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Study on failure mechanism and application of double-layer structure floor with

large buried depth and high confined water
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Abstract: The first mining of nearly whole rock lower protective layer working face in Pingdingshan coal mining area is used to liberate
the Ji group coal resources of its upper threatened by the gas outburst. The mining of the rock layer at a depth of nearly 1 000 meters is
bound to increase the depth of the floor damage. Once the L; weak water-rich aquifer in the aquifuge is disturbed, the indirect recharge
channel of the cold ash water is formed, which affects the safety and stability of the rock floor. Firstly, the theoretical model of plastic slip
line of double-layer structure floor is established, and the analytical solution of maximum failure depth of double-layer floor under three
working conditions is derived. Then through the self-designed similar simulation experimental platform of pore water pressure (spring) and
stratum effective stress (jack), the deformation form and failure characteristics of stope roof and floor are simulated and analyzed based on
digital image correlation technology. Finally, the borehole strain measurement method was used to carry out on-site monitoring of floor
fracture development morphology in Ji;;-31040 nearly whole rock working face of Pingdingshan No.12 Coal Mine. The results show that
the maximum failure depth of Ji;;-31040 nearly whole rock working face floor is 16.59 m by using the plastic slip line theory of double-

layer structure floor. The similar simulation experiment reveals that the floor failure is concentrated at both ends of the open-off cut and the
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working face, with obvious lagging failure characteristics. The maximum failure depth is 17.8 m. After the working face advances 159.9 m

into full mining, the floor stress gradually recovers. The field measurement results show that the floor rock mass has a compression-shear

slip failure at 7.9 m in front of the working face. The floor before and after the working face is pushed through the borehole shows com-

pression-shear and tension-shear failure, respectively. The maximum failure depth of the floor is between 16.5 m and 18 m. The results of

field measurement are in good agreement with theoretical calculation and similar simulation test.

Key words: nearly whole rock lower protective layer working face; depth of nearly 1000 meters; cambrian limestone; floor water hazard;

similar simulation; drilling strain technology
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Fig.1 Calculation diagram of failure depth of single-layer structure floor
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Fig.2 Calculation diagram of floor failure depth of double-layer structure under H,<H'
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Fig.3 Calculation diagram of floor failure depth of double-layer structure under H, =
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FHZFE 2 /m 48.4 64.0 77.4 101.5 109.1 120.1 132.9
e Hs A /m 484 15.6 13.4 142 7.6 11.0 12.8

SR IREL UK WOUCKRHE  HIOUCEE  FIYCEE  FRUCKE  FBYCKE BAkckE FHRBBEE
T B /m 141.2 155.9 163.8 186.9 202.2 218.9
KRR/ m 8.3 14.7 7.9 13.2 15.4 16.6 12.2

215



2023 4475 10 ] # 52 M F H K 551 %

0.040 0.080

FEAR TR RS ¥

IFR I 0.040 |

Von mises 255 N A4S
Von mises 255 N AF

8.92x10°
55 2 R IR

Von mises 255N A8
Von mises 25 % N A8

0.088 . .
0.088 kff kf;
~ & &
0.044 I 2
E E

g g

= B

0.000 7 0.000 6

0.000 [N I
B B

B ‘B

buld Fld

0.046 || 0.046 | 3]
Z ¥

g g

= =

0.000 7 0.000 4

55 8 VR ORI

57 A

0.046 0.050 |

Von mises 253N A8
Von mises 25 %N A8

0.000 4 0.000 3

0.097 55 10 RJE IR E

Von mises 2534 N AR
Von mises 2534 N AR

0.000 5 0.000 3

0.101 0.102

Von mises 2535 N A4S
Von mises 2525 N AF

8.846x107°
8 14 WA BRIE 0.102

0.000 1
0.102

Von mises 253N A8
Von mises 25 %N A8

0.000 1 0.000 2

B 12 TURAR S MW 80R 0 AL

Fig.12 Evolution law of plastic failure range of roof and floor

DHIE) T AR TR RON AR B, 2 4% AR TR AR fE PE AT Ab B, 75 31 07 AR A Al T AR B i P A B 2
S e (151 14), FF5R T Surfer B % 9137 5200 % HE B OZARE 5 15),
216



2023 4F55 10 A

A 13

2000 |- REAE T

L 5oy
= 1500t =25 e 105

==} ==}
=k
= s -5 13
2 65 w45
B 7Sl

g S 6T

-500

4035 - 15
g 010557773 5 L™
- SR
/E,?g,%/m B

14 p&ESLld %

Fig.14 Measured curve of strain

TAF T HERERE 2/m NiASEE/1076
20 10 0 10 0 30 40 2100
o= 1900
1700
1500
1300
1100

TARTAIHERE B E5/m 900
20 10 0 10 20 30 40 700
500

300
100
—100
=300

—_
(=]

JERAR TR /m
3]
(=)

JEAR TR /m

K15 FE##ZTHEEMERFELAVEREE
Fig.15 Isoline and color image of strain change rate under dif-

ferent propulsion

NASEAREIZE R, TAEHEEEFL-—27.4 ~—7.9m
YO 1B N R AR A T B AR (B Sk T, B S LT 2RI, 2%
HH R 1A% F 3 i i bR S 5 R BT VIS TE B B, iR
MR SR R b v A TAETRRT Y 7.9 my TAE R AL
0~ 9.6 m i I 1 ~ 9 5 W ARERELEHE K, AR
FARIEASIBI AL B B, B, TERE 4R - 9
S OFRAERR 16.5 m) h—ASBE A 5 L5, Il
A1~ 9 5 R AR e K, FEARIAF] 1.000x10°° LU

| il
il

1.80 WA
230 R
020

320 =
420

1.00
0,40 S—

4.10

53—
0.30

12.90

BEMFERE
Fig.13 Monitoring programme schematics

e TR I o577 A R HEAR KD T 500x107° LAY, #
JEMCHEB RO E T E 9 5k Ab; TAF w45 L
9.6 ~44.5 m BB, i FIATIES T, 4500 7 A (3
F M2 T AR IS, PRI A 7R BL B BEZ 0 R A K
P25 55 W IO A ELATS A 18 0 , L K 5ok 23 B I PRI
I RZOt TR, AR A EH AT 1000x10°,
g4 AR S L OB SR AT, TAE w5
FEALFL—7 m B 12 m B}, JEEARIETR 0 ~ 18 m NI TA
NAE TR, T AR AL 12 m 5 AR A A
N7 b Tt R W R, B LT IO B A A
PRSI 9.8 m(SEMFE425HE 12.3 m), BLASIEAR
FrRBEIR TR B B3k B B K, 1 Bl R T Ak Sk
JEARA R ABEA TR E E o LTS AR R
WIRREAN T 16.5 ~ 18 m,

5 & &

1) FEST B BUZ S5 H4 AR BB P T R 42 17 BRI AR A
AT A TAEHCARCA R0 SEBR 254, 38 0 %5 E 3l
FRICEREE /N SRR TR AR L2 A R R B = Fh
TS, $Em T AR KB BR B T3 45 R
HERRTE o SR FHRUZ S5 R AR 28 M 1 A8 S e T TR
040 It 4> TR AR dse R TREE 4 16.59 m.

2) IR K R T SE5 R G, IR T K
FEK R 7 5 )2 R 2R [RR AR, 1% &R S0 v AR A
P S bR K AR, BBl 3K 2 %) B EE A
BN 3 FFLBR K J7, 7R AT XA AR A [] 7K e /)N
PEATRE WERLRLIRZ T, 30 P AE 25 58 R 98 T AT 2007
JIfar A8, FH TR AR RLR K2 G BR 7 A
YR, AN A

3) HE TR U A SCHOR AL 3 #1040 345
T T0URC AR AR T SRR, & IR R 4, VIHR &2 T4
TR T 7 AR M B R R B e K, B T4 I 4

217



2023 4F55 10

#HEHMFHAK

%51 %

HE, B0 T I R s A AR Ih 4 2 DR
132.9 m B, AR KSR IR B 35 3] 17.8 m, JIKAHR 58
KB IA SR T TAE R YR AR Ak, o
HE R m e FFUIHR 100 ~ 200 m.

4) R FH AL AL A% 47 AR 3 b7 S, 45 35S e K
WEIRIRE AT 16.5 ~ 18 m, SZI G5 RIGUE T B2 45
PR AR SR 1 A 2 7 B e (s BR IR Hy KT
FRIRSCE)ZIEE B0 BB K T R B AR
BEAL S0 g ] S, S A Ja P Tl e X R A 2
W DX S 2 4y TR R K Bl TR /K TAER TF R4 T
—E MR RE X,

S % 3 Hf(References):

[1] RANIJITH P G, ZHAO J, JU M H, et al. Opportunities and chal-
lenges in deep mining: a brief review [J]. Engineering, 2017, 3(4):
546-551.

(2] BHFOF. “URERE M2 51 R BIR” T A8 T R
B TREREESHR, 2017,49(2): 1-16.

XIE Heping. Research framework and anticipated results of deep
rock mechanics and mining theory [J]. Advanced Engineering Sci-
ences, 2017,49(2): 1-16.

[3] % W, 5w, THIE, 45 AJERYEH “=F — 17 #5 TR
BUAR B TT R FIRIFE L] RBRLAER, 2021, 49(9): 129-135.
WU Tao, FANG Xiangqing, NING Shuzheng, et al. Study on
status quo and development as well as utilization of coal re-
sources “under buildings, water bodies, railways and above con-
fined water” in North China Coalfields[J]. Coal Science and Tech-
nology, 2021, 49(9): 129-135.

[4] BAILY,LIANG Y B, SONG Y B, et al. Study on failure law and
failure depth of floor in deep mining [J]. Geotechnical and Geolo-
gical Engineering, 2019, 37(6): 4933-4946.

[5] 2400, #E M, TWERE, 5. WIIFR A W B AR -2 R0

WAL (7], 244, 2022, 47(8): 3069-3082.
LI Chunyuan, CUI Chunyang, LEI Guorong, ef al. Tensile fracture
mechanism of rock mass induced by the unloading-seeping of con-
fining pressure in deep coal mining[J]. Journal of China Coal So-
ciety, 2022, 47(8): 3069-3082.

[6] LI A, YANG Y X, ZHU M C, et al. Design theory and physical
simulation test using a textile bag to control water inrush in a coal
mine roadway[J]. Mine Water and the Environment, 2022: 1-12.

(7] BNT, 3K A S0, 45 TR S B0 A i 2k ) A

RALTE i (V] e, 2020, 45(3): 911-926.
HUANG Bingxiang, ZHANG Nong, JING Hongwen, et al. Large
deformation theory of rheology and structural instability of the sur-
rounding rock in deep mining roadway [J]. Journal of China Coal
Society, 2020, 45(3): 911-926.

[8] FANG F, SHU C, WANG H T. Physical simulation of upper pro-
tective coal layer mining with different coal seam inclinations[J].
Energy Science & Engineering, 2020, 8(9): 3103-3116.

(9] e, BEZ WG B2 R 3 R M R 2

218

[10]

[11]

[12]

[15]

[16]

[17]

[19]

TrEMFE L] ERBLAEOR, 2021, 49(8): 154-161.
WANG Zhonghua, CAO. Jianjun. Study on main control factors of
pressure relief of deep and long-distance coal seams group and op-
timization method of initial mining[J]. Coal Science and Techno-
logy, 2021, 49(8): 154~161.
B B b, AR, . 2R R R R
BE LI BTG [J]. 41, 2019, 44(9): 2611-2621.
YANG Ke, LIU Shuai, TANG Chunan, et al. Mechanism and pre-
vention of coal seam rib spalling in remote protected layer across
coal group[J]. Journal of China Coal Society, 2019, 44( 9) :
2611-2621.
B B X O BRI P2 TR 2 G2 B -
G- BT HH S AR AT L], R 5 224 TR 444K, 2020,
37(5): 991-1000.
YANG Ke, LIU Shuai. Rule of multi-key strata movement-frac-
ture evolution-dynamics of gas emission in deep long distance
lower protective layer mining[J]. Journal of Mining& Safety En-
gineering, 2020, 37(5): 991-1000.
JIN K, CHENG Y P, WANG W, et al. Evaluation of the remote
lower protective seam mining for coal mine gas control: a typical
case study from the Zhuxianzhuang coal mine, Huaibei coalfield,
China[J]. Journal of Natural Gas Science and Engineering, 2016,
33:44-55.
MA D, DUAN H Y, ZHANG J X, et al. A state-of-the-art review
on rock seepage mechanism of water inrush disaster in coal
mines [J]. International Journal of Coal Science & Technology,
2022,9(1): 1-28.
LI A, DING X S, YU Z Z, et al. Prediction model of fracture
depth and water inrush risk zoning in deep mining coal seam
floor [J]. Environmental Earth Sciences, 2022, 81(11): 1-21.
TR, BB, MR, 55 TR TRE A R 5K
AEBAZHIEA [T, 52441, 2020, 45(7): 2444-2454.
WANG Pengpeng, ZHAO Yixin, JJANG Yaodong, et al. Charac-
teristics and control technology of water inrush from deep coal
seam floor above confined aquifer in Xingdong coal mine[J].
Journal of China Coal Society, 2020, 45(7): 2444-2454.
LI A, MA Q, LIAN Y Q, et al. Numerical simulation and experi-
mental study on floor failure mechanism of typical working face
in thick coal seam in Chenghe Mining Area of Weibei, China[J].
Environmental Earth Sciences, 2020, 79(5): 1-22.
OR,BER,E b, AT XSHRESGCR IR R T
IR G AR SE (1], HEDBR, 2017, 36(4): 9-12.
LI Ang, LI Ruini, WANG Pan, et al. Study on regularity of fail-
ure depth of floor No. 5 coal seam in fully mechanized coal min-
ing face in different length in Chenghe Mining Areal[J]. Coal
Technology, 2017, 36(4): 9—12.
ZE WL, TG S, 3 BRI K 2 R AR A R R Y e SR AL AF
FEI). WEIRBFERAR, 2021, 49(12): 173-179.
LI Jianbo, YIN Shangxian. Study on deformation and rock failure
mechanism of floor rock mass with thin aquifuge near Ordovi-
cian limestone[J]. Coal Science and Technology, 2021, 49(12):
173-179.
2B XU, A A I 2 R R AR S


https://doi.org/10.1016/J.ENG.2017.04.024
https://doi.org/10.13199/j.cnki.cst.2021.09.019
https://doi.org/10.13199/j.cnki.cst.2021.09.019
https://doi.org/10.13199/j.cnki.cst.2021.09.019
https://doi.org/10.13199/j.cnki.cst.2021.09.019
https://doi.org/10.1007/s10706-019-00953-7
https://doi.org/10.1007/s10706-019-00953-7
https://doi.org/10.1007/s10706-019-00953-7
https://doi.org/10.13225/j.cnki.jccs.2022.0394
https://doi.org/10.13225/j.cnki.jccs.2022.0394
https://doi.org/10.13225/j.cnki.jccs.2022.0394
https://doi.org/10.13225/j.cnki.jccs.2022.0394
https://doi.org/10.13199/j.cnki.cst.2021.08.020
https://doi.org/10.13199/j.cnki.cst.2021.08.020
https://doi.org/10.13199/j.cnki.cst.2021.08.020
https://doi.org/10.13199/j.cnki.cst.2021.08.020
https://doi.org/10.13225/j.cnki.jccs.2019.0416
https://doi.org/10.13225/j.cnki.jccs.2019.0416
https://doi.org/10.1016/j.jngse.2016.05.004
https://doi.org/10.13225/j.cnki.jccs.DZ20.0680
https://doi.org/10.13225/j.cnki.jccs.DZ20.0680
https://doi.org/10.3969/j.issn.0253-2336.2021.12.mtkxjs202112021
https://doi.org/10.3969/j.issn.0253-2336.2021.12.mtkxjs202112021

A

ERAF s RIRTR R K AU S A4 TR AR A LB K B IS

2023 4F55 10 A

[21]

[22]

[23]

[25]

[26]

TERREERFSE (7], B0 TAE, 2020, 52(5): 138-143.

LI Ang, MU Qian, LIU Chaoyang, et al. Fitting analysis and veri-
fication of floor disturbance failure depth under the influence of
multiple factors in Weibei coalfield[J]. Coal Engineering, 2020,
52(5): 138—143.

LI A, MU Q, MA L, et al. Numerical analysis of the water-block-
ing performance of a floor with a composite structure under fluid-
solid coupling [J]. Mine Water and the Environment, 2021, 40(3):
479-496.

2B, AR, BT W TR Z R R B T
KOEUEAEA.: LABK PG 507 X3 SR 55482 o i) (1] 4
FH b SR, 2013, 41(4): 56-60.

LI Ang, GU Shuancheng, CHEN Fangfang. Theoretical analysis
and numerical simulation of destroyed depth of coal seam floor
during bearing mining: with seam No. 5 in Dongjiahe mine,
Chenghe mining area, Shaanxi as example[J]. Coal Geology &
Exploration, 2013, 41(4): 56—60.

XUEETE, BB, 7 R, S5 BURME 2 RSB R R BE TS vk
Be AR R UEAE T (7], D4, 2017, 42(4): 849-859.
LIU Weitao, MU Dianrui, YANG Li, et al. Calculation method
and main factor sensitivity analysis of inclined coal floor damage
depth[J]. Journal of China Coal Society, 2017, 42(4): 849-859.
FRYE, RTINS, B, A 3841 8 /KO SR T A TR A Bk
HIRBIREAE B FOK FAF ORI L] 5241, 2010, 35(7):
1109-1114.

HU Weiyue, ZHU Kaipeng, HUANG Xuanming. Study on floor
rock mass failure and water inrush caused by non-uniform distrib-
uted water pressure in mining face[J]. Journal of China Coal So-
ciety, 2010, 35(7): 1109-1114.

ZHAO J H, CHEN J T, ZHANG X G, et al. Distribution charac-
teristics of floor pore water pressure based on similarity simula-
tion experiments[J]. Bulletin of Engineering Geology and the En-
vironment, 2020, 79(9): 4805-4816.

o, sk, PMERER, 45 ME)Z SR FR AR I K AR 1 B T A
AR 57 & B 5 0 B 5T (0], 06 2 4, 2020, 45(3)
911-926.

LI Yangyang, ZHANG Shichuan, SUN Xizhen, et al. Develop-
ment and experimental study on yisua lization test platform for
water inrush evolution process of coal seam mining floor[J].
Journal of China Coal Society, 2020, 45(3): 911-926.

LIU S L, LIU W T, SHEN 17 J. Stress evolution law and failure

characteristics of mining floor rock mass above confined

[27]

[28]

[29]

[30]

[31]

[32]

[33]

water[J]. KSCE Journal of Civil Engineering, 2017, 21( 7) :
2665-2672.

T, ZEHRIE, R, 45 AR RK FIF R AR K 2 2
i AL A AR AT SE (], a0 12 5 TR, 2009, 28(2):
336—341.

FENG Meimei, MAO Xianbiao, BAI Haibo, et al. Experimental
research on fracture evolution law of water-resisting strata in coal
seam floor above aquifer[J]. Chinese Journal of Rock Mechanics
and Engineering, 2009, 28(2): 336-341.

BB AR, LR, BRI, A5, 3 AR TS AR R BB AR XL 1
AR [J]. 541, 2013, 38(3): 384-390.

ZHAO Yixin, JIANG Yaodong, LYU Yukai, ef al. Similar simu-
lation ex-periment of bi-directional loading for floor destruction
rules in coal mining above aquifer[J]. Journal of China Coal So-
ciety, 2013, 38(3): 384-390.

BHRIC. BRI BN AR R AL ) KA SE (D). b
P E R AR, 2018: 1-120.

LI Chunyuan. Fracture mechanism and its model of floor rock
mass under strong disturbance in deep coal mining[D]. Beijing:
China University of Mining & Technology, Beijing, 2018: 1-120.
kAT, X R AR . MR TR AR Bl R BT 1) TR B K o A
fiE LT 54, 1990, 15(2): 46-55.

ZHANG Jincai, LIU Tianquan. On depth of fissured zone in seam
floor resulted from coal extraction and its distribution character-
istics [J]. Journal of China Coal Society, 1990, 15(2): 46-55.

LI A, JI BN, MA Q, et al. Physical simulation study on grouting
water plugging of flexible isolation layer in coal seam mining[J].
Scientific Reports, 2022, 12(1): 1-16.

AT, IRAESC VL, AR BT ST SR B AR
BN TR AR R iR R R (] A R,
2022, 43(5): 1197-1206.

PENG Shoujian, ZHANG Qianwen, XU Jiang, ef al. Experiment-
al study of deformation localization characteristics of sandstone
under seepage-stress coupling based on 3D digital image correla-
tion technology[J]. Rock and Soil Mechanics, 2022, 43( 5) :
1197-1206.

HEE, SRR, £, AF PR K PR B S 1
SRS HTIE [T]. B4, 2021, 46(2): 638-651.

CAO Zhiguo, ZHANG Jianmin, WANG Hao, et al. Physical
modelling and scenario simulation of coal water co-mining in coal
mining areas in western China[J]. Journal of China Coal Society,

2021, 46(2): 638—651.

219


https://doi.org/10.3969/j.issn.1001-1986.2013.04.014
https://doi.org/10.3969/j.issn.1001-1986.2013.04.014
https://doi.org/10.3969/j.issn.1001-1986.2013.04.014
https://doi.org/10.3969/j.issn.1001-1986.2013.04.014
https://doi.org/10.13225/j.cnki.jccs.2010.07.017
https://doi.org/10.13225/j.cnki.jccs.2010.07.017
https://doi.org/10.13225/j.cnki.jccs.2010.07.017
https://doi.org/10.13225/j.cnki.jccs.2010.07.017
https://doi.org/10.1007/s10064-020-01835-6
https://doi.org/10.1007/s10064-020-01835-6
https://doi.org/10.1007/s10064-020-01835-6
https://doi.org/10.13225/j.cnki.jccs.2020.1435
https://doi.org/10.13225/j.cnki.jccs.2020.1435
https://doi.org/10.1007/s12205-017-1578-6
https://doi.org/10.3321/j.issn:0253-9993.1990.02.002
https://doi.org/10.3321/j.issn:0253-9993.1990.02.002
https://doi.org/10.1038/s41598-021-99269-x
https://doi.org/10.13225/j.cnki.jccs.2020.1173
https://doi.org/10.13225/j.cnki.jccs.2020.1173

	0 引　　言
	1 双层结构底板塑性滑移线场理论
	1.1 H0&lt;H'工况下双层结构底板破坏深度
	1.2 H0=H'工况下双层结构底板破坏深度
	1.3 H0>H'工况下的双层结构底板破坏深度

	2 底板最大破坏深度理论分析
	2.1 工程背景
	2.2 040近全岩面底板最大破坏深度

	3 深部开采相似模拟试验
	3.1 相似比确定
	3.2 相似材料选取
	3.3 相似模拟试验系统设计
	3.4 模型搭建及开挖
	3.5 试验结果及分析

	4 底板破坏规律现场实测
	4.1 监测方案
	4.2 监测结果分析

	5 结　　论
	参考文献

