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Fig. 1 Schematic diagram of the specimen: (a) size of the specimen; (b) slotted cartridge

1.2 BIFEHLIERS

SR PR X SRR S 06 R 40, 4 e 320 58 0080 S i 0 58 0 2 i 1) 87 73 A1 T AR Ak, AT T 0 M AF 5
P B A AR U, i 2 R o RGO E R G ELE RGP N e R K N
532 nm HYBEOEHS . PHREL. BB 1L 5 L 55 2. Photron SAS R UL . AR B G ALHE R TR B
e 22 BRAE . 2 D RGEEE SRS . BRRTRS AR, R k%5 S 4E
il g, At AP A5 5 il K e AR BIL, B o s A BILIC s B M R A A T AL

H1 T Photron SAS 33 FH AL A 47145 40 375 Bt 41 B3k 32 B2 A 496 o i /I, DAL, Ay SR 5 3 B2 AN 473,
A S0 AP TR B R 10° U/RD, AR FE Yl 512%128, SERR AL 124.65 mm=31.16 mm, SN (R
IR MR E T 243.46 um.,

054104-2



%38 % B MSAE: A P AN S 1 BT 2R R B I T A S T LR 55

- -

Free boundary

Reflected
P/S waves

> o
High-voltage
igniter

vy Trigger
camera

(o] (=]
Laser  Beam Lens 1 Specimen Lens 2 High-speed
expander platform camera

B2 RIEEBERSR ARG

Fig.2 Blasting caustics experimental setup
2 BRIERRIR N J198E EF Y RIEE N E

PRI T VA w] T I0 R0  d 7 ) RE PR, %07 1A BT Theocaris!™ #1 Papadopoulos!™ 42
a2 A HOHE B RO R LR 51 (P 3, e Dy Dy e B 280y R T ) i SR O B4R, D, o T B AR O U 2

+ 4+
+
oo +

(a) +h 1 +
. T
++
+
++
+ +
++ +DT
+4 +
* +
++
3 +
++
+ —
; +
+ t+ o4 oL+ o+
| D, >
0.5 4
(c) (]
0.4} 49" 31702 B
: 3 kf?
2 osf : Or 256477
S < 2
o022t <
5
S L
0.1}
0 — 0 A
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
tan w tan w

3 AR AN B RN 7 () 1 BUAEEOE, (b) - TG RO, (o) SRIERT L, (d) 61 1 6y

Fig.3 Classical stress intensity factor measurement by caustics patterns: (a) mode | caustics pattern;
(b) mixed I -1 mode caustics pattern; (c) ratio of caustics pattern size; (d) 6; and 6,

Lmax

054104-3



%38 % B MSAE: A P A E [ W 2R R S I I 1 A S T AL 55

By &7 6] ) AR, Dy F Dy i 73500 1 - 10525 R AR 2800 R 7 16] ) e KRR /N AR ), 25
71 BUAN IR g i B N AT X

2\2rnF () (Dr\” ZCOS o K 2V22F (V) (D 1 5/2COS W
= —| — w = w
"7 3mdl2edzy \ 6y T 3md2edzy \ 6 L
Ky = K tanw (2)

A KoM K 3500 1 RUR TSR g 38 B N5 F(v)=1, R BURBERE W 5 m S8 RGO R,
ARG J AT I, KRB, m=15 ¢=0.85x10""""7, Sy A HLBLHE B 1065 7 85 d=5 mm, g il PF 8 BE 5 2=
250 cm, A ARBLEUG T 1l S IR BT ol T- 12 & B0 B, 5 A U R He il A ¢, WniEl 3(c) i
7183 61 1 8 imax 73591 7 Dy 1 Do 3 L BB AEL DA T, A1 3(d) BT 7R

AR5 P 3(a) FIAT 3(b), R ARAS Bk — N 20 (9 2R 07 B, 28 s 8 A, m 3RAS SRS g e 2

) \/(xi+1 —x)’ + Qi —y) + \/(-xi —x)’+ (i =i’ 3)
2At
e Ar=10 s, Sy AR BLAT AR <8 W 5K B8 7 A TRI BRI 8] sy, v ) G ) (s i) 280N =14
1 I ZI R RRAE o S TE RS, B & BOAHPL AR 10 ps $A 58— 5K iU, 2480 i 3 RE 552k 7 i
Z 8] - 78R, I AR BRI E

3 SKWERDMH

31 SSRESEM

TESEAL PN X BT o) W 284, 091 ] — AR KE o R v 2 2% o) e R0 1) o SR M, O 5 O Tl s A
FEXF b e X HEA B, 4 257 [ B K 2L [ i I SR IR, 3477 2R <A R BU AR, AnTA] 4(a) FTEL 4(b)
Birs o R T i — 20 B UE S B A5 R i R EE A 1, MR e AR LA A B SRS 0L B, R 4 A0 ) R AR ALY
JR BARTE [F] — AL bp 28 AT X L, 4 SR REUGEARH A, W1 4(c) Fis .

Directional
crack

i
Directional
crack

\JE\ Split-tube

charge
holder

(©) —o—C1 ——C3
15 —e—C2 —v—C4

0 10 20 30 40 50 60
x/mm

Kl 4 BHERPEIEAR: (a) BRI ST, (b) BRI S2, () 4 F57E I gk ki L kA2
Fig. 4 Crack path after blasting: (a) specimen S1 after blasting; (a) specimen S2 after blasting;
(c) paths of four directional blast-induced cracks

32 BHAOFEMWTEEBIERARITN DT H
HE I T3 B AE P 5 A RS P/S U, P/S AR T T ) kg KR R, R BRI 1 oA o LR

054104-4



%38 % B MSAE: A P AN S 1 BT 2R R B I T A S T LR 55

4 S Fhy ke I i 3B TR 5 kg 491, e Bt TR IBUF 1T 43>k 3 B B (1) B2 S/ AT, (2) O3 e/ F S, (3) I
S ERE o
3201 REEERBIBHERIRIKER IS

A R, 0L [ J A SR e K L T D WV R R R 2L, IR A A AR E TR
PR, WAL S BT o ML B I 8RR 0 1 7 I A% R ik 80 C1(1=30 ps), 2R 5 T A CBRIF) W, 7E0
Yyrh RN BR S EEE, 52 M AERAHEIS LAY &, WE Sb) B, dhit, 2R05 718 K 41
A5, BI A R 73 BE R F 2530 =40 ps B, S AE N 7 R 2 A0 C2, AR [RIAE H B[R T R OB, R4S
TN K 5.

SR, 24 A s S S PR o] U B KE AL C 1R (1=40 ps), 32N 0 B0 A 52, 440 B 1B
RAWGAR , FRIUA MRIEDE SR EBE, A&l S(c) iR, BWRERRN M KB ESEREKGES. RH
A URZH $2 1 0 g 2 A AR R T 1, i <M B R HEERE, AR S(c) TR, 5 SRR R AR A o
240 C2 YR IT IR T, =40 ps B S5 P I AR LRI R HIBE ™ A= T

g it — RIS Pk, DR AT AR [ s E] (O A5 498 22 501 0 I )R AR 0] B a0 v A e A ) 1. AT
PLBECIS Y P i P o 2.32 /st FAh B2 5 P AR 1A ] 24 (50 mm=2—5 mm)/(2.32 km/s)=40.95 us, 5
Pl 5(a) AR EE RARAT . BT e MO AR AR E Sedn g, R, THREE R SRS AR E —E iR 22,

- i 20 s
I p 20 ps

4 v 8- 40 ps
| ey el
Reflected o Reflected

P wave | | K { \ & Bwaye
o - \ 1.\ ‘.l\ ;.

' Blasfing gas

x/mm x/mm

(b) (©)
K5 RATRAEHIRG: (a) BEAEARIBOREEIR, (b) =30 ps I C1 R8BI (L HUAE,
(c) =40 ps [ C1 REm WA
Fig. 5 Before action of reflected waves: (a) blast-induced caustics patterns; (b) circle caustics pattern
at the tip of crack C1 at 30 ps; (c) ellipse caustics pattern at the tip of crack C1 at 40 ps

322 RSPEIERNBHERSREN NS

R K IO AR I O i B 7 A SO P AN B S I, DR 3 2 S, B S X 1 gk e SRS A
FHRT 5328 2 AW Be: SR P AE T, 5 S 4 S IE/E .

FSF P AR IR [0V F 2 ] R JE R BUR U (/=50 ps) , ZEE0 CL. C2 I v Hy 1 B Mo [0 B,
Wn1&l 6(a) 7R o SR HAS R i 1 ) I A2 AR HORE SR 1 170, 2 il o b R > SR B, 5 S 06 PG AR W)
B, WNIEL 6(b) Bz o <Ml B8 2 BIOBE 7™ A= i SR s SO P35 B4R Ty AL A8 i, i A B ) i Dt g
1K 3 ESZ N K ES, 7t h Ry S RBOE AR dr < BIE 22 i B . P, W EBBEE
LNCINERYS: LE2 BN B iR O

H1 TR P LUBUAR} A B2 A T 7K 1 B SR, TN, A5 AR AR AR X FR N2, S B A

054104-5



%38 % B MSAE: A P AN S 1 BT 2R R B I T A S T LR 55

SRAL-BY VIR, i T RS O 1 - 1A 45 BT, An P 6(c) B o SKPL-BYUIVE TR, R AT T 4R
i 5 A7 1w 1) AU Pt SR

&
WL
Reflected St
P wave

X/mm x/mm
(b) (©)
Fl6 P RAERIRT: (a) BEXEAEBUBEIEIR, (b) =50 ps B C1 2Lk i i B 45 BB,
(c) =60 ps I C2 Rty 1 - 11 525 B FE R
Fig. 6 Under action of reflected P wave: (a) blast-induced caustics patterns; (b) ellipse caustics pattern
at the tip of crack C1 at 50 ps; (¢) mixed I - I mode caustics pattern at the tip of crack C2 at 60 ps

323 RS SEERAMBIERIREN T

B P ARG, St S R AR T T 4 1] 48 KE 2480 2R 05 (/=70 ps) , WAL 7(a) BT o AR A5 HLBE
PG T 2% B0 B2 B2 1Y 22 5 LA SO ok 25 S, AT B0 50 90 s SO S B o il — 2B N SO S I, 1A AR (A
BF] . A LIS S Pk S 1.26 km/s!"™, Bl i S S PR 1B [E] 2 (50 mmx2—5 mm)/(1.26 km/s)=
75.40 ps, 5 & 7(a) AL RAHST o @ EUE AL AR E S0, B, THE S SR A A — B R 2

Reflected
S wave

x/mm Xx/mm
(b) (c)
K7 B S AR : (a) BEXEAEHORERIR, (b) (=70 ps I C1 24BRIm Y 1 - 11524 BUER IR,
(c) =70 pus B} C2 HLrRui) 1 - 11 2 A TR
Fig. 7 Under action of reflected S wave: (a) blast-induced caustics patterns; (b) mixed I -1l mode caustics pattern
at the tip of crack C1 at 70 ps; (c¢) mixed I -1 mode caustics pattern at the tip of crack C2 at 70 ps

B St S WeAE IR, th T S A S ST UIE I, 2 455 1 MR KR B0 CLL C2 PR 147 A sk B -39 Y 1
L TR AR 1 - 25 RT3, 2 2 & R AR O (=70 ps) o 2SI IRIR S 22 L A9 £ 2 B e

054104-6



%38 % B MSAE: A P AN S 1 BT 2R R B I T A S T LR 55

A ARW) &, R AR, A&l 7(b) AL 7(c) Bras o st nl 0, 7E ST S S E T, ZRAR N 18 K 3
I35, RIZRAR N 7 8 A58 B IR 5 2 5

Bt S WAE IS, th T2 A 1 - 11 5 BT 28, ek g i) M F eh it i o A, <9k
BB AL I h S P/S WAL RN ™ A ) o WA A8 DX 78 2 B PR ply TR P A fi
PR T -5 B, i S 48 S e ih T A S p By VIR I 2R 28 1 - TN A2 5 T 2L
324 REBIFARBIERIRIEN D7

Bt P/S W AR IR, MK 8 AR 52 2 1 B (5K ) Wi 22, R IEHR IR S D A JE SR BUBE, 414 8(a)
PR o SE8 PSS 20 ) R HOZ B i AR W), A1) 8(b) R 8(c) Bz ol AT, 242 1 ) 1k &2
H K oA, IR E R T S RERLCL, C2 WY e J5 [l A P % , 152 5 19 St P/S P
CLRe H 7 1) i e ey b o AEABPEAE IR, a0 CL, C2 #E— 58 O A b 5t

x/mm x/mm

(b) ©

K8 RHBAEHIG: (a) HREAERHEIEE, (b) =110 ps I C1REI T HUEHE, (c) =120 ps I} C1 28001 T BRI
Fig. 8 After action of reflected waves: (a) blast-induced caustics patterns; (b) mode I caustics pattern
at the tip of crack C1 at 110 ps; (c) mode I caustics pattern at the tip of crack C1 at 120 pus

s LR R, R PS BAR RIS, 2O 3L T WL 9N O LR o xR R W Ut P/S B fie
HETREYRE, M RRE R T AR RE, LR 3 B 31 R
33 BHAOFEZMWTEEBIFERARmN DEERT

2o ) et A B RS B ], pl =X (1) AN (2), AR ) 4R A S s D R EE IR K R K
I55 B P/S WA S TRI XL, AP 9 s o 4 25 ) K SR BUIRIm 1Y) Ky Rl K 28 A AL AT AR AR

1.8 1.8
(a) —o— C1 (b) —o—Cl
15F o1 ——C2 15F = ——C2
: —a—C3 ' ——C3
—~ —v—C4 —~ —v— C4
& 12F ¢ & 1.2+ ¢
g g
£ o9t £ 09}
= s
s 0.6F & 0.6F
0.3 0.3
0 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
t/us t/us

P19 5 )AL SIS EE R F: (a) T IR S5 BER T Ky, (b) TTBURE 5B EERF Ky
(RP 1 RS 70l {CR BT P A S 37)
Fig. 9 Stress intensity factors of directional blast-induced cracks: (a) mode 1 stress intensity factor K| ;
(b) mode I stress intensity factor K, (RP and RS represent reflected P and S waves, respectively.)

054104-7



%38 % B MSAE: A P AN S 1 BT 2R R B I T A S T LR 55

15 B P/S W VE R B B, KR K X, LI 25 52 S 10 A ik 1 A1

5 A 0 SO P/S AR R T RE [ MR R EUR SR Y K, TR 2 AR AR, AN 9(a) Bs . %
S5 PR B ST A L AR, A K SRS AR i 7 A RN T B N, BN T RN S SRR o B S AR b
KRB0 HE BTN B I, RSN 1 2RI S SR v R B o Bl SOOM I ) S0, K| T ¥ R AT, (ELRE oy
TREC Y R BNEAER]L, FFRBER R EE . A o 5= 22 0 SO P/S PR R T RE 1) 4 K SR B0 v
B Kyo BEE RSB, Ky TF, 5 K B2 o R RORAEBEE T, RECRARBE T T
(3RTT) P 22
34 BHBIFEMWMTERBRERIYT RITH
341 REEIEATE@BERSYT RERE

i i A B PRSOAR A B — I 2 ) R e, DA TSR T 2Ry R B2, I 15 S I P/S I A AR ek
RIS B, AR E] 10(a) Brzs ol B, 4 2% [ Hf X 20 J s JEE (v) i A8 AL LA B AR : SO P/S AR
P BE I, 2 ), B B e ik i T W A1 . S5k P/S e v 1 3R R B, 5 AR BB IR (R o
PURNE PO UG A T ENIE . B R 58 9(a) K IS R 3 — 2, 45 6 22 LT 2 Ty 2 v
P B IEARSCAE, A TE] 10(b) Btz o BB PR CRIT o hr (i, e ot TR R SUYT R, 5 W AT .
BERAYIE, BB S YA B AE AR Y B Y NSy, BT BRI Ty A R AR, R RE (e BE TR AT RE,
X — R AE AR T W B2 DR, AR 20 BB KE RS AT It , AN 8 P (A, o 22 3 ot
S WEHIEH] o

500 1.8
(a) —o— C1 ® ocl1
——C2 1.5 °C2 a A o
400 —— Q3 ac3 e Lo
—v— C4 —~
&t 12+
= = o
A o ° Fitting
L o L
£ 300 s 0.9 v ° *a curve
= = v Ve Ve
MH 0.6 an, A
200 +
RS 03} °
100 1 1 1 1 1 1 1 0 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200 250 300 350 400 450
t/us v/(m-s™)

F10  EIRKEREE AR (a) REYTRHEE, (b) REY TREES K BIIEMAKE
Fig. 10 Results of directional blast-induced crack propagation : (a) crack propagation velocity;
(b) positive correlation between crack propagation velocity and K

342 BHBRENTE QR RARIOTEENH

P 5 B P B 2 o ) A B P _Frec boundary__
Q0T 0, s e A S 2 /S U AR 7 5 reteeea /T
YL T, 1 I R R R FO10n T 010
P e 5 T R RHTL IR G5 A 2L Al DA
I AP I B W ) 30 9 A
BN LT A BLR ST P/S B I 2 S i ] —© === O—
B 1 IR AL WL, A 11 Bm{ Directional crack \@mg
*ETE [Ziq 1 1 ETZT—\‘ E/‘J J‘L’fﬂjé% > %j‘ﬁiﬁééﬂ center : - : center
vies =a @) L1 S o SR AL AL B %

Fig. 11 Schematic diagram of borehole spacing calculation

1
2 Cestps oSO =w ®) for directional fracturing blasting

054104-8



%38 % EROMBAE: P S S I R S I 1 A S AL 55

v
—— =sinf 6
o (6)

o a D7 1) W RO ML FLIRIBE s € g oA BB P/S RIEIEL; 1 D 52 S P/S AR (01 AR (1 I [8] 5 w by AR
F/MIRBTE, B AL A b A B R RS 5 0 o B il Bk U P/S I8 I Y B AR E
WRAL RS, RTAHSE 1) W R i AL R) B S EE R | RO P/S I R 22 1) 14 5% 3R

P S )

\J(Cps/v)' -1

PSR A e T 45 S R B, S 1 T 4 b L T B Oy i /N IR BT 2 R LA H B R B, T L R R
P, S Uk S5 B B R, ARSI, A LB R P RS I Y R 0 o 2.32 Al
1.26 km/s!"™; | 1] 10(a) T A1, 8 KE 408 B 78 S 5 VR T RiTA 250~ 450 my/s, FTHR 350 m/s. fRALL S
B, ST A 2 R PO M F S, S 1) T SR A AL IR B 0.6 1ws 5 BRI S AR I, S ) T
SRR FLIEEE S 116w, k> [ i 3 A0 B P/S ik ) 5 1) 48 KE 24 80 T 4, M AL R BE T /N T
0.61w~1.16w. ASHFFE I SIF P/S AR A A BEHES: T AL IR R A T H 58 A 2K, AT i 4l Ak ) Db 24 42
MR S %

T B RN E, AL THRACE T A i ACG P/S WA MR, AR S BRE ) T SR T AR
TG % SRR A PR LE 4 | 2 S E N K

4 % i

SR T M S B D7 1 R S B B0, DR 1 1 el 2 5 i T G 1 W SRR N SR S0 A 3 13 g 53 A1
PREALEL . E [ MR KE AUy ST 23 3 ANBr B, RIS VR RTAT . AR FIIE AR RIS, 208 1 55 PrS
Xt S T hi K SR S0 AR v (4 B2 7 0 A W R 5 SR 5% OS2I, HE T Al 2 SRR S 1 W SRR
JFLIREE AT A A RIRUT 458 .

(1) B2 S WA TR, R 1) 4 K 2R B0 o 32 4 A UM U, 7 A T B (3RO ) Wi 3¢, ZRAR B )
K 375 35, Bl Ny o B A 1 3 5, RS0 HEY T .

(2) 5t P/S P VR Iy, 2403y 32 B sk P -85 UIE A, 385 A 1 - 1152 & BUM 2, = BOREU i 76 7P 1
“ORZRI A W I DXONAE T, SO PR TR E SRS A T - 1125 R, i S 3 S 2
o T A SR ST UM E 2RI A 1 - T AR B P AT, 2™ AR A8 SR OBE, 2RI )
M KBS N K 52, MRS B0 2490 I 59T I8N, 2N RN K % F %

(3) SIS AR RTJG , A€ 1 F K 2 BU IR I AE B PE A KA 1 B (IR TT) W 3R, 280 ELEk Y g, ik
— Al A L.

(4) A BB P/S i TP, ST s 1) W AR A L TR A 20 5, T A G A 1 1
LR M EIE S %

S22 3k

(1] BXER, A7 5 B, 8, 25, TRULS K BEIRD'G R JA 2 £L 2 25 A A DL AU T (], w5 PR B4R, 2022, 36(4): 045301,
ZHAO X M, YANG Y M, JIANG N, et al. Optimization of charging structure of surrounding holes in smooth blasting of deep
diversion tunnel [J]. Chinese Journal of High Pressure Physics, 2022, 36(4): 045301.

(2] AN, 2R, BRIR, 45, FRIERED A B i ot A R IO AR ST BORWITEHERE [1]. EBBIFAHIR, 2023, 51(1): 224-241.
YANG R S, LI C X, CHEN J, et al. Development history and new technology research progress of rock roadway blasting
excavation in coal mines in China [J]. Coal Science and Technology, 2023, 51(1): 224-241.

(3] fariil. TCHEAE AT REIE S 110 T3 [J]. R 5242 TR, 2023, 40(5): 869-881.

HE M C. Theory and engineering practice for non-pillars mining with automagical entry formation and 110 mining method [J].

054104-9


https://doi.org/10.11858/gywlxb.20220503
https://doi.org/10.11858/gywlxb.20220503

%38 % EROMBAE: P S S I R S I 1 A S AL 55

(5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Journal of Mining & Safety Engineering, 2023, 40(5): 869-881.

TR, XUEET, ot 55, U)4% 24 (0 i A TR R I AR 5 5 B £ 8 DR IR TS (0], P AR 4254k, 2024,
53(2): 334-345, 376.

QIAO G D, LIU Z G, GAO K, et al. Experimental study on the control of mine pressure and gas governance in thick and hard
roof by pre-blasting of slotted cartridge [J]. Journal of China University of Mining & Technology, 2024, 53(2): 334-345, 376.

P I, ML, BRI SC, A, ) WAL RO T2 B DU I ECRLLEE [7]. BKE 5 ik, 2024, 44(6): 061001,

YANG G L, BIJJ, DONG Z W, et al. Fracturing mechanism of bedding shale under directional fracture-controlled blasting [J].
Explosion and Shock Waves, 2024, 44(6): 061001.

WA, TIRME, ¥5r 2, 5. S BRER PMMA A i) € [ I 5 R BRI 0T (0], A 0 1245 T4, 2017, 36(3):
690-696.

YANG R S, DING C X, YANG LY, et al. Experimental study on controlled directional fracture blasting on PMMA mediums
with flaws [J]. Chinese Journal of Rock Mechanics and Engineering, 2017, 36(3): 690-696.

e, SV, VRN, S5, G 1n) WTRLE R IR A BB R LB SEERIT AT [J]. TAREJ1%, 2016, 33(2): 50-58.

YUE Z W, GUO Y, XU P, et al. Controlled blasting experimental study on the mechanism of blast-induced crack propagation
under directional fracture [J]. Engineering Mechanics, 2016, 33(2): 50-58.

Erhse, SV, VPG, S5, G 1) WAL R R Y A5 FLAONE SE IR0 (7], HRKE S e, 2015, 35(3): 304-311.

YUE Z W, GUO Y, XU P, et al. Analysis of empty hole effect in directional fracture controlled blasting [J]. Explosion and
Shock Waves, 2015, 35(3): 304-311.

EMEVK, BTER, AR, 5. 58 ] WU LR DL BBa N BT R S A B0 [T]. JRA%, 2018, 35(1): 15-20, 48.
WANG Y B, SHANG Y Z, SHI Z X, et al. Dynamic caustics experiment on crack propagation in defective medium by
directional breaking with double hole blasting [J]. Blasting, 2018, 35(1): 15-20, 48.

VENG, BREE, S8VE, 4%, 0 T )Z B BUOE VD4R 25 LR B T R RAT N IR IR AT T [1]. 90k REA AR, 2019, 4(6):
498-505.

XU P, CHEN C, GUO Y, et al. Experimental study on crack propagation of slit charge blasting in media with vertical bedding
plane [J]. Journal of Mining Science and Technology, 2019, 4(6): 498-505.

TRk, WA, AR, &, W UARAE XS S R M BUEBL ST (1], TR0, 2023, 29(5): 12-21.

FEITHL, SHANJ, BAO S J, etal. Numerical simulation study of joint geometric characteristics for explosion crack propagation [J].
Engineering Blasting, 2023, 29(5): 12-21.

SREDT, TR, BMEK, . W 0HRSL R BRI E R B 12 (1], JU R R A2, 2014, 36(10): 1281-1286.

GUO D Y, ZHANG H J, LYU P F, et al. Effect of fault on deep-hole cumulative blasting to improve coal bed permeability [J].
Journal of University of Science and Technology Beijing, 2014, 36(10): 1281-1286.

QIU P, YUE Z W, YANG R §, et al. Effects of vertical and horizontal reflected blast stress waves on running cracks by caustics
method [J]. Engineering Fracture Mechanics, 2019, 212: 164-179.

QIU P, YUE Z W, JU Y, et al. Characterizing dynamic crack-tip stress distribution and evolution under blast gases and reflected
stress waves by caustics method [J]. Theoretical and Applied Fracture Mechanics, 2020, 108: 102632.

QIU P, YUE Z W, YANG R S, et al. Modified mixed-mode caustics interpretation to study a running crack subjected to
obliquely incident blast stress waves [J]. International Journal of Impact Engineering, 2021, 150: 103821.

SAEAS, AR, SRk, S5 B FLR T UIRS R Ry FRALERITSE (D). = IR B4R, 2023, 37(6):129-139.

WU Y M, LI H W, SU H, et al. Crack propagation law of notch blasting under unidirectional confining pressure [J]. Chinese
Journal of High Pressure Physics, 2023, 37(6):129—-139.

SRS K 1 % 5 AR B AR FLBEA ST [D]. JE5t: h EF IR L), 2019.

QIU P. Mechanisms of the interaction between blast stress waves and cracks [D]. Beijing: China University of Mining and
Technology (Beijing), 2019.

THEOCARIS P S. Elastic stress intensity factors evaluated by caustics [M]//SIH G C. Experimental evaluation of stress
concentration and intensity factors. Netherlands: Springer, 1981: 189-252.

PAPADOPOULOS G A. Fracture mechanics: the experimental method of caustics and the det.-criterion of fracture [M].
London: Springer-Verlag, 1993.

RPA, FRERE, 5K S BUESHT M]. JLaT: AR AL, 2008.

054104-10


https://doi.org/10.6052/j.issn.1000-4750.2014.09.0816
https://doi.org/10.6052/j.issn.1000-4750.2014.09.0816
https://doi.org/10.11883/1001-1455-(2015)03-0304-08
https://doi.org/10.11883/1001-1455-(2015)03-0304-08
https://doi.org/10.11883/1001-1455-(2015)03-0304-08
https://doi.org/10.3963/j.issn.1001-487X.2018.01.003
https://doi.org/10.3963/j.issn.1001-487X.2018.01.003

%38 % EROMBAE: P S S I R S I 1 A S AL 55

LIQY, WANG N C, YI D Y. Numerical analysis [M]. Beijing: Tsinghua University Press, 2008.
[21] ANDERSON T L. Fracture mechanics: fundamentals and applications [M]. Boca Raton, FL: CRC Press, 2005.
[22] JERAG. Wiy F# S A M]. db st db st TR iRat, 2006.
FAN T Y. Principles and applications of fracture dynamics [M]. Beijing: Beijing Institute of Technology Press, 2006.

Stress Distribution and Propagation Mechanism of Crack Tip in Directional
Fracturing Blasting under the Influence of Free Boundary

QIU Peng', YUE Zhongwen’

(1. Key Laboratory of In-Situ Property-Improving Mining of Ministry of Education,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. School of Mechanics and Civil Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China)

Abstract: Natural rock masses often contain free boundaries, which can interfere with directional fracturing
blasting. To investigate effects of free boundary on directional fracturing blasting, the caustics method and
high-speed photography were used to study the crack-tip stress distribution and propagation of directional
blast-induced cracks. The reflected P/S waves from the free boundary act on a directional blast-induced
crack, and change the crack-tip stress distribution and generate an “arc shaped” crack path. Directional blast-
induced crack propagation can be divided into three stages. Stage one: before the action of reflected waves,
the crack tip is subjected to the action of a blast-induced gas wedge, resulting in a mode [ crack that
propagates along a straight line. Stage two: under the action of reflected waves, both reflected P and S waves
cause the crack tip to be subjected to tension and shear action, resulting in a mixed mode I -1 crack which
deflects towards the free boundary. Under reflected P waves, the crack tip produces distorted caustics, and
crack-tip stress changes from K-dominated field to non-K-dominated field, while under reflected S waves,
crack-tip stress returns to K-dominated field. Stage three: after the action of reflected waves, the crack tip is
subjected to inertial action and then returns to a mode I crack which propagates along a straight line. On the
basis of clarifying effects of reflected P/S waves on the tip of directional blast-induced cracks, a calculation
formula for the distance between two directional fracturing blasting holes under the influence of free
boundary is derived, providing a theoretical basis for refined directional fracturing blasting.

Keywords: free boundary; directional fracturing blasting; reflected P/S waves; crack-tip stress distribution;

crack propagation
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