moE 5 ol
Explosion and Shock Waves

DOI: 10.11883/bzycj-2026-0114

1]“,\77 ##IE%HL)? ?173

DR 12, SR, B, AR, EEE
(1. B TRE RSB IE R B 9k 4 B M SEIR =, Y175 M At 210007;
2. MM RETIRIAET 5224 TSP, WiRd #FH 421001)

1 B RS FLIREE FUE T ELA A AL AL RIS AN R Bh far 2 4E F R BB 18R T 8UA A KRR R,
W E A AESHET, RESTURHERE A A INEE IR UL BT . R R
e SRR 1) 20 o T R A o S AR T SR 3 R R 52 L Th i dA o R TR e 1 7 A N i A R A R B L ) 2 F 2
ARG, WA NASHE ARG R, AR BT EE AT K. & EARBE A KBRS T8 T AE BRI L 3)
TR, TEMBOIAR PR 28 2 L UK. RE A 10 B2 48 r ORI 1 (X 3 B T 1 TR P B AT 5 W DX A, i A
WA R AEAER DI N AR 2 J5 A0 R e 2 RS 3 =R 2 1 B DDA 1)V & A BB NG A o 58 B R BRI S HE U
WIEFE T AN Rt RN FLIR T DR ot 65 4 THI 3 30 2L 80 A JR IR 5, S BGR 2N B AN AL TE AR5, AR
THI PSR R AN J Vi BB BB S A 4 0 3 R S 3 0 0 o F 9 45 SR B TR 0 e 2 28 KA T A LR 5 R R B &S BB L3
I H bR TR ER AR 18 S04

KB SLIRAESTEAT I, shfr sl Joearths Biniil, REY FE

FEZES: 0385 EfrFERMLIE: 13035 XHKFRIREG: A

Dynamic mechanical propertiés and fracture damage of non-
persistent jointed'rock mass with hole

ZHAO Guifeng'?, JIANG Haiming!,"DAI Bing?, LI Jie!, WANG Mingyang'

(1. State Key Laboratory of Explosion & Impact and Disaster Prevention & Mitigation, Army Engineering University of PLA,
Nanjing 210007, Jiangsu, China;
2. School of Resource Environment and Safety Engineering, University of South China, Hengyang 421001, Hunan, China)

Abstract: Rock mass containing-abandant irregularly distributed joints tend to accumulate high strain energy, which poses a
potential risk of fracturing, failuge® Tn“order to reveal the crack propagation mechanism of non-persistent jointed rock mass
containing a hole and evaluate the strain failure of rock caused by stress concentration under different dynamic loads, the
mechanical properties ofinon-persistent jointed rock mass containing a hole under different combined impacts were conducted by
using a split Hopkinson pressure bar (SHPB) and digital image correlation (DIC) system. A dynamic damage mechanics model
for the tested specimens was established on the basis of fracture mechanics and energy dissipation theory, and the damage
evolution and crack/propagation mechanism were further analyzed. The experimental results indicate that the dynamic strength
and elastic modulus of the specimens generally increase with increasing strain rate. Both the peak strain and energy dissipation
rate exhibit a prominent strain rate effect, and the damage degree of specimens progressively intensifies as the strain rate
increases. The damage evolution of rock with composite cracks accounts for both energy dissipation and dynamic loading effects,
and the damage curve presents an L-shaped growth trend during the loading process. Stress concentration and plastic zones are
primarily distributed at the two tips of the structural plane and within rock-bridge regions. Tensile strain develops subsequent to
shear strain, and the final failure pattern transforms from the predominantly shear failure to mixed tensile-shear failure. With the
aid of the maximum circumferential stress criterion, the effects of different impact loads and hole shapes on crack initiation and
propagation at structural plane tips were investigated. The location of crack initiation is insensitive to hole shape, and the
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propagation range of surface micro-cracks increases significantly with increasing dynamic load. The findings will contribute to
an in-depth understanding of the dynamic failure mechanism of rock with structural plane and hole and provide theoretical
support for engineering practices.
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The rock damage increase with the increase of impact load

Coneshap
fragmen

fragment N

SpecimenA-S; SpecimenA-S;

Shear .v
failure
R surfance
Cone-shaped éﬂ;‘,}. S
fragmenl& i ?:.,

g
s A
e
2

Spindle-shaped

fragment

Cone-shaped
fragment

SpecimenB-S;

Spindle-shaped
fragment

Spindle-shaped

fl Spindle-shaped
R fragment

Cone-shaped
fragment

Friction
trace Spindle-shaped
frigment

SpecimenB-S4

|

Spindle-shaped
fragment

N )
Cone-shaped .
l'ragmcnﬂ

Friction
trace

Wedge shatd
fragment

Spindle-shapdd

\
Spindle-shaped
e agment

Sp
ffgment’ fragment

SpecimenC-S; SpecimenC-S,
P9 25 AR LI AN 25 b THARRE I T 25
Fig. 9 Failure modes of specimens<ontaining different holes and structural planes
2.4 IRV RRIL T
AR AR R I AN R T H ] S () AR SR i A RN, B S A A 5K S AN R FLIR A s
P A B A Q& 10 B, e a4 i ] UMD RCR SO w37 R BRE IR . ARTEWR T
ESE NIV ERiDb= 2 S LIRS IR S OSIELE

SpetitmenC-S; SpecimenC-S, SpecimenC-Ss

K
D=D.

’ )
D, =1--2

o

max

A K, NSNS 15 K, a4 S B S ORI R 8 7 D ik e i i 2 i

e D, NWHARTIRIE: o, WIRRNTI; o, NIEER ]

HI T FERRE AL S 1 W R A e L ERE R, IULFERRRE U, 72 BB BE U BT o Eefpl ] A
S A R ARIRE L, f A2 Bn] At — P RN

B==t=("pe)de (10)




wmoE 5 il
Explosion and Shock Waves

A ESCK A K LA A R E . FERFR A R R IR R s o(e) JMNBGE RE s 4o B

B OIRBERE I ny b AR RS RN FZRR 7 A 5 AT KR8
AR B A P AEHRE U, 5 8 NARRE U IR P DL S E N AR RE IR IR U RR R, Rk di
PiAE e n] LUt — W RN

o _.€

max

D: o-lﬂaXS_UC ﬂ(l_ O-C J (11)
O-max

WRHEWTERE Iy Griffith FORE RIS, R IR SRR S ML S AR R R U, AT LA RE R
BB AN R T 58 TR R R -

Q:KGM:%KMﬁK@M (12)

A A NRAFEPRETHRIEN: G RREEERE, XN T-FHRMAENM, 25ENl-v), vl E 735
N8B AT BV BRI IR K A0 Ky 2000 D i 2R B A e ) L DRI T 2R F 1 g iR P2 TR 7

ST BZLA A IR, T AR IT B SIFs 7] AR

{Kl =—f(a,d,a)c cos’ a~lra

(13)
K, = f(a,d,a)osinacosg~rt

b o NRAENTT; a AWTHERBEAKE, o AREME, AP T ERERBUHEIN 45° 5 (R
LIS RTINS 5 A7 SIFs S20a A AR B 7R e 55 A S TR RE a8 o FESH TSR
it 22 FLAR T G e KN G A B BE T d 5% EBIAOALRN, ST d AT Ry 59l 327 D G5 R THI O i
Z AL T HE AN S B A LIRS M PR e ARG A AL AN S/ TR, R4S A DIC iR
EH PR B R g A o 23 AT AU S 83— A0 S SEAREL AR T B 7 B AL B T 56

B ((13) NS (12), 3k AR BE 2 U, W] LLR R 9

U = I—Ev2

b WOURFEEE: N OSulPe iy BRI ECR, ASCh NS%5T 1.

BRI, FAE(14)m NS, BT 216 A I i A4 AR &N

2WNa(f(a,d,a)s?,, cos’axna) (14)

1_ : 2 -
EV 4WNa(f (a,d,a) o, cos’axma) Tonae — T
€

R =<

=p (15)
W0 71 A AR AT T 7 5 R AN ST S AL, S NASHE AR AN IR AL RN, R ([ A7
B AR R . TAka bl WS BE RN A A T EEHE AR AR, AR SR (15) G I AAE R T
FR o SR AN RERAE B, 1 TR S5 A T AN LI B2 LA FI B4 405 70 A il . BEE iR R 45
R R R HTHE IC Ae E R TR A, H AR AR TR, B R L R
FEAA 28 73 A B 4 ANFFAE AR s R i R B MR 25 1 o iR 10 I AR T AL R I R AR R] R AR AL R
A BN AT A R (0.55 MPa),  HFAE AL T AL H NIRRT EAR T AR R AR S A FLIR B . 243
0 i, BEEBOR R HE— DR, BTUINAR B e WA 0B HT 4 e, (ELulhe iR B AL,
FLIR A L AR R AR AR AN B 2 o 2 a3 TIL A0 IV Ui, LI b (R BY D) R AR B g i, AR £R v 32 2
FAEAEENT X B phir 2R R(0.60  MPa), XFERINAZEL R AES DI RTIY (1. TRFAE D oW
BN HAIEB SR A IV RHIERD , RERRIEE T “Z27 BRAR X I H A5 S
SERE U, R T S R LA AR 5 LI i . B A B EE— 2 4K (0.70 MPa),
RFAE R T4 R R AR SR TR T A6 A AEAE KRR AE MR X, LI s R RE T B BT AR B v X . BE B N 3 A 4K
B2, RHE R AR RSB g s, B T TR RRESMITII AR Im ) “ 27 RUNIARIX, AL i B A BT )
JSAZ A RE S AT AR A e M ERFE AL IV, S AL RAR R h 4R SN, ke N i T 1

10



wmoE 5 il
Explosion and Shock Waves

TR S  ELEARIE T T o X T AR IR DB, SUSIAEA L
AU REABURIE, (LR Rl L (A T W ORI o I S0 3. shUT DA 8
BRI T A B S A MR 2R LI ESR A0 S SR 3 ELIEHT M,
AT RUR TRV IR . BOB U AR, TR £ 002, S AL B A
FRBUINGR, ST R TR A BRI, MR AUEHTN S SRR A A
BT £ B

| —#— SpecimenA-5,

ﬂmﬁ*'

| —®— SpecimenA-S, | —®— SpecimenA-S,

(i e
~1B
08 i'

10

=

0.0

K .
. 2 5
B E .
Z 0l T—— Foe SRR : £ o6}
20 {8 . R E o ) i i
2 - et |- % - | :
Boosf { Zoar h, = H Boat
-] i 5 im -] — - £
z b Ry i a ) 2
a I Y - a
33 L . - 02 (1) T 02
; (g l
| ' 0.0 0.0
|

. . L " . L L L A f L L
0.000 0,005 0010 00is 0,020 0025 0.000 0.005 0010 0.015 0020 0000 Do 000, Beof 0008 0010 0012 0014
Strain Strain Strain

(a) Specimens with circle hole

—a— SpecimenB-S —a— SpecimenB-S. .
ol P ) 1o L 8 SpecimenB-5, LA pient-s,
= iy S B (I —
08 - (1) I 0s %L -
N . . | 1. !
2 Sy : . ‘ S
k- I N . z —— g -
S 06 " b - Eosf o =748 ",
@ r % i g . I - £ o _—
EEIU) I ! . s i 3 - —
H ! = - % . |
£ 04t N 204 i_ 04 o I
3 . a - -
02 y " I 02 02 a I
R » ; N o
00 F i’ 0.0 0.0 i
P ST . . . f A ) ) . . .
0000 0002 004 0006 0008 0010 0012 0014 0.016 0.000 0.005 0010 0015 Q0200 025 0.030 0.000 0.005 0.010 0.015 0.020
Strain Sirdin Strain

(b) Specimens with regtangular hole

ol SpecimenC-S, Lok AT SpkcimgheS, 1.g b —A—SpecimenC-§,
e (1) 1) g IN_
08 [y I-~ 08 0.8 F 1 -
e v . e
2 i" 2 0s i j“j N
06 F - . e k= I o
) o 3 - Z . 5 0° IV i
E] X 5 . s - \
g - . 4 [n b o = ¥ -
5 - | 5 Y ..
Foal H.. i- NS g 04 H“:
g - - ] -
2 - . : 2
0| ~.\_[‘I.Ii I., 02 (i 09 "Il I*
i - - -
Hii ~ . L
00 00 o H__
L \ L \ ' . . A 1 L 1 i ) . n — .
o
0000 0002 0004 0006 0008 0000 0012 061d Tagle 0.000 0.004 0008 0012 0016 0.020 o ous oo oo oo oom
Strain Strain Strain

(c) Specimens with horseshoe hole
K10 5 S5 i AN AS R FLIR R Bt O s
Fig\ 11 Damage evolution of specimens with structural plane and different hole

2.5 fLilR S4aramEE B RS RALE

T ar AR 5 AL R 45 40 Th AR PR I ) A8 A W] DL i 45 38055 R AE A AN far B L B 7R 23R
T 3 WL TH R BEAT I IE o 13RI ) 5 25 0 WA B A B N ) R/, TT AR o DS B AR A A
B R R (0 2 3T S 3R O — A 52 2 sl i 482 140 [ FL PR DG BIRARCRIT — 52 3811 285 g i 453 47
R H TR B & 0, W 11 Fros . FESLIF A0 @S AR R, FLIR & FEEE A B4R A 82 L ) 1) B g A
B 3R] AR L0

arzlap(iJrl)(l[Rj Jﬂap(il)(l{RJ +3(Rj Jcosze (16)
2 r 2 r r
o, zlgp()ﬁ])[H(Rj J—lop()»—l)[l+3(Rj JCOSZ@ (17)
2 r 2 r

11



wmoE 5 il
Explosion and Shock Waves

T/le:l” (}~—1)[1+2(Rj —3(Rj Jsin%’ (18)
27 r r

A RANFLIARIEAR: r NE AR REFATOMIER: 0 NE ARSI RBIRA: o N
SV PRSI VA RS E = Vs Pl s A S ) iwleils syl E-eu e B RETI 5 Vava /S NVRRGS T : A S N UGN
o, 7., 53 A SR ] LA AR R AT D01 2 g MBS 7

% %p % %

A+ \ +AA A+ “ 1A \
A T A R
mt () qmmmmr () el ()
B A AR THA

B A AR THA

K11 Ehn s e
Fig.11 Superposition principle

1T 7 EAE LA AL 7 R EL A AR R, IR R A bR R e T B % BnIE] 12 I

o R’
gx::74§;r{(2p273R2)cod40)+;fcoﬂ29)J (19)
o = _%[31%4 2R peos(d6) + 3R gcod20) ¥2p' | (20)
Y
o R’ 2\ - .
7, = ;pA[@RZ_zp-}um49y+p%nﬁ29ﬂ Q1)

Reb: o, o, Mo S3RINE AR R h ST AL & I PE I S 10 6 p NELA AR R a1 STk 2
FLIF L B

P 12 G5y i i 0 B PO A AR 2R

Fig. 12 New coordinate system at the structural plane tip
Ju SEWA TRIFFU 4 ke T ] 28y TR AL, AESS IR S SN T T HIARRR R /-y, I HaExd
ARKRAE A E 1T AR R RO o, BRI
O-.\'

to, o0,—0,

0. = L +—~—cos2a—1 sin2a (22)
} 2 2 :
c.+o, o©,-0, .
0, =— —— ~cos2a+7, sin2a (23)
2 v
c,—-0,
T, =——sin2a+r, cos2a (24)

TEARWTEH, 0=45°, %&3X(22)-(24) 7] LATRIH A

12



wmoE 5 il
Explosion and Shock Waves

o, +0,

G\" ‘u:453 = 2 - TAV
o _+0,
L Rk (25)
Y la=45 2 xy
UX B G\'
Wg=as 9

MRAEFAPE T A, ARBR AR x'- ' FRIRTAI N AT AR 9

o.+0, 0.-0,
Cp=— 5 i 5 =cos2f~7, .sin2f (26)

K525 RNEER (26) T IS 3

o, +0, .
O, =— 5 ~-7,c082f~7,, sin2f3 27

B

HRAR KRR e, B4LOHR B 5777 F TS A P e, IO ST 28 027, —
SHETFE, W PHNTE:

ooy,
—=0 (28)
&
az%
<0 (29)
op-
Z230(28)F1(29) Al LR 78 N
7, Sin2f - &8/ LOS2B.= 0 (30)
7, €082 7/ Siy2F <0 3D

URE IR T PIRAS AR T N 26, IRIRSSASIR B, M )70 o] LRI N

O _+0-
o =— 5 2 +%1/(0X —0},)2 +4rf_y (32)

O,t0, 1

o, = 5 - 3 (O'X—G),)z +4Tf)_ (33)
RAEE(32)FI(33), TR T % (0, — 0, * ATLATER
(0,-0,)" =(0,~0,) +41,, (34)
IR A S 2SYARGE N (34), AL ' — " KR 2 R 73 e
T = (35)

WRYE TS BN ZZ AR T, -y ARAR R R BB 7 AT DU A5 5B 5) A AL . I XA

(R FLIR R B R AEAHEAT T 0, PRV Az, M ARSIl . AR EL TS5 1T 170 B o, RO
JMHEEE T 0, XRWI2B90°, 7.,=0. Kk, H7,=0 Hr, >0, WHLERGOMGB), HKIFFHE M
JIRAEAEREE TEMMRNA S, XX RAGEEAY RIEAEME. B 13, 14 F 15 755 B8
T1£0.55 MPa. 0.60 MPa £ 0.70 MPa i <%~ & AN [F) FLIF A0 45 44 TR i s A R e e il i
06T 25 A T B 308 (1) R S0 T B TS5 M T () 7 1A 3%, AR % 7 W L°F-2 90°,  3X 5 Bobet! 2145 1} 5 A 45
— . BN ERAE R (0.55 MPa), ik 7., =0 He >0 f B AT A R A LI 1
i, HREUES TS 27 RO AT . BEE R AT B K(0.60 MPa), ikAF 7, =0 He >0 HIfL

13



wmoE 5 il

Explosion and Shock Waves
B 5 0.55 MPa Py URAE M TSR ALE (R T8, REUTIEATE B T 45 M 77 a8 &, (2L
A TR B UIR GO L R 5 TR 45 A T S A SR ST R T A VAT o AEBOR i T 2 A
F(0.70  MPa), ¥z, =0 e, >0 (00 E = E I AEL T PI o, INEGLAR b B AR T AL AR
R AR I EE B — 2R W N B T7 )4 PR IR, DB TR AL IR B B3 B 1 — SR hr RS, X i WIAE
SRR A BB B, =0 He >0 AL E S FLIFIARTER, S A3 K 2 38 oma il i (1
A, R BT DI BOA B A O R BT DR S R . 75 B2 BB i AN BE B RGIE W B &R
PER B 58 4 A AN S KA ) S 77 D, SR P e KA 1) o2 7 v D3P % B 28t s v L TR A0 45 4 T )
RS IR R PR A ER AL E NI ), SR EIR “H R — B0k, Hah MR T RE
I SEBRBh AR REE 2 2 BIBIERLNL . NP B AN 25 iy 29 B 45 PR 2R B B2

K13 SR A R g T A ST A BT )

Fig. 13 Crack initiation locations and orientations in specimens with circular holes and structural planes under dynamic loads
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Fig. 15 Crack initiation locations and orientations in specimens with horseshoe hole and structural plane under dynamic loads
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Fig. 16 Development of the strain evolution of monitoring points
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