W43 % B2 wmOE 5 W & Vol. 43, No. 2
2023 4 2 /1 EXPLOSION AND SHOCK WAVES Feb., 2023

DOI: 10.11883/bzycj-2022-0081

B PN B REANARERERE

AT EER, KB R, WY R—8Y HRA"Y, £
(1. P EG RS s HEA 50T TR ERE G, JL5 1000835
2. EEE RS b)) s S @ TR R, JEaT 100083;
3. FPARAE A S Ba L IL oE R B B0 A BRA B, 28 10 243000)

WEE: MR IT R AR IT A X L2k 2 5 58 24 6 25 ¥4 X 2575 S0OF) 238 0 3R BE 00T 1) 2 ), 300 Aok g i 4 55 A% U3 B 9 ki
AR B LT RO AT HE S, 3T R W) B B8 5K T A 5 A8 20¢ 25 45 4 E 24 197 40R) 35 3 5 /K TR D S A BSR4
By, BIF S AN [) 58 A 3l I 791 284 FL B 4% AL SR A LS-DYNA B A S B, 7 A [ 28 BE Tk T A BB R, 48 R A 7] 28
FE TR TT A 1) XUER 10 B R 45 4 24 A0 G i (1 (R A0 A Bt o PSR 45 SR R A B RE TR IT A0 O 75°mF, K 24 7= A 2R BB AU 1 7 A5
R K TR L5 A0 24 60 TR REAY 5K I £ Ry 7508, TSR LA 4% sk SR WA B T IR BB BK T AR Ry 60°HY T RE 4 F 25 f, VT IR BE
R 5 1) I8 77 4 rh S0 RV R AT VR B S A, ML RE b A BROT IR ek B Y W o B X SR BETKIT A1 D 75°0 UL T B RE 4
K243 FF R T A [] A T80 2 1 0 37 130, Al R = s PRI OAS (] S , FE LR K 20% M 41 T, SR T R e Tl
SR T T SR

XEEIR): WAL M2 REETRIT A A ORI 3R LS-DYNA; N7 W {H ; TR

FESES: 0389 EfRFERMEE: 13035 XERFRERE: A

= O

Optimum seam forming angle of bilinear shaped
charge in engineering blasting

YOU Yuanyuan'?, CUI Zhengrong’, ZHANG Xiliang®, YOU Shuai'?,
KANG Yigiang'?, XIAO Chenglong'?, LU Feixiang'"*
(1. State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology
(Beijing), Beijing 100083, China;
2. School of Mechanics and Civil Engineering, China University of Mining and Technology ( Beijing), Beijing 100083, China;
3. Sinosteel Maanshan General Institute of Mining Research Co Ltd, Maanshan 243000, Anhui, China)

Abstract: To explore the influences of the opening angle of bilinear shaped charge on the effective utilization rate and energy
gathering effect, the boundary equation of effective shaped charge was deduced through the theory of instantaneous detonation
hypothesis. The effective utilization ratio of the shaped charge structure blasting with 60°, 65°, 70°, 75°, and 80° shaped charge
angles was analyzed using the visual implicit functions of SymPy package based on Python language. Through the physical
model tests of single-hole Plexiglas and double-hole cement mortar, the crack formation law of pre-cracked holes with different
energy-gathering opening angles was studied. Using the LS-DYNA numerical simulation software, five numerical models with
energy-gathered opening angles of 60°, 65°, 70°, 75°, and 80° were established to reveal the penetration process of the bilinear
energy-gathered structure charge jet and the stress evolution law of the rock unit on the blast-hole wall with different energy-

gathered opening angles. The research results show that the effective utilization ratio of the shaped explosives is the highest
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when the energy-gathered opening angle is 75°. The pre-split hole formation effect when the opening angle of the energy-
concentrating groove of the shaped charge is 75° is better than that when the opening angle is 60°, and the stress concentration
effect and penetration depth along the direction of the energy-concentrating groove are the best, and the rock unit on the blast-
hole wall reaches the peak stress first. The pre-split blasting field tests of two lithologies of Slate and Dolomite were carried out
for the double-line shaped energy-concentrated structure charge with the energy-gathering opening angle of 75°. In two
different lithologies of Slate and Dolomite, under the condition that hole spacing was increased by 20%, the double-linear pre-
split blasting effect of the shaped energy is better than that of the conventional pre-split blasting.

Keywords: shaped charge structure; energy-gathering opening angle; effective utilization ratio; LS-DYNA; peak stress value;

pre-spilt blasting
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Table 1 Explosive performance parameters
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BRE 8750 1.89 6025 205 230 HOL AR

(a) Ordinary cylindrical charge structure (b) 60° shaped charge structure (c) 75° shaped charge structure
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Fig. 5 Charge structure
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Table 3 Static mechanical parameters of cement mortar

Y/ (m-s™) HEE/(g-em™) PURHEL/MPa PR8I/ MPa HELVN= FPERTE/GPa
1810 241 5.13 0.45 0213 7.16

232 RIEIEMN
TEKJe b 3 R B vpon A B T FLAE 10 mm, FLIE 100 mm, Z5ELHEE IR A 40% A BB K4S
2.435 g, A AR 25 FLEE R 80 mm, REAETKIT £ 4 60° 14 XL ZE R R BE 45 /4 25 FL I A 80 mm, SR AESK

025201-6



ERRE JETCTC, A5 R SRR R A b A A 523

TF£f1 R 75000 Ak T R RE 45 A 25 A0 FLIEE S 100 mm ., 24540 — 3 5 B A IR R FH R i & F IR 5 TR A8 % .
TR, FH ORI R X 24 60 25 44 i B N SR B A Uy m) R A7 ) 7, IF [R) s b 4, EL AR ) BRASE U35 ¥
R WE 9 Fis.

(a) Drilling (b) Charge package connection (c) Charge

Ko WyEpmi et
Fig. 9 Physical model setup process

233 KBRS

ML 10 3010 i 28R T AR Hh (50 R 3 25 2548 1 SR BESK T £ 0 60° Y ALE L 3R REHE 25 254, 7EAH
[ 25 AL AR PE T, PR 25 G (A M FLIE L7 o) 0 — 2575 i 22848, fe M FLIE LT ) B R DE 4 5%
FLLL, RAESKIT AN 60° 0 WLk B B BEE 25 25 A TR AL L7 I I — 2% T2 54, MR FLIE R TT 1 LA
FRGG

(a) Cylindrical hole, distance 80 mm (b) 60° opening angle hole, distance 80 mm (c) 75° opening angle hole, distance 100 mm

K10 PR ERBCR
Fig. 10  Effect after the test piece exploded

TEIRAF 251, 5 R ABTKIT A 60°HY XU B R RELE HIAH LU, JEBETKIT MO8 75°HY XU B SR RE L A4 24
AL LIS ZE 100 mm, 15 PR FLIE LT 1) b0 il— 2% B35 2 R4, LT 1) BeAT S0y 7 A, JF BLER
RESKIT A1 0 75/ XL Y 3R RESE 14 25 G0 R REAR BRI T SR BE 5K T 11 o 60° Y SR L SR RESS H 254

L1 R DA H AR B0 6 L 0 289 H /0N Y R % ks s <1, O A S 1 R A A O T B
P 11 (a) B4 20 25 G 25 K B BRAE M AL 207 1 A 1 — 2R R B2 584, T2 48 5 1) SR ALIE LTy
A% 1000 18] 11(b) XLk L3R RE 45 #4 24 60 T BE 5K IT 1 o 60°, WL FL M THI ¥ 78 4 2% 15 46 L e 2 T 17
8.5°M A T-RULETFTLiE . [ 11(c) W LU H XU B SR RE A5 A4 24 6 SR RE R 5K TT A1 O 75°, AL 1 M 1l 44 2
o395 ML ALEE LT [ B 5O 5. 300 A% T4, B BAREUW A, IF H S REEHE  60°1) R AESS 1 25 A A
FU, SR FLIE A (] A RC S 28R B0 %

025201-7



ERRE JETCTC, A5 R SRR R A b A A %2

(a) Cylindrical charge package (b) Bilinear shaped charge with an (c) Bilinear shaped charge with an
opening angle of 60° opening angle of 75°
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Fig. 11 Local damage of specimens
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Table 4 Rock material parameters

RIS SRR B ZHATS SRRV B
po/(kg'm™) Y 2600 Perush FLBRIRSER R Ty 102
G/GPa ByYIRRE 28.7 G 445 e A T 25 0.4
f./MPa PRI R 154 G P A T S 0.7
N FLBT R %L 0.697 X1 STIR 4R R AL 0.5
B EALIRLE S 14 0.0115 D, LR S 0.04
By WA ISR 1.68 D, S !
B WA TRSH 1.68 Be JRARR AL AR AR 0.0083
@ WA FLBERE 1.0 Ag BRANL S5 FE S 1.62
T, RETTHRSEL 30.64 N BRARI JI 5k B SHL 0.6
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Table 5 Explosive and its state equation parameters

IWLIRES RS
#JE/(kg'm™) Jid/ (m-s™) J11/GPa
A]/GPa BJ/GPa Rl RZ w E]/GPa
1320 6690 16 586 21.6 5.81 1.77 0.282 7.38
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KINEMATIC, HHAAMEZSEILE 6.
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Table 6 Shaped tube material parameters

pl(g-em™) Y C/(km's™) 5, E/(GPa) Y/MPa H/MPa n T./K
2.790 2.00 5330 1.340 27.6 265 426 0.34 775
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TR IR 5
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Von Mises Von Mises Von Mises Von Mises
stress/MPa stress/MPa stress/MPa stress/MPa

388.00 464 458.00 254.00
339.50 406 400.80 222.30
291.00 348 343.50 190.50
242.50 290 286.30 158.80
194.00 232 229.00 127.00
145.50 174 171.80 95.25
97.00 116 114.50 63.50
48.50 58 57.25 31.75
0 0 0 0
(a)2 us (b) 8 us (c) 16 us (d) 20 ps
K14 KIS 60° MR BRI FE von Mises N =[]
Fig. 14 Von Mises stress contour diagram of penetration process with an opening angle of 60°
Von Mises Von Mises Von Mises Von Mises
stress/MPa stress/MPa stress/MPa stress/MPa
388.00 464 458.00 254.00
339.50 406 400.80 222.30
291.00 348 343.50 190.50
242.50 290 286.30 158.80
194.00 232 229.00 127.00
145.50 174 171.80 95.25
97.00 116 114.50 63.50
48.50 58 57.25 31.75
0 0 0 0
(a) 2 ps (b) 8 us (c) 16 ps (d) 20 ps
15 5kIFFAR 6502 Bt FE von Mises 1 JJ =[]
Fig. 15 Von Mises stress contour diagram of penetration process with an opening angle of 65°
Von Mises Von Mises Von Mises Von Mises
stress/MPa stress/MPa stress/MPa stress/MPa
388.00 464 458.00 254.00
339.50 406 400.80 222.30
291.00 348 343.50 190.50
242.50 290 286.30 158.80
194.00 232 229.00 127.00
145.50 174 171.80 95.25
97.00 116 114.50 63.50
48.50 58 57.25 31.75
0 0 0 0
(a)2 us (b) 8 us (c) 16 us (d) 20 ps
Kl 16 akIFAh 70°M012 i von Mises I 1z €]
Fig. 16 Von Mises stress contour diagram of penetration process with an opening angle of 70°
Von Mises Von Mises Von Mises Von Mises
stress/MPa stress/MPa stress/MPa stress/MPa
388.00 464 458.00 254.00
339.50 406 400.80 222.30
291.00 348 343.50 190.50
242.50 290 286.30 158.80
194.00 232 229.00 127.00
145.50 174 171.80 95.25
97.00 116 114.50 63.50
48.50 58 57.25 31.75
0 0 0 0
(a)2 us (b) 8 us (c) 16 us (d) 20 ps

K17 SKITAH 75 RRBI R Mises N1 = K]

Fig. 17 Von Mises stress contour diagram of penetration process with an opening angle of 75°
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Von mises Von mises Von mises Von mises

stress/MPa stress/MPa stress/MPa stress/MPa
388.00 464 458.00 254.00
339.50 406 400.80 222.30
291.00 348 343.50 190.50
242.50 = 290 286.30 158.80
194.00 1 232 229.00 127.00
145.50 174 171.80 95.25
97.00 116 114.50 63.50
48.50 58 57.25 31.75

0 0 0 0

(a)2 ps (b) 8 us (c) 16 ps (d) 20 ps

K18 skIFAh 80°f R von Mises I 11z K]

Fig. 18 Von Mises stress contour diagram of penetration process with an opening angle of 80°
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700, 75°H1 80K FLiZE Lk Ty ) ML FLEE YA A7 BA T H33925, EARAL B AN 19 iR, 18 1t 20 HriZ B e il i
JIEERR M2, 45 O [R) SR AR TR T A T 7E 18 O R A (10~30 ps) %5 A1 5170 H33925 L g if R h £k, an
20 Fios . KEZGACHRJG, £F X AR R AR IR IT M T00, TR EESTRAIER T, A4 500 H33925 Rkt
SR AE — o B[] P 3k B N ) WA, B S R DB . (R AR RGBSR I A M TR, A Bt
H33925 3k J F7 W AE (4 RS [, SREAEIK I M 0 75° M0 4 G BROTHE 19 ps ek B (E N 47, 9F H 5
60°, 65°, 70°H1 80°X] [ i A1 BT H33925 AL 7 WEAEAH LL, R BETKIT A1 75°0) A ot H33925 (1))
FIWe(E e KA 2121.5 MPa, (R E, RIRREESKIF M B T, RAETKIF Mk 7500 M £L 3% 26 5 i) My L BE
A BT H33925 S5 ek BN (E, I HLI I 0 (E S A, BV SR BEAR J7 1) 1) £ 784 2R BB AT e K o

2500
—— Shaped half open angle 60°
—— Shaped half open angle 65°
2000 } — Shaped half open angle 70°
— Shaped half open angle 75°
© Shaped half open angle 80°
& 1500
2
=
Z 1000+
172]
=
o
500 ¢
0f
12.5 15.0 17.5 200 225 250 275
Time/pus
Kl 19 JfLEES £ 5.0 H33925 F20 AFEIZRAEIKIF A A1 500 H33925 N Sy h £
Fig. 19 Rock unit H33925 at blast hole wall Fig. 20  Stress-time history curves of rock element H33925 with

different shaped opening angles
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Sy 2L B UE B AT . AR U R ) B AR S 00 24 S 1 mT S AN R e X LA B R T
FR A IR BE SR TE AR R 7508 XLk R 3R B 235 440 25 00 ) IS Rl 5 SR, e BROPG JL 88 K A A = A A
MR VAR X R A T B
4.2 REBHSHELIT

T8 RIR AL TSR 2L AL 25 AR R — B 2~ 4, FFAR 3 5 4 S50 5 A DX %) b S 4 1, ALk
TR0 TR B 0 L AN 3 AR AL ) ELAR 35O 120 mm, 250 1) ELAR 29 45 mm, HARKEZS M RE S Boan ¢ 7 f
N WAL S R X B A S H, 0 12 m, SRR LA ACAE LI 1 m, I AL
1.2 m. FEBRIE M7 . B AR A0 K ) B AR5 20 M7 A S el b, U2 760 508 R 19 2 e 10 L %) A L B 34 K
20% Hith 1.2 m. s AFLEEIE K 20% 531K 1.44 m, & HFRUZE 750 B2 BE 7 2L B AR 5 A0 1 = 5 BLAR
SRS B TT I 8.

£7 ETMESH

Table 7 Explosive performance parameters

[ LSl JEH/ (m-s™) HRE/(g-em™) M B /mm BRI ES /om

IR 3500 1.6 18 6

RS MRBWESH (H =12m)
Table 8 Pre-split blasting parameters (H; = 12 m)

B HA%/mm TFf1/°) K /m Ji] B /m WK B /m LRAEL B/ (kg-m™) eS|
ey AT o 120 65 14 1 3 0.5 =i
WREHEEE 120 65 14 12 3 0.5 ek i

Hzdh 120 65 14 12 3 0.8 ]
Bz 120 65 14 1.44 3 0.8 LR RIRE R

43 WEBRREHmNIaRs

IR YER R PVC A L 3K TT A oA 75° 0 S840 2 BE A il g 119 XUk 8 3R BE 45 44 25 4 an &l 21(a) TR,
PVC & . RAEM PVC KN 2 m — B, FAHR HAR T4 PVC & N ER, 2 LRSI 730 415 n
[ 21(b) Frs o FiH 248 1 12 09 [R] B 9 FH 328 BH Il B AT a2, sl 21(c) Fim o MIRIERBBE A T
AL, 5 R AEE S5 M A U] M FL 5% S5 B 19 = AT R AT TR RE 45 4 2 Ao, o8 3R RE A Jr 1) 1 %
AL L Ty H), AnEl 21(d) Frs .

v g

(a) Shaped charge package (b) Connection sleeve (c) Connect (d) Positioning

21 SR
Fig. 21 On-site assembly process
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S B kR T 2 A A0 005 T R, S T S0 A R R A B, i A B AR 4 [ B A AR A
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HHEEREBLG, AN 23 FiR . PRI SR B BN R T AR, A — e R L I v
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(a) Slate (b) Dolomite

K22 W RLIR BICR

Fig. 22  Effects of conventional pre-split blasts

(a) Slate (b) Dolomite

623 IR BE AL
Fig. 23  Effects of bilinear shaped pre-split blasts
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