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Size distribution characteristics of blast-induced rock
fragmentation under decoupled charge structures

MA Sizhou, LIU Kewei, YANG Jiacai, LI Xudong
(School of Resources and Safety Engineering, Central South University, Changsha 410083, Hunan, China)

Abstract: Decoupled charge structure is widely used in contour blasting for rock excavation engineering, and its efficacy in
rock breaking is tied intricately to both the decoupling ratio and the transfer features of explosion energy. In this study, the
analysis delves into the damage degree and failure patterns of cubic red sandstone samples through two groups of lab-scale
blasting tests utilizing various charging modes. To precisely quantify the features of rock fragmentation size distribution (FSD)
induced by blasting load, a three-parameter generalized extreme value (GEV) function was introduced. In addition, a three-
dimensional finite element model was developed in ANSYS software. The numerical model was calibrated based on the tested
results of sample R1 by comparing the fracture networks and FSD curves. This validated model was then deployed to model
the rock fracture behavior under decoupled charge blasting, and the evolution of blasting cracks and explosion pressure inside
the rock sample was reproduced. Moreover, the effects of axial and radial decoupled ratios and the choice of coupling medium
on the rock fragmentation and fracture patterns were discussed. The results showed that the three-parameter GEV function can
better characterize the rock fragmentation features resulting from blasting. Notably, the average size of the fragment decreases
linearly with the decrease of the decoupling ratio, and the degree of fragmentation tends to be uniform. By comparing the
energy distribution and damage levels of rock when using different coupling mediums, it was found that water as the coupling
medium exhibits the highest efficiency in energy transfer, followed by wet sand and dry sand, and air has the lowest energy
transfer efficiency. Furthermore, the theoretical stress transmission coefficient calculated by the equivalent wave impedance

method can well reflect the rock fragmentation features and serve as a valuable reference for rock blasting in decoupled charge.
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Fig. 1 Preparation for lab-scale blasting experiments on red sandstone samples
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Table 1 Samples dimensions and charge structures

A IRFE B /mm AR TE S /mm TR 8 A /mm JIFL B4 /mm ARG REL B
R1 100.29 100.34 100.37 12.00 3.0
R2 100.38 99.81 99.73 10.00 25 RIS
R3 100.02 100.53 100.52 8.00 2.0
Al 99.81 100.14 100.12 10.00 3.0
A2 10031 10027 99.77 10.00 25 RS
A3 99.63 99.86 100.11 10.00 2.0
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(b) Axial decoupled charge structure
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Fig. 2 Failure patterns of rock samples under blasting load with different decoupled charge structures
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(b) Axial decoupled charge structure
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Fig. 3 Size distribution of rock fragmentation induced by blasting load with different decoupled charge structures
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Fig. 4 The RHT model for rock materials'®!
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Table 2 Material parameters of the rock RHT model

SR (e {iE? HK I SRR s {iEA P
P/ (kgm™) P 2360 BRI SHL A, 1.62
P FLBE ag 112 S E PRI S50 N; 0.61
B R/ MPa f 216 FR4 R IR B4 G¢ 0.53
R INEEE S B. 0.047 EXCHIIE 24 G¢ 0.70 e

AR 7 A5 R B, 0.048 /MR AR AE & 0.01
RS H RS EUGPa T, 17.33 FLBRE S F1/GPa Peomp 6.00
HugoniotZ 3 Z $U/GPa 4, 17.33 BT D, 0.04
HugoniotZ Wiz # 4{/GPa 4, 29.11 i EF D, 1.00
HugoniotZZ i 2 4/GPa A, 17.79 PSR LI R 2 N, 3.0

LR 1/ MPa Perush 14.4 B AR AR s & 3.0x10°

BRI

KBS A T 0, 0.68 SRR AR /5™ & 3.0x10°¢

TR A DG T B 0.05 IR A R AR 2 /™! & 3.0x10%

WS4 A 1.99 IR R AR /s £ 3.0x10%
aINTE >4 N 0.59 Griineisen 44 Y 0.0
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Table 2 (Continued)
SRR s fi Pl SRR e fi Kl
ML BT R F{ 0.45 (R PERAE &f 2.00
ARRATCL R Ff 0.10 BTN & 0.50
RETFTFESHL B, 1.68 P REFT S EUGPa T, 0.00 i
WEH RSB B, 1.68 P AR AR 535 P 0.001
BT/ GPa G 5.10
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x=3 IEAMESH

Table3 Material parameters of the explosive

p/(kg'm™) Vop/(m-s™) P /GPa A/GPa B/GPa R, R, w, E§/GPa

790 1530 16.0 371 3.23 4.15 0.95 0.33 2.0

23 EEREWHMRSE

LS-DYNA F2 7 Bl 28 <A i
R, BT ITE RN A, 8
FE A, B RN REZ B E R

Pa=Co+Cipty+ Copls + Csp2 + (Cy + Cspt, + Copt2)ES )

K p, WERIET], Ey Rz IR TUNGE; w1, MBI R B, 1=(0./p3)—1, b p, 1 o5 4350 k25 Skt
R 24 R EE AN A B 5 Gl C=C,=C,=C;=0, C,=0, C,=Ci=y,—1, v, WAEIRIEE . TEAHN 28 b R A
ZEIN 4P R, Horp v S 2 SR AR SRR

AT 09 S BORHME AU *MAT NULL, %A1 DLk # SR 7
i etk 2 AR 5 D7 FE*EOS_ LINEAR. POLYNOMIAL & X T 25K,

F4 EEHOHSE

Table 4 Material parameters of air'**!

p/(kg:m™) G, G G, G Gy s Cs E§/(k) ‘m>) VS

1.29 0.0 0.0 0.0 0.0 0.4 0.4 0.0 250 1.0

A BROCAE AL A g 05 S5 A BHR B *MAT _SOIL_AND FOAM, %5 B ] 45 6y s A 401 +
e WIRAE Z AL BB R AR TEAT Jy, AR 7 50 HL S AR, 2 8n 3k 5% foR, Hodhpy, R
TR, Gy FK,, 50 3R TR0 b4 R B DI B Fn 1 3% AR BV, po, I T RD BRI E R 775 agg « agy
il ay, AT R0 H4 R BT U1 AR 7T 2R 8 AR G 10 4180 X R TR 4 IR 78 O RE b AT 2 Br itk E
AT, TR R BAORHA R 0 A B T A2 A G 2R, H A AR R A FHAE X AR FR Y H SR XS B In( Vi, / V) IR,
Vo F1V, o 5 3 3R TR0 AT 5 AR B AT SRR R, 10 4 In(V,, / V) 23914 0, 0.11, 0.17, 0.22., 0.26,
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0.29. 0.36. 0.41. 0.46 F11 0.51, FHR IR F1 B85350 0. 26.7. 46.8. 66.9. 93.6. 120.2. 233.3. 368.5. 669.2 FlI
1100.0 MPa, LA #5152k B SCHk [28].

s FRHBSEY

Table 5 Material parameters for dry sand™®

paf(kgm™) Gy/MPa K, /MPa pa/kPa aso Ags1 sz

1600 34.8 134 -34 0.0 0.0 0.3
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Fig. 5 Numerical model and local mesh around the borehole
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Fig. 6 Damage evolution in rock mass under blasting load
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Fig. 7 Explosion pressure distribution in rock mass under blasting load
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Fig. 10 Radial decoupled charge structures with a fixed charge diameter of 28 mm and different blast hole diameters
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Fig. 11 Fracture characteristics of rock mass under radially decoupled charge blasting
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Fig. 13 Rock fragmentation size distribution under radially decoupled charge blasting
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Fig. 15 Fracture characteristics of rock mass under axially decoupled charge blasting
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Fig. 16 Rock fragmentation size distribution under axially decoupled charge blasting
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Table 6 Material parameters for water

Pw = 7+ ()/W + aw,uw) E, (8)

pu/kgm™) e /(ms™) EJ(kJ-m™) S, S, S; Y a, 14
1000 1480 1890 2.56 -1.98 123 0.35 0.0 10
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Table 7 Material parameters for wet sand”®

Pws (kg'm™) Gs/MPa Ks/MPa Dws/kPa Aywso Aysi Aws2

1800 63.8 126 —6.9 3.4x107 6.4x10° 0.3
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Fig. 18 Fracture features of rock mass under decoupled charge with different coupling media
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Fig. 19 Explosion wave propagation process under radial decoupled charges

ARAESR A ST 1 Hp AR AR 682 05 3%, () B AT LIORAG S 2 AP R v, FIN S oo RESRTT 1 AP
ST 2 AR AR ) R R A X, SRR IRSE 2 AN I BEAT AT, A5 3

Ve | cos¢ ising/z, Ver
MR e 02
FRAEZ (12) A AT SR AT AR K I 98 2 S R A5 A0 I 55 A AL T ) A5 30 BELATL 2,
z. = M (13)
T cos¢+z,/zising
AFN GBS T BRIERL 1 U MKEZSAERE 2 A A rh 1 138 3 R B0 By PR R %R B T 37R H:
220+r _ Ze — Zetr
Br= iz Br = Tt Zon (14)
WA (14) IS5 AP IR RIS S A
A A A TR0 W EE A1 2 228, 0T 53 3R AR [FTR U
G BRI, BRIE N AR A A S A A A é 08}
AR B 15 982803, L 20 B . I3 B0 2l I
FHUERR 2 TR IR TR IR, FLHR g L sand
TR B HTIGE , XF LU R A A T B A 9 B ) g 041 —=— Air
B ST RBL, TTLLR B4 BIR ADK L R TR A S 0ol
2 R S 2 AR A 7 ) i 5 2R S -
W [ — 55T, N )5 R B R 0 7 4 2 8 35 @
SRELE AN 21 B, A2k 1R 3 418K Charge diameter/mm
P HAG AH R (A8 At 3, S e BRI 1155 1 Rz P20 ANTIREE A R 25 BT B RO
j] ﬁﬁj’ /z% éﬁﬂ Ll ﬁﬁ%iﬂl ﬁ‘i{)”'J %E E(J ?J[Ei ’ﬁi F f&ﬁf{i Fig. 20 Transfer efficiency of stress wave

of different coupling media charges

>{j‘(ljl§o
X} AR 43 A5 BR B A HH S5 w By FEATLRAE DT, anE 22 Fras o Horb g 4o 8 o5 R R B 5
TR SRR SR IR A5 R, HAUA TN v=0.543w+2.363(R>=0.981) , i1 £ P i 26 i e i AT 0,

045201-16



5 44 45 T, S ARE R T a A B A R B A 31 %4

A R BB AT 4 RS 5 RS 43 A 908 A 55 (9 A DM o 0k J2 DR A R A g 1 A% 0 RSO AR AR, 2577 A
B B2 0 KBS R, B SR SR R 3G K, RECE IR 5/NUA IR Z 0] 22 S i in i 3, &35
PR RST 43 A 5 F Ko X AR 34 RST RS A R s BB EA T80 G, AT LUK BLBE & 5 A1 50 RE /Y 3
N, BRI R M K, B R AR B & . YRR T 3 kI B, 5 A AR R AR X e 22,
& 23 s

1.0 | —*— Transmission coefficient 10.10 15
—e— Damage element volume

. . @
2 ool —o— Kinetic energy ./ 1003

ag

Transmission coefficient
oo
\\\\
o\o
(=)
()
(=)}
Damage element volume/m
Kinetic energy/kJ

: : : 0
Air Dry sand Wet sand Water
Coupling medium
21 AEFEE A Bk 25 g ST R4 S TR shsery L b
Fig. 21 Variations of transmission coefficient, damage element volume and kinetic energy
for different coupling media

150 16
A Numerical result 14 ¢ Numerical result
120 v Experimental result 4 — Fitting curve
Fitting curve = 12
I % 10f
90 A %"
s 8 8t
.2
60 .‘g 6r
2,1
30
2 -
0 40 80 120 160 200 240 280 0 50 100 150 200 250
® ®
B2 28 w5y HXER K23 28w SHEMER
Fig. 22 Correlations between w and Fig. 23  Correlations between w and kinetic energy
4 & B

i i 5 /N R S B IETE T AN TR 2 A5 R TR A A A IR, 5 AR fEL 20 R B 3R A R
JE R HRAA RS 7 AT R AE, 5 T S8 E Y B (B Y, BB T AN R 25 254 T o B O i 2 7, e T
AN IR A B S PR B A CR RO 5E0, 15 2 B R R

(1) A2 1) R ) AN 2R 25 25 K 1, S A IO BB R JEE 1 e B AN R B D/ NI g o [R) <57 25 1
& Bl ARG R 2 A Al HO AR 1) AN 2 2 S A B ROR B

(2) =B BORAG 5315 R B AT LU M A A R I A B ST 23 A1 AR, e AR 141 249 RS i
AHEE ZRE N W), B SR T3 S0 4 i, SCa gl R -5 BLULAS SR IESE AR 3
NS5 B RS 23 3 Rl B S e P TE AR G

(3) 7K\ RS | AN AR RS A ST, K ke 10 904 4 2 S 28 AR/, 2 7735 398 3 BT AR
Uy 3t S WA 525 251 S A AL RE TR A i U AR P A AL

045201-17



5 44 45 T, 2. AREE R T A0 B R T B 23 A R o4

S 30k

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

LI H B, XIA X, LI J C, et al. Rock damage control in bedrock blasting excavation for a nuclear power plant [J]. International
Journal of Rock Mechanics and Mining Sciences, 2011, 48(2): 210-218. DOI: 10.1016/j.ijrmms.2010.11.016.

fFEAR, 4 5, P B0 0F T A RSB BB HT ST 0] 7 L7112, 2010, 31(5): 1420-1426. DOL: 10.
16285/j.rsm.2010.05.005.

FU Y H, LI X B, DONG L J. Analysis of smooth blasting parameters for tunnels in deep damaged rock mass [J]. Rock and
Soil Mechanics, 2010, 31(5): 1420-1426. DOTI: 10.16285/j.rsm.2010.05.005.

LU W B, CHEN M, GENG X, et al. A study of excavation sequence and contour blasting method for underground
powerhouses of hydropower stations [J]. Tunnelling and Underground Space Technology, 2012, 29: 31-39. DOI:
10.1016/j.tust.2011.12.008.

MR, BRIT, BRSNS 2 2 i fL BE R ) I (B B SE IR B ST (9] BB AE S e i, 2021, 41(5): 055201, DOL:
10.11883/bzycj-2020-0004.

YE Z W, CHEN M, WEI D, et al. Experimental study on the peak pressure of borehole wall in decoupling charge blasting [J].
Explosion and Shock Waves, 2021, 41(5): 055201. DOI: 10.11883/bzycj-2020-0004.

HUO X F, QIU X Y, SHI X Z, et al. Experimental and numerical investigation on the peak value and loading rate of borehole
wall pressure in decoupled charge blasting [J]. International Journal of Rock Mechanics and Mining Sciences, 2023, 170:
105535. DOI: 10.1016/j.ijrmms.2023.105535.

LANGEFORS U, KTHLSTRO M B. The modern technique of rock blasting [M]. 3rd ed. New York: John Wiley and Sons
Incorporation, 1963.

PAINE R S, HOLMES D K, CLARK H E. Controlling overbreak by presplitting [M]//CLARK G B. Mining Research.
Amsterdam: Elsevier, 1962.

TRIESE, P30, XIS, 5. KRR TR AR BETS: [M]. JLat: /KRR A, 2009.

CHEN M, LU W B, YI C P. Blasting vibration criterion for a rock-anchored beam in an underground powerhouse [J].
Tunnelling and Underground Space Technology, 2007, 22(1): 69—79. DOI: 10.1016/j.tust.2006.03.005.

T, FEANE. NG T RERN AR AR5 (0], A L 2%, 2010, 31(6): 1723-1728. DOI:
10.16285/j.rsm.2010.06.004.

WANG W, LI X C. Experimental study of propagation law of explosive stress wave under condition of decouple charge [J].
Rock and Soil Mechanics, 2010, 31(6): 1723-1728. DOI: 10.16285/j.rsm.2010.06.004.

M, BRE, iR AR, S5 RS A A L A A BB E A R ROR MY (0], BEKE S P, 2021, 41(6): 062201, DOL:
10.11883/bzycj-2020-0381.

LIT, CHEN M, YE Z W, et al. Study on the energy transfer efficiency of explosive blasting with different coupling medium [J].
Explosion and Shock Waves, 2021, 41(6): 062201. DOI: 10.11883/bzycj-2020-0381.

CHI L Y, WANG C, ZHANG Z X, et al. Experimental investigation of decoupled charge effect on rock fragmentation by
blasting [J]. Rock Mechanics and Rock Engineering, 2022, 55(7): 3791-3806. DOI: 10.1007/s00603-022-02823-w.

YANG R S, DING C X, YANG LY, et al. Study of decoupled charge blasting based on high-speed digital image correlation
method [J]. Tunnelling and Underground Space Technology, 2019, 83: 51-59. DOI: 10.1016/j.tust.2018.09.031.

YANGJ C, LIU Z X, LIU K W, et al. Study on the blasting damage of prestressed rock-like specimens with different coupling
mediums [J]. International Journal of Impact Engineering, 2023, 181: 104758. DOI: 10.1016/j.ijimpeng.2023.104758.

LI X D, LIU K W, SHA Y Y, et al. Numerical investigation on rock fragmentation under decoupled charge blasting [J].
Computers and Geotechnics, 2023, 157: 105312. DOI: 10.1016/j.compgeo.2023.105312.

TR, ZEakcHh . TR ARl AR 1 K S RS A R RO B A BT [J]. A 12, 2005, 26(12): 1926-1930. DOIL:
10.16285/j.rsm.2005.12.013.

WANG Z L, L1 Y C. Numerical simulation on effects of radial water-decoupling coefficient in engineering blast [J]. Rock and
Soil Mechanics, 2005, 26(12): 1926-1930. DOI: 10.16285/j.rsm.2005.12.013.

ZHU Z M, XIE H P, MOHANTY B. Numerical investigation of blasting-induced damage in cylindrical rocks [J]. International
Journal of Rock Mechanics and Mining Sciences, 2008, 45(2): 111-121. DOI: 10.1016/j.ijrmms.2007.04.012.

YUAN W, WANG W, SU X B, et al. Experimental and numerical study on the effect of water-decoupling charge structure on

045201-18


https://doi.org/10.1016/j.ijrmms.2010.11.016
https://doi.org/10.1016/j.ijrmms.2010.11.016
https://doi.org/10.16285/j.rsm.2010.05.005
https://doi.org/10.16285/j.rsm.2010.05.005
https://doi.org/10.16285/j.rsm.2010.05.005
https://doi.org/10.1016/j.tust.2011.12.008
https://doi.org/10.11883/bzycj-2020-0004
https://doi.org/10.11883/bzycj-2020-0004
https://doi.org/10.1016/j.ijrmms.2023.105535
https://doi.org/10.1016/j.tust.2006.03.005
https://doi.org/10.16285/j.rsm.2010.06.004
https://doi.org/10.16285/j.rsm.2010.06.004
https://doi.org/10.11883/bzycj-2020-0381
https://doi.org/10.11883/bzycj-2020-0381
https://doi.org/10.1007/s00603-022-02823-w
https://doi.org/10.1016/j.tust.2018.09.031
https://doi.org/10.1016/j.ijimpeng.2023.104758
https://doi.org/10.1016/j.compgeo.2023.105312
https://doi.org/10.16285/j.rsm.2005.12.013
https://doi.org/10.16285/j.rsm.2005.12.013
https://doi.org/10.16285/j.rsm.2005.12.013
https://doi.org/10.1016/j.ijrmms.2007.04.012
https://doi.org/10.1016/j.ijrmms.2007.04.012

5 44 45 T, 2. AREE R T A0 B R T B 23 A R o4

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

271

[28]

[29]

[30]

[31]

[32]
[33]

the attenuation of blasting stress [J]. International Journal of Rock Mechanics and Mining Sciences, 2019, 124: 104133. DOLI:
10.1016/j.ijrmms.2019.104133.
FEHRR, TRARTE, W, 5 RFAHG R AT IE R A SRR R Y B BT [0]. ST BIAA4R, 2022, 36(1): 015301,
DOL: 10.11858/gywlxb.20210804.
YUAN Z S, XU Z Y, PAN B, et al. Discrete element simulation of blasting damage characteristics of granite under different
decoupling coefficients [J]. Chinese Journal of High Pressure Physics, 2022, 36(1): 015301. DOI: 10.11858/gywlxb.20210804.
LI X D, LIU K W, SHA Y Y, et al. Investigation on radial fracturing around borehole under combined static stress and
blasting [J]. Theoretical and Applied Fracture Mechanics, 2023, 127: 104038. DOI: 10.1016/j.tafmec.2023.104038.
SHEN W G, ZHAO T, CROSTA G B, et al. Analysis of impact-induced rock fragmentation using a discrete element
approach [J]. International Journal of Rock Mechanics and Mining Sciences, 2017, 98: 33-38. DOI: 10.1016/j.ijrmms.2017.
07.014.
ZRULHE. A RHT BORBEE K 3 800 kot [D]. dbnt: s E R LR L), 2017.
LI H C. The study of the rock RHT model and to determine the values of main parameters [D]. Beijing: China University of
Mining & Technology, Beijing, 2017.
XIEL X, LU W B, ZHANG Q B, et al. Analysis of damage mechanisms and optimization of cut blasting design under high in-
situ stresses [J]. Tunnelling and Underground Space Technology, 2017, 66: 19-33. DOI: 10.1016/j.tust.2017.03.009.
LISL,LING TL, LIU D S, et al. Determination of rock mass parameters for the RHT model based on the Hoek-Brown
criterion [J]. Rock Mechanics and Rock Engineering, 2023, 56(4): 2861-2877. DOI: 10.1007/s00603-022-03189-9.
BORRVALL T, SWEDEN L, RIEDEL W. The RHT concrete model in LS-DYNA [C]//Proceedings of the 8th European LS-
DYNA Users Conference. Strasbourg, 2011.
I, XURHE, M2, S5, WA N 1T A R B 05 ek S AL ER [J]. B E S s, 2023, 43(10): 105201. DOL:
10.11883/bzycj-2023-0151.
MA S Z, LIU K W, YANG J C, et al. Blast-induced damage characteristics and fracture mechanism of rock mass under initial
stress [J]. Explosion and Shock Waves, 2023, 43(10): 105201. DOI: 10.11883/bzycj-2023-0151.
DEHGHAN BANADAKI M M, MOHANTY B. Numerical simulation of stress wave induced fractures in rock [J].
International Journal of Impact Engineering, 2012, 40/41: 16-25. DOI: 10.1016/j.ijimpeng.2011.08.010.
LIU K W, QIU T, LI X D, et al. Deep rock blasting using decoupled charge with different coupling mediums [J]. International
Journal of Geomechanics, 2023, 23(8): 04023112. DOI: 10.1061/IJGNAL.GMENG-8179.
TAO J, YANG X G, LI H T, et al. Numerical investigation of blast-induced rock fragmentation [J]. Computers and
Geotechnics, 2020, 128: 103846. DOI: 10.1016/j.compgeo0.2020.103846.
MA S Z, LIU K W, YANG J C. Investigation of blast-induced rock fragmentation and fracture characteristics with different
decoupled charge structures [J]. International Journal of Impact Engineering, 2024, 185: 104855. DOI: 10.1016/j.ijimpeng.
2023.104855.
WANG H C, WANG Z L, WANG J G, et al. Effect of confining pressure on damage accumulation of rock under repeated
blast loading [J]. International Journal of Impact Engineering, 2021, 156: 103961. DOI: 10.1016/j.ijjimpeng.2021.103961.
[4: 2. LS-DYNA3D HEig SLAl-5 50434 [M]. dbat: Blaz s, 2005: 167-170.
=N S A BN IR S A (M. dbaT: BRE AL, 2014: 357-360.

FifEgmiE Ra=x)

045201-19


https://doi.org/10.1016/j.ijrmms.2019.104133
https://doi.org/10.11858/gywlxb.20210804
https://doi.org/10.11858/gywlxb.20210804
https://doi.org/10.1016/j.tafmec.2023.104038
https://doi.org/10.1016/j.ijrmms.2017.07.014
https://doi.org/10.1016/j.tust.2017.03.009
https://doi.org/10.1007/s00603-022-03189-9
https://doi.org/10.11883/bzycj-2023-0151
https://doi.org/10.11883/bzycj-2023-0151
https://doi.org/10.1016/j.ijimpeng.2011.08.010
https://doi.org/10.1061/IJGNAI.GMENG-8179
https://doi.org/10.1061/IJGNAI.GMENG-8179
https://doi.org/10.1016/j.compgeo.2020.103846
https://doi.org/10.1016/j.compgeo.2020.103846
https://doi.org/10.1016/j.ijimpeng.2023.104855
https://doi.org/10.1016/j.ijimpeng.2021.103961

	1 岩石小型爆破实验
	1.1 实验设置
	1.2 实验结果

	2 数值模型验证
	2.1 岩石材料参数
	2.2 炸药材料参数
	2.3 空气及细砂材料参数
	2.4 模拟结果与实验结果的比较

	3 影响参数分析
	3.1 径向不耦合装药
	3.2 轴向不耦合装药
	3.3 不同耦合介质的影响

	4 结　论
	参考文献

