 Ty 25 SRR AR P AL 25 R 2 R B Jm R
T H A 4 FRRFAE ) A, RIS EAAAE 2
S HMA SRR SR REOR B0 . B 5K
YA 1 BUBAR R S AR SRR R R PR — bk, B
FINBIEGEEAAY A XUE TR T AERR L
Jon B R B B R ST R LA B X,
WA T T Sy AR LA M A P R AT S
4 Zig

ARSCHET A R IT- B Ok G 7k diar 17k s
T S AR 5 JERF AR G 3l g 258 i 5 B U IR
SRFAE s BRI &, KR T AR b 4 R T SR
LI 45E

1) XIS 2 A KT B 305 5 R H VMD 23 fidt Fl



56

IR 1

B 2025 4%

t-SNE [ , A7 ROWkE T REMB i, 10 T 8UdIs R T0 A%
55, T ASC f5 b i 8t RE SR | A7 S (EL L BUR B
{E BRI I O AR T 22 S5 AUBARAIE

2) FSL RS B AR IPOLR BE e TR A

SL B BAT HERA PE A AT SR AR T 4R 5 Bt
FEAS R IBOYE JEE , 30 ] 2 R A i, 3o S B O T

7

AR B REEE X,

2% 3k (References)

(1]

(2]

(5]

FRE . FREZEHOTR 40 4F S BT ], BEhe2 41, 2023,48(1)
83-99.

WANG Jiachen. 40 years development and prospect of longwall top
coal caving in China[J]. Journal of China Coal Society, 2023, 48
(1):83-99. (In Chinese)

FE X0, R S R RE A (R B BIF 9T 5 S ik
(1], BERFLF 4R, 2019,47(8) 1 1-36.

WANG Guofa, LIU Feng, MENG Xiangjun, et al. Research and
practice on intelligent coal mine construction (primary stage) [J].
Coal Science and Technology,2019,47(8) :1-36. (In Chinese)

FE eSO AR B BT R S HOR AR ].
KA SRR T AR, 2020, 2(1) £ 5-19.

WANG Guofa, PANG Yihui, REN Huaiwei. Intelligent coal mining
pattern and technological path [J]. Journal of Mining and Strata
Control Engineering,2020,2(1):5-19. (In Chinese)

WAL . SRR IR TT RAEAT IR B C L ARDIFE [ D], B 1L
TR K, 2023 82.

HAN Liguo. Research on key technology of coal gangue identifica-
tion in comprehensive caving coal mining [D]. Fuxin: Liaoning
Technical University,2023:82. (In Chinese)

ZHAO L J,HAN L G,ZHANG H N, et al. Dynamic response of a
coal rock caving impact tail beam for hydraulic support[J]. Scien-
tific Reports,2022,12:11535.

WAN L R, WANG J T,MA D J, et al. Study on coal gangue identifi-
cation based on vibration and its adaptability to coal-caving process
parameters|J |. Shock and Vibration,2023,2023:8345011.

BltA . ZF15000/28/52 YT USRI S AR MO0 7 2 Rl A 3
PEGGFL T D] BB 10T TR R R, 2017:21.

ZHONG Sheng. Simulation analysis of the coal caving process and
surrounding rock coupling characteristics of ZF15000/28/52 caving
hydraulic support[ D |. Fuxin: Liaoning Technical University, 2017
21. (In Chinese)

FLAE, LI BT MR EE - TR RN N ERIR [T, 5
+ TR ,2005,19(4) : 177-181.

WANG Weihua, LI Xibing. A review on fundamentals of distinct
element mthod and its applications in geotechnical engineering|J].
Geotechnical Engineering Technique, 2005, 19 (4) : 177-181. (In
Chinese)

PRUK IV, SR 45 L BURL B OTIE AT R E R [T ). T2k g,
2003,33(2):251-260.

XU Yong, SUN Qicheng, ZHANG Ling, et al. Advances in discrete

[10]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

element methods for particulate materials[ J|. Advances in Mechan-
ics,2003,33(2):251-260. (In Chinese)

SU O, ALI A N. Numerical simulation of rock cutting using the dis-
crete element method[J]. International Journal of Rock Mechanics
and Mining Sciences,2011,48(3):434-442.

HINTON G E, ROWEIS S. Stochastic neighbor embedding [ C].
Proceedings of the 15th International Conference on Neural Infor-
mation Processing Systems, Vancouver, British Columbia, Canada,
2002:833-840.

Wrél, F2 0] . ST (SNE-ASC FHIEBE £ A1 DSmT @l 75 PSR 1 7 )
R IR(G SRS LT . i I 5 AR 4, 2022,36(4) «
195-204.

CHEN lJian, CHENG Ming. Fault diagnosis of rolling bearing
acoustic vibration signal based on tSNE-ASC feature selection and
DSmT evidence fusion[J]. Journal of Electronic Measurement and
Instrumentation,2022,36(4) : 195-204. (In Chinese)
RIETL, TS B R . T4 B R AU SR ISA e iir [ ],
BRI, 2010,30(3# T 2) : 139-141,198.

ZHU Lianjiang, MA Bingxian, ZHAO Xuequan. Clustering validity
analysis based on silhouette coefficient [J]. Joumal of Computer
Applications,2010,30(Suppl. 2):139-141,198. (In Chinese)
TR PSR, SRBRIE , 55 . SRR R DU A ML = AR (Rt
WALT]. HEIRAF42,2013,38(11): 1905-1911.

WANG Jiachen, WEI Like, ZHANG Jinwang, et al. 3-D numerical
simulation on the top-coal movement law under caving mining tech-
nique[ J]. Journal of China Coal Society,2013,38(11):1905-1911.
(In Chinese)

B XEEH, B, 45 . JLT EDEM A IR0 R S 4o ad A2
M7 EAFFTLT ). DURERIE ,2019,41(2) :468-472.

MAO Jun, LIU Siyang, ZHANG Kun, et al. Simulation study on
caving process of caving coal hydraulic supports based on EDEM
[J]. Journal of Mechanical Strength, 2019, 41 (2) : 468-472. (In
Chinese)

FAIC,QINY, TIAN Y K, 45 . JE T EDEM (¥ 56 SV A ACkH
ARV, BB AR,2015,43(5) :130-134.

WANG Xuewen, QIN Y, TIAN Y K, et al. Analysis on flow fea-
tures of bulk coal during coal unloading period based on EDEM
[J]. Coal Science and Technology, 2015,43(5) :130-134. (In Chi-
nese)

JIEZR BRI %8 4 BARSURLREE el i T TR e SR R e Bl
AWM T ], AR, 2019,44(9) :2905-2913.

WAN Lirong, CHEN Bo, YANG Yang, et al. Dynamic response of
single coal-rock impacting tail beam of top coal caving hydraulic
support [J]. Journal of China Coal Society, 2019, 44 (9) : 2905-
2913. (In Chinese)

U], ACEAS R, S R B2 R G A TERE ST
[J]. HLIGEE 2024 ,46(2) :431-438.

MA Mingming, YU Huijie, NI Weiyu, et al. Dynamic performance
analysis of scissor seat suspension system[J]. Journal of Mechani-
cal Strength,2024,46(2) :431-438. (In Chinese)

KB, FHIRT, SRR, 45 . R PR A A e 7 51
i =2 BIBOCRAL T . A £ 0%2,2019,40(3) : 1197-1203.



%

47 B 1

R AF - USRS SRR R AR R E S 1R 75

57

[20]

[21]

ZHANG Chenggong, YIN Zhenyu, WU Zexiang, et al. Three-
dimensional discrete element simulation of influence of particle
shape on granular column collapse [J]. Rock and Soil Mechanics,
2019,40(3):1197-1203. (In Chinese)

ZHAO L J, HAN L G, ZHANG H N, et al. Influence of particle
characteristics on dynamic characteristics of tail beam under coal
rock caving impact [J]. Frontiers in Energy Research, 2022, 10:
976210.

BEOGHE BBk M0 0, 45 BT IR BN 5 I R AE A 27 T A
HREE PN ] BB AR 2015,43(12):92-97.

XUE Guanghui, ZHAO Xinying, LIU Ermeng, et al. Time-domain
characteristic extraction of coal and rock vibration signal in fully-
mechanized top coal caving face[J]. Coal Science and Technology,
2015,43(12):92-97. (In Chinese)

JAER DG, LA A TR IR AR S B LA
il 22 S [0 ], AU BE , 2022,44(2) :317-325.

LU Jinnan, YUE Jianguang, XIE Miao, et al. Development of auto-
mated excitation auxiliary cutting similar experiment prototype and
its mechanical experiment [J]. Journal of Mechanical Strength,
2022,44(2):317-325. (In Chinese)

Numerical and test study on dynamic characteristics of the tail beam of top
coal caving hydraulic supports

WU Mingke' YANG Shanguo'”® WANG Yao' MENG Bin' YANG Zheng' LIU Houguang"**
(1. School of Mechanical and Electrical Engineering, China University of Mining and Technology, Xuzhou 221116, China)
(2. Jiangsu Province and Education Ministry Co-sponsored Collaborative Innovation Center of Intelligent Mining
Equipment, Xuzhou 221116, China)

(3. National Key Laboratory of Intelligent Mining Equipment Technology, Xuzhou 221116, China)

Abstract: In order to determine the sensitive vibration characteristic parameters of coal and gangue in the process of top
coal caving and improve the intelligent identification accuracy of coal and gangue, the dynamic characteristics of the tail beam
of the hydraulic support were studied. Firstly, the rigid-flexible coupling dynamic model of top coal caving hydraulic support
and coal gangue was established, and the vibration acceleration of the tail beam of the hydraulic support in the process of coal
caving was calculated. Secondly, the acceleration response was decomposed by variational mode decomposition (VMD) to
obtain the intrinsic mode function (IMF), and the time domain and frequency domain characteristics of each IMF component
were analyzed. Thirdly, the #-distributed stochastic neighborhood embedding (~-SNE) method was used to reduce the
dimension of these features, and the average silhouette coefficient (ASC) of different features was calculated. The vibration
characteristics of the tail beam under the impact of coal gangue were compared and studied. Finally, the bench of the top coal
caving hydraulic support was built to verify the calculation results of the model. The results show that the energy, singular
value, mean frequency, peak frequency, spectral centroid and frequency variance in the IMF component of the vibration
acceleration of the tail beam are sensitive to the characteristics of coal and gangue, which can be used as the characteristic
parameters of the coal and gangue identification.

Key words: Top coal caving; Coal gangue identification; Finite element method; Discrete element method; Variational
mode decomposition
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