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Research on deep hole convergence energy blasting for increasing permeability in

deep wells with high gas and low permeability coal seams

FU Shigui'?, LIU Zegong'?, CHANG Shuai', YANG Shuai', ZHANG Jianyu'?, QIAO Guodong'?, ZHANG Xin'

(1.S8chool of Safety Science and Engineering, Anhui University of Science and Technology, Huainan 232001, China;
2. Institute of Energy, Hefei Comprehensive National Science Center, Hefei 230031, China)

Abstract: With the gradual deepening of coal mining, the issue of high ground stress will be faced. In response to the unclear understand-
ing of the internal damage and fracture evolution of deep wells with high gas and low permeability coal seams under the influence of deep
ground stress, a theoretical model of convergence energy blasting jet formation was established. The critical collapse velocity of the con-
vergence jet formation was studied, verifying the feasibility of jet formation, and analyzing the mechanism of convergence energy blasting
load erosion on coal seams. Subsequently, through laboratory experiments, comparative simulations of convergence energy blasting and

conventional blasting at different burial depths were conducted, analyzing the effects of convergence energy blasting and conventional
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blasting on coal seam crack propagation from three aspects: macroscopic cracks, strain conditions, and ultrasonic data. Then, numerical
simulation software was used to study the distribution characteristics of coal damage under convergence energy blasting loads at different
burial depths. Finally, the effects of normal blasting and convergence energy blasting under different buried depths on gas concentration
and gas extraction purity are studied through field tests. The results of blasting similarity simulation experiments show that deep ground
stress can inhibit the fracturing range of blasting loads on coal bodies, and conventional blasting is more affected by ground stress than
convergence energy blasting. Relative to conventional blasting, the fracturing range of convergence energy explosives in deep coal bodies
is wider during permeability enhancement blasting. The maximum pressure strain peak at measurement point 1# in the convergence direc-
tion is 1.35 times that of conventional blasting, while at measurement point 3# in the non-convergence direction, it is 86% of conventional
blasting. This also results in cracks preferentially propagating in the convergence direction, with less expansion in the non-convergence
direction, leading to better directional blasting effects. Numerical simulation results indicate that with increasing burial depth, the range of
coal penetration by convergence energy blasting decreases. A relationship formula between different burial depths and the fracturing range
of convergence energy blasting was fitted, which can serve as a basis for determining the fracturing range of deep mine convergence en-
ergy blasting to some extent. Field test results show that deep hole convergence energy blasting can increase gas extraction to a greater ex-
tent than common deep hole blasting. The buried depth has a certain influence on the crack range of deep hole convergence energy blast-
ing, so the influence of ground stress should be considered when using shaped charge blasting in deep mine. The research findings have
certain reference significance for the blasting permeability enhancement of deep high gas and low permeability coal seams.

Key words: convergence energy jet; numerical simulation; coal seam permeability enhancement; ground stress; similar simulation

0 51 T

BEBAE T [ T Z R BETR, 7 RETR B 25 T2 5%
R i mE it BE R E 2T G
K, I SR ARG 3, 57 1L SRR )
TRAR DI o AEIREBE T SR R B 3 0 14 [ b, o
TEL I 2 1 1071 52 23t 2% 1 BT 2 th [ ) 5
) IR By 2 R bt = AL T SRR 20T K T B
K eRED | GALTRR B, S LAR, A
FATTZ R I S COLT A A [ Ak 7)™ 45
TN T ARG S . o, RAL R BEAR B H T
AT EL AT HL AT DURE 1) 45 i SR BUR AR
R VZ T i e B IRE ERE D,

BEXH SR AEARBEHLEL, [E N S22 BT T R ET
5%, BROWN %510 5 o) et 4 25 T 2 0 SR A B 4L
AT IE, e B I B AU I RCR . 878
AU INHE AT T R BRI A R R
BREAE . g C R A S AU RIS, 13
5 1 WA SR RE 7 1) b W g WA s L e R A 1Y
112 4%, JF B A= SR B0 1 2 VR RIS Al 7E 2R AE
o] FAER T 1.3 ps, AERAETT 10 B4R T 0.2 puso ¥
Pl A5 ) 3 s AR IO A 8 T SR AR AE S )
B A TRTISS AT AT 80P 3P LE DB JZ A 3 DX A
SERER . JLTCTC N g RS  R AR E I A R RT SR AE
BBSCR B R2 TR, O R T AN [R) SR 24 58 A 12 11y AL
TR BI85 BB AU, T 5 A [ 3R 6 L 1) 0 R X
KELG M IR LU B SRR SR RS2 R . (XA
D7 R, R E R BRI R G RO R Ak

JR G B RN, 45 R RIS R
1.67 ~ 2 F, ZEAEIEME nT LA A (R 24 Bt 1 AR, X J3
PRI ERCR A . F T BN FIH LS-DYNA $iib#t
ST SR BEAR B BUEA A, $5R T R RRSH E it
B2, S3HT T S0 1 WAL, FERFSE T AR FL =2 7]
FRBE R AE N LB, B T A R R
BRI & B . Tl W X msn 71 T R AEY)
TR S5 SR AT T 2 BRI 5T, B T
BAEAFES R AL 1.3 FEAESLEIEE 1000 mm. 5K/E
A5 LS S 3o BRSO 5 B i 20 24 465 ) 1) R 5k
B AR 21.1% R RIVIE LT, JRAERE 2 45
PR B ASCR I TF-00 NH  ( 2E 24 454

MIAE BT LA, At FHZRILERE
SR WY 24 b TR AT AR I R AR 2
T R R N S R R S SRR VR FAE R . I,
A LBEXSAN AR SR B AR SR A T
WA . 25 BTk, BH B R A AR T2
B A HT SR B A B 3R RS AR AR 11 7 2
B, SR Ji 8 1 AR AU EL 3 56 B 22 AN R HE A R
5 B 00 150 A 0 2 fr X AR Y S e L AR
TR D R BB IR T 405 B, A I R BB A
ST AN R T 3 B M B AR BB AR R, F
GO RS = FLHH GBI 2 R AR s B A 4 —
FEMSHME.

1 REEBRWRBRERNE

1.1 BREESHRB R &1k
A FH ) 5 RE R 1 2 750 B R X AR e M SR BE 24
159



2025 4F5 5 11

# £ M FH K 553 %

B UNE 1a R, 1e A 24 B — M T ST O)-
XYZ MR, A ZGHIE AR — . T2y
SEONRHS FRESAY, T 07 R, S Ay floc Yl
1 =z —RAE R MoT—HE SRR, 40K 16 FR .

H1 Rt BHmHeEA
Fig.1 Micrometric closure model of energy-gathered jacket
RIS S 7 A AR R O 2 B B A TR
PR, S 5 TR X Gurney # AR A&
TERETY, L rp B TE AR R R R R e T A T 2
B B IE RS HUE v,

Vo= Vb 3pz290z2
0 =
V2 -1 plel + 5p:0y¢.y + 4pY290y2
¢ = (l— M os a) tana

(1)

Ao v, MAEL R ERE U, m/s; n IR R AR
B, n=2 ~ 3, K3 n WL 2.5; p, WIEZGHTE, g/lem’; p, Ty
ZIRIEEE, glem’; o, 2R EIE S 2GR0 RRE, mm;
o, MRV R, AR o, =1 mm; a 44 & B4 A
) 32— 1 ARV R, mmg b 2RV A
FIHEA TS AR 25, mm.,

{HSEPR L, R DAL Rk B2 R 4 AR A
SETE AR T2 RV, SR P A Ty ) 5 2 R

160

BATE—E A, 25 RVE ) A S AEE—Mw
£ 0, AT

Vi
6 = arcsin — (2)
D

WK 16 7R, OC M4 @ BT E, Rk
RRER A FAL, A ULV, VS e B iz 5l
JE b RS 5 SRR AW A MR 0. 28 A riiz s i
25 11 B Rl SR AL RER] C AL, AC Bri 4R H
iz 3 3 BC Br(RW PR K A, M AC=BC), BC
5z OE W fh o ot CRAVETEE T 4B %4k
LT F o YA LS OH (% B 56, #
IR 1/ E sssh 2 B A, i oz g BE
K Vie KRl s BAE A AL AR FR R, S 2 YRR
OC F¢ LIABXS (3R FE v, ] A b R A B i85y, Al LA
e

{ Vi = Vycos 8/sin 8 = Vycos (B—a —6)/sin 8
V, = Vycos (B—0)/sin B = Vycos (a +6)/sin 8
B=a+260
(3)

R B D RIS W R vh, AR AT R 4

TLARIK By 4 Ja8 BRI R T, AR A SR EE Y, A

Vj =Vi+V, (4)
KA (3) FRAZR (), IISHALEEEE 7, b
a
V. = Vocos (B—a —06) N Vocos (@ +6) Vocos (—)

2
! sin 8 sin 3 B sin (é)
2
(5)
R B~ fE E A A 2 (6) L K Bl it <
A7), AL (8) ST my

m = m;+m (6)
mVjcos B =m,Vy —m;V, (7)
m; = msin’ (g) = pVsin® (g) (8)

K m Ry 4B BB T my R SRSV BT 45 m,
SRR R VR4 B B R p R4 R R

LA (8) W] LAF H 3R R G It T o PR 24 U BE.
B RLE G 7R, 2 I Y 24 780 B8 48 K, S I o
R, A7 Se bR B FEAR K, (R M A &) 5%, ANfig
FIEFEHE . HUILZE G HIRZ T, A SR SEAH U
PG 4 8 R AR S AP RSB, AN AR G
[IRERZE 7R

ARSI I 1 FH = G LA KE 251, K24
W p, N 1.1 glem’ 5 JBEE ¥, 4 3300 m/s; o T HAE
O B, 2 R AR S S FEE A0 A L AR



SR TR L B B2 IR LR BRI A IR 5T

2025 455 5 1A

B A5 e A T Ry 60°, PRI SR RESR I T 504%
KR RBEE M 60°F I, KAL) S IE N
1 mm,

SIS UE SR S A AL TG SR B B e A5 7 AR R
RESRTR, T THIHS T8 o B 0 A 1 7 R AT IR . AR
36 Z A AECY A5 T IR BE S IR B I A,

P e 5 3 T T =
1 b@
cos’f3 7 (9)

Ko v, WRAEEE A A RIS B, mv/s; B R IRYS A,
(°); p HRBEEI R, kg/m’; 60 0 5125 AR5
&, Pa.
THASRAS VL #E O SRR, S K(ESN 170.3 mis.
AR (D—X ), 5B Ay oty OC 45 4L
FEVSERBE V,, FEYS £ B, SHm s EE v, LR BTt my,
Frez i, niE 2 PR

V0>VL=

60
—o— JEESHE
800 [ —o— BCIERS
g —o— [RIE 4155
600 - ey, _
—: A 50 &
g Q X
= 400 - %o 9y bty
o A, o 145
200 - 1*
0 1 1 1 1 1 1 1 35
0 0.1 0.2 0.3 0.4 0.5 0.6
x/cm
(a) JE I FE 15 TR 4%
1 400 5.0
—o— S
—o— R &
1200 14.5
A =
é 1 000 4.0 1
= iy
800 3.5 4
600 3.0
400 2.5

0 0.1 02 03 04 05 0.6
x/cm

(b) AT A

W2 HAZESHKITE

Fig.2 Parameter calculation of drug type cover

ik (5] 2a A DL H 0 R B O T e A R
F1R s SR T 05 A 2, U W i 2 AR RM AU 336 2R R <6
JE BLRE A Jm A . K] 2b T LUF H A
SO A i KA K ) B 24 70 B T, i

Tt O 5 BGzG, ST It i 1 2420 Il )N
1.2 REESREMSRE

RAERE LG LAY 1 7 2R 1Y < AU W ik <2
0] 2480, BES TR AR AR, Bk 2y i .
P 1o A VB ) 2 B A R SR R AR A T AL,
i 3 iR

>0,

B3 Rt angs
Fig.3 Jet model of shaped charge blasting
MR WAL TR RN, 2 HEEM TRt
e, IS BOR RE B RIS I P AR BE SR AL ) AR S 0

Vi)

P =2Pycos a
(10)

2

Py= mPoD
b Py NI EAIESE R 1, MPa; P oM SR RE T 1] H M 5%
JE 77, MPa; p, AYEZG BT, kg/m’s ¢ AR P4 1)
Rk 2 S 8, i R 372 D R YRR, mis.
RAEHIAE AR IEABAAFTZ A F Y o 5
W, Ay AL, (A LA 7 BRAR R 2 S e e IR B 5%
TG N e )5, AR i ST KT 4y

P, = (%)HP (11)

Arf: Ry W RAER A ERCEAR, em; r WIEFLRAR,
cm; y A — YRS B X RRIRXSFR, y B 2.
B2 (10) FRAZL (11), w45 3R e 5 it % e L Ak
SRR = HE IR T RN Py A
Rocos a
- 4r

M2 (12) FTLUE H, BEAE SR AR S TT 11 AR B2 A ek

/N, BRARRCR G o, SR BE Ty In] (4 1y g 4 v 5 fin B

o CYBTAE T FLEERT, ST RN N ) 5
HWT K, h

K| = P\F \n(r+ay) + oy \may (13)

b F OB Ty 5 R T IE R B r IR ALEAR; a
MBI 0, NV ST o

YR AEST R E ABAR , FAE A R k= 2R
RN F1 RN P,

Py poD’ (12)

161



2025 4F5 5 11

# 2 A 2 H £ 5553 4%

k k
el B o
r+ag r r+ayp
P kS N g R R, AN S k1.5, gy R LB

KA.
MR 3 (13) F(14), W0 2R RE S i 76 4= e A4
i R I 9 T K
PR()( r
K2: —
r r+ay

1.5
) FAn(r+ay)+oy\ma, (15)

AR W 2 T 27 S, O 1l R R R B A 45
PR, i A A R A I 1) 10 7 5k B PR R T A
AIWT L (Kio), BV Ko>Kico PRI, D 1385 A2 M 2
BRI, T iR AR AR TR R
Kic—0y \/770
F\n(r+ao)

YR IRBEN T K>K,e B, 77 A 1 4 SR SR A
FHT M FLALBE = AR 2REG 2N 755 B T K>Ke B,
NSRRIy e . 258 RS, U 4
JE SR A T TR A= vy R i 1 BB B, R
e il g PR A AR AR SR T W0 4 5 1) SR, 1%
FORAEDT M) AT 2R AR, MG RE R ST 2
B AAEAE TR BETT [ b 210 RE 1 2 AH I 0Bk 55
1, SR FH R RE 2R 24 BB R AR AT LA s 7 2R A D7 ) L
O kKBGO, I HEARAR R GETr ) L AR EUE
B, (R ARRAE Ty ) AR e R

2 AREBER T REBEERAE LIS

21 REFEER

AFARI AR 56 SR FH 1 =3 A ) ) 3 10 o e 2 A
PR R 40, XRG4S 300 mm*300 mm*300 mm
AR A L) I B I A BRI | LK-
2109A/B 7 2y 45 i AR SR R AR 2 1L A v B
HC-U81 Z TR TR &t - M 75 P s A LA B K 2455 4%
BEH o KRG LA IR T 5 FUHTRAT 251 T g
10 Sl 2 g X BEAAR AR 3 3 15 O, 3 e 7 LB oy AR K
At LA G 7 B R A R e A TR . i
FEUNE 4 FR.

1) SEHREA S IR e AR 1A . 12 & ] LSE
BN ORI oY & 1 B = Wl M WA D)L E= 8 D R
AT R FVER, RIS ) LA R AR
WAF I PLET R PR

2) AR AR I R G . %256 & ] LASERT I
N T 2L A itz iy )R] 1) 32 98 KE R 4 R A 0 A
RAME

3) BRI RS . ARG I R 1T IS 37 A

162

P, > (16)

e
: ﬁ—

A RYOERER |

B4 REFé
Fig.4 Test platform

YEBATVE R T 0 5 00, >k H HC-US1 Z TRE TR
% 8 P A SO I B R A7 W, 3 2ok 7 A
IR AL ARG DL, S ) B U L i 15 A 3545 15
{90, A5 A RGN TA I8 TG 100, ek P LU AR A T
Ja iR IR

PR AR |- % S1, S2, S3 = 1w vEA TR A
BRI . ST A HEBEFL o 10 em Kb, S2 R4tid
SR LA FITH, S3 S FEEEEFL T 75 10 em Ab¥ITHT, 4N
l Sa BT/ o R THT 8 2o Bt 2 4G DU A, A R — A

R
IR

5 | = W i

+il | B&E M s
8
=

aE | \ B s
8
= PRAL

il M s
£

(a) B FE P B s

S

|
o

f
{
/

)
;
¢
.~

/

3
#
e
4 g

&

P
X
W
h

bl
0
.
)
I
/

\x,/
i
j

-

i

(b) S1ifi
"S5 HEReENAS

Fig.5 Ultrasonic inspection system



SR TR L B B2 IR LR BRI A IR 5T

2025 455 5 1A

R T AT 55 36 A5HE A I ER, Q] 5b IR
2.2 RIRAERSELEET

I R R AT C13-1 M2, C13-1 12
JEREESEYI A 4.5 mo EZIRIE SIS B0 1.

x1 REVMEBENFSH

Table 1 Physical and mechanical parameters of raw coal

WE(g - em”) AL BMERUR/GPa HUEIRE/MPa
1.36 0.32 53 7.2

ARG LA A ARRL, R A AN S )
AL S5 25 A ABORE B 42 ) o AL 36 B RHE b 24K
W 5K AF. K BERRRELIE N 1.9 0.1 ¢
0.7 : 1.61 : 2.3,

2.3 HnERZ f7iEEN

C13-1 B2 RN 800 m, AR HELT I e +-
ot 4 [ 22 AT S T iR 7 e 4 SR A b
S5 N ) 3 A REAE S AR B TS R
800 m I}, 7K 3 F W F1 6,=20.47 MPa, 3 £ £ W )
0,=19.6 MPa. A1, A Iz xof S PR AL BT it fin 1)
JKFRIEE B 7 ) B R340k 20 MPa. TR YR
BRI B H AR 20, AR (17), PRI AR
AR FL 0 e 5 A M2 B 2847 1.0 MPa,

o= Ja (17)
fos
K o AR 75 2N 8 75 0y S FEPR
BEHY T2 (R HLN 75 oo R I T AL R B, B 20,

ARYGR I LT T 4 A0 R K5 1 A
VR 0 m B8 B, U0 2 B IR 800 m /Y
AR, BRI 3 AL 0 (3R AR A AT
4 J R TR 800 m (1 TREREIEME o X 1 T T AME 3K
far L3 2.

F2 AR AMRETE

Table 2 Compensation load of similar simulation test

RS RESE B /m RN AT

1 0 o,=0,=0 MPa  ¢,=0,=0 MPa
R Rl 307

2 800 o,=0,=20 MPa ¢, =0,=1.0 MPa

3 0 o,=0,=0 MPa  ¢,=0,=0 MPa
R AR

4 800 o,=0,=20 MPa ¢, =0,=1.0 MPa

24 HIEEBFREELLEHIE

ARUAR BRI PEAT 4 2100 ik, 4 41
TR A T R BN AL ) A L BRI AATR], A 6a
B o BRRALAL TR iy, BAROY 20 mme, 150

ARk A BT R FLIE A 5 om, 2 5 0 AR ik A T
FEREFLIEZEM 10 em, 3 5 W AR A% Ay B Tk FLIE b
J7 5 em, 4 5 W AR i AT B TR FLIE T 4 10 em, B
PRSI 5 A E NP 6b 7R o

15 cm
W
0

=
2% 15
H [i] i} <

|| FEEY HRAL
Jﬂ 7 =] S
=l 7 4 %
B
15¢cm 15 cm
(a) WP ARRE

15¢cm

15¢cm

15 cm | 15 cm

(b) WH-FHRE

e JaFLRMZMEAE

Fig.6 Layout of blasting holes and strain measuring points

VAR UL I A ek 42 BB LU A T FR B L ik e 8
Blo A T ORUEN I I A% 16 1 i S, 1 AR 1 AR
fid b —2, K/hR 10 mmx10 mmx10 mm (9 1F J5 14,
WKl 7a s . RS HEAR N 20 mm, NAEH
16 mm [ PVC 4 il 1 1M B, 2R 6e 24 5. fd FH S 2 oy
1 mm 2840 B4R, £ 8 R 60°R%, &l 7b iR . il
aob ol P 0o 8 AR B AR L R SR S A A, AR AR Sl A
o R, A RO E JZ i, A R
PVC & ¥l B R £LL, [] B e RN o5 A7 B8 7 R )23 v A
BN AR, A 7o R . TR 7 d PR, B
MR PVC BRI S AR 22559 18 do 1lgm b il B
PRSI e TR B 0L ) o 3 a0 A 4, o 1 7 1) A2
WL A TG HIER 254, P E TR A iR &
YIS EAL, WAl 7d B o e BRIERE A9 A 53 i) a2t
11 4 HIXE . B E UG, B I R AR IR

163



2025 4F5 5 11

# £ # F H# K 553 %

(a) BIAETEH1F

L)

(b) RAEZGE I

S

(d) REZEHL
K7 RBA&mRLE

Fig.7 Experimental supplies and processes
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under different buried depths

W9 7R, SRR [ T 2R Bl AR 1 A 75
RN ALY TR, ANREEGR T R Ae M A R 2% 1
ay B AE 9 FrR . MEHERIR R 0 m i,
TR B A 5 R SRR e o e ) R R R R R A —
ZRBUEE AR e ) 280, AL, EREURKR
KR 300 mm, fe K58 12 mm, R A8 T 10 4 i
X 1 [ R 41 mm, 17 3E 2 B8 D7 1 8 B IX A oA
23 mm, PE1T AT DU R B AR B A8 o 1 2 R BE T 1)
LRI AGR YRR ST, WA 9a i AHELZ T,
MRLHIIE YR R 800 m i, MR FL AL 3Z Bl FEAE T T 34
S IR ) F N g 1 e il VR, 2 1) 24 80 KK B Sy
225 mm, Fe R GEEE A 8 mm, 4358/ T 25% #il 33%,



SR TR L B B2 IR LR BRI A IR 5T

2025 455 5 1A

I HARARRAETT 0] by 2 T BB A R BEI
W Bl Xk 2R BE % i ECRGR A R VR T, O HoEma AR
RAETT ) L REY Tl .

H\@fj

SE AL

(b) BHUIEYR 800 m

H9 FRBAETREFHEALETHIT REFL
Fig.9 Surface crack propagation of shaped charge blasting

models under different buried depths
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Fig.11 Strain change curve of shaped charge blasting model
under different buried depths
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Fig.12 Ultrasonic inspection process
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Fig.13 Ultrasonic inversion diagram at simulated buried depth of 0 m
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Fig.14 Ultrasonic inversion map at simulated buried depth of 800 m
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Table 3 Changes of ultrasonic wave velocity before and after blasting of test block

BEOE  BHURM RIE REENE(m - s MR- s BRI BUMEEH N
S1 2151 1420 33.98
0 S2 1985 1205 39.29 34.48
S3 2132 1489 30.16
PR
S1 2 146 1 805 15.89
800 S2 2012 1682 16.40 15.05
S3 2115 1843 12.86
sl 2139 2087 243
0 S2 2007 1124 43.99 16.75
S3 2141 2059 3.83
RS
S1 2138 2095 2.01
800 S2 1995 1301 34.79 13.26
S3 2143 2079 2.99
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— % ] Table 6 Parameters of explosives
— ~— W OB ey BGPa R R, w  EJGPa
:ﬁﬁg D (kg-m7) (m-s)
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Fig.15 Numerical simulation model
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Table 4 In-situ stress loading at different buried depths

1000 3600 2144  0.182 42 09 0.15 4192

®71 BENZFSY

Table 7 Mechanical parameters of coal seam

/(g - cm ) BAPERIENGPa PUHBRES/MPa AR SE BIERSHL
14 0.219 28 2.44 0.76

e HIYR /m o/MPa o,/MPa
1 500 14.017 12.25
2 800 20.467 19.6
3 1000 24.767 24.5
4 1200 29.067 29.4
5 1500 35.517 36.75
6 2000 46.267 49.0

x8 ZMEF PVC MBS ERETE
Table 8 Material parameters and equation of state of

copper and PVC
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Table 5 Air material parameters

&% plgrem”)  E/GPa  u o/MPa  C P’
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Fig.16 Shaped blasting without confining pressure
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Fig.17 Numerical simulation of shaped energy blasting penetration of coal under different buried depth
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Fig.20 Gas variation before and after deep hole blasting

in coal seam
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