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Abstract; To study the dynamic water storage performance and evolution mechanism of fractured rock mass in the
caving zone under overburden pressure, lateral compaction tests were performed on fractured rock samples of coarse
sandstone, sandy mudstone, and mudstone with a self-developed visualization device. The porosity, bulking
coefficient, and spatial evolution images of the entire compaction process were obtained. The experimental results
indicated that the compaction process of fractured rock mass can be divided into four stages; large gap compaction,
small gap compaction, post failure compaction, and compaction strengthening. Among them, the changes in water
storage space of rock mass mainly occur in the first and third stages. Due to differences in rock mass strength and
water softening characteristics, the three types of fractured rock contain different compaction processes and
segmented characteristics, resulting in water storage spaces in sandy mudstone being 3. 75 and 7.5 times larger
than those in coarse sandstone and mudstone, respectively. As particle size increases, the stability of the fractured
rock mass improves, with porosity increaasing by 0.20, 0.09, and 0. 04 for coarse sandstone, sandy mudstone,
and mudstone, respectively. The experimental results can be well explained by particle mechanics, where the
compaction process of rock mass is essentially characterized by the formation of slip, compression, and force chains
among loose rock blocks. Variations in lithology, overburden pressure, and particle size distribution result in
differences in the order and process of occurrence of the three stages, which in turn leads to differences in the water
storage characteristic of the rock mass. The research results can provide theoretical support for the accurate
evaluation of water storage capacity of underground reservoirs in coal mines.
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Fig.2 Fractured rock mass with different particle sizes
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Tab.1 Mechanical parameters of overburden rock

W MR PR

e iy TR R

(g+cm™>) 58/ MPa  /GPa /MPa  fi/(°)

bikiEey 2.61 33.1 18.4 0.23 25.4 28.7
wEls  2.69 41.8 22.3  0.25 28.3 33.8
ey 2.52 35.2 9.1  0.21 21.6 19.1
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Tab.2 Specific variable parameter for compaction test

P He SR/ kN AR FRSEHE]/min
1 5 2~3 cem HFE 60
2 10 2~3 emHE 60
3 15 2~3 em AE 60
4 15 0~1cm HFE 60
5 15 1~2cemHE 60
6 15 2~3 em AE 60
7 15 3~4 cm HE 60
8 15 >4 cm HE 60
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Fig.3  Evolution curves of stress-strain-time of various fractured rock samples during compact process
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Fig.4 Compaction images of three types of fractured rock mass samples throughout compact process
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Fig.6 Bulking coefficient of three types of fractured rock samples
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Fig.7 Variation of porosity in various fractured rock samples under different overburden pressures
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Fig.8 Variation of bulking coefficient in various fractured rock samples under different overburden pressures
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Fig.9 Variation of porosity in various fractured rock samples with different particle gradations
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Fig. 10 Variation of bulking coefficient of various fractured rock samples with different particle gradations

2.4 fEKMEREELNIES T

FATBCA R 1 S 4o o AT SR TR 7 2 B e i
139307 o FARICE B Z 18] 1 32 SIPIR 25 0] 9y Y b 26
TSR 1 FORATE R SR AR B B, o SRR 1] 14 45 frh 5
AN TR A FEIE T T SR Z ) e A= 1 7%, o
2 TR Y R (A BORL A B e T 0 A T 85 S R A I
A T HARSORL ) B R A S M BB RSB U B
FE MRETT , FRZ N T, BE AN T AN K
ORI 2 FBCIRAS ) T BE I 55 87 0] ik 8 ik
P T 20 RS E 19 1 R B S, N 11 FiR
RS FURLAA R 72 TE BE ] R P A R ke, R AIE,
B S BE ke, B, TEAH [R) 47 204 FH T BORLAR 5 A4 72
/N, RG24 1Y Hertz-Mindlin 4557 e
WKL BERE |, ik,

_8 IR
kn_M X (4)

APk, ORI R A A E | R 9 R AR 9t
BHARRLE 8 S UKL ] AR AR
/%

E?%%»

oA

%»

o I T )
e RBEN
UKL AF B 57 R AR T
FERR “55 S1%E”
Ly A |
%%@%:
0 >

B 11 EREHAEEMERTE

Fig.11 ~ Schematic diagram of the formation of force chain

structure in rock blocks
AT P A ARCE TR it K PR RE S ) T >R b 3 P
WHEAT IR RE . A PERY AR A S 30 T WORL IRl A TR 6
5B RN 22 5 R R EORORL A T R B
HEIW A L BT 26 5 L BRI 4o o v R s 4 o

M2E5% . TEEDA TR IR IR, 3 2 R ik 2
)4 A= A%, I Hy il B T U, ORE )R A
TRIE 6 BU/IN, P A W RE e, /1N | B A s 4 b
WK, TR s A FR ], B 2 1) 35 45 i 5
MBI, RS B W A, ORLE] i A TR 6
R DRI 2 figh DU 2 e, 38 A, A T 4 1K 3 2 748
Wz, TEIZPT B, W BT A i A TR E , ook ) ik
ZR B MO TRE s Jea R TR0 A8
SR B A R AL AN W AL BBEIR | JCTETE AR 2 1Y
A TREE , UKL (B 42 il 91 B2 &, R4k T IR (L, 732
HEITBE TR A BROR, KR e 22 LA /Y
PR KSR AR TR0 0 o, i 1 S A 280V R ¥ 0
Bk B AR R, B R B R R | DR MR e
FRSJE I B T 2R R R —IE iU R i

TR IC LA 2 TR 1 %A R K K PERERY 52
Wi A AT R 2 (4) BEAT IR . UL IE FL R R SE
TRURLEAR R, A AIURLEAR ROBOR , JB0RE ] 2 fi M1
JE ke K, BIFE AR [R] e 7 HIR B A2 T 80N | DR
FHBEROR , 23 BRI K R BB, T A TR
T3 B I EHE TR RE T ORI B4 4 fik 4 fk g
R FIURE[B] AE TR DRI A2 2 T 7 A, 5 B R A
filf 7K R KOBU N

3 4 #

1) BB AT TR S 10 ) T 23 kg R 28 B 5
/A WU SIS R Ji e S A SR AL 4 A B B,
A KRR R T T R TR T R S T s S M 1
Jestid e, M E RS R B el 4 4B
B b A T RS R AR RS
AL T 3 BB Y By /NS B S ad 7 5 iR
FeSEid e R AR AT AR BN 3 BB,

2) BB A R B R, 3 SRR S AR B S B
AR WERR R B RN ES . SEY A L
RS 2 BB e T N Z A R, e Tl i K =S
B Sy B S e I, AR, B T e Y S R



- 88 - S NS D A N - ¢

557 %

Sk RBCE R A e A 3,75 A1 7.5 £i5

3) BERLAR G, B A AR e e 4 v, 3 Sk
PRI 25 B 3 5 R ik R B SR R o, Hir
FRbA A BPA BY 25 BRI B K 0. 20.,0. 09
F10.04 WK R E 533K 0.25 0. 11 F10.05,

4) FETF ORI, 5 AR Y R 2 7 T f
A RCE I Z M R BYR A IEEIE ., Ak
BA Ty PR B AR R BT 3 BB R AR
YT 5 BURLAR R B AR B &, 1) 22 5, i I B0A R
K RBZES

5% ik

CHTBUORE]. B b T K RS HE QLRI R R R (D], BEAR2A IR,
2015, 40(2) : 239
GU Dazhao. Theory framework and technological system of coal mine
underground reservoir [ J ]. Journal of China Coal Society, 2015,
40(2): 239. DOI:10. 13225/j. cnki. jees. 2014. 1661

[2]COLAS E, KLOPRIES E M, TIAN D Y, et al. Overview of
converting abandoned coal mines to underground pumped storage
systems: focus on the underground reservoir[ J]. Journal of Energy
Storage, 2023, 73 . 109153. DOI.10. 1016/]. est. 2023. 109153

[3]ANDRES C, ORDONEZ A, ALVAREZ R. Hydraulic and thermal
modelling of an underground mining reservoir[ J]. Mine Water and
the Environment, 2014, 36 (1): 24. DOI. 10. 1007/978 -3 - 642 —
32408 -6_93

(41m0oRs, 20k, BaEE, 45 FRIERD B IR OR3P R T & SR i
WS TAERHE[T]. BEeAdl, 2021, 46(10) : 3079
GU Dazhao, LI Jingfeng, CAO Zhiguo, et al. Technology and
engineering development strategy of water protection and utilization of
coal mine in china [ J]. Journal of China Coal Society, 2021,
46(10) : 3079. DOI:10. 13225/j. cnki. jees. 2021.0917

[5]SONG Hongqging, XU Jianjian, FANG Jie, et al. Potential for mine
water disposal in coal seam goaf: investigation of storage coefficients
in the shendong mining area[ J]. Journal of Cleaner Production,
2020, 244 . 118646. DOI.10. 1016/j. jclepro. 2019. 118646

[6 ] WANG Qiging, LI Wenping, LI Tao, et al. Goaf water storage and
utilization in arid regions of Northwest China: a case study of
Shennan coal mine district [ J ]. Journal of Cleaner Production,
2018, 202 33. DOI.10. 1016/j. jclepro. 2018. 08. 123

(714, RUER, tRER, 5. 25 BA AU 152 0 i it T 7K 2
AR RBOT R T, BEAR, 2019, 44(12) : 3750
FANG Jie, SONG Hongqing, XU Jianjian, et al. Storage coefficient
calculation model of coal mine underground reservoir considering
effect of effective stress[ J]. Journal of China Coal Society, 2019,
44(12): 3750. DOI:10. 13225/]. cnki. jecs. SH19. 1147

[8TBETR AL FARH X H R Reas KK 2R AR % IR 94 1) FH &4 AR
FRID]. P9, PEERHORY:, 2016
CHEN Sushe. Research on the key technology of water resources
recycling utilization in the underground goaf reservoir in shendong
mining area [ D ]. Xi’an: Xi’an University of Science and
Technology, 2016

(91244, ey, BkE, % ST K2R = B I R KR
TR ()] BEPCEAR, 2017, 42(8) : 2116
LI Quansheng, JU Jinfeng, CAO Zhiguo, et al. Suitability evaluation

of underground reservoir technology based on the discriminant of the
height of water conduction fracture zone[ J]. Journal of China Coal
Society, 2017, 42(8) ; 2116. DOI:10. 13225/]. enki. jecs. 2016. 1871
(10T P2 SO, =4k, BOGHT, 4. MR 3R 7K At K 25 Al i 1 o3
Mot B k[ 1] B, 2019, 44(2) : 557
PANG Yihui, LI Quansheng, CAO Guangming, et al. Analysis and
calculation method of underground reservoir water storage space
composition[ J ]. Journal of China Coal Society, 2019, 44 (2).
557. DOI.10. 13225/]. cnki. jees. 2018. 0417
[11]FAN Kaifang, XIE Peng, LIU Zichang. Analytical method of
reservoir capacity of underground reservoir in coal mine:; a case
study[ J]. Water Supply, 2023, 23(2) ; 581. DOI;10.2166/ws.
2022.439
[12]5kR3C, X, BRAT, &, KRR S A & KA TE Rk
[J]. BB, 2018, 43(4) : 1000
ZHANG Junwen, WANG Hailong, CHEN Shaojie, et al. Bearing
deformation characteristics of large-size broken rock[ J]. Journal of
China Coal Society, 2018, 43(4) . 1000. DOI.10. 13225/j. cnki.
jees. 2017.1024
(131, ARfhfd, ik, 5. B mE A RS- B2 —Roa il
HIRBIRE[)]. HAJ2E 5 TR, 2018, 37(8) ; 1884
WANG Ping, YU Weijian, FENG Tao, et al. Experimental study
on second diagenesis by compaction and consolidation of soft and
broken rock [ J]. Chinese Journal of Rock Mechanics and
Engineering, 2018, 37(8) : 1884. DOI:10. 13722/j. cnki. jrme.
2018.0185
[14]5kFME, 2505, RS, &, SKZE T A TEE SR ER
SR, RO SR TR, 2014, 31(2) : 220
ZHANG Jixiong, LI Meng, DENG Xuejie, et al. Method and
application of extending mining upper limit under aquifer by gangue
backfill mining[ J]. Journal of Mining & Safety Engineering, 2014,
31(2) : 220. DOI:10. 13545/j. issnl673 —3363.2014. 02. 009
[15]ZHANG Jixiong, LI Meng, LIU Zhan, et al. Fractal characteristics
of crushed particles of coal gangue under compaction[ J]. Powder
Technology, 2017, 305; 12. DOI:10. 1016/]. powtec. 2016.09. 049
[16 ] DAS S K. Observations and classification of roof strata behaviour
over longwall coal mining panels in India[ J]. International Journal
of Rock Mechanics and Mining Sciences, 2000, 37 (4 ). 585.
DOI:10. 1016/81365 - 1609 (99)00123 -9
[17]PALCHIK V. Bulking factors and extents of caved zones in
weathered overburden of shallow abandoned underground workings
[J]. International Journal of Rock Mechanics and Mining Sciences,
2015, 79 227. DOI:10.1016/j. ijrmms. 2015. 07. 005
(18 1%k, Jbik, LTy, &5, JE0 T K B A R BB TE 5 I 4L
FFPESCIR BT SE ()], LT TR R AWM (ARBE R ,
2021, 40(6) : 479
LIANG Bing, YU Da, WANG Beifang, et al. Experimental study
on rock bearing deformation and time-effect characteristics of
underground reservoir in coal mine [ J].
Technical University ( Natural Science) , 2021, 40(6) : 479. DOI.
10. 11956/j. issn. 1008 - 0562.2021.06. 001
[19]LI Bo, LIANG Yunpei, ZHANG Lei, et al. Experimental

Journal of Liaoning

investigation on compaction characteristics and permeability
evolution of broken coal [ J]. International Journal of Rock
Mechanics and Mining Sciences, 2019, 118 63. DOI. 10. 1016/
j. ijrmms. 2019. 04. 001



53

AR, A TR K R A R TR S A R K R R T AL -89 -

[20 1 ZEMNI, 2R, XA, 45, Z5oR TR 35 R 98 KA 3
SBR[, BRFEEROR, 2022, 50(1) ; 95
LI Shugang, LIU Lidong, ZHAO Pengxiang, et al. Analysis and
application of fracture evolution law of overburden compacted area
on fullymechanized mining face under multiple factors [ J]. Coal
Science and Technology, 2022, 50(1) : 95

[21]5kZE 0T, APwgrp, iR, 225K 28 XAk B 23 1 25 B A LR T Y
[1]. RO 5%4TR¥%4, 2016, 33(5) : 893
ZHANG Hongzhen, DENG Kazhong, GU Wei. Distribution law of
the old goaf residual cavity and void[ J]. Journal of Mining & Safety
Engineering, 2016, 33 (5): 893. DOI.10. 13545/j. cnki. jmse.
2016.05.020

(221 Fk M, Thed. REXSBEBSMER[]]. BT %4,
2013, 44(8): 11
WANG Yongsheng, YU Xiaobo. A model for estimating porosity
distribution in gob area[ J]. Safety in Coal Mines, 2013, 44(8)
11. DOI.10. 13347/j. cnki. mkaq. 2013. 08. 032

(231 %88%, KM &, EMEI, 55 SReas AL IR 1 B i K%
WAL )], BB, 2009, 34(9) : 1203
LIANG Yuntao, ZHANG Tengfei, WANG Shugang, et al.
Heterogeneous model of porosty in gobs and its airflow field
distribution[ J ]. Journal of China Coal Society, 2009, 34 (9):
1203. DOI.10. 13225/j. cnki. jees. 2009. 09. 021

(24155, 22K, WEDG, 5. (B e A i 78 o A2 b LR A
AR TS [) ], A0 e S TR SR, 2009, 28(7) :
1447
MA Zhanguo, LAN Tian, PAN Yinguang, et al. Experimental
study of variation law of saturated broken mudstone porosity during
creep process [ J ]. Chinese Journal of Rock Mechanics and
Engineering, 2009, 28 (7) : 1447. DOI.10. 3321/j. issn: 1000 —
6915.2009.07.019

(2515 i [, B4, BRi5WE, 5. BERORR S & R R 56 057
[J]. ‘A&t A%, 2009, 30(4) : 985
MA Zhanguo, MIAO Xiexing, CHEN Zhanging, et al. Experimental
study of permeability of broken coal[ J]. Rock and Soil Mechanics,
2009, 30(4) : 985. DOI:10. 16285/j. rsm. 2009. 04. 005

(26 195Kk, B, R, 5. 2 UMM IR A0 R SEARRAE 19 1K 86
WFELI]. A2 S TR, 2012, 31(1): 18
SU Chengdong, GU Ming, TANG Xu, et al. Experiment study of
compaction characteristics of crushed stones from coal seam roof
[J]. Chinese Journal of Rock Mechanics and Engineering, 2012,
31(1): 18. DOI:10.3969/j. issn. 1000 - 6915.2012.01.003

[27 ]WANG Beifang, XING Jingchao, LIANG Bing, et al. Experimental
study on deformation characteristics of rock and coal under stress-

fluid interactions in coal mine underground water reservoir [ J].

Energy Sources Part A: Recovery Utilization and Environmental
Effects, 2020, 46 (1): 7845. DOI: 10. 1080/15567036. 2020.
1760968

[28 ]ZHANG Bing, WANG Hanpeng, WANG Peng, et al. Experimental
and theoretical study on the dynamic effective stress of loaded gassy
coal during gas release[ J]. International Journal of Mining Science
and Technology, 2023, 33 (3). 339. DOI. 10. 1016/]. ijmst.
2022.09.025

[2917FALTy, Bvk, ARG, 55, DL T K B A R TE ik R e K g
WFE[I]. HEF1%, 2018, 39(11) : 4086
WANG Beifang, LIANG Bing, WANG Junguang, et al.
Experiment study on rock bulking of coal mine underground
reservoir[ J |. Rock and Soil Mechanics, 2018, 39 (11): 4086.
DOI:10. 16285/j. rsm. 2017. 0506

[30]LEE J S, SAGONG M, CHO G C, et al. Experimental estimation
of the fallout size and reinforcement design of a tunnel under
excavation [ J ]. Tunnelling and Underground Space Technology,
2010, 25(5) : 518. DOI:10. 1016/j. tust. 2010.02.011

[31]WANG Yaochuang, CHEN Pengkun, WANG Shen. Study of
overlying rock structure and intensive pressure control technology of
island longwall panel in extra-thick coal seams[ J]. Processes,
2023, 11(11): 3083. DOI.10.3390/pr11113083

[321BRIERE, FRARAR, W, 2. SR/ 62 TR B A SRR AE 5%
MRS [J]. A 12 S TRE2AAR, 2014, 33 (3T 1) .
3318
CHEN Xiaoxiang, SU Chengdong, TANG Xu, et al. Experimental
study of effect of water-saturated state on compaction property of
crushed stone from coal seam roof [ J ]. Chinese Journal of Rock
Mechanics and Engineering, 2014, 33 (Sup. 1) : 3318. DOI. 10.
13722/j. enki. jrme. 2014. s1. 102

[33]WANG Fangtian, LIANG Ningning, LI Gang. Damage and failure
evolution mechanism for coal pillar dams affected by water
immersion in underground reservoirs [ J]. Geofluids, 2019,2019.;
1. DOI.10.1155/2019/2985691

[34]WU Hao, YAO Yanbin, DU Xuejia. Water adsorption characteristics of
coal with different particle sizes: experimental and modeling
analyses[ J]. Natural Resources Research, 2023, 32(2). 717.
DOI:10. 1007/s11053 - 023 - 10171 —x

[35]WALKER D M, TORDESILLAS A, KUHN M R. Spatial connectivity
of force chains in a simple shear 3D simulation exhibiting shear
bands[J]. Journal of Engineering Mechanics, 2017, 143(1) ;1

[36 ]IIKAWA N, BANDI M M, KATSURAGI H. Force-chain evolution
in a two-dimensional granular packing compacted by vertical tappings
[J]. Physical Review E, 2018, 97(3) 1. DOI.10. 1103/PhysRevE.
97.032901



