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Construction and correction of a 3D digital twin for a complex gangue-bearing coal seam

ZHANG Meichen'?, ZHAO Lijuan', WANG Yadong', ZHANG Kai’

(1. Mining Hydraulic Technology and Equipment Engineering Research Center, Liaoning Technical University, Fuxin 123000, China;
2. School of Mechanical Engineering, Changshu Institute of Technology, Suzhou 215500, China)
Abstract: [Objective] 3D digital twin for complex gangue-bearing coal seams are designed to achieve an information-
based description of physical coal seams and faithfully map their virtual forms. digital twin is identified as a prerequisite
for exploring the efficient cutting of intelligent shearers while providing an effective data guarantee for achieving un-
manned mining. [Methods] Using data on samples from the mining face of coal seam 17 in the Yankuang Energy Group
Co., Ltd. Shandong Province, this study proposed a methodology that integrates more information about the geological
structural conditions of coal seams. Specifically, digital twining of iron sulfide nodules was performed using the irregu-
lar particle modeling technology, the coal-rock particle filling technology for coals was optimized, and the surface
roughness of coal-rock particles was simulated using a user-defined contact model. Based on the constructed initial stat-
ic 3D digital twin for a coal seam, this study compiled the application plugin for coal seams and added new attributes to
coal-rock particles and structures according to geological characteristics, thus correcting the digital twin structure. The
feasibility of the digital twin was verified using the cutting experiment with a shearer. [Results and Conclusions] The
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results indicate that the initial static 3D digital twin for the coal-seam mining face was constructed by adding iron sulf-

ide nodules, faults, and coal seam roofs and floors. The dynamic 3D digital twin for a complex gangue-bearing coal

seam was established, enabling the correction and replacement of the particle set. The cutting experiment with a shearer

demonstrates the similarity of physical properties between the modeled coal seam and actual coals and rocks, yielding

minor errors in drum load during coal-rock cutting between the 3D digital twin for a complex gangue-bearing coal seam

and actual coals and rocks. The 3D digital twin was applied to the bidirectional coupling test of coal-rock cutting,

demonstrating that the optimized, reconstructed 3D digital twin for coal-seam mining face faithfully reflected the coal

seam morphology of the mining face. The dynamic 3D digital twin for a complex gangue-bearing coal seam, allowing

for the correction and replacement of the particle set, can reflect the information about various geological structures in

actual mining face more accurately and rapidly, enabling more effective acquisition of coal-rock cutting information.

Keywords: 3D digital twin; correction and replacement of a particle set; virtual mapping; coal-rock cutting information;

discrete element; complex gangue-bearing coal seam

R e A AIRE R 7 M R M e R Al g o i
KRy phy 2 T, SR R 1 TR S BB
BB 1] P SN SR AU [ 30 SR i i A B AR, i £
TERIE LR RE i AR “TAAL” e 2R R Y
F o SRV RERBOEGH | vk Jeht s 2 —A 42
R, LA ST L AR AR R AR A R Y
AR, B2 NE WA HIRZR, b gk s
KA 25 IRBEIR A S A A A R R H
iz 18] el 82 e SR AL A AR | iemead e b s g %
AL, WE T SRR B 127478, (A RIEHL Y
B REA BT ME LU, TRURIIL 5 DR s il B 1
NG, SRR E . R, T X SE PRl B 2
TFSREA SR, AT R R ITH, IR J8 e = =
HEARE AR, TS BV fR AR - B A AR
BB K Bl 7 (e 38 R, TE U R A 1 M e VR e i 1
W RATH AN, R AR REALRBLEEPR S A
VU] 5 PSR il ) S B B i

UTAEAIE 22 B A5 G T S R, e i — A At
FARANG I E B, 556 T A2 3R TR T
FARZS 2= IR 7 ik, 22 TR 2R A i, BT R
H BT, R REAL T R U 2 — A 1 by 4t
TRGHELRT . G A I 2 = e A A A S 3
Py BIARE R AR S AT, FS WU Y B R B B R S,
I 1 R S AT R 1 S A i A, R ARBCR
BHEGEIRE AR R . P, BACAHRZ =4k2E
A ASE R AL R DR B S B T AR TR B B 25 A
[F] IRt T 5 AR 2 2 i B R O Bl P B 2
— o B B AR A AR R R AR R T A i = ZER R A
AE ELSE Ml S R AZ A Je IR 25 K 52 2 22708 A WA 2%
T, 220 W2 45 MU TR, 3 L2 AR B B S 1547
TERCRIRZE, (AR REA RN LA AR R
) SR ) S B A

TEHT AT IR L PR s X RIAT A1,

T B ECROTIEE I OO OB AR A A% L )R L TS
B PATAR) 35 VS o 2 22 = AR (1 2R A el A, B v LA
TE B MERR B, RIS A UDF(user-defined functions)
AR ARG AR H E SUWORL T, AL s 2
WORLILFEROR, SCI ORI B HLZ 405 B e SCHEfih
FERY, e RURLZ [ S BT 3 R 3R, AU ok 3R i
4 [HT Y -, B L SRS o TR et
JESMNRNE P, 52 AT 52 A e it 2 = 2 28 A 400 e
BEAVEHAE IE, JRBEAL “TTAAL” TR B s
HBEPRZSPUpHR b = A s v M 1 SRR AR

1 ERFFREZHEFEEDINZHNEETR

1.1 AEmEZmESR

A J S TR T AT = 4 2 A A2 I A (X 2
SRR I A SR DL B S W3 1 24 M B S S U ST
— A IS IR 2 G R R HE 0 A DR A Y K DU AR 12131,
P A HE R PSRBT RIEHL “TE AL TF R B rp 8
AR A R R 2 UTAF R B B 1L A
AR M oI 2 A ST AT AL P 0 5 i) A 7 81 o
LR SETEI R SR, I E IR AR A e AR v, 2 B
JRGE I I 27 | AR o M 25 DA R 32 O ER AR Ak
WA AR 55 22 07 R R A, S SCHAR R 7 —
SEREE b5 S PRI 2 IR AS W] 3 B 1)l 22, 3K 2 i
2243 IR RS AS T B AL R B A B R
AR Z

A T e IR J2 T T = 4 2 A 00 g ) S o T
PEFEERIUA: (1) FETIEZ RGO, 52 8RN B
XFGEORE T S (s, ST A ARE 2 A T ) b A
FHEEERA SRR BA 2L (2) AR
Dy AR R 2 G R R S SR PSR AR v, 22 A B 7
R BRE R 4 SR A R R . (3) A
AR T R0 1) JR B 2 5 i R LA R T2 5 5
PRAFAEZESE o (4) N[ A AR AR 1 32 (i bR A A S T 2



« 40 .

iR R

%52 %

T HAS R A AN R

B HOTIE A E SRR BA — @R Y
WIPERURL BT R 5, J8 3 2> BATC 12 S AIAR LA B
AR RGNS T, H N FR AT AEAE R ALAS | i
W Bl ) AR 385, AT LA LSS HREADL Y A A
AL R RIE . R, T DR A =
YA A BRI ANERR P 73T LA B B HOTEAR LS, LS
% SR U R T AR = 4RI el Pk
SETHERAER B AR, AT RARIN 4 e A,
HE RS AT B A A S PR A I 25 M £ R A 0 B i A

JRZRAE AR, 55 R, PR A AR AL Y BE | SE kL
SERE IR, R REACRIENLAY B 124 e . Al
FEPE TR AL RO S R AR B A
1.2 ARt

W7 TARTH = 7R A LT B R TE M A, (H
BT EDEM PHFELERY B S 0RO BRAE 5 SRR
() I 25 A0 T AH 22 858K, TR LA B Application Program
Interface!"” "), KRAEIEZ T AR AUIRAE S, 4S5 N A7
8, A I ORI SRR RS | F2 il AL | 8 1 R A A
S HAEIAT 2 A01E 1 R .

X R A5 1

PRI

2
3

hm = ml =K, (0, - 0,)A

1 z+] z+] .

i:Mm‘=mm'—/m(wA—wg)

nM = sign(m ) R |F|
]

WEEHRIE K, -2 (R) K,

(20w R

_E i
I+u 2-u : gﬁ
B z+1 ’ z+1 H 1‘%
if |mh <v,R ‘Fh ] 1
ifm; | < v, R|F d
%

1

1

1

1

1

ol Nppeet] !
if |m;u*'|<uwR |Fn *“ !
if | < v, R |E7

1

1

1

i

F Y Sy e iy =R

=
®

I e S Ik

TR, fEEL
B R R R

R AU R 5

PG IEIER

T i

iE: HS 12, 3, 4,5, 6, 7, 8 RLENMAN:
G559, 10, 11 BLE9IEFE: H5 12, 13 fE
DNREIHT ] G5 9 14, 15, 16 A EONTIRCA A
G517, 18, 19 BLE YRR AR .

K1
Fig.1

(1) EDEM/APTfi i ik G SO e S,

P PESCH AR I3 48 2 SCFJe R, il Option-File Loca-
tions AT E B R, LR 1) FEH

S IR = Y 2P HE R i (A7 58

Overall solution for constructing a 3D digital twin for a complex gangue-bearing coal seam

() PR BOHURI TR . ARBURE TR S5
R, FFIURL TR 3O SCIF AL S BRI R |
RSF A5z B AR ] L KBORE B9 00 4632 3h 5 B o X T



%12

KERE: ARKAUEZEDABRANMESEE - 43 -

FERR) A RS 0 R A R I8 FL e HR G s 1 7
B KON R L AR AR UL A A TR T S A
TS S R

3) TP R VLT R4S H2 il A 7Y 3l S %3 i EDEM 3k
SCAH B YR SC A N7 Bl 4% UK AR A 4 F Bonded Particle
Model.dIl F1— > ] 2 48 (1) 11 & SCF Bonded_Particle
Model.txt, 470 %% sh 1% %4 45 1% 2] 4 4+ Bonded Particle
Model.dll Hv, 3G A AR H2 fik R RS B9 132

(4) FF R THURAE IE B 4B R 3 5 44 1F ED-
EM #hEB P.txt, . D.txt, Al PR.dI SCHES2IE 2 45 F i
EIE . P.txt, Fl D.txt, 105585 B 40 45 R UKL 15 8 e s 45
FRSURL A 24 PR . L . A bR B DL R SR Y A
[E), J2 B 40 245 4 %) UKL T {5 8 SC R PRI SO R
EDEM/API "SR B e i 4 e 122, IE 2R shas,
AR 2R A B 1] A T (9 4 A IR SR T SC s
SEIREER Z (R A IE .

2 WIAFSEBEMZENXERA

2.1 AR R EZEEE
210 FALG LA R AR

WRALERZEAZ ST I ARG [, R0 1M1 ™ AN, 2 AN
TR, SR AN 0 D0 A7 A A T A g il S 0 X
FOERZEAZ AN i 221 RSB ey 25 A il g ELAR A
TR

(1) b A= 1L U A7 7 e 2k 3% A% = A 18R] 43 R A%
XA B B A AR A iE A T A0 2 1 FH R %R GetMinD()
B ANR BSOS AENY X, Y. Z #hi s R, 1.
Xinax = Xiin
Yimax = Yanin (1)
Zinax = Zmin

LR T R L e 7 3 AR ) R K T B, DA
F Al B A 23 S R BT AT SR R0 43 B A B ) SR
W EE R . S S

Ty El]:
n= lnode_l
¥y = Wnode — W (2)
T :hnodc_h

A ry < s B < ry, WA B 25882 TE] AT pl R
TN
L = {Xuode * 1, Ynodes Znodes Tts Wode Pnode }
S = {Xnodes Ynode T WsZnodes nodes s node } (3)

H= {xnodcs YnodesZnode + h’ lnodc’ Whode» rh}

Fir, <y, Hor, < r, WA B s g2 25 falal iy Rt
RRN:

L= {-xnode 7yn0de+wvznode7 lnode7 Ty, hnode}
S = {xnodc + l7 ynodmznodc + h’ ¥ Whodes rh} (4)
H= {xnode + la Ynode»>Znode + h» lnode» Vs hnode}

%rh <Ty, Hrh <r, mu%ﬁﬁiﬁiﬂg)ﬁ%férﬂjﬂﬂﬂ?ﬁ
FIRN:
L= {xnode » Ynode s Znode + ha lnode’ Whode» rh}
S = {-xnode + l, ynode + W, Znodes T'is Vs hnode} (5)

H= {xnode + l, Ynode + W, Znode s lnoden Whodes rh}

(2) LAPA BB R DRy o, L3 2 1T 8 H A /MR
BEOEAR, AR U T BRAR A 5 n] A2 B A Bk 45 A%
BRI SME, WAl 2 B

P2 P g Rt 3 T g AT A S
Fig.2 Diagram showing the shortest distance from internal to
surface discrete points

M4 A 2 U7 7 B e S O &, Rl pR L CalNear-
Point() 3158 5 P4 3 B 1, 2 4 26 T ES A
At i e, FEEARRE K 3 s .

(BUE Do DIAEHET
(Vi I B e

|%ﬁﬁﬁf¥$ﬁ%l

| s M EER, BRUieh p, FRIEN -

[ 3H5em iR ¢ SRR p R D |

| BRAEFHTAE | g
1
| s BRD,, | sk A%

L*<%§&ﬁT~4%%E@ﬁm%ﬁﬁ%>

PRI B S
3 BRI B

Fig.3 Flow chart of the algorithm used to determine the

shortest distance

(3) AL R (2) Xof JLART A A AL U 44 e 220 0 47 A AL
BRI SER IR Z AR B 5 A 35 S R A IR, Anf&] 4
7R, RV R RLER AR BEA T 4005



. 44 - MRS

%52 %

WkL 2 5 4 5

Wik 5 52, 3. 4, 6 HS

Wik 2 53 A
K4 PRIEES, LR
Fig.4 Overlapping and inclusion of particles filled

ME 4 PR REES . G5 XRSERITN
BRIAEZ, TR R EREARER (AR B (4 [FIE, h
TR IARSNE RS, 5L R 8k, fE NI R X

dy, +min(R,,R;) > umax(R;,R,) (6)

MRELRAL AT, BR 1, Bk 2 908 AU AR
SR, BHBR BBk AN
2.1.2 AL EAZR

H SR AR G A 2R A S R, R = A A T
30T e MRARBR ARG AL ST AR AL, A4 = 2 A
BEAY, I X H = AR RV AT RS X0) 4, 38 TR AR A
F2 URE PR S B TS, 77 026 A, 1T AN S HLUS. 62 068
Ao W HAT AR ORAT T, 2% Uk B HOTIH
FRRY, TR AR RO 5 A0 bR, S
435 BNk, B A APT LB SR, SEEUR AL Bk
SR B RO AR R e, IR S FR .

BOREEAE T epem

vy

K5 JREAERES 2R A R

Fig.5 Formation of a digital twin for iron sulfide nodules

2.2 FHRHHFERARMK

B A s 2 2%, 25l S ARG R RS O
JE TAE B EARRT R — R alon A AR 28
TE—E 0 AR A Y [ B2, 0 SO RRSS 5 (1 25
TRV B T [ R, BRI R A AR 2 . NI,
R FEE = 4E 0 B R OR L, B EDEM B HIOC—
UTT RN, TAREE R RIS ROR, LR A
oo, H R BT 6 s .

AR TS i B X AL b

[R5
JE WA Bk
LR

R R 2 2
AR S RIS

K6 MR
Fig.6 Flow chart of particle filling process

(1) Ha e ORI A 1 2 TR, 5 3L 5 A ANSY'S
TR I8, AR St msh SCPF
(2) B BRI . AR S AT
RSBSOS AR R R 3, AR LR
W BOTRIG P EMREHIEAR 4 5, 00 T T T FK
ORI 2 W AR 25 R R | AR 0, P
SRR BRBRIE VA g AT 0SS B ORI 074
Fo FUF/INBOR R P MU B 2R RS
(3) 74 M 245 1 T 8 0 1y 5 1508 4 7 0F B msh
SCA R 1, NEOREER I ) AR SR msh SO SRR
X ¥\ Z 207 AR BRI 7 2 T e g FL K
it
(4) VBRI SRR T, 278 A S BUR L
FEL, 7 — MO {4 Py JOAR IR B /OB BR T 3
HBRES BRI, AT OISR B9 11,
SRR TR S5 IR . 8275 1 A T B
Fy/NTOREER LB RON Y, /NIOREBR AT 4522 ] Y BE 743
B £ RS 1y, R I D) 20 5 P 3 2 /R B
AT b IR THER, Bt TR SROA A 160, OB
My = (M. M. M; ) (7

BT R A — BRI PR RSB S HBUE D n 21, T
NIRRT 7 58 2 LIS 2] ¢ 0 B N HES 04 67 280 05Ty
A E R AR A

MV, eC™ (8)
FHERE MV, 1T ny IRBIE I, 198IMV, € CPxa [l
MYV,
MYV,
MV,=| . ©)
M V‘ (nxP)xa
ni=[n,/n] (10)



% 12 1

A A PR R IV /N URE 1K AT B B DT i
MRS BB S 1 2R A B AR AR A B B0 R A 23 ()
i

i T EDEM 44 H [ Joik S SUSR: BEAIL 53471 (1) 75
B SR S P U 2 2o G IR CRA S AN A SEE DA LT A
T AR SO, R E AR ARE S B Bk S A
[ )7 o
23 KRET/(EEBEXEMERTERA
231 B E SRR

FLSLIEA ZRAHT ML AN, S0 ] E2AT e A A, i
ASCA S SR (] 118 JBE 45 01 X LA 5 4 i e e o s 5 4 I
LTI, TEESE Hertz-Mindlin 322 il B i JLmh 1, 7m
UKL [R) 2 O, ST A o SR MBS R RS R 5 ks
T AARE B o A SO S R v g2 ik BT AT FR
3 RS T 1 A BT | YD 1 4 B R B4
HIL, G 7 FiR .

% ; K
K @ c Hy n

c—FMILE AL u—B RN EEE AHG K—EFINIEE ; o, —VEBH S
K—RENELRIEL: K—VITINIEE s c.— VI BH e 5 po—) i) BEE R 4

K7 R i R
Fig.7 Particle contact model
FErP R OR [EFA AN I XL ) TR e i
RN 2B EAT VI, W] I AR R R Rl Coulomb
T T 8 T35 08 D A I ARV ] F) 4 fh S 0 15 Sl PR Bl e
BEL, HATC A Sl 2 R R BA LR

KEBYE. HRARFEE ST AMANMESSE - 45 -

m'' = m — K. (wa — wg)At (11)
M =m = c(wa — wg)

. o (12)
if [m™!| <uR|F2

M:Hl =Si n(m:l+l) rR* F;Hl

e (13)
if [m™*' <pu R |F

VRS I BE e i 2R Bk T W B A s ),
AR AL Ny
K,R?f’
K= uﬁ
RANAEEN] B E A ROE I IE
R UE A SO il A A ] 4% 4 R A 5 I
FE AR, W T A ok ) AR5 ) G 1R T A A
B2, SRS Z U S8 7 v AR IS4 ) HL% 5L 1
PR, S O 1 2 v (o A A B 422 Ik 2P,
BRIk 2 ()4, HpUR e i g e fan sl 8 ps

(14

23.2

JHE/(m-s™)
2.8 Sesun

K8 BRI
Fig.8 Process of the particle filling test

FIE 8 PinTr BEA A AE 4 4, HBE AR
RSEA 1o FFHEARERESE ST 03 Ja R EA T LA
R N AT i g SRS L a1 v oy g 7/ BL DA K o G o
AR A AR PR 2R, A — A L Rz sl
JE v o 0.15 m/s (IR ML TR Sk, A BRAEDT
RORHRE L, B E AR AF IR AN B 2 0.001 s, SRR AT
AR 9 5E 10 Fin.

AL A 9 5 &1 10 AT LATE Y, 4 2 B AR Y
PERITR 25 B R R RE APl a) 4S9, AR 1 S 2 7

®1 REdESH

Table 1 Parameters of coal and rock samples

Pedh  BHE(kgm ) PERLRE/10° Pa TR L DI SRR VIR /(107 N-m™) VI Bk e AL
FEREL 1280 2.01 0.28 0.672 8.5104 0.365

HErE2 1280 2.01 0.28 0.672 8.5104 0.365

kel 2610 18.30 0.21 0.459 747020 0.941

HHE2 2610 18.30 0.21 0.459 747020 0.941

RER REBHE R BB AR EEIEMRIE/(0N-mT) AR 25 s R E A )R B IR K
THEREL 0.667 0 1.109 8 0.417 0 0.051

HErE2 0.667 0.101 1.1098 0.417 0.70 0.051

AL 0.346 0 9.7414 0.803 0 0.124

HkE2 0.346 0.316 9.741 4 0.803 0.85 0.124
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Table 2 Internal friction angles of coal and rock samples

. FRACHPELR  VEE SRR WA WAL
ff1/(°) WifC)  PUEEEEAC)  EEEEAC)

HRREL 18.56 18.56 19.61 19.61

FHERE2 20.19 22.41 21.58 24.35

Fay gl 28.96 28.96 33.61 33.61

Fey=) 31.33 33.24 37.49 40.95

KR 200~300 mm, 45 8% i B IR [ P R BGAF] 8.4,
AR E R 0.88 A /m™T . BER At 1~2 2, R
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The stress-strain relationships of coal and rock samples
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Fig.12 Formation of the initial static 3D digital twin for the mining face of a complex coal seam
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Fig.13 Replacement and correction of the coal seam structure
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THGS  MAREVEREC ARREEREC AR
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Table 4 Statistics of experimental data under different operating conditions
e S HREE T4 T2 T3 T4 TS
A RIEIZ B IEN 35952.3179  56533.4009 77628.9772 89417.2664  97247.1172
LNE
LY EY i 0.3516 0.4711 0.5619 0.7322 0.890 1
- RIS 3N 325107183 50289.2292  66047.0227  75702.6041  80776.7399
LIE
AP B R AL 03195 0.4196 0.485 4 0.610 1 0.701 1
N IR SZHII IR % 1.26 1.67 2.01 271 3.24
AZER S CEERZ R iR 2 R
BT I BN R EORE Y% 0.98 1.09 1.41 237 445
. RRZHIERZE % 9.21 10.57 15.22 15.91 20.39
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AZERAXS F B AR AT o
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Table 5 Typical operating conditions during model application
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