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“Four Zones” control model and application for surface subsidence of bed
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Abstract: The grouting technology of bed separations has been proved to be a new method which can meet the requirements of non-de-
structive mining and solid waste reduction. To effectively control the subsidence of ground structures caused by mining, the whole process
of bed separation grouting mining is analyzed in a steady state based on the key stratum theory. For the first time, a “four zones” control
model for surface subsidence under grouting bed separation was proposed, which includes natural zone, transition zone, warning zone, and
protection zone, and the calculation formula for the “four zones” range was derived. Based on the engineering back-ground of controlling
the subsidence of the ground coking plant at the 3501 panel, the proposed “four zones” model was validated by combining physical model-
ling and field measurement of subsidence. The results show that the surface subsidence curve of bed separation grouting in physical model-

ling shows an irregular “V” shape, and the surface subsidence of the panel first increases rapidly. After reaching the maximum subsidence,
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the surface subsidence first decreases rapidly, and then the reduction rate gradually slows down. The subsidence curve shows a clear “four
zones” distribution, with a maximum subsidence of 1 589 mm, appearing at the contact boundary between the natural zone and the trans-
ition zone. The subsidence of the contact boundary between the transition zone and the warning zone is 497.94 mm, and there is basically
no subsidence within the protection zone. The predicted surface subsidence, horizontal deformation, slope, and curvature caused by min-
ing under grouting conditions based on probability integral method are consistent with the field measured results, but significantly smaller
than the predicted values under non-grouting conditions. It is determined that the surface deformation under grouting conditions meets the
requirements of Grade I damage level for structures. Based on the practical engineering geology and observed data of the mine, the natural
area is 261.19 m, the transition area is 246.09 m, the warning area is 655.25 m, and the protection area is 199.53 m. The proposed “four
zones” control model provides a fundamental theoretical basis for studying the subsidence of bed separation grouting mining.

Key words: bed separation grouting; “Four Zones” control model; key stratum; surface subsidence; damage grade; probability integral

method
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Fig.3 Steady state analysis of surface subsidence when separation layer is not formed in key grouting layer
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2 b 2.85 177.50 MRPELEH, S0 RnRE, IR

3 kb 10.05 188.00 AYEAE, KAKZ, Ghmaty, PR FoRHE

4 WA 8.00 196.00 WEUMIAYS), 5FEEZ 20 WA

5 HiRifb A 4.50 200.50 APRDRPIEEH, DIASER T, SIRAE

6 b 6.50 207.00 MEPEZEH, SRR, IR

7 PRI 4.00 211.00 TPRIPEIAN, AIRE, KAKZ

8 s 2.00 213.00 FA%K, Higm

9 HORCb S 9.00 222.00 HURIPEIZSK, ARERE, KAk, EEZER R T
bEagTa 10 e 4.00 226.00 FARK, BB

11 kb 3.00 229.00 HORIEPIAEHY, 5NELAZ UL, 2 A

12 WA 12.00 241.00 WIS, R IREE

13 HiRifb A 3.00 244.00 AURIRPIAEH, AChE, KARZ, IR

14 PRI 4.00 248.00 HURIEPASHY, AEAE, HNEEEP] D

15 W Ees 8.50 256.50 MBS, IR

16 Wb 6.10 262.60 MHEPEIZERY, W22k, RIRAE

17 WA 9.40 272.00 WBUAIAL), AL IRAH

18 PRI 8.00 280.00 HURIRPEREEM, AR E, KAKZ, PR W6

19 WA 6.00 286.00 WBMTIATS)
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Hb )2 A s i JEREE /M HIE/m YR AW HRIEN
20 Wb 5.00 291.00 HEPEIZERY, WinZ2atk, ARRAE
21 PRI A 15.00 306.00 HURIEPEIZEHY, syit2s, IRl WA 2S5
22 e 2.00 308.00 MK, HIgWH, S0
23 R 4.50 31250 Wb Z2ak, aihdE, 5 TESEV R
24 b 4.50 317.00 MYEPIREER, NEISCEEEBE, Syikhy, P UAE
25 WS 8.50 325.50 WBUMEARYS), WinZ2alk, R
26 Wb 4.50 330.00 MYEPERZE, EREAR, W EEH
27 kb 3.00 333.00 HBEHE, ks, Wk, kR

. 28 gieaes 7.00 340.00 WBUAMEARIYS), CEIRAE, B R, BroSss
29 b 4.00 344.00 YEPEREE, TRBRLS, - IRA
30 et 3.50 34750 RAEK, HEWE, R4, Bom
31 Wgrila 2.50 350.00 BB, W
32 iR 6.00 356.00 EJEEIR, WroZ2aik, e
33 WA 2.00 358.00 WAL, BH A
34 RIS 5.50 363.50 ARIRPIRESH, Srikhr, o IRAd
35 Wgrilaa 3.50 367.00 WIS, TRBKAS, AiEhaE, S Ra
36 s 5.50 37250 FAER, A
37 PRI A 9.50 382.00 HURIEDERAGHY, WA, oF R WA R4 TEH
38 WS 3.00 385.00 WBUMEARIS), Jriks, Wik 22, RS
39 i ey 2.50 387.50 /NUSSHEEI, pPELF, WiS2s, RIRE
40 HLRIb A 9.95 397.45 BET, CHZEM, PR A 23
41 es 1.05 398.50 AAEK, HIi, pRAE
2 e s 5.00 403.50 /NEIZEEEZEIE, kb, B A
43 WHbE 3.50 407.00 HYEDETAEH, A

- 44 vﬂ% 6.00 413.00 FA%K, B, R
45 WS 11.00 42400 WEUMIAES), WinS2z, R
46 HURLRD 2.00 426.00 ARIEPEIAGHY, WIRHEERL, ARURAE
47 et 6.00 432.00 FA%K, BN
48 b 2.50 434,50 HEDRETEERY, WM, R
49 PRI 10.50 445.00 PRGN, SR, B R DS =)
50 e 2.00 447.00 FA%K, B
51 YRR 4.00 451.00 /NEZZEEZEI, JCEIE, W, p R
52 (e 4.60 455.60 WPBUMAIGS), IR
53 es 1.90 457.50 FATK, EEE, pUREE
54 PRI 4.00 461.50 HORIEPIIASHY, MRS, BIEAEAL, 2 IRaE
55 YIRLAD 2.50 464.50 AMRIRDIASHY, 2 IRAE
56 s 3.60 467.60 FAEK, BIEE, JeEE, W
57 WA 3.40 471.00 FRBUAMAAIS), BB R

- 58 e 1.50 47250 FAEK, SAEYMEA

59 Wgrilaa 2.50 475.00 WOBUAIANEYS), WIEAEAL, RIRAE, Mok
60 Bl Ay 12.30 487.30 ANRIRDLAEH, NESEEE R, BRI WV 21
61 #H 5.96 49326 HUk-RAok, mRObEE, lsem
62 et 1.14 49440 Uk, EEEWAA, HigwE
63 kb 1.60 496.00 TORIEPASHY, NRSEEEE, Bk
64 WS 5.50 501.50 WHEBUMMIANS), EIEEIR, B0, TR
65 By R 1.10 502.60 Hulk, HIREIR, FFUKES, R
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Table 2 Key layer information and breaking distance
iz pSii] T JEE /m PR /m BEAE R B /m W /m B R 56 /m TR
1 FREE RS 10.05 188.00 305.26 94.66 379.35 —
2 WCHEZET ORI A 9.00 222.00 271.26 82.32 335.30 —
3 WRHEZ6 R A 8.00 280.00 213.26 78.84 277.73 —
4 W CHEZES HRLD A 15.00 306.00 187.26 51.13 225.77 —
5 WHEZE4 ORI A 9.50 382.00 111.26 44.46 148.22 K
6 WCHEZ3 MRS 9.95 397.45 95.81 4378 133.13 —
7 W2 HRLD A 10.50 445.00 48.26 34.32 79.61 —
8 WEEZ ElivnRiEay 12.30 487.30 5.96 14.23 19.79 —

9.55 MPa, T HEEAR N AE 212,98 ~227.18 mo
TR B E AR, R AR, S EEAE 3501 T
Ve 3EAE B 6 AR AEFL, VIR A LA B B
& 6 FiR, TR EA W3 3. IR rh, XS
TR RS A S

#F3 3501 TIEEIFRHAGER

Table 3 Grouting drilling information of No.3501
working face

75 HifL2 KA fLI%/m
1 HIFLGRH 1 382
2 H1-14L(RD 1 419
3 HE2fL(H) 1 397
4 H2-14L(ED 1 387
5 H3L(H) 1 390
6 H3-14L(H) 1 392

FEJRAEHT 3501 TAEm LA POt 2 )| i
FEHLT Az R AL A R RR 25 A R0 A BR A
ARV HEC R B Ry B 2 T S sk o 3 e XA
SO A 7 i B DA 0 T sl T, e R KK BB
K BHEIR) 0.7 VE R B A ER KW FL . #k T

VETH PR 45 5, ZE AT O 40 DX B Py A4k i 283 m,
BEUERE 47.5 07 6 BitiERK & 62.44 J7 m?, [ K i
48.56 J7 t,

3.3 R RE W K T

3.3.1 3501 T4k @AamAE L]

DL 3501 TAE 1 5t ) 24 S8R I TR R T
IR, SR A TR AR 5, i
FHE RS HR 2.5 mx0.1 mx1.5 m(KxFExm) . R4

R =i R BB R A VA= 0 e
RIS JUATTARBLEE S 1 200 (REARL: JFORY ) | i o 28 AT
RIEE R 1 1L6CRERSJE AL, SR EEAA UL A 1 ¢ 320,
BFRIARRLEE R 1 0 14, JCAAR LR BUR R T

AFBIBA LRI (] 7) B 5L = A 110 em,
Hrp B2 DL FIERE LR 100 em, AL B2 52 bR
T2 493 m, A RB 19 2 S0 bR R B 29
293 m, AP UE AR b5 TR SRR A4 AR AU, AR B
I T RRARL L, A A TR T il 14 P B ke 58 X 7 1) 1
A, SRR S R E IR .

T VR AR BRI AR, TR AR
HEIT )30 7F 4 d 224, $e BRI T AR P38 R R
2.4 m V5, WIAE—AS 788 ] B P A 17 4

RS

H7 HAFE230cm(FERE)

Fig.7 Model excavation 230 cm (excavation completed)
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# £ M FH K 551 %

Pt 9.6 m, $5 B8 LA AR AL LE 1330, ML AE — A ) Bk st
] B P B9 P42 2B BRI K 4.8 em, 4 1 34 R AE 7
8, HE T2 5 om. 3R R B TES bR
() B B 8] O 2~4 h, B R TR e v i, LAt it (]
2 h Ao Ao PRI, SR04 B SRR A A B B[]
WiE TAERIT 2 B9800, EIRER A T2 16 5 em,
BRI — AL BT IR 2 he AHARUBEBHBE AL Y
FEAZ BT S M AT B AR R AT, BT 42 1 A2 HE
5 cm, RIR A2 s AL 2 i R4 T4 1

FERIK B R 2.5 m, ZE 47 PN BE 58 10 em JEAE,
FRR 2.3 m XIS X, A TSR T 5 7 T
12, TFZIE B R 24 0.665 m(F G482 3 BT ) )5, 18
H bR S HE)2 T i 24 R J2 25 1) R FH 19 o 11 342
MR TR SR . G A R T B 1k 3 A
RV i O 1 R, SR FH 160 % B IS e AE B R T Je %
TR G} 85 J2 25 (R A 7 %% 2, A 3 BHL LR 2R 5 2 25 [
e T VE R . WU, A B e T
ETCTE A, WK, FEAS JCRE B Ao B, PR AR AN 25
XEE R DUAES 20 & & o B vl AT A B AT . 17
B3 AR AT, SR G 88 + 5k il & 2
H, MRS 8 R A, B i 2
s TN A E A O

X S SRR T AT R, S SR N TR
B B AT R IR L 7 5 38 a2 S AR BLFA BE T
W S AR o BT BIE RS T TS L

YT AR FZIEES A R 230 ecm (8 7), A AIFHE
SEXEIRHE 24 h A, BRGNS 2R E— 2 R SRR
FE, MR B R 2k E B RE, BEA RN
MR T a2 BE — e BE R IFILEEE, IR
e [ RN B AL, BAAEAE B8 )2 23 (Rl N AR AL, X%
AR B SR, OB R ) T DT SEACR PR
AT DL S I Sl 2 S R B A5 T R AR
HIVER

AT FEELE 7 R TR B L AR A L L,
A T b 2 T B W 1A TR B 2 A R T 4R, 45
4K 8 R,

Hi &1 8 AT, Mg T Tl 2 A b “V7
¥, AFF DRI 4R B REEHO 1F, TAER MR T 1T
RPN, BRI R IS E, iR N UTE ek
RPN, 15U/ R R W AR 27, bR U AR ik
UUFAZRILH B R “PUX” 178 X IR 5
e K UL A5 22 0] ) T8 L, 3290 PRl P 1 M 3 R e fe e
B, Hb 2N DT R S KE W, BRI AR K
TUCHESA 1589 mm; o P XN B R R ULAL S Tl
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U8/ IN 3R AT A8 G e 22 [] 149 9 L, 3230 PRl P 1) b 3R
U, MR T YT R SR RS, i i
X FAFUiE R K FUiE 1589 mm, il AR
DU A 497.94 mm; FEIR XA I X ik 5 R 45
DRCEE 22 [] P9 36 B, 3230 PRl P ) b 3R ik — 250
AN, TR TR Sl AR E ; FaE I DO ORI R S
(9 B, P55 X N MR FEATC T Ut A UG
ST, BRI SO A ] T MR

AR HEE 25 /m
0 0 100 200 300 400 500
g 400 !
=] AL 2 " oS
= 200 i Ji i £l
el il i Kl
s 1200 X B X X
1600 p=---------=< 1 589 mm
| | ]

—

F 8 T 1ETW I AL A R U L &
Fig.8 Observation curve of surface subsidence during advance

of working face

3.3.2 3501 T4k 5 PRl 25 R

ST W 3501 A T A 2 Ak s T X 3
FATEAGF L, 3501 TAETHAR B INL 1 4%, K&
WL G5 23 4, S5 1 T RE A Q, A BEE ) UL I £k
145, BB A 27 A4, S5 Bk Z, D A5 el R
25 mo bR R RGN E XA 5L T = AR K i, K
S 3T GNSS-T-5- CORS HiARZEAT M . £
BRI T 6 ) W £ R S5 — g5 R, T
Z1~75 5 SRR IUR, SR Z6~Z27 fil sS 55
PEAFA3AT, AR 9 FF7R N Z6~Z27 A b 3R T Uil
.

TN B
. PP D e N R % g6
100 T T T | T T T T 50 n!] T
=1
ved
= 300 AN A % [X dik
2 ao| EAE g
= 500
600 7777777777777 7777777 5 76j37.§_m1‘n’

B9 3501 TAET & 5k I oL
Fig.9 Observation of No. 3501 working face trend to
surface subsidence

1 9 mIAT, T AR TR A ) O8I0 2k | d5 KR U A
HILTE Z6 WM A5, MR KT UTE N 563.5 mm. H
721 YIS TG IE T AL B Z R, i R DTG
S AT 1, Z21~Z27 5 I A5 N A DR, (R DR &



B RVBEA B2 TER IRV “DUX” R K v 2023 4F55 8 4]

R/, 1 4 AT, 3501 TCARTH B /KPS0 | (iRt il
BRI 2 Ah, X 26~227 M 53 K22 T | Rt FRITME I 2 CREFTH L KA kg S 3 2R
R BEAT 00, IF 5 CRIY . KR BREg S 320t AR5 TRIETF R ) HLE R X A5 T 9%
AR B 5 T R ) AL AT 504 PAIRSF N ER
PARRGFGIATR (R 4) g Y G M U B T DR TR SR, SR PR AR AR
%4 3501 THEEMETHSHNY | BRFEH SIEXT 3501 TAE AR R AR IR A T bR
EARXT L A8 ISR AT U, I3 92 BRI AR AT 0 L
Table 4 Comparison between surface deformation of D22 5, HFE 5 nl A, RS T B H AT TRIMA(E
AN FEATET, (BRI AA F IR T Dl
IS IE | ABURERN AR B R/ NT R TER IR
O E . L, 255 3% 4 FE 5 alAL B E 3501 T
AR T 2R MU J2 VSR REAT S8 hl M R DB, DR 3R
R .

F£5 3501 TEMRTHNES SMERT EE

Table 5 Comparison between predicted and measured surface deformation of No.3501 working face

No. 3501 working face and Grade | damage

grade of structures

W% AKFEEE/(mmm™") BE/ (mmm™")  #i#E/107°m™!
FRPRER <20 <3.0 <02

ST ~1.54~1.81 -1.81~1.48 —0.124~0.045

[SES YR/ mm JKFAS I /(mmem ™) A (mm-m™) th2%/10° m™!
R TE I T 3707.0 -12.19~12.20 —26.68~24.73 -0.33~0.31
pas &l 620.7 -1.99~1.76 —3.8~4.09 —0.04~0.04
S 563.5 -1.54~1.81 -1.81~1.48 —0.124~0.045

FAE 3501 TAE T SEFR LB &L (L, A 700 m, Ly
283 m) e 1 IR E(12), (14), (16), (17)ATH
B 3501 TAEIRR “DUX” S Aaia i, BOE R8s 6
700, B HARIX I, = 261.19 m, 33X, = 246.09 m,
AKX, = 655.25 m, F5 4l X1y = 199.53 m . H=0(19)
AL, LAl+l+1=1362.06 m, 1fi Ly+L.+L,+(2H./
tan 6) = 1 362.06 m, 7§ /£ 2 (18) Irk 4514

4 & &

DE R T Rl A 52 0 R R irE “
DX AL, 43 3 A e RLK L S I XL R X
il DX, 456 2 IS JCH 2B s B, 1S T 3R
UURE R E ] “PU X 3 AR B S 205K

2) 2R FHAR USSR B0 0 I T 3501 T i T2k
b R T b DT R AR, AR (UL Y il R OB it 2k
AR V7 I, AR 2 i AR Ak R, TR M
RAFTEWIR Y “DUK” 2340, B R A e KR D
1 589 mm, 1 ¥ X i B R Ui N 497.94 mm, 15
DX 1 b 3R 90 B A — 20 9/, 458 1 IXC P b 3R A TG
TUL.

3)3E X 3501 A 1 R i B AT T R UL
FMEREF 0, 0 T ARk P R AR T
T CHESR L KRR i B B2 B 5 &
ST RATE ) R X T T IR SR

4) KR4 3501 T A T SE BRI A O, 1158 & )
“DUIX” B35 R A R w AR IX 261.19 m, 33 I X
246.09 m, ¥ X 655.25 m, 51X 199.53 m.
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