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Theoretical model and verification of “analogous hyperbola (hyperboloid)” for the
overall movement of mining rock strata: From two-dimensional “analogous
hyperbola” to three-dimensional “analogous hyperboloid” models

ZUO Jianpingl" 2 XU Chengyil" 2, SUN Yunjiangl” 2 LI Ying" ?, WU Genshui’, YU Meilu®
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Abstract: Coal mining can cause the deformation, fracture, and movement of overlying strata from bottom to top, leading
to surface subsidence and other problems. This is a mechanical process, so it is urgent to develop a movement theoretical
model based on the mechanical mechanism of rock fracture. Firstly, this paper reviews some theoretical models of rock

movement worldwide, and then focuses on our research progress in the field of overall rock movement theoretical models
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in recent years. Based on the mechanical analysis of the fracture morphology of different layers of rock and the results of
similar simulation tests, an “analogous hyperbola” model for the overall movement of mining induced overlying strata was
proposed, the focus of the model was approximately located in the layer of the main key stratum of the overlying strata.
Furthermore, the overall model of “analogous hyperbola” inside and outside the strata movement was established, and the
expression and physical significance parameter system for the internal and external movement of mining overlying rocks
were provided. The evolution law of the “hyperbolic like” model for the overall movement of rock layers was analyzed
based on different occurrence conditions of overlying rocks and coal seams. On this basis, further extending the two-di-
mensional “analogous hyperbola” model to the three-dimensional “analogous hyperboloid” model, the three-dimensional
movement model of “analogous hyperboloid” in the whole space of mining overburden was established, which includes
“quasi-single-leaf” and “quasi-double-leaf” hyperboloids. This theoretical model is based on the research of many prede-
cessors and scholars in China, from the perspective of systems science, it considers the overall movement law of rock lay-
ers. A preliminary theoretical model framework of the “analogous hyperbola (hyperboloid)” theory for the overall move-

ment of mining overburden has been formed, hoping to provide a theoretical guidance for scientific coal mining in China.

Key words: strata movement; analogous hyperbola model; analogous hyperboloid model; key strata theory

BRI [ R o Mz e ] Hise R ity g S 4
2023 4F- T8 I B 2h R S AR S A R L
5539, BoRAIH G HEE AL HRITR S5
wIZiEd), 5IRAZ NN 1Y 2P kA ARk, B

ST B P, 1 R K A2 FOHE R k A
B MRUIEEENED RPN T 0 Zis s 5
JESRAT (SRR ), ECR ST 1 5 212 ol )
oy E 2, A R Z R Akl A2 s &
(18 Ml TR AN e ) AR S A T 2 [, ST
FIRB B 2R, R R BT S R0 RS S
BT SR (| AR SCRA R B EA F R X

Z B E NS 228 1055 01, TEA JZ R s il e
R T2 R . M 19 1142 60 4EfC TR 44, FREE .
T 2% 7 ] A5 IR e SR R X A T TR 1) 2 1
Wi 5% sh S Y i a5 A 4 T — R AT B,

R REUL R MBI B AL AP
AR 45 TR SCE R Sh SR it b
B S JE R, o EAR Bk A T e v e 1)
P B BEISRORL, Z BRI T E NS EE
732 AT, SEBE T B A L 5 A0 ) i e X
K8 [A—HH, RGO T R
W, AT B 2P T S-R JMFIN AR E SURFSE
KN A R S, fERE L ThE 28
WFST 4T, 5o 44 By s e U O “BniAgy” B
WA FER R RE RS OCEET BIE, e AR A
R EH RS S E R T 5, 7Eib
FULREIF IR, I 2243 T LITWINISZYN 5] A Fifi
BLA TR Sk TOUI 5 SR 2 B 1) b 22 TR, i 3 2
HX 5 BB TR TS KR T AR T M
FUTFARIRER T

PR IR O BRI 4 T2 By
il E R SR AL E, W R =R A, ]
RN 1 [ A SN 2 R Sh S AU BE A, B A
) R S B2 S AR 2 R sl 7 T A . AR AT
NWRFE R LAY I, 2535 A UL S0 2 He, il
RS I T R BT B AR &
AR R E 2 RAR S LB, fe i TR BS
HARF g “SRAUMEL” BERIFN N Fh “RAML” BiAY,
Wt 4 SRR £ R R M A Y R B = 4

ot BRI, IR B S TR SEBR ARG &
PN T EKRIER AR BRI, e TR
feflt 7RG . 2 AT, EE HBRIETE
TN HE R =Y R RS S AT, R
VAR T E NS EE RS TS AN, AR k25
T REATZEARE ST, AR A4 R 12
HEEEHE T

1 ZHEEBINIEL

FE A0 & T8 FF R B v 1L 8 B 5% T
TR, FEIE | FRICRN LA A 25 SRR R [ 24 A 19 i
g e B 20 a0 IR SR B L R g 1)
BURTFHEGT, S T — RIS, 2= 5 R
B 2% T 1867 AF4 1 B B, Wil 1(a) B, fi
BT SORIE R E RS, (B RZ R U2 A
LT R S A 0, 10 S R AR i B T TR 8l
M2k 2% 1 HE 2, RIS e AR S i i 25 42,
XA T EOR FHIZ S T TS T0UH T i 5 S bR A
Zib k., fEE#% W HACK. G GILLITZER #& i )
JE AT T AR T 181 SR 1 J5 SRR 45 T el
2L MR AR R, AN AL 1(b) s (R AR AR X e ) HE itk



55 4 3]

FEREPFAE R AE AR B “EXUINLR” B AR K ik 1733

Ty 0100, WORBEMRRE IR R B . TR lci s
PEZEIRAER T 1954 AL B R AR UL LA 1 42
e PR U, 2 B X T R B 5 A 2R RO

ARSI A RS St , I T BT
JERBWT 28 AR B R B 2230 1 BBt 2R 405 (LR
A I8 T R AR 4 Ja 03t 30, o BT HE I B
REKBR B T AL R BT A LR 5 M 5 PrIf

(F) " R R I
i 5 R

(e) e
TR F i

(b) #[EH
W.HACK
G. GILLITZER
“JE TR

20128 504E 4%
20120
S04E4L

(¢) AT 7RIk
FEZGR AR
B PR

(a) HEEETH 2

BB

AAERT o [l 30, L2 5 D A R R b =
FERDUBR G ZH, 58 AR Z SR 1752
HESEPE, PR AR S BRI s T2 O
JERYE s, S T BRI ASTEAHE, W] TR A
N F153A5 . AT R, (RS AFAE— 7 JR PR A Xt
TR b5 e 8 A TR R A AN REJE U P s 4
PR A A R ARME LR R “IRIA " A Gt
(k) H R it 0

TR

() B

“BHER L

(i) KT
GRHUTR

kLR

() 2 4%

P LA

(o) THTIHEFE
CAERE TSI

19934F

(d) EbF 47 B2 40
TR ZLRR R U

K1 AT 2 MBI A R 1 1
Fig.1 Development graph of basic top rock fracture theory
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advancement of the working face
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Table 1 Stress analysis and numerical simulation of rock layers with different thicknesses during fracture

[34]

HEEEm Bt ZI15 8T

Blamigs R

—e TR L N
—— KR
< 30 F—— PLiisRE
£ [— diwian
2
10 R 2%
10
o ;
20 50 100 150 200
S B /m
15 PRI
—— R
—o— SR /)
12 F —— KR )
o | —
£ of — FiwiE
25 frgi 3 e rd
3 r/v———'
0

20 40 80 120 160 200
HHEED Hi/m

| L

gz

0
20 40 80 120 160 200
HEVEL P /m

40 PIOYIRARIN

% J3/MPa

£
2
55 w3
’ e

0
20 40 60 80 100120140160180200
LA B /m

iR IS

AR /m

T T v
rivoxobrivoariv

A =&l
W 12 3 I A

b AL LLLL
ANOSOCANRNDO X
HiF%/m

Bt o) SR e

L
o
Hi#%/m

—0.6

PO e
7 /m

rvowarivox

SPEX

3 BREFFRBRBIHTNEILTE

R BEIRBCR 22, SR DX LA 5 1AA90 22 1 77
THATI, IS 28 OB TR RS, 7RI X
FiRSH R, TARESCHET, R IX LI h ks )z
O R E: ki e B o) =y 2 NS 7211 27 N
3.1 EXBEXMRITEAIESIRE

K Z IS N R Y AR MR o, X
R R BRI A R 23 AR AN R AR T A 2
PR SRR, X LAt s R R A E R
ECHEZ, T R A O SR,
DB I T RL A B R 3R R U S

LI TR 3 11 L 2R 7% Bl U B 7R A B 12 T 2%
(], 455 2 12 E SR BCRRAE 22 57 5 BOAS [R) A A R 55
PE R Wi fA B . FEOCHEZE AR Y L S = a2 3
B A 2, B, 32 G52 i e ke xof Hh 35
B st b 2 b i A T

& 7 BB T SR 20 T b 3R shiyt b i il 4t
2, [l 7(a) WTLLE W CEE)Z (SKS) il H F 5 &
KHE (PKS) ZIH 1A )25 Bl A HEHFIE B K, 1] 7(b)
AT 72 =Y TR ) O = My o =3 [0 R TR 11 =
IR SR T B 25 B 7(c) RTLLE H B G245
H BRI A 2, S TAEmAkSfEdt, HF %
BRI, 32 OCHE 2 TS b e 2 K A B st



55 4 3]

FEREPFAE R AE AR B “EXUINLR” B AR K ik 1739

() EREETHEZ (d) FERBEZHMWTHER T
7 OCHEER R R sh U r R e Y
Fig.7 Control effect of key strata on movement and

subsidence of overlying stratal®’

KL 7(d) Brzs o AL 7(d) mT LB B 202 T 45
VI BT, B BRI TR .

SCHR[36-3712R F S5 . B 37 S I A AR AU 25
FBAa R T ORBEZE N LA R AR sh i
WL, BTSN E R AR R S 8 LB
J22 ) A 10 W 0 9 PR 35, b e T R i G
JE R AT AR A, LA B RIS S S R A S TR
BRI TR T A AU . RS, BT
AR 2T OB = BIIE X M SR A% Sl UL 15 i BOR Bt
Fto SCHR[38—41]4E T I 2 B XS FESE A P ] 3
TRV IO, 4 R R W SEHO R BORBEA 2K
T M BT SCHR[42-45156F G BE2 Be X 3 2
A M R DA B BEATHTIE, WP R BRI

ARBE A2 TR MR DORE
32 MRBHTNEILLRTE
AR 15 20, FORI R 2R ARSI H R PR

I, TERIREAFF/NT 100 me J5 WIREE TFHRUTKE Y
INEE, ORI L 1122 B2 81 H A2 R 52 W i
FIERIBIR IS T A, FERL T bl TR U PTTE )

TRBIR” , IRt E AR R TR . 1k
Ak 2R MR LR R IF IS, $2 1 1 IR U0EE
) “HUEEET o DL EIRSERURAR R L TR B
WAL Z L, XA R 22 R R T LS IE,
ANREAH AR L F I RE A Tl A, B X M R L O T
FERAEBVRN, FFAN TR 122 T5 W A 5k
JRIFATTE o J3 ik 3 Bl 7K Hi L S S 1 e 4
TR U TR AR Bk BOE X, KoK R s
FAUR A B A B o B2 A PR s R o
PR T U3, 75 T RS A SRR AR
W 22 23 AR R4 J2 o R T BEHLAY BB )
Bh i R BEHLE R, AR 0 VDRSS g 3
AR T U, K LAY 5 T 2 S R R A
454, ABUERY I FROGILBEE T 6. FRIE A 20
T2 I8, JF AR B IF R DU LA ST R DL L
SEPRULIN T o WFSE AR AT, A Ry s i
R T UL AR IR N LR SR, A1
FBAE ST LI LRI TE . MU 12207 3 a2
(1 1Ak SR IE AT T 5 6 J= 1 S PR O M R DR
ARSI LA S o R B S5 A X i R TR B S 2 .
LR R I LR A 0] 5 B -1 O LAY
B I AT, I A LRk AN 8 i, 1
RPUNE RS TR ORI R FE 7

B
mon I
3R (114)(12) (14)
20y @@

1 E @

8RB RE!
Fig.8 Schematic diagram of probability integration method!""!

KRR SO K2 | R BURMRE . ik
R TR 5 R B IR A5 M R B S AR T IR A
FRFST, 48 T SRR B ES, g TS5 S
IR AR T T S T R A,
B E T L ITT I 4 AT JR 4 A 385 ) o A 2 ) e
5K T i OSSR 34 S A ) S B ST AR L
HIETZBLEWAT T T TSHD., X[ 26062
ST T IFRULKA RSSO o ] J5 g 2107 2%

L DX 2R 3t 2 ¥ Bl SO R DR FOH 3 58
Ay B AR i A B N T SRR AT
RSB AR s 2RI AR A AR il 5t 2R
JERE BT T TS A U e K
P03 71 5 B ST 5 2 P B ) 2R 5 5 b R TR 1Y
KA, WP IPRUCBE AL TR B . BEA 21 {22,
W T HLE A O PR, BB B AR 2 1
TR M FICARFFE TR, 1FRAREE R BT



1740 # %

F #®

2024 4F55 49 4

P 5 SR 2 X 3R TP PG L (e
LRI ZE A A 25 JEAM AR 2R F REPA BIF9E T
IR XA A 2R s, A A = Hik R
8% B0 0 5 Wk S 25 I g R % SR A8 I 43 #r

il UL Bl a] & (8] 9), EAbAE R TR
R B T AR BT FE R, d5 7R RTS8 T LT A RS
WK A% S B AT OF ST, BARBIE TR B N g B, (H
JEA R R M R AL 2 T e R R B E T — i R

DDA BAWEFEAR I RHTRAF T BRI P,
19034F 19074 19474 19604F 19824F 19874 19884F
AL ViR @ L @ @ @ @
i B R BN 5S I T [
Halbaum Korten Wi 5 Ri /K F XKFE KEH A
R SRR e B SR el IR BRI ARG ST LA
Zaiips ke YR 9T F2 0 it IS
57 191122
M 304EAR 19404 19504F: 19544 19614F 19654 19824F
Tl el s Wt W (e Hi [ 3
Schimiz Perz mET. sk FREJER Brauner AR a3 DR
Keinhorst  JFREMI  [EA/MAMEE BN RERE  PUIRRE  BERBUNE gl /Ro i
Bals BR K> A SR B 4
SN R A
19140
18384F 18584F 70~804EAY 18854F 19t KM
- U7 @ ® o P o
EEA FERII i %H %H
LIIER I P A WRE L Fayol eI
VIR R TS e G RIS <A s
“aELZHIL”

KO R sl il Be & e P i

Fig.9 Development Atlas of surface movement prediction theory

WA 22T A L2 I ANIBT A JE, (5725 FEL AN T iR R
C E Z A REIRZ A, [ AN 2 1 SR b, %o
TIPSR FAL ST ) AT 5832 W f= i, 1n i P R VR B
VRELARHIE DR E , BEBAT) Ry ERREIR, PO T HE 5T
SR R B i 2 7% B Tm) B oA e A, 0B, Rl
B AN W R R AN 5 5 A BOR B 22 (47 R R )
PR 5 7 SR TP BIE 5 HE vp fe AR 0 X1 5 3R
Be -4 RO HE AR B, X G BR80T B A B
FEAL T HRTUA R BUNE, %5k M TR
1R s TR T B 3 [ b 2 T o 4 ) B K 5%
5, AE 0] 52 BRI AR SR TR 2 ) 2 1] L,
RPEX AR R B 1 R L, B A BURVEZ
FEANUZ [ 8GE FAPEAEE . RS AR Z 228 R
FITEFNT-BWEFEIT R 28 3 B, {5~ A58 53
Prad 2 A A A #US B9 BEARDIRZS T AOAEAL, JF H.
AT FEERIE, DR )27 o3 A S A AR AN 7
FAFF I 26 1F T A REAS BIRAF A3z I, TAEANTR] B4 4B 5
Sl AR RS E . PRI S TR R R R
Jr SR RS BT IR IR S RIS

4 RIBEEEBI LWHL (H@) HE

WX T 2 ST 8 1R, nT LUK BT
JERE BT A T B R 3 4 X (D 74

JZ b5 BLE TURIREAS TR e W FIRS S L @ BSR=
PO ) FEORER R O B R RO AL R F%
BRI oS W R

[l JBRLAIT 5 Jie R AR m DL K BRVF 222 3 e SR xk
3 A DX AR R A T A A R SR BIESE, (H
J& H AT R AT 8B e 2 (A3 B D AR b ST, =
— MBS T 22 3 e R Al AR Y 58— A58, e %
HHIBAIET 52" BSRX 3 A XK R,
TERRNS i e 1 B8 5 N S T RS A 2 BRI R 3 i

SR AR B gl 7 SRR B

(4 3 A DI 2 A I AR, DA T SEA v S ety T~
2 T 52 R S S MR R (AR TE KR Sl L
4.1 BEBERBIH 4 “EWHL EE

V2 TR SE R g MBI SC 30 2 W, T a T
et I R AL SR S B “Ue sk 207, T2 E Oy AR
AP U e 10 R

BT SR X LR AE ShUTRA BT, 1~ A B s
JERNEUZ BT UM M A 3l A Y, e 11 fR . gy
Br 2 82 B AL (L IX SO AR E AR 32 11 L
AEW R _ERIEN H) 0, SBTRTT 7,
_ Fcos f+Wcos p—U —Vsin f

A
_ F.sin f+ Wsin S+ Vcos (s)

T A

On




44

FEREPFAE R AE AR B “EXUINLR” B AR K ik 1741

S e S R

i .
11 .
Hfﬁ_
1
iz
e

: S R A TR B

K10 AlFAE A E B SR

Fig.10 Strata movement patterns at different locations

B OCHEZ L3R 2R ot

Fig.11 Mechanical analysis of soft layers above primary key stratum

b, WORARTE SRR 3 UFL V5050 3 7K
VR FIAERE AL A% 10 A 3R KA 2R L 160 64 775 F, 9
VI35 0, Ml 0, 735008 I T 2 25 i T LA AR

(PR AL A = 2 /f : H, SR
HIZRE, my Hy hy B OCHE)E M SRR R, m;
M NIRRT, m; Zo AR PR TRE, m; B4
ETEM R A, (°).

TR R I _L R ShHhT o
Fresisting = TA = cA + (Fcos f+ W/cos f— U — Vsin f) tan ¢

(16)

A, ¢ R BR—PEAR R BE HEN, W RS T LAY T ¢
HNATE EREER T 15 0 ISR AR B HEN AR
A PN EESEA .

TR RS I L M Sk 3l ok

[14]

Fariving = 1A = Fisin f+ Wsin f+Vcos g (17)

B 512 42 BB P ORAT AL AR E A R 1Y
FarENE, 24 RBON T ST 53 39K Eh T R LB
Flresising A+ (Fcos f+Wcos f— U — Vsin f)tan ¢

Fi= = - -
Fsin f+ Wsin f+ Vcos 8

F driving

(18)

Y Fel I, AR a R il FORE, w58

SEZ s B S B o il DL os T
W FRIFANZ T 2" BRe 8l S~ A HLBE

FET LA B BT ST RO 2 Sy i, DASCHE R

W BEA, KR b7 R BT RS ) s <) 2L AR

SR AR ST T A7 SR G —lid, A5

I RENAAT T IEANBUZ B A B R RS SR L “ZERL

™ FFAE, WP 12 7R, JF H XU 2" AL T

MRANL TR AR R DGR B . “HEXL



1742 # %

2024 4F55 49 4

" BERUR I 22 M7 AR R T IEZ 7 HEA T
W55 4 SR8 Sh UK B4 T = WL, R 32 R S e Y 3t T
5 JZ R R BRI I T AR X S )AL
MG — L — B, SRR BB o T R
LU 2oipIke

) D
\' % F 7 >
BIE N s z sz 7
KA ,
45°+¢p/2
0] T h v
2a
[\ d
7

Pl 12 JEEANUZ B R RS B SR Al
Fig.12 Analogous hyperbola movement model of overlying

strata with thick alluvium™?

42 EEBIAI LWL BRI

4.1 R JEARN R TR MR TR AL A JZ A% s ar
BEAR, HENT TR A 2R a2 1) S
PN A AT B e 0] 52 2R M M AE TR DT
Bea TRl A IF 5 P i 208 T 22 T ik UL 22 07 ik A
K, ST, S H AR A R AR R 3
k™ BER Ay S, 1l ) S B A A R T A
LT JERABUZ T AR TT R AR S 2R 8l S 3k
DU | Sh “FEUH A" BRI 08 TN Ah 2
RUMZE” AP 2, P “HEXUIN LR 4 1 2
SEAR B E R R Bl XU L™ B, E TARH )
HREEZRITL “ZeAdn” WIFR. Ah “SERUIZ” BRI A

x> 2

a? b?

=1 (19)
Sofa SRR — s a = (d— S cot b -
> cot Hz_fh_,-)/z; b=at/[[a+ [ cot 45°+p2)dH] —a*;
d A TARTGHEREBRS 0,0, Oh, SR AL
Vi $ RN T £; H RRABUZ RS EEs
R .

PRI R RS LB F R 2
SEIH 2, AR K TR TER A& 1, DGR
LRI ST AR R, PO T L 2 B o]

“ LR RHRR, AP 13 R, SR R R B S
LW SRR HORAE TR DL B2 5, RENS B
iR 5 B A L R

TR A TR TR 4 R 5 5 M U

KL Bk

ERRETURRE s> V4 1 PR

13 AR A RIS SRR R sh et

Fig.13 Inside and outside analogous hyperbola model of strata
movement and surface subsidence!"”

2 X

o (20)

m? n?
oA, ma n R U 2R R SEAR AN HE K
4%(a+ [ cot (45° + g)dH,Ht/z),(d/Z, “H/2)ft A

FE WL, A LA EI P B B m . n (Y
YIS RO LN

1 2

S PH - H [a + [ cot (45° ; f)dH]

_ |3 2

m= 21

2
@2 =4+ [} cot(45°+ g)dH]
D
n= ——— 22)
I
2 ZH[Z—mZ

2, H, RSV, Ho=H+ ) hi.

43 EEBI WL EEFIEL
431 RSS2 R LUl oL

WIS 55 T R S 0, 2% R
BB B0 R 1 R R I R 4
Y, A RN BN, £ R R
T 7 26 P SRS 2 e RS 3 “S XU R B, 4
14 in o B 14(a) 52 DL EA B PAFAE R
222G “BESXUNZ MO, 1] 14(b) HoCHER L
R AR A TR “BRE AU 2 RS T 14(c)
Sy TR R A R T S 3l ST g
SEFIESE 3 AR I 9 40 2 TV T R
2 R T RS 30 34 R 1 7 AR, R (23)~
(28) Fimo

“GEARUMLE” 2R ST T I 7

ws, (xX) = le We(x) = f_aa le_hﬁwm wx

H,—h, n
ntan 2
exp (— b

(23)
7 (x—f)z)dfdn

X, ENMATTIRTE SRR AR AR R GT (€, ) TP AR AL 5



FEREPFAE R AE AR B “EXUINLR” B AR K ik

1743

AR

S XA

U

Bl ()
f i
Pho0l smuxmn

EoRHE 2
TIRE

TR \— KiBER0 T

T XEE
B2 -

125 R MR R 7 4t [X

AR

P IX AR AR

i IR AR X

125 LR B 2R A L X

(a)

(b)

(¢)

14 AREHFAAE T Rl Bam g

Fig.14 Schematic diagram of “Analogous hyperbola” model under different geological conditions!"

W, AEED T ORI BT i A R TR (R
SRSy e
21 = £C0t Ogope X + b1, Hy + hoxs <2< H
x=+a,H, —hy <7< H +hpgs

zzzﬂ:tan(ﬂx)+b2,0<z<H]—hs

24

3 d
J—:tl:'j’ bl =H —cot ngaf[z + Mtan (450_ (07“1):|; b2 — Hl_

hs+tan

g + Mtan (45° - %n) — Hrtan Ggoaf];Sl SHER 2
B T TR m's Wogs 0 EXCHLRG T TR, ms
a NESHERMT LN 4, m; A HEAENHRS TR
M55, () & = 5 = T2 d ARAS K FEHE . ms Mt
FAIRIE, s g UGB, (° ) hycs Ty KL
PRI, ms b,y CHER R R A S
SRR JRIIE, s H R IR, ms
R E IR, m; Hy 2 K
TR L, ms O HRA ISR, ().
AU S AR S YU B 7

w0 = [ wew= 0 [ #x

(25)
mtan 2
- (—Tﬁu— 5)2)dfdn
SUE S (b )
71 = *cot ngafx+b1,H1 +hPKS <z<H
x=xa,H, <z< H+hpgs (26)

73 = Htan(fx) + b3,0 < z < H,

. d
J—thj,b3 = H] +tanﬂ E + Mtan (450— %)_(HZ_hPKS)X

tan 6goaf :| o

Yl 1Y WAL B UL T R

1

ws, (x) = JL} We(x) = f_d;z f:w tar};ﬂ X

@)
exp [— = L 6)2] dédy
SRR
24 = “tan(Bx) + by (28)

K, by = H+tanﬁ[%l + Mtan (45° - %“)}o

B 2 G S 2% 1) JRE B s N B 0 2 R el 5, %
KR REHDEE 25 7= A DA “BEAE XTI ZR” — “BRE R
27 — U A A AR R
43.2 A[FEBAEZZM N A28l U Z” B

AL

W E M ARG R T, B2 IR, (2
S KA R J2 B 25 sl 42 Tl i RN AR iR i 249 K
1 A B2 TR 10 S SR L AT, K 2R 3 2 19T
o T 53k AR 7R 0 2 20 6 1 1 B P 30 KO-
JZIFR, R 28 5 P AL T R sl B A B AR A 3“2
MR AU HE ST TR 2 T SR 1 2 DT T 23
e 15 s,

S AIBKE “FBU AR BRI N AR - 25 PRI
JETAA Y SRR R (18] 15(a)), “ZERUHZ -
SRR (5] 15(b)) K “Hellw =17 B (E] 15(c)), I4A
T3 R A BT T A U7

IR Z AR Y AU AR B It 2
T} AR b A% B TR T A =X

W, (x) = qu Sos We (X +A) = —gX

Hpgs+Weks (*bupercos @ ] T
[ o exp(- Tk A= gy

Hixs Diec0s o r
Korhr, W MBEZER G BRI HERTIRE, m; g HA)ZE
107, KN/m; Spys b 52 T B2 X B, m’; Hpxs N
FORHEE R, m; Weys A FRHEE T U, m; bypper
SRR b AN AR E S e B s T X i R

29)



2024 4F55 49 4

(a) “FERHZ R

(b) “FEXh 2~ 32

(¢) “Feh3 i

P15 AN F A XU LR MR ALt

Fig.15 Evolution of “Analogous hyperbola” model in coal seams with different dip angles'””

BB, m; b AAUMZR T I A NATE AL B IEVE
X S IEL IR, my r AR VIR ERS, my AN
e KU REA [ 37 A 1 5, m.

I ] MR SRS ShT I T A 3k
W (x) = W, (x) + W (%)
W (x) = g, HS We(x+A) = —¢q,, X

1
ffs r—reXP [—%(x +A —5)2] dédn (30)

Wi =g, [ [, Welr=20 = =,

1
HS —exp [—%(H A —f)z]dfdn
i Fg Is

Horh, w, o TARS I 5 R AR R UTE, ms W, MRR
PSRRI T DU, ms g, N TR T2 4T, KN/m;
G FEARE JZ AT, KN/m; S, O TR 25 9% T AR, m?s S,
A TR 5 T TR, m®s v 1 e 5331 TOUAR RIS A 5 9%
SRR TN EAR, my Ar, Af 7R TR L K
B 5 5 | 3B Ry B R IR 1) L RS B RS, me % BIE %
L& T AR WA M R A Sh TR T, Ax T #id 14
AL BV AL S AL A, BRI R X S = B
WHYBE— 2L R SR
44 EEBHETE =4 LEWHE R

TE T HER A BER L2 B R 3 5 MR DL
SRR R, o MR TTIE SR TR
Wz e eRFaZB s G | WA “RXUhL”
AU R SR A S TR AE M R ST AR [R] A A
HRHRAETE 3, S T B A Z RS A
JZ Z R G MR 00 25 (RS S RRAE, ZI0R R 3l R A% i TE
SHEAS AT RAE . ST, ZEH HIBOK 4k “ZE
k" BBt — PP AL, oL TR R R gl 4 s ]
S Uit AR R ST O R S
LR 2B IAR g “FBUZ” B, B b L
PR L e, 58 SE PR T 00 AR R W At A T
FEPI R BTy

441 REPEZZS ] SO T R
TEZS 0] bSR3l 2 A% Bl i 5 S i fBh i 5 i Xty

127 DS G DL A v e S i |V Bz Nes ]|

P BNk LNV SUR S|
rLy_z
k2 p2 r2

AP, ko x 05 1) E BRI R EER— 5 p Sy TF

[ S SCHEZ BT B A —2F5 7 TAR TR 21 b 1

) —F

1 m m
)I%_ E [d, - Zl cot Hlihi - Zl cot 62,‘]’1,‘] ,0, 0:| .

1 1

m m "
[dj_ZCOt Oljhj—ZICOt szhj],()]&(a-i-ﬁ) cot (45°+§)
j=

=1

=1 31)

1
0, =%
2

d&QﬂﬁAﬁﬁ@anM%ﬂ%%%ﬂ%ﬁ”ﬁ
T S

1 m m
k= 5 [d, - cot 01,’/1,' - Z cot ezl‘hl‘]
i=1 i=1
1 m m
pzi dj_ CotGUhj—Zcothjhj
=1 =1

uH

r=
n+ jOHcot (45° + %H))dH

P, AR T 7 [0 T0 5 3 AR AR I AR RS 5 o,
TAETHESERE RS d; O TARTH AR B AR H AR HUZ SR
s himhy AL R R AEETE 0,1, 0 43318 x J7 1)
S R R 4 2 (D U B ¥ AR IS 7 90 0, 6,
G332 y I 1) B AN ) = B UK AR R
PSS o(H) NBEFAEUZIRIE H 72 AR JERAZ N EE
s D, 5 Dy 43508 x I Rl y 7 i 9 b 25 L
Fils oy y z 200008 AR TR T ) . AR T A 5 19
DL TT 1]

BB “SPATRRERE” USRI — A 71 1k
AL, X S B Ut AT AR T 2B AT W3R 2.



FEREPFAE R AE AR B “EXUINLR” B AR K ik 1745

R2 FATHEHE “EBMHNE R

Table 2 Stress analysis and numerical simulation of rock layers with different thicknesses during fracture
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Table 3 Stress analysis and numerical simulation of rock layers with different thicknesses during fracture!"
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