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Abstract: The significant size of blasting blocks in super-large cross-section hard rock caverns will have a pro-
found impact on blasting construction efficiency and process connectivity. Engineering practice has demonstrated that
the horizontal structural planes within the rock are among the primary factors contributing to the large blasting block

size in hard rock caverns. To investigate the mechanism by which the horizontal structure of a hard rock mass affects
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the propagation of blasting energy,a hole layout optimization method tailored for complex jointed rock masses is pro-
posed. Using the blasting construction of the middle step in a specific super-large hard rock chamber with a particular
cross-section as the engineering background, a three-dimensional blasting model of the rock mass with horizontal
joints is established through numerical simulation, based on the RHT model. The LS-DYNA finite element analysis
software was employed to elucidate the coupling mechanism between structural planes and blasting energy,as well as
the influence of hole distribution patterns on block size distribution. The results indicate that blasting-induced damage
and fractures preferentially propagate along the weak surface of the structure. The reflection and superposition of
stress waves at the structural surface facilitate the preferential development of radial fractures along vertical or near-
vertical structural planes,thereby delaying energy release. The plum blossom-shaped hole distribution ensures more
uniform energy distribution through multi-directional stress interference ,inhibiting the formation of dominant through-
fractures and resulting in a honeycomb-like fracture structure. This effectively reduces the incidence of blasting large
blocks and significantly enhances the uniformity of block size distribution. Finally, the validity and feasibility of the

conclusion were confirmed through field tests. This study offers a theoretical foundation and practical guidance for

controlling the blasting block size in hard rock masses characterized by prominent horizontal structural planes.
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Table 1 Physical and mechanical parameters of rock

2% wE AR R 5R B AR HEVN Y b g
P = . Density p/ Uniaxial compressive Elastic Poisson’s  Tensile strength
arameter (kg -m™) strength f,/MPa modulus E/GPa ratio f,/MPa
MR A 2860. 00 140.00 39.40 0.21 7.20
—RAER 2630. 00 96. 60 39.70 0.20 8.20
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Table 2 Physical and mechanical parameters of rock

2 W AR PRI THAR L RS
p = . Density p/ Uniaxial compressive Elastic Poisson’s  Tensile strength
arameter (kg -m™) strength f,/MPa modulus E/GPa ratio f,/MPa
F RRARAE B 2600. 00 121.00 40.40 0.18 7.90
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Fig. 9 Triangle hole layout model grid

2.3 ERMARE

FERAARAUT 5, m] TR AR AE o ) A
Blff‘t}&‘ole Exsﬁi?ves
EEREERRE
AEREEEEE

FORERME R AR Z2 . Horp RHT 465780 0] 7465 48
1 R BE TS WA RE S SR T B J1 22T, %
BEAUFT 3B LR AN SR AR+ 2 R | 3 i R
] S AR, BR A SR R . A B BT
G B IHA A B8 I3 7 5 B T A4 R R 4 A
i T R AT B
Dr — z Agpl /g;aizure
g;:zi[ure = D, (P* - P‘;all)m > a}r{niu

A & T I I A 5 R A 5 )
f/NBESRR AR s Dy FN D, R4 E G PO SR AT
FESRBE IR — AL 1 5 P A — L2 S50 B 5 25 1
UGS D, A5E 15 AL B b g s AR R SR A R

RHT # py Se5 « MAT_RHT BEATER N
2.4 BIERHIHEM E

YRR S I A AR TR A W 5 VR R o
T DL R W50 T A o o ) e T 1, BB R )
PRI TAF AR A T 0 7 12 T2 A DU A, G ol bR A 1 T
$i = AT B BOR T 2 2 B T L
ORI R . A5 A BRSO BT, BB = IR
PR B RE A R 211 7 4 8 04 3 SRR P I B M i R KR
SRPEIX A S35, ELVHA TR oA AR I, TR AR S e
¥ = B 08 W A 2 it 4 B0 00 L BE b i
e K 10,

()

Tir 2
Load

A 18] Time

P10 A A 2 A i o
Fig. 10  Application of explosive loads

2.4.1 HRKERT BRI

PRIERT R MR RS ez Iy = AR S 2
PR RS2, FL R TR i e A2 2k D R R
(22 REE SO for 280 ME LAVE R ik, H AT, —
FARSE S R K O v, R C-) BT BRJ E
o R VA (L, AR 5 2R A K 24 R 55 I 1) C-T BB ST
1R 56 2, HE 2GR 5 D M T L A SRR 1

1 2
Py = 1 op(VOD) (2)

APy BT LR T 50, M2 B 5
VOD J3KEZ5 R 5y D S5 W48 B, X T84,
ACUHL y =3.0,

W =W I IR R Rk s, AT 35 i 7 oA it e L
BR—2F MixF FARE AR 400, RiE 2 TR
POIRZS T R | J 2% 7= W 7 Tl JR M FLBE 22 iT 1) K
{Eyg[m,m]

_ vy _ 1 AN
Py = () = ge.(VODY () (3)

b b

eV, RV, 2350 O 2 A B R FL AR AR
Xt T BRI At P AOAE IR 25 454, V., =%whdf% =

i Fofr, A 1 G AL 25 B K A

FLIREE ;d. F1 d, W3 HI 325 HAR FUE L BAR



A3 LM RRIS NI E LA R ORI R AR A R AL B AR B E 43

LG P RIESAL AR | FE 34 0 10K,
AL BE L 0 W L
1 N dc 6 lc 3
Po = 5o (VO (S) () ()

e n SRR AR W R B AR o L RE S 1 e
WRFE n=8 ~ 11, fEARTFEH Bt n =10,

s TARAEN , MEZhEH] 2 S A A ey, %
J 4 1000 kg/m®, K 24 1 14 4200 m/s; 35 25 % IR
AR 255N, 25 H AT 32 mm, L H AL 42 mm,
AR IESIFLIREZ LR 0.7 MR 4= (4) v LA
TSR S LA Rz 2 i K ) Py =1.48 GPa,
2.4.2  JRMEFTE BYIE) AR

38 A T AR SRS AT DA B A ok A 5 mT
SERELFL R E AT B B AR R (HZ T A R BR T
M TC A ERE N T e XE LASE L, R, 50 )
PR 8 A A HR N A 20 A8 Ak D R TR (AR OC T, R
FH =S R far 28 th 2, Horh = A8 oR BR G0 455 1k
far BRUGAE | fr %L RS [BDRN IE R B ] 3 N ESAL,
HEkAH

P(t) =31, -t (5)

P,, t, <t <t

0, t >t

K P (o) IAE—BF 2RI 250, A3 A oy 25
(b TR 1], ms 5 e, kg 8 K o 48 A9 1E R A P B D

— PN, KE 2R HE 7R AR 1 o o AR R RS TR)
1070 ~ 107" s HR A SRR 1 B4R I E] o 1070 ~
107" s, Z5 S B IR IO B AN TR SERR 22301 AR
SCEETE L e, =0.6 ms, 1, =2 ms, f3EJfL =
TERRKEm B &l 11 PR KRR 28 =B
far Rt 2 ML

P (0.6 ms, 1.48 GPa)

Ti7#k Load/GPa
e o = =
o o v

e
W

0 03 06 09 12 15 1.8 2.1
B} &) Time/ms
U1 M FLBE R K i 20 25
Fig. 11 Explosion load curve of blast hole wall

3 GRE5HLMH

3.1 ARk FEMEIIRNRBEEBRNR mMAE

e 245 BN I A oL ) inpale sl i 223 5
it B, el e R A ) B S B N ) P
YN AT B B SR i, 4 R I e B Y
Py BN 27 T — BT AS () 2 PR ) A B~
Jot, FESEY) A BT R A (] A A B BEL BT 4
P, DRLIHOR 3 A A 4 ) 235 A T Ak 4 TR A S 398 R i
SPBRG , DT el 235 44 T Ak A2 £ RE i 1 Sk 2 2 Dok A
FEHL

RV ALR MR IR 0 15 R B, R T
IRV 45 A4 T T AR T 28 B9 R 1) B2 WAL, E Hy-
perMesh Hi i i 57 BB BY ), SR AT LS-DYNA %Kk
PEEAT SRR
311 HFLZEREBYG =B

XA TCES AL THT 4 B L AR A5 | A 1) R 45 1 i
B, ] LS-DYNA B4R TH 500K i, 15 2 8 il s
8 ms it =&,k 12 K 13 fis

12 Joaft TR B A FLAR A 45 = P
Fig. 12 Damage cloud map of single

hole blasting without joint

K13 4t TR A FLAR A 475 = P
Fig. 13 Damage cloud map of single hole blasting with joint

X HETCAS A T A A (P 12) 5 5 4 T s (5]
13 ) WA AR 4 2 1 PR, A G2 g T e, 48 7 4 B
DAL A H o BRI ) B AR A, s X R 41
BRI, [0 ShZ Bt P 2= W RSN . U, S



44 2

2026 £ 3 H

e LA i [R A 0 23 7RI, 403 0 18] i 82 - T
TLGAE , F I T A P N7 3 904 Dol S 47 45 17 [
PR AR 1) R T E0 J5 m A) Re

AR TS PR B AR A U 2 P U 2 B 2
JEe P - COM AL ol DX IATS A e e DX, (EL T 285 o ) [
B S AN N T S AR 24, P B4 40 3 9 R A /N
O TR RS B Mo A1 -4 R T S A i Y (7
PRCBCR Rk . @S54 T 5 5 R S A5 e
BRI R T 7 18] L S HE A, JE I 2 44 T S5 4 AL
BRGNS , 2T A S A 57, LRI 454 T 3
TG SRR R AE D, O SRR SE Y R TT 1wl
@z BT Id R W, 45 K4 T 51T b AT 800, ) ke 35 AR
Hh, ELIBT AR LA AT 17 g B R O R o X fh T
2R THT I TS ) ) 5 0 R T PR R R AR
T3P AR A -4 R T S T8 A A SO b 2 I B - T
TN o @REAL, 272 1) R i 22 45 K4 Th fik 3
I, 52 511 R 4R XSl SRR S 2 e T T
Zikgia s 1 ke w (S P Aoy ) o XN
ARSI A 38 i AL BT A T T 1) LAY
JO7 3 SRR R B, ELI T o) )L fLBE B 2544

0.30

o TEFS
Q2 025} Element no.
@ _a 6039
£ 020} _b 5874
E
3 0.15F
2
=

0.10
R b b
# 0.05
L b

0 2 4 6 8

18] Time/ms
(@) a b RN S0 2R

(a) Stress change curve at points @ and b

T fe 30T, PRI O o) b )45 3 e O, 450 L BB 32
HAE e N E I I B N E R Rt el Y O ol o

XF A OB AL T D0 B B X BB IX AP 2
I, B SR TR B 4 Ay B DX 4 2 AR B 0 &5 4 T
BAL /NG 51% , ZLR X B (KRB K2y 18%
3.1.2 M @sRak it TAEEG Y

SHARGMRRE RE 1 e IR v S A - A T AE A
A AL RE AR, X LR 14 BB a b e d 1Y
AR SRR B2 (A 1S ), o B AN R 07 B
IO 37K 0 25 S, A5 380 5 ) T 0T R 1 e AL R 1Y
SRR

K 14 a.b.c.dVWEMNELR
Fig. 14 The positional relationship among points a,b,c,d
0.14 TTEFS
Element no.
_c 6124

_d 7414

i [8] Time/ms
(by e dER SR ZR

(b) Stress change curve at points ¢ and d

K15 a.b.c.d G R Azt £k

Fig. 15 Stress change curve at points a,b,c and d

15 (a) ki 3 U5 BRI 8 @ b N 7728 Ak il
o TE0 ~0.6 ms X [H] 0% 107 235t i 2104 L 4 e
N IBEFE  BEET a b 50 1 AR A AR, HL WA 1
JIFHIE 76 1.5 ms J5,a MIZ5 b 4 kAW B &
P, X ST G R S A -5 A T A A 2 R U R
.

15 (b) Sy 3z g2 U5 % BRI 8 e d N 3 A8 Ak il
e TS d ARG, 7£0 ~
1 ms [X[A],c.d P55 0 0 7 i 2 A8 A AR UL (R
[F] , 32 T R 2 R 0% i et 2 o 2 A o A P oA e
SN P IEERENR, 7E 1 ~3 ms e AT %4

Pesh, IRT R TR AE LR AL 2 BT, d s i 4
I, fE L ~4 ms N, c IEEWZIRT J,
A P O RE SR AR S5 A4 T JH FE R, AT 20
AR/ o AH ¢ sIRTIFFEET] (7 ms) B2 d 51(5 ms) GE
K24 40% , FRIA L4 10 5 S5 2000 o B 1 BTG A ke
SEGAE

£ LTIk, 7K 145 R TG e 1l 2R B B A U 3
FEAE T : D A7 -Z R TS AR Sy 55 ThT 5 | MR A
T HOE 4 PRI, TR LS R A, 1S 24
IRAT AN AN 2 o QR AR S5 A ThT S 5 B
T, 5 5 3 A T 77 1] 4 90 PRI O i A AR 10



A3 LM RRIS NI E LA R ORI R AR A R AL B AR B E 45

i, LR R . FESEPR T AR SRR, nT LA T
SRRSO AC IR AL A B 5 A 2 45k, 1 an Bl o
FLANZR 5 25 M T E 1) e £, O 52 2 TS R R 400 AL A
BT BER AR
3.2 L7 RARR R R e R

XA FLT7 20 R85 | & A BB it O A 7
L, A LS-DYNA BRPFHRCRAR 152 8 ms W45 15
=ENE 16 & 17 PR

K16 HEIE A fLE A i =
Fig. 16 Damage cloud map of rectangular layout hole blasting

B 17 Mg AR A FLAR 4 = P
Fig. 17 Damage cloud map of plus-shaped layout hole blasting

BB A5 SRR, JEE A FL 7 AR 1 X
SRHETE AR, 7E 4 FL S AN L 2 2 A T2 i i
AR DXt , RV 16 21 €0 DX 3ol 5 45 g 17 v B 114 3
AR N R X, R LB MR X T
REH i B PP T 58 T 5 559 1 IE SE R, i ZREB Y
Ao JRE A, 2 i S R TR 9% 5 AR A FLLE 38 R AR
(BN, S BRI A AT B H T LIS
PR I A AR 5 DU AL R A v SR
DX PR 3 e ARS8 , L JE i JE LB, i 3
L7 328 X, BEAR BE R A TSR B, (R R R S A7 A i
FTE G , PRI AT AN IR A

MR Z N MBI A L i S R AL AT 2%
U RE R 0 5 R R A, H i = NIl
TSR, AN 17 oo MBS AT LA 200 1 2
B, MR BT LR , e 18— 7 ) A RE A
i BEEE AR DI R 3 3 PR SC A A 3l B A

BT A AR SR M FLAG 3 A A -5 A T 5 S Ak
AR E S, PR RN B ON T, o
AL, KPS AL  HEAETE AT L7 A8 it
AR THIEATILS 20, X m T A £ 07 d
G0 e S AR S, A A - S R T A e A 22 R
S BN, K R AR S S T AL ER A

fili ] Image J VAR B I &8 HH 2% e 5 1L, R
AR HL B RG34 S Brim A, UAE PRl £L
T3 2N Ee M AL 2 2 X S A R A DX - 44 T
L e 18 fis , FEIE A £L 07 S KRB £ X7 4
AN 0.325 m* MEAETE A AL 07 2L K P A KT
HITHA R 0. 086 m®, KB A1 X T LI/ 70% 5
R PR AT FL D7 20T R £ DR ARy fe S Ml —
Pl L e 2 Xl £ i A (0 LR FH BB e X )
Z L, A 18 Fr o, A A AL 5 SR B A7 X T
B EE 77, 38% , i A AE I A £L 07 SR B £ KR
TR A A 36. 9% , 1] Uit AETE A3 L5 SURE S A 2L
W/ N A BRE AR R R E B A

0.35 0.325 77.38% 80%
0.30 70%
g 0.25 60% &
?3 e 50% S
5020 - [36.90% 40% &
%0'15 i i 30%%
g 0.10 10.086 20% 22
0.05 10%

0 — 0%
KPEA KRAEAERT
SRR P FEMFLIX 3, 5 He

4 J¥ 45 L Rectangular distribution
[0 #4EI A4 FL Plum blossom—shaped

uopuodoua

P18 BN R A 1 35 THI AR S P A LX) o e
Fig. 18 Average area of the fragmented rock after blasting

and ratio of it to the area of nearby blastholes

T 5 B R 22 B IS 55 L FUAR T e <1 1) 2%
A O, 19 Fron o HEFRARTR A9 AS BT, 9 kA
FLI7 T AL foe /IMIRPTE I AN A5 19, it ALY A £L
77 35 HEM AL RS B BCA AR BRI, S AT HE AL & =
FIE oA A M TR SLZ B D R A VR, i e
A fLI7 T R HEM AL 5 A eI FL S RO oA, /R4
BB R BRI, DRI 7 R ) ) B L 2 R 7 A g
R EER

BEAh, 2545 13031 i LA A TR 1)L A4 )8
PSP EE  AEMEAEIE A FLr , BT 2 e Sty 4
P2 BT A A -EA TR S O 1) B 18 20 (a)
T E AP AEL DI IE 13X — 4518, MfLEH T
SER T 1) b 22 A A MR A5 SR X b SR B A —



46

1/

2026 £ 3 H

SEFEIE LA B T sl /MR BB AR T 7R RE P A fL
R T i S LE L E S, T A

J& HERRAR <

Back row
blasting funnel

il HERR AR 2
Front row
blasting funnel

(a) FEIR AR AL 77 2 b B A
(a) Schematic diagram of the rectangular

perforated blasting funnel

TR T ML LR L 0 A 2 DRI e B e, o e
FEANTE R, 4l 20 (b) Hp F A HELR X IR .

A HER AR 2
Front row
blasting funnel

JRHERER 2
Back row
blasting funnel

(b) HEAETE A FL 77 S B 3L on B

(b) Schematic diagram of the plum blossom-shaped

perforated blasting funnel

19 AR ALI7 2R e <7 A

Fig. 19 Schematic diagrams of blasting funnels under different hole layout methods
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Fig. 20 Damage in the direction perpendicular to the structural plane under different hole layout methods

g b e S KCFE T R B AETE A fL
JUAIAL 5 e -2 TR S R, 0 SR TR e Bk
JEXIAIME o FAZOAE TR S5 AL 5 5 220 1] S4B
P2, A1 i) B3 P T RIS B, ) e e e 1oz 7 9 S
B NE SR ESCR 4—% R THT P 25 357 B AL D n]
PR, O 52 2 M T 25 F T RS R AL e e i
PEBEARE

4 TRENMA

A8 S KT 1T IR P2 R T2 TR v, 3 X A7 A
SRR AN TR R 2 L Ak AN RO R G
P A 2% o DM I 7 58 R R REJE A £L 07 Qb A g
BBE , M I R B iy, B HCR AR T B 2k
BB , RORHE R RA o AT IX — D0, 255 4R
AT B RAU B, 70 PRAESR A AR AR T, 5
TATCE 3 4 WRUERIT 3 45 R S 458 Ltk
BT 5 R SRAS BRI A FL 5 38 5 S g AT A
fLBEH, B M FL AT BB anial 21 fros.

PR T T R, MY AR fLai i 22 )
T3 SR T b R, Bas T A AR PR R
BREEFJEINE, H e B HE AP 22 Frois, B RS B

Wl/IN, A BT R A T R e, e e [ e
T ZER 8 h [RMKZE 6 h 475 T TFRCR, BRI T
Bl IAS , PR IE , R R & Y AL S B AR R 15 T
BIRH TR A £L 7 5, RO B3 . kN
FRIAIE T LR HUEAE KT E5 A6 T R B DX TR iy
T M S AR T A% 1 T RS A A R T B A
TR

5 #it

iz 1l HyperMesh {44 1 & /K F- S5 ThI AR Y
YRR, BT RHT AR LS-DYNA 3
SRR , IRICIKF- 45 Ky THT AT % 10 FE it S SR A
AR U , BIFSEAS [R) A £L D7 3T Ha i A0 3 £
B AL B X R 23 B R T, A4 B 2598 4
LE

(1) 7K 254 0 3 55 5 1), 5| 5 1% A
T HE 1) SR FRORE, T U HARB R R A, AR
B 7 SIS RN 125 1) S P, B TC 4 M T 1S O T
BT 2 2 A2 /N 51% , 2B IX i 1 R R
18% 5 N U 22 8 v A1 -5 ¥ T 2SS SRR B3 &, B
JCHVE- IS 3 B JINTX. (A A4 ) 2R BT e T 4% A 1 5



H43 % WL RIS, XSGR RS A HORKTEE R T R R A S R B AR R B 47
AR SEY R, R I RE i B RO FEAE 27 40% s M A4E LA Mg R o9 & A= 0
SR ST A AT -SG5 F T A2 PR SR B, SR RE 1t 2 TE 2T
60, 110 | 130 | 130, 110,60,
T T T 1 22322 I T T T
K128 23]
o
=4 9 2 1 blLL,L 1l 25¢ 26 30
of st . T o {
= R i U S I SN |
of ¢ e
:__c 4 A‘llgl\ 4 5 D
St d fo S oo o—o—o—o6—o6—4
= o el o HY o S11 o o o oh o b
ol 8l,¢ 114 b30
S -y q - 8 ~ J-— ~ 8 ~ 9 - 31
REEIw il IR EY/ 114 * S
=y = q 10_’f“— _ - 10 11 ~ 11
5 o—o S
St e 4 114 b1 b
A 251576 s o o SN 6 13 ,\I b
of ¢ o 2
=y | e 114 a5 o 15
ob 160 160
Sy 16, P N TR R 17 ¢
1) ) b
3__29 2l o 18 571 114, 18 | 19 19, 26d 931
8lagfar, 24%2a [~ o~ = - "M@ oo
_»60| 90 | 100 20 20 | 21 21 |27 27 32 |32
300 1600 300
K21 fifb)s b2 AR (B om)
Fig. 21 Optimized middle-level blasting design(unit;cm)

K22 LA S8 Jn IR e L
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