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Reconstruction and analysis of PNM for free accumulation of rock blocks in
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Abstract:  To accurately characterize freely accumulated rock blocks and pore space properties in fully
mechanized top-coal caving goafs, a PNM was introduced. Slice tests of free rock block accumulation in
fixed space and corresponding image processing were conducted. Pore network information was extracted
using Open-source libraries like OpenPNM and PoreSpy, followed by 3D visual reconstruction and
quantitative characterization of PNM to analyze topological geometric and statistical features of the
reconstructed model. Results show that with increasing freely accumulated rock block size in fixed space,

pore-throat size increases significantly; the average diameters of pores and throats rise from 2. 46 mm and
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1.41 mm to 3. 85 mm and 2. 73 mm, respectively, with weak correlation to throat length. The numbers of

pores and throats decrease from 3 146 and 6 428 to 1 043 and 2 225, respectively, and the pore

coordination numbers concentrate between 2 and 5 (peak at 2). The proportion of pore space increases,

and the connectivity of porous media is enhanced. The topological property parameters are approximately

positively skewed distribution as a whole, with the peak shewed to the left and the concentrated values in

the dataset being relatively small. Two-point correlation function calculations reveal that the relative errors

of porosity between the original image data and the reconstructed model are less than 2. 5%.

Keywords: fully mechanized top-coal caving goaf of coal mines;
pore network model (PNM) reconstruction ;
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Table 1 Geometric characteristic parameters of PNM topology
EHRSE | LR kB H ARALBRE RSN By E By E RS A
mm N,,//]\ N, /A P /% HAE D,/mm HA& D,/mm K L,/mm BN /A
10~15 3146 6428 0.2951 2.46 1.41 4.43 4.09
15~20 1745 3618 0.3138 3.16 1.93 4.51 4.13
20~25 1322 2727 0.3168 3.49 2.37 4.67 4.15
25~30 1043 2225 0. 3289 3.85 2.73 5.11 4.27
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Fig. 6 Reconstructed PNM with different rock block sizes
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Table 2 Frequency distribution of pore coordination numbers
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mm B L/ % (WOARES L L/ %| BB % | BB L % | XTHLBREE /% | RFLBREE/ % | R/ %
10~15 6.36 22.85 51.08 42.56 30. 58 31.27 2.21
15~20 5.73 23.95 70. 12 24. 15 31.41 31.46 0.16
20~25 5.90 26. 48 70. 66 23.44 31.90 32.10 0.62
25~30 4.79 23.97 71.33 23. 88 33.03 33.18 0.45

4.2 HEERIGIHEES T
LT DL G T A 5 pR BT R AE , Ok
LB S A1 25 4 B BE ML A A R AE 7 FE 2 A
AR SCE kR AR pR R T 2
1 reV,
Z(r)—0 — (7)
A A P SR AL S R A R 48, iR
3,2 BRI B IR S5 N BE ALY 2 a5«
x, 0T AR AR BB A B350 B A5 ) [R]1
), SUBRRTF 2 A IR IR S d = 1w, —«, | B H 3R
A S, (d) ,d TE = A Z AN EUR A Boh ] Rk
RZIE . SNOW 5k 2 PNM 5 A4 3 A2 v 2 DA

FLEBRAH R A ST X G2, F True (1) s FLBR =S 6], Bl
k=1 ORI, L S)(x, x,) 275
1 re 1(fLER) (8)
0 re I(HEMHER
S5y 42,) = PLZ (), 28 () | (9)

K or AZMBGETEE SV, NS FHE S
s 28 (r) I AH R R PO ME R 0, B, R ZEAE
AL T [IAR AL AL ARFEHLAY 2 A5

Y FHFEFAE ST AR 1) two_point_correlation
FURR G RRABUR T 3 = 4 I 0 PR RO (8L, 75 2 LB
HH 2 AT R AR AL B AR 1 B 15 3R I s AR A By it 4%
e 9 FiR

P=Z(r)=



bR e B o $36 %

- 160 - China  Safety Science Journal 20264F
B0 05
350 103 105 1050, 105 s
700
s wo PO i B {0
250 e ) b sl — Rl — b |
£ 100 60 3 & s
200 # & S 4= 600 ;
3 &2 £2 "%
F150 45 gﬁ_‘w l.‘;xuﬂr 45
100 30 200 n 0 0
50 15 100 15 150 15
0 0 0 LU 0
00 09 18 27 36 4% 54 63 T2 &1 90 0123456789 I1001121314151617 0006121824303 02 4 6 % 10121416 18 20 22 24
LR mm o B - L iR mm I 42 HE fm
OIRER @ Rl @ R ER @ MR
(a) 10~15 mmR A
105
e |
—RitEE |
f
=
45
=
30
15
o i L U3
4 5 6 6 & 1o 12 0009 1827364535463 72819099108 0 2 4 6 8 1012 14 16 132022 4
FLALECfmm RO TR LI mm BT £
© fLERE R @ ehr ¥ @ WIEHE @ B KR
(b) 1520 mm¥kAELH
05
105
o0 o0
.
— it iR 7
2
o 5
S1s0 .
Bl o
F 125] =
0
15 15
(] [ (] L} 0 0
01 23 45 67 89 W00 012345678910112BKI51617 0009 1827 36 45 54 63 72 81 90 99 2406 8 10121416 182022 4 2%
FLELA Amm [ TR WL mm A Ao
O FLEE 1A @ Febr# @ MR AR @ MR
() 20~25 mmkfE4
05 330 wos " 108
S it k o -
ArEeqi
—-—H:ﬁ'ﬁ#- 5 75
: 74
) wf
&
B EF 45 &=
=
30 kLl
15 15

n 0] i 0 )
I 45678 91010112 2 4 6 8 1012 14 16 18 20 22 o1 2 3 4 5 6 7 8 9 10001 D2 4 6 B IO I2 1416 182022 4 0
JLELIL e Amm i WP Amm LT

O fLEHE @ Fofr @ BEHER @ W
(d) 25~30 mmBAEA

8 AERERT TREMILAHESH

Fig. 8 Geometric characteristic parameters of model under different rock block sizes

HITEL 9 R 25 d=0 WF,2 AL A SLBRAR, 728, oAb A MER(EL RO e T BN IR 45 1 FLBRBE , fnf&l 9

RN 1,2 d>150 W IR FFARE  BUEDE T4 PEEEARICHNER 2 Fror , I IR FLER B 70 8 At

L L1
1o
10 1.0
0
Lk 09
;:"'* 0% (%1
oz ...
= a7 o7
=
508 Zo06 =08
Fos Eos £ g5
L) 04 o4
327 § 3147 , caazio PAGEL L]
- A i
PRCEDE = PRI hor 0310 bl
02 02 2
020 40 60 5O 100 120 140 160 1¥0 200 220 240 260 150 300 020 4 60 8D 100 130 140 160 180 200 230 240 260 280 300 030 40 60 B 100120 140 160 1¥0 200 130 240 260 250 300 20 40 60 B 100 120 140 160 180 200 220 240 260 280 300
FE % piset B el T pie! it
(a) 10~15mm (b) 15~20 mm (c) 20~25 mm (d) 25~30 mm

9 FRERERTH 2 SEXHH

Fig. 9 Two-point correlation functions of different rock block sizes



24

RS SRR LR THOR 25 DA e 1 i fERR PNMFAG 23 A7 - 161 -

HP, PR LA — B AR R 22 B TE 2. 5% LA
P, BT 22 5 K R 7E PNE INF JTT 3R R AR 284 ok £ 3
FL0gE , HAE % LA R BB 5 L, 8175 PNM
TR P, WA T =45 A KM%, SR T I 4R (4 L
B2 [E) A2 BRI TR, FL I AN fig 5 35 L AL B
23 8] (R A AR A S0 UF L 2R R
25 XA HHERUIREE T 1Y PNM HERfPE

5 & it

1) AR RS B89 F el R AR B2 00 PNM
TR TR E R AR R 25 IXE P A B ek o AR
P, BT DR RS Bl 32 5 0 AR R 3801 A2 10 G B

YEHL,

2) ERITHIRAI G RHIE S BER W . A B R
) 1A BB R M FL B M 1) B4R AR AR Ak, T X
O R P R R A0 LB A AR A v A A
FE2~5 Z ), A 80T A ROl IE Y 70 B LR
TERL, & S B W LR Ok 25 K A B At HE
B BB B, AL R B, FLIE S b, fL
e EER /N | A7 50RO, AH i 3 1 i, A R
SEBIE,

3) SNOW B iLfE L BRI E 4 =2 PNM | B4
B LB IR ETE 2. 5% I, R T
PR £ IOR 25 DR AR R LB 2 RS 7Y

Bk, T, B, T BT SSA-RBF BENBIRER L NIVWER[T]. PELERNZZIR, 2024, 34(8).
GAO Fei, LIANG Ning, JIA Zhe, et al. Prediction model of coal spontaneous combustion based on SSA-RBF neural
TXRE, B, K&, F X2XH NERRRE - REEBEEREDNI]. PELZERNZZIR, 2024,
WANG Yongjun, ZHENG Qian, ZHANG Hemeng, et al. Correlation analysis between combustion of underground

residual coal and surface carbon flux in goaf[ J]. China Safety Science Journal, 2024, 34(2). 161-167.
GAO Ke, LI Qiwen, SHI Lianzeng, et al. Study of the flow field and permeability characteristics in the goaf using the

XEXRRFPDREURERZOMEMI]. ERFIR, 2009, 34(9):
LIANG Yuntao, ZHANG Tengfei, WANG Shugang, et al. Heterogeneous model of porosity in gobs and its airflow field

SHI Lianzeng, GAO Ke, LIU Yujiao, et al. Effect of the periodic air leakage on spontaneous combustion in the gob of
coal mine[ J]. Case Studies in Thermal Engineering, 2024, 55. DOI . 10. 1016/]. csite. 2024. 104082.
SN, KIE, OEE, & SHRENXEXESRXENZIARL)]. PELZEEFTRIZENR, 2024, 2006)

GAO Ke, ZHANG Yao, SHI Lianzeng, et al. Study on the influence of rock block scale on coal spontaneous combustion
LIU Dameng, QIU Feng, LIU Ning, et al. Pore structure characterization and its significance for gas adsorption in coals:
YANG Yongfei, WANG Ke, ZHANG Lei, et al. Pore-scale simulation of shale oil flow based on pore network model[ J].

OEfr. EFEMRNEENENER LRSI =HSEMHAR[D]. BL. KZKF, 2023.

MA Hairui. Three-dimensional reconstruction of porous structure of pervious concrete based on simulated annealing

2 % X o

(1]

128-137.

network[ J]. China Safety Science Journal, 2024, 34(8). 128-137.
(2]

34(2). 161-167.
(3]

OpenPNM package[ J]. Archives of Mining Sciences, 2024, 69(1) . 51-66.
(4] Rk, KE, TR, &

1203-1 207.

distribution[ J]. Journal of China Coal Society, 2009, 34(9). 1203-1 207.
(5]
(6]

126-132.

area in goaf[ J]. Journal of Safety Science and Technology, 2024, 20(6) . 126-132.
[7]

a comprehensive review[ J]. Unconventional Resources, 2022, 2.139-157.
(8]

Fuel, 2019, 251. 683-692.
9]

algorithm D]J. Xi‘an: Chang’an University, 2023.
[10]

fREAMB, oKF, WA, & ETEARBEEERMTETAZEILRMBSLI]). TRIBRZIER, 2020, 28(1):
60-68.

XIE Chaoyang, ZHANG Wei, YAO Dongfang, et al. Quantitative characterization of spatial pore network of soils based on
maximal-balls algorithm[ J]. Journal of Engineering Geology, 2020, 28(1) . 60-68.



hoE e B o e $36 %

- 162 - China  Safety Science Journal 20264F

(11] RgZ, 2#E, 215, F SUHDKREENESILKREWEZRENI]. PEZERNFFIR, 2019, 29(9):
144-149.
WU Xin, PENG Yawen, YAN Qiao, et al. Reconstruction of coal pore network based on improved watershed algorithm
and seepage simulation[ J]. China Safety Science Journal, 2019, 29(9) . 144-149.

[12] BLUNT M J. Flow in porous media-pore network models and multiphase flow[ J]. Current Opinion in Colloid & Interface
Science, 2001, 6(3). 197-207.

(13] GOSTICK J, AGHIGHI M, HINEBAUGH J, et al. OpenPNM: a pore network modeling package[ J]. Computing in
Science & Engineering, 2016, 18(4) . 60-74.

[14] GOSTICK J T, KHAN Z A, TRANTER T G, et al. PoreSpy: a python toolkit for quantitative analysis of porous media
images[ J]. Journal of Open Source Software, 2019, 4(37) :DOI. 10.21105/joss. 01296.

[15] GOSTICK J T. Versatile and efficient pore network extraction method using marker-based watershed segmentation[ J].
Physical Review E, 2017, 96(2) . DOI. 10. 1103/PhysRevE. 96.

[16] BoE, FEX, TNEB, F EFRESRERNNMEHZ ARSI 4EE S RERIT R RAELI].
TRE%, 2025, 42(12) :34-46.
JIANG Jinyang, WU Haotian, WANG Fengjuan, et al. Cross-dimensional reconstruction of microstructures and transport
properties characterization of porous materials via deep convolutional generative adversarial network [ J]. Engineering
Mechanics, 2025, 42(12) :34-46.

[17] RN, sKB. SASUZIANFEFTasVERSEERSEALT]. WEWIESER, 2023, 66(11) . 4765-4780.

SONG Shuaibing, ZHANG Tong. General algorithm for reconstructing digital core model of anisotropic porous media[ J].
Chinese Journal of Geophysics, 2023, 66(11) . 4 765-4 730.

fEEEIIr: R (2000— ), 59 I TR AN W50 A | 2090 0 ) R A
X ZFLA i, E-mail : 1914785247@ qq. com,



