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Fig. 1 Dimensions of the bench'model Fig. 2 11.5 % air-decoupled charge blasthole model
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Table 1 Segment lengths under different charge ratios

Deck chafgetatio 11.5% 13.0 % 17.0 % 18.5% 20.5 %
Stemming/section 3.00 3.00 3.00 3.00 3.00
Upper charge 2.55 2.49 2.34 2.28 2.20
Spacing section 1.50 1.69 221 241 2.67
Lower charge 5.95 5.82 5.45 5.32 5.13

WIRIIA AP, BUEAE R F*MAT PLASTIC_KINEMATIC A RHERIBEH TR, FELLR &S
ENRE, MHRSENE 2.
=2 RERESH
Table 2 Parameters of the soft rock model
p/(kg-m3) E/GPa v 0,/GPa E, B ef
2200 8.0 0.30 0.014 0.10 0.50 0.05

B E 73 [FIFE R FH*MAT_RHT AR . @SN 228 20D A I IR T SRR S8, DLk
LR 5 DX IR AR T B0 R B A RIRFE, RHT #EAOCH S S% CR 400 45 RHT B8 S5 U4
M S IEACARE W FTISIERL, MR EESHINE 3.

%3 BE RHT HEFESY
Table 3 Main parameters of the hard rock RHT model
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f./GPa a py/(kg'm) A,/GPa A,/GPa As/GPa B
0.086 1.12 2 060 15.86 26.61 16.26 0.014
B, B, B, T,/GPa T,/GPa G/GPa Pe/GPa
0.019 1.68 1.68 15.84 0 10.5 0.0287
éc 0/(103ms™) &t 0/(10°ms) £/(102ms™) &/(102ms™) D, B g t
3.0 3.0 3.0 3.0 1 0.0105 0.7
N Q £ A, ng £y g,
5.8 0.54 0.45 1.63 0.59 0.1 0.3
E.s pcomp A Sr:; Dl n
0.3 0.55 1.6 0.01 0.053 0.56

A AIRE B AL 23 A HCR FH*MAT _NULL M EHE R, 52 X*EOS_LINEAR_POLYNOMIAL JR#& 75 2
(o], A Z R 4 Fos.
x4 EEMRHERISY
Table 4 Parameters of the air material model

pk/(kgl’l’l'3) E(}/GPa C{) C] Cg C3 C4 C5 C5
1.2 0.002 5 0.0 0.0 0.0 0.0 0.4 0.4 0.0

KR FI*MAT NULL #HBEHE AL L+*EOS. GRUNEISEN IR 75 FRH81, 1438077 H i K AR 7Y 25 3
1412 5 AT .

=5 IKMEHREISH
Table 5 Parameters of the water material model
pol(kg-m3) C Si S> S3 ) Eo
1 000 1.647 0.344 ~0,096 0 0.35 0
WS X SEBR R SRR AL ME S, RAI*MATP_HIGH EXPLOSIVE BURN AFREA, Jf45
A *EOS_JWL AR TT RN Hg 22 AR AT HIA, AR ZAAN R 6.
< 6 MEHIRBLEH

Table 6 Parameters ofithe’emulsion explosive model

p/(kg-m) D, /(m-s!) Rc,//GPa Ay/MPa B/MPa
1210 5662 9.7%103 2.144x103 9.4x103
Rl R2 w E/(Jm‘3) |4
4.2 0.9 0.15 4.192x1010 1
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Fig. 3 Distribution of effective stress measurement points
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Fig. 5 Stress time-history nephogrdms at various measurement

points (water-decoupled charging,\decoupling ratio 11.5
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Fig. 6 Measurement point locations and stress time-history contour plot (decoupling ratio 11.5 %)
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Fig. 7 Measurement point locations and stress time-history contour plot (de ng ratio 13 %)
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Fig. 8 Measurement point [6cations and stress time-history contour plot (decoupling ratio 17 %)
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Fig. 9 Measurement point locations and stress time-history contour plot (decoupling ratio 18.5 %)
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Fig. 10 Measurement point locations and stress time-history contour plot (decpuplingratio 20.5 %)
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Fig. 11 Measurement point locations and stress time-history contour plot (continuous charge)

H1 R 8 i 2 BT AN, B XA 1 B I 7 J5 S IR, 900 s 2 455 2 X 3 A AN T H LB

RFRARNL Y, Ul I ECE TR A E A BT N D S i B BE R AR S BEOR R IRR S R S . T

I, ARSCLAFCA W s V(B A RN T ME AT IR Fe b . 5 FagA X3, i T35 B0 08 B B A S i iR R )

PR, WORHEETE G B R HET 4 4 me A0 BRI 5 5 70 RN B AE D9 fiabm . 2 i o B A B 32 B T

BERY JUAR] 525 1 o AR AE . A7 AL A B B P IRHEE 4 m A7 T R 2 B0 A X P, AT ARER A X

FESBIERTBAE FH R 152 T 00 S 5y~ 7T, 1AL BRETT 1 M LR R AR B S e D P30 P i 0 57380

(7 At AN ] 330 L DX AL B v X3, B 8 R 0 A o i s R AE 5 (X R ~F 38 32 0 7KF, e B AL
BA R BE A I PP 4R bR B A — € 1 LT AR .

< &
=%
% s r an 0.152
3 5
£ 1o06f g
E 201481
S Lo4f 8
5 S o144l
S 102t g
a = o140 |
100 -
5% 130% 170% 185%  205% 5% 13.0% 170% 185%  205%
Deck charge ratio Deck charge ratio
B 12 AN [ Ta) e BB s VAR A O AR AL a9 K13 AR E]RE L] B A RS ) S AR A 3
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(a) Cross-sectional damage contour plot (b) Binarized image
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Fig. 15 Binarized processing of blasting damage profiles in the model
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Table 7 Mean box-counting dimensions for soft and hard rocks under five charge structures

Spacing ratio and spacing medivm

Mean box-counting dimension of

the soft-rock section

Mean box-counting dimension of the

hard-rock section

Continuous charge 1.784 9 1.693 6
17.0 % (air-spaciig) 1.7899 1.664 7
17.0 % (water Spaging) 1.793 2 1.662 5
18.5 %/(air spacing) 1.784 8 1.643 6
18.5 % (watet ‘spacing) 1.780 8 1.654 0
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Table 8 Field’blasting parameters

0 Y/KIAIRE 24, 18.5 %S RIfEAE 250 18.5

Bench height/m Blast-hole diameter/mm Hole depth/m Toe burden/m Hole spacing/m
12 150 S&) EE 3.0~5.4 5
. o Specific explosive Single-hole charge .
Row spacing/m Subdrilling depth consumption/(kg-m-) range/kg Stemming length/m
4 YNL \ 0.5 104~131 3
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Fig. 18 Image processing results of different muck piles
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Table 9 Fragment size distribution parameters under different charge structures

Test area charging method djo/cm dso/cm doy/cm dog/dsg dmax/CM
Welsg;og;tlfzi?ls nd continuous charge 13.41 32.11 70.01 2.18 112.63
Welsgséoglztlfifrgs nd 17.0 % air-spaced charge 16.44 35.08 71.21 2.03 120.34
Welsg ;;Ogg tlfzfr?l:nd 17.0 % water-spaced charge 17.72 37.82 72.62 1.92 119.02
West j};’g&tlfziisnd 18.5 % air-spaced charge 16.68 35.20 73.46 2.09 122.84
Welsgj(l)og;tlfzii:nd 18.5 % water-spaced charge 17.42 35.31 73.09 2.07 121.67
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Abstract: Due to the significant differences in mechanical properties among strata, soft-hard interbedded rock
masses are prone to excessive fragmentation of soft rock, insufficient breakage of hard rock, and large discreteness
in muckpile fragment size during open-pit bench blasting. To optimize explosive energy distribution and improve
fragmentation performance, a three-borehole fluid-solid coupling model was established using ANSYS/LS-DYNA,
taking Jilangde open-pit coal mine as the engineering background. The blasting responses of continuous charge, air-
spaced charge, and water-spaced charge under different spacing ratios are compared, and the simulation results are
verified by field tests. The peak effective stress in the soft rock zone, the mean effective stress in the hard rock zone,
and the box-counting dimension of damage sections are selected as evaluation indices to analyze the effects of
different charging structures on stress distribution, energy allocation, and damage evolution in soft and hard rock
strata. four aspects are integrated to clarify the mechanism by which spaced charging affects explosive energy
distribution and coordinated fragmentation of soft and hard rock strata: the structural response of soft-hard
interbedded rock masses, the comparison between air and water spacing media, damage fractahevaluation, and field
fragmentation verification. The results show that spaced charging can effectively regulate\the release process of
explosive energy along the borehole. With increasing spacing ratio, the peak effective stress in the soft rock zone
generally decreases, indicating that stress concentration is weakened. The mean effective stress in the hard rock
zone reaches its maximum at a spacing ratio of 17.0%, indicating that an_appropriate'spacing ratio can maintain the
stress level required for hard rock fragmentation, whereas an excessive spacing, ratio reduces the fragmentation
effect of hard rock. Considering both stress response and damage fractal <characteristics, spacing ratios of 17.0%
and 18.5% can effectively balance soft-rock fragmentation contrelandfhard-rock breakage. Among them, the 17.0%
case exhibits a more favorable box-counting dimension of damage/s¢ctions and a more fully developed damage
distribution. Field test results show that, compared with/coftinuous charge, the 17.0% spaced charge can
significantly alleviate pulverization of soft rock and improye/muckpile size uniformity. In particular, water-spaced
charge produces the lowest nonuniformity coefficientand the best overall blasting effect. The findings provide a
reference for charge structure optimization and refined blasting design in open-pit mines with soft-hard interbedded
rock masses.

Keywords: soft-hard interbedded rock mass; bench blasting; deck charging; fragmentation analysis



