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Abstract; This study employed field tests , numerical simulations ,and engineering application methods to investi-
gate the influence of the law of aluminum pharmaceutical-shaped jets with varying cone angles and wall thicknesses
during penetration of a concrete target plate at a blasting height of 6D. The structural parameters responsible for pro-
ducing favorable penetration effects were identified and subsequently implemented to improve the detonation efficien-
cy of the shaped energy spacer charge in practical engineering applications. The results demonstrate that in the field
test, the size of the funnel pit initially increases and subsequently decreases as the cone angle varies from 60° to
120°, with the maximum diameter(48.88 mm) and depth(23.54 m) of the funnel pit occurring at a cone angle of

110° and a wall thickness of 2 mm. The numerical simulation and test results align with the variation patterns of fun-
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nel pit diameter and depth, exhibiting minimal error, thereby validating the effectiveness and accuracy of the penetra-

tion test. The optimized structural parameters of the cover were implemented in the 1# transverse hole of a tunnel, and

ten field test cycles confirmed successful detonation without explosion rejection, ensuring operational continuity and

blasting safety. These findings offer a reference for tunnel blasting and related engineering applications.
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Table 1 2# rock emulsion explosives parameters

HAzE K JiE % B Density/ R
Diameter/mm Length/ mm Mass/g (g+em™) Detonation speed/(m «s™")
32 300 300 1.24 4¢3
%2 BUESH o
Table 2 Parameters of the liner Sl;laped
charge . .
N 4 i Emulsion explosive
kB HiE HEF BEJE
Material ~Diameter/mm Cone angle/° Wall thickness/mm YR TR %E L HEAR
Blast height Concrete target
60 tube plates
70
1
80
e 2
32 90 N g
7075 3 B2 RefmeEsEr

100 A Fig. 2 Schematic diagram of the test layout
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| 33 mm |

&1

Structure diagram of the liner
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Fig. 3  Schematic diagram of the measurement
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Fig. 4 Test results of different cone angles
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Fig. 5 Test results for different wall thicknesses
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Fig. 6 Test results
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Fig. 8 The

depth of the funnel varies with the cone angle
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Table 3 Test results of shaped jets with different

cone angles penetrating the funnel pit

e f e S R
Cone angle/° Funnel pit diameter/mm Funnel pit depth/mm

60 27.34 6.10

70 38.30 8.52

80 38.52 9.82

90 40.80 11.58

100 45.01 15.68

110 48.88 23.54

120 36.60 14.80
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Table 4 Test results of shaped energy jets with different

wall thicknesses penetrating funnel sizes

HEJE sk EAR HERRIRVN)S
Wall thickness/ Funnel pit Funnel pit

mm diameter/mm depth/mm

1 35.38 15.45

2 48.88 23.54

3 45.34 15.64

4 41.65 12.82
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Fig. 12 Meshing of the 1/4 finite element model
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2.2.1 AL MHABRBRE TR

YEZG R ISR FLALXE 2 MBHEE ALy High_ Ex-
plosive_Burn JRZT7 R WL ARZE 7 #&, WL (1),
PRI R0 (1) i A S BOLER S ik 6,

P =A(1 - ﬁ/)e*h 3(1 - %/)e*zu “’—5‘) (1)

A P NSRRIV = po/p =v,/vy SEHEX I
2534 B R, R, o HERFEHEGE AN RE

T Ro FoRBE 8 3 D RN Py RN R IE;
BETA Jy#RBebnii; A B R, (R,  OMEG Ry ¥EZ5 RS
TIRESHL IR By WA NBE; V, S0 BRARXS
LN
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Table 5 Emulsion explosive parameters

= o BEVE 25 BREERT B (Mat high_explosive_burn)

B S ZE Density 23 Detonation speed % & Chapman-Jouguet Bet
Material number Ro/(g+em™) D/(em + ps™h) P.,/10% GPa o
1 1.25 0.4 4 0
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Table 6 Parameters of the equation of state of emulsion explosives

* JWL AR TJ7 8 (Eos_jwl)

j PR AE WA
PR ’ : R Initial internal Iniial relative vol
EOS number A/10° GPa  B/10° GPa 1 Omeg nitial 1nternal energy Imtial relative volume

E,/10° GPa V,

1 2. 144 0.00182  4.15 0.15 0.0419 1

2.2.2 HAZMHAMBKREFTA

FEARD v 2 R B R R} R R AR A 4 7075, R H
Johnson-Cook A1 RHEE Y HET T4 I8, LA AU ZE A % I8
TR AL AR R s Ak LA IR R AR RRON 8 T
e o AR AT 25 1 N AR . RIS, Sk 3L
BRIER G 4 7075 FEm e iR L R R AR R AT Y
BERAS, R A Gruneisen IR J5 B0 (2) #E47 %
J1 N BESS YR A, DURR AR L4 R RE NS R
S W2 RSP SHIRIE AR R A Y B AR

ORI R (2) BRI A S B T R 8,

poC[1 + (1 —%)p« —%Mz]
,U«3

- _ - r
1 (Sl I)M S2M+1 S3 (/_L+1)2

(yo + o) E (2)

Ao P IKR LG 0 N XA R S

Bspy RVVUE L E N AR BA N BE; S, .S, S5
AR EIRER S E v RITCENSEL
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Table 7 Metal material parameters

# Johnson-Cook #1#} Mat_johnson_cook

o) W STOIRLE AL ARE iR KRB
v Density Shear Poisson’s Melting Room Failure
Material . A/GPa B/GPa N C
b Ro/ Modulus ratio temperature temperature  stress
MR g em™) 6/10°GPa P, L./K /K P
1 2.81 0.269 0.33 0.52  0.477 0.52 0.0025 1.61 893 293 9.0
x8 HBEBRTSHRESHY
Table 8 Parameters of the equation of state of the drug form hood
# Gruneisen JIRZS )72 ( Eos_gruneisen )
RETT RG> BIH N AE ) G AE R AR
EOS C S, S, S, Gamao A Initial internal energy Initial relative volume
number E, Vo
2 0.524 1.4 0.0 0.0 1.97 0.0 0.0 1.0

TR, NI G N FARTIUIG P, AL
HsA BN C M R X i AN EG T, AR
T, R Pe WK ). C Mg i, S, .
S, .S, AR RPRZEL, Gamao A i Gruneisen %
B E, HRIRNEE,V, ARG .

2.2.3 RABMMLABERET A

A PR TR A7 e 2 R, DR 2 R4 T
ARV 25 SOMIR bR F ) MAT_NULL
FHRHERS BIRI B N 1. 250E-3 g/em’ RZS 7 A2
% * EOS_LINEAR_POLYNOMIAL #% | %4 8} LA S =X
(3) Y ASEILZR 9 FIk 10,

P=Cy+Cu+Cu’ +Cu’ +(C, +Cu + C’E

(3)
X =p/py, 7 u <0, 0 Cou® = Cu® =0, 4%
I CRAS 5 # n] F T A o s AR A AL AR 2 O
o XAl #E:C,=C, =C,=C,=C;=0,C, =
Cs=vy-1,

R R, MRV P WBUEIE T M, 3
HKEE B Terod , Cerod XA Y, g FuAs
P, AL G C LG, G Gy Gy (G S22 T
TFEREGE, NS WANWITRNGE; V, V)
BRFHXHARR
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Table 9 Air state equation parameters
* 25 SRR Mat_null )

RS TR wE BULIET  ShAKIEREL AHXT AR AHXHATR oy i THFA L
Material Density Cutoff pressure Dynamic viscosity Relative volume Relative volume Young's modulus Poisson’s ratio
number Ro/(g - cm ™) P, M, Terod Cerod Y, P,

3 1.25e-3 0. 000 0.000 0. 000 0.000 0. 000 0.000
F 10 =ZEREFESH
Table 10 Air state equation parameters
s 28 Z I FOIR 2577 2 ( Eos_linear_polynomial )
T D GG W HAHE T o
A T c c : c : : : . @ﬂnw He . Tﬂﬁn*ﬁ.xﬂzli /N
o , ) s 4 p A nitial internal energy  Initial relative volume
EOS number
E, Vo
3 0.00 0.00 0.00 0.00 0.40 0.40 0.00 0.00 1.00
2.2.4 s EmE A O RS B BT B

A B R IR %kt , R Johnson _ Holmquist _

Concrete fR7 KB S EILF 11, Frh . Ro I #H K
G MBI IR R A VSN R B A IH—
HET7;C RN AR R REG N i L85G F,

*F1

MAT_ADD_EROSION S 74 o 1R 5E £ 41 4
AR YR VAR M AR S5 D] 3o 8 i OS2 ok <7 97 T £
— HLATTI 2 /2 RO 9 R AR E (NCS) |, BTl
ST MR, X B A EER 0 ~ 1,

RETHBSH

Table 11 Concrete material parameters

x JREE 1 F B ( Mat_concrete )

e e AR WERSRE AR NZEEERE  ROMEEE PURMRE
Mat ? Den;;t Shje;r modulu Cohesive Normalized Strain rate  Pressure hardening Compressive
o1 s s
aleria y B strength ressure coefficient index strength
number Ro/(g-cm™) G/10° GPa 8 P
’ A/GPa B C N F /GPa
4 2.28 0.14 0.79 1.6 0.007 0.61 0.04

2.3 (FEERHSH
2.3.1 REE IR N oM
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Fig. 13 Element selection diagram
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Fig. 14  Stress waveform diagram

2.3.2 RFEEAG LR KRIFm/ NS BUARAIET R I 12 £ 13,
1E60° 2 120° (O HEMIE B N, AR HEMRHIZY SRR E SR SURST R 15 B, -t

TR RO R B W22 5 . MEEHEA ST XFHeanial 16 (& 17 R,

ARSI, AR AR B A) T =1 T AR R 5 B i S g

(a) 60° RHIHi= E (b)70° RHi = E
(a) 60° Penetration damage conglomerate (b) 70° Penetrating damage conglomerate

(c) 80° RiIHtH= A (d) 90° R = Kl
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Fig. 15 Numerical simulation results of shaped jets with different cone angles penetrating concrete
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* 12 FAE#EARIMECHEEMER
Table 12 Numerical simulation results of

funnel diameters with different cone angles
Hef W3-t R TR

Funnel pit diameter/mm  Error/%

Cone angle/°

60 25.0 8.6
70 34.5 9.9
80 37.8 1.9
90 37.9 7.1
100 41.3 8.2
110 44.9 8.1
120 34.5 5.7

13 FE#EARIMREHEEDER
Table 13 Numerical simulation results

of funnel depths with different cone angles

HESA TR RIRCN) S R

Cone angle/° Funnel pit depth/mm Error/%
60 7.0 14.8
70 10.0 17.4
80 10.0 1.8
90 12.5 7.9
100 17.5 11.6
110 25.0 6.2
120 17.5 18.2
90 I FIFHIRI S S On site test results 116

g 80| ] BB 01 45 5 Numerical simulation results

B —8— %2 Error {112

T 70+ 9.9

g 8.2 8.1

2" 2

< 50+ §

g -

s =

& 40 a0

e N

imf 30

S

= 20

=3

10
0 ~12

60 70 30 90 100 110 120
#EFH Cone angle/°
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Fig. 16 Comparison of the results of funnel

diameters with different cone angles
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Fig. 17 Comparison of the results of funnel

depths with different cone angles
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R —2, Hiw -t AR R 227 10% LU, T =H 5t
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PR 25 E 43 WK, SEPRIR ZZ(HAE 3 mm LIPS, fir LA
5 FE SR A B ) A
2.3.3 RREBRYGAZERSH

TE 1 ~4 mm JE BN, AR RE R 0 57 i 24 7 85 5
REST I ZMACR AR K 227, Hd 2 mm BEJE
RIS, LA RE R 3 2 B S5 R D
F 14 5F 15, MHXEROB = B TR
18 i, =k 5o R Hean &l 19 (& 20 i,

* 14 FTREESRHANERIMERHERMUER
Table 14 Numerical simulation results of funnel diameter

of aluminum liner with different wall thicknesses

B W B R
Wall thickness/mm  Funnel pit diameter/mm  Error/%
1 34.5 2.5
2 44.9 8.7
3 42.4 6.5
4 37.8 9.2

AR 14 5 19 AP, AT LATE i W€ 2
I UT EAR B BE R A AL AL 3 BN 1 mm &
W 4 mm B, TSR0 BLAR e R B R
HaS IFEREIR D 2 mm AR R(H 44.9 mm, SR
1M, B BE JRE A AR S0 T, T <1 70 ) B sk ), 24
BEJELAE] 4 mm B, FARIH/NE 37.8 mm,
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(a) 1 mm Infestation damage contour
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(b) 2 mm Infestation damage contour

(c) 3 mm R = E

(c) 3 mm Infestation damage contour

(d) 4 mm BB =

(d) 4 mm Infestation damage contour
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Fig. 18 Numerical simulation of shaped charge penetration of concrete under different wall thicknesses

* 15 AEEERHANERFIIRERERUER
Table 15 Numerical simulation results of funnel depth

of aluminum liner with different wall thicknesses

REJE Tk UTIRE R

Wall thickness/mm Funnel pit depth/mm Error/ %
1 15.0 0.3
2 25.0 6.2
3 17.5 11.9
4 12.5 2.5
80 ~ Il 137X K45 R On site test results - 15
] BB A4 45 5 Numerical simulation results
E 70 - —a—1i%% Error 112
) 8.7 9.2
|3} . 49
g 60 6.5
g
Zs0) 18
= 2.5 S
= 1 2
Zaof E
2 0 ®
« 30 %
E 20
e
E 10

o

BEJE Wall thickness/mm
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Fig. 19  Comparison of funnel diameters

with different wall thicknesses
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Fig. 20 Comparison of funnel depth results

with different wall thicknesses
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$: 25K & Charging length )
HBERKEA/NFO0S5m Explosive,
The length of the Detonator and explosive, ~ Explosive, shoped Explosive, shaped shaped
stemming shall be no shiaped charge tube and liner charge tube and liner charge tube and liner charge tube
lessthan0.5m TKES T+ EY YEZh K2y _ME%ZJ‘
Yater bag /Rt + B 7/ R+ KA+ & R
RS 2k 50 cm 25 50 cm Sanid 50 cm —
Electronic detonator Half section Half section Half section Full section
angle line
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Fig. 21  Structural diagram of shaped energy spacer charge
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Fig. 22 Blast hole layout( unit;m)
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PEMRCRAS 2] T T, niE 23 s, B fLEfL %R
ik 89% LA I, A RUBE IR 93% LA I, i i 59 FF
FEHC B R R0, 5 BR LR SR A R e &4, A ROs /b
FRR RIS, DO R it DR T v, A T
i MBS R WA

3D LN 24 Fis, RIS A 2. 47w,
RIZTEAL 0. 028 m’, fir K% 0. 34 m, F|g KK 12
0.322 m, p5 38 £ T B2 E 12 em, B AL
BEEHITE 15 em DL,

K23 RJRHCRE
Fig. 23 Blasting effect

* 16 HEHEFR
Table 16 Charge allocation table
- , =
number the blasthole Hole depth/m Angle/°  Number  Charge factor charge/ke Subtotal/kg
1 YHFEER 1 Pilot hole 1 4.0 69 16 0.40 1.6 25.600
2 FHREIR 2 Pilot hole 2 4.5 75 12 0.41 1.8 22. 140
3 HBHAR  Auxiliary hole 4.1 80 8 0.37 1.5 12.136
4 #BHAR  Auxiliary hole 4.1 85 8 0.29 1.2 9.512
5 HOIR  Auxiliary hole 4.1 85 8 0.29 1.2 9.512
6 {54uHR  Elevation hole 4.1 90 8 0.42 1.7 13.776
7 JEMIHR  Compression hole 4.1 90 12 0.36 1.5 17.712
8 PR Second circle hole 4.1 90 9 0.36 1.5 13.284
9 JH314l.  Perimeter hole 4.1 A1 3. 8 33 0.31 1.3 41.943
10 JEARHE  Floor hole 4.2 90 13 0.50 2.1 27.300
11 JKVEHR  Drainage hole 4.1 90 2 0.58 2.4 4.756
Wi ] T AR FrZHE R ML FEZ AR
Cross-sectional area/m’ Excavated length/m Total number of drill holes Powder factor/ (kg + m ™)

60. 05 4.1

129 0.91
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Fig. 24  Scan data of the working face

BT 110° 2 mm BRI 25 RUSE)S , RIMBE B ALRYERSTE 85% Zify , MUALFIHIR-F- M AE 93%
MG FARBOR LS, AR BRI 2 24 PRI BIZ (HAERFAE 14 em 227 K {H91%
TSI EBOR R W3R 17, g ALl b

®17 +MERERMRSEITR
Table 17 Ten cycle blasting effect stats

A 3 AN [ G A B JE 0 7 24 5 58 SR RE SAL
RONREE 00 5 BEY, R R S 252
TR VEAT AR AT, ATl LI LA R 4518

1) e R AN [R) S A B JBE 114 0 o 2 75 58 2R i

o SR Skt SPRHZ R MEZ R AL JWAAAR PRLEBIZE
Serial 7 ber A dl— /m Volume/m’ Actual powder Powder Half-hole Blast hole Average linear
rial number nce/m
cral numbe vanee cumerm quantity/kg factor ratio/% utilization rate/% overbreak value/m
1 3.6 216.18 198 0.91 84.31 92.31 0.12
2 3.6 216.18 198 0.91 85.42 93.42 0.13
3 3.8 228.19 210 0.92 84.33 92.33 0.15
4 3.6 216.18 198 0.91 86.21 94.61 0.14
5 3.8 228.19 210 0.92 85.22 93.44 0.12
6 3.8 228.19 210 0.92 84.34 92.35 0.15
7 3.6 216.18 198 0.91 85.35 93.46 0.14
8 3.6 216.18 198 0.91 84.36 92.37 0.14
9 3.4 204.17 186 0.91 86.23 94.63 0.16
10 3.8 228.19 210 0.92 85.24 93.48 0.15
4 BB SRR R EE LR, 45 R R . B A 5 e
=A

JEESENN, W 1 370 R SE AR ST 3 R R /), HLAE S A
LI0°HIEEE 2 mm L5 SR, 25 R SR M fE
AR, B =1 I AR TR R K

2)) XA [ HE A FITBE JEE B4 505 1] 24 75 B 2R BE AR
AR B - SO AR AT BAE AR AL, 45 R 3R I 4 A
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5y, I kYo AR TR Bk B . g0 4s
R EGRAE T Yo AR IR E S E—
B RETE 3 mm LAN, S0 1 180 45 2R 1A &4t A
HERRTE

3) RHVR IR fe i (9 110°HEFf .2 mm BEJS
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