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Damage characteristics and energy evolution of heterogeneous loaded rocks under the combined action of

water jet and cutter tooth impact
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Abstract: To investigate the efficiency and mechanism of breaking heterogeneous rocks using a combined
water jet and cutter tooth under high-stress conditions in deep complex formations, a numerical model was
established based on the smoothed particle hydrodynamics-finite element method, taking sandstone composed of
quartz, feldspar, and calcite as the research object. Four rock-breaking modes were studied: single-tooth breaking
of homogeneous rock, single-tooth breaking of heterogeneous rock, water jet combined with single-tooth breaking

of heterogeneous rock along different trajectories, and along identical trajectories. The damage and time-
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dependent characteristics of heterogeneous rocks were analyzed, and the evolution pattern of damage energy in
loaded rock was examined to reveal the damage mechanism of heterogeneous rocks under the combined impact of
water jet and cutter tooth. The results showed that when heterogeneous rocks were broken by the combined action
of water jet and single cutter, damage-prone zones formed in low-strength components and at component
interfaces, which tended to induce the initiation and propagation of main cracks under stress concentration,
resulting in large-scale severe damage zones. The rock-breaking modes along different and identical trajectories
showed respective advantages in rock-breaking width and depth. From the perspective of overall rock-breaking
area, the different trajectory mode was superior. Under the combined action of water jet and cutter tooth, the
damage energy variation of the heterogeneous loaded rock was mainly in the form of internal energy, whose peak
occurred earlier than that of kinetic energy. High-strength components facilitated internal energy accumulation.
The initial damage of heterogeneous loaded rock was mainly caused by compressive-shear stress, followed by

instantaneous damage under the combined effects of dominant compressive-shear stress, auxiliary tensile stress,

and stress concentration.

Key words: coal mining; roadway excavation; rock breaking by cutter teeth; high-pressure water jet;

heterogeneous rock; damage characteristics; energy evolution

0 35

Wi 5 O J T SR 8 i 1] R 0 R O 4 Ml )2 R T,
B PR A A ROT R ET PR ol TR
FIHER, BB RN T8 fi T R A B S RO BT8R
JE RGN R B T 5 3 3 R B 100 MPa,
1L GENUMBN 5 T AR BR AR 2 b B P 7 7 T 2L 43
FPHE R RCRARAE R Db T R S
AR, WA AETE T BAG R . S80R RS Jr T
TP, AT T — R F R, A Xue Yadong
55 PR H MatDEM KB 58 T 15 BB A L 7 1) | ]
85 2 A G5 R 2 O DT ) R A U AR B 5
U 895 45 LT PFC2D #8598 T BUR JI 41 T 4 1k
B 1547, 5 B T R iR T IR B S s sh AT N
B, W Ebr TR T 2%, Bk DT
Drucker—Prager F £k P AR M LRI g 57 T = 4 R o0
BERL, W5 TR IR BT A 3L EMRAE BT R TR
TIWCA IR AL, TFRE T AL R A TE A [ A4 T 1Y
R IIOIHE R HOG I R 7 W AR 3h ) 22— BROT 7 vk
(Smoothed Particle Hydrodynamics-Finite Element
Method, SPH-FEM) #4585 A AR UL, e B fie A B
AJBEH 2~4 mm,

WF5E R, AGE T kAL T BAR B S8 Tk i
ZRCAE ME LA RO & T R R S ] A A
AL AT A xk At Al B 0 LB 5 Bl PR R AT 4R
5%, Jic BRI 2 K S U B T B 0 e AR
eV R T R [FK SR AN ) BRI SRR R T RO
I, B UE T KSR T DA RO B ] B A . Lu
Yiyu %GB RDK S, A ETRR T B
TR Al Sk 0 8 AR 2K S O ol B S B PR AR, T
T A AT BRI, A5 R R WITE B RLK S IR R F BT,

il

B LR FEAE = T 63%, #HE ) L 73 IR T 15%
1 20%, % 3k B 1 2 (K . F. D. Wang %5 "0 HE
TOKS R B 1 B St g i ) BHwa L &
LR & W8 SR L5 e 40% ~48%, HLiti T A<
[ . Zhang Jinliang 25" JF & 1 v JE /K S 4 B 9
PEHLIR % ) A0, BFIT T AN R0 11 3% B X6 1]
VWA AR BT AR B . R P A
BT IE ARG 7 AR5 T WA RS 2 o B | MM AR
FIK G 3 45 DR 2R X A R 25 R /) ARl 8 B 1) 53 Wi
B, R TOKE A PLER S VO e R K
S vp i D A R A R A A LR 5, AT i
DA [ 7K S0 9 R T AR ) B I 2 R B S4B D) A
3. Liu Songyong 45 "I SPH A% [ H 54 1kt
SE T KT HE T I B R B RY, A3 T AN R
ANTR) 7 049 7K S ik i B e 2 2k SR, 45 R R WA AR
SCB K S I RO B i o Liu Songyong %5 MR
JE kK S 3l B R B A, o AT T U0 R K
JE X o MEBE B9 B2 Wi . Jiang Hongxiang % 193 T
SPH-FEM #5571 1 s (B A A, i 3ok A Bz 3 N
A B RR AR R PE AN R R K S I A A B SR o Li
Biao % ST E S AR K S TR DD A8 Sl B T A A S
PR PO IR, (H AT LB AR M V)88 S 822 7R, W
RGN G 5 T SR TG A 0%, Lk
PEWERE Ty %60 TR 5545 PUIF R T K S i 4l Bl e O 3R
&h 4 NI A &2 & A (Polycrystalline Diamond Compact,
PDC) th B A B i e, AR f e AR S i il B T
HEJE PDC Vi F1°K L PDC ¥ 1B A L RE 2 BIRRAK T
17.36% M1 19.63%. 5K 4 R 45 PR T e FE K S
VIE 4 B R TI W i, 40t 1 ARl )48 1 R
TIMERE A AT B R A o 2 AR e T ok gt



.« 124+ Iy A3k

%51 %

wArE L 5 E R o 3 A E O T K
b ) DARTSR T B r W s TN 2 [ O S A v S
TR B 3y 3 A B, & BOK S A B =5 e
%A I U T R TR A, 0V A Bk sh 45 31
o VLLTRESE PYIBE ST T KSR A G fr . e 07 B K
P A5 2 00T 7K 5 I 0 1 B S AR 1Y) R T R
T, & BREE 7F J) V5 1 A A OR A

i AE 7K S5 3t 2 B 0 B6 B B A 0% L SR
b, WA LR A Dy TS TR S R, AN ]
I RE . KSR 7. whdi i 1A) 45 0 R R A
A1 B SR RRAE, (B 52 6 G A 2 i A 1 g 7 TR
£ I 45 T AR 3 o 45 40 RR AT, JC R IR & 2% i
JZ o ARSCR A SPH-FEM H& 5k, XK 5 it 4 Bh )
VeI A 0 20T A 34 T 32 A A 1 840 R Ry
fiE . BE o A7 B Sy g 445 e AL LB R T A5, LA
o K SRR 0 A A R S B A A T
SR WO 0 R P S SR R R

1 SPH-FEM i2&&:%

& 11 SPH-FEM #5553k 70 A A i & ) ik
WA A1, AN 1 B 7s o HerpoOR AL il i SPH U5 i
AL, FIHT FEM J7 ¥E 438 5 41 09 1 2 P RE, A AT
AR A A X R B B2 00 e Ak, 1T EL A phe 1 R Y
THACRARAY ) 8 . SPH-FEM #§ & 5.3 (9 43 #r
WA 1R o SRJH AT RN A5 SOKST
W5 A A Z B A AR LR 5 &, H oK S 7 A
JE IRy, A R PO A fh ST Ak K IR
TR A ot i A B2 A [ A 0 s 4 1

|
Y

.............

1 SPH-FEM Hy&H kT i 2
Fig. 1 Analysis process of SPH-FEM coupling algorithm

2 HEBIEST

2.1 AL HAER

AT 5 R K S R 0 U o 1 AR (A R
5 HR I R AT B A I SR R
SR, BSH AW REA Y KA, e aSd
gy, FLOR A B A AN MR . A K B ep il 5

T 95 i 24w i R v, 4% AL 43 VR FH 7 6 i 9 R AE
WA, FEEEAR IR Z K, AR b [ WS
AR 1R R AN BE AL R

B 1 [ R, K25 1 R AR 3 B R, B
HARBUR A, HA raiias, Ka. rffa.
=t F g, BESSE TSR B s
LD, IR s A o i A KA T
A 3 Ff, 3T SPH-FEM #& 5%, #L W J1 gk &
PFR K GG 0 14w i A A ) BU(E T A
AL AN 2 fit s o A A N BB 2H 40 o A T 34 38
it FEM J5 a8 SCCHrP 005 S WIS 44D, K S it 38
id SPH FiEE Lo AR FIZE B B cohesive HLIT
BB AT YA Z R AU R A RE . AR SC
1R [29-301 ] 2401, 3 5 K S T 3k 98 DX ik B 15 O 0
HARBER B 1) 20%~40%, LIS H A SCR SRR
PIMERR I o AR SCIE D 25 JE R 5 B 1) 30% 1 b
S YA o ST L P R AL A RS
60 mmx80 mm( = x5, JIIA R4 20 mmx3 mm(FKx
B, KB TR ELAR N 1.05 mmP'2Y, BEE 4 R 7
2 O S FARE R 3 I3 32 30 A5 () B Bl A
WRAR B 0L 32 2 A5 B K BT IR G B U7 S5 200500 o
A4 32 Bt A, RIK S5 F1 7 145 19 1 FH 26 A0 BF
IHEARES, HEE RN 6.00 mmY; @ 7K S BES 24
VA7 ()00 300 B AR =l 349 o 52 32 A, BRIVK SR A D 145 1Y
VEFZM B E A . FERBK SRR A B B A
B, SR GRIE K S A0 B O ook BB B AR D, S fi K G
Th A AT 100 ps, 2 J5 85 UK SR ik, sh Rk
E=

o
N B

e 010N

[ 30 |

2 KRR G TT A i A R T SRR
Fig. 2 Numerical calculation model of water jet combined with

single-tooth breaking rock
MR Sk [35-38] T, H A = F & 4l sk . PDC
Bl Sk A i@ B Sk B b i O 0~ 10 mys, FEANJE T



2025 % 74 IR FE. KK

RERA ]k kAR R BB B B AR AR R AL B IR AL ALAE . 125 -

AT, Mahdigh =M kA, YHERT
20 m/s i & T AR A 0, DR s 0 o el e R R
B 10 mis. A SCHIFSE D AR = B )1 A BT
4O, HRRE YR BE Sl 200~ 300 m, MY Sy 8.4~
11.1 MPa. R4 SCHik [41] i R, 13132, 15
A SR AL 2 N T KA R EE  HE R 24 300 m, Hb
N 384724 10 MPa,
2.2 RITARARAMAEER
K FH NULL #4 R} 58 Y i 34 7K S8 00, JF K7 3L
Gruneisen R TTHE, ik h
poczu[1+(l—ﬁ)u—c—yu2]

P= 2 2 5+ Yo+ uE)E

2 3
u u
I1-(s;—Du-s
[ (51— Du 2Iu+1 1)

— 5
QP

K PAIKSTIRE 15 po RS BE 5 ¢ Sy it I
HUE (Vo) —kiFH B (Vp) X R M e o o B
Z B0 vo B Gruneisen & 40; o 5 2% F Gruneisen H 4
SRR MWEIEREL s1, 52, 53 4 Vs Vp & B
2, Hor s MO SEL JoE MPRHE s VR R 14T
s Bl sy R A IEI, 250 00T ol 28 E N
BN ARFR N fiE

HRAE SCHR (26115 E K SH AT B 4L, WK 1.

1 IRGRAMBEIZAL

Table | Constitutive model parameters for water jet

28 B S Bl
po/ (grem™) 1.05 53 0.228 6
c/(ms™ 1480 a 1.397
S1 2.56 70 0.49
$2 -1.986 ENN 0

23 15 BB AMBER
2.3.1  JIH AR A AR

AR SCR LK PP IT VT A AR A A
fiF K fig fe v AL A, 08 1 S SN far it T B, I
MOEHVRRE IR AR SR o SRR RIF 28 Hh
WML, A 3 i BT ““MAT_RIGID_(TITLE)”
W TI0 5 72 R WA, BN 52 o A 4 N, HLo
H 14.6 glem®, FAVERIR R 600 GPa, AR H A 0.2217,
H 217 R A i RS i A A
232 HAARE

B AL A A R 45 44 24 Rl RHT(Riedel-
Hiermaier-Thoma) A< #4 81 Y JE 47 #f i . RHT B AU 2
T. Borrvall %5 "5 i —Fhpi e 5 i 78, 55 HoAb gt
Vit R b, B B T B L AR SR | N AR A A A
A FR AT 2 AR S S b 2 A T RS B 1Y

S, 3 T AR TR A A i T R s
%u@m[ﬂlo

XD AR R AT Y HE ) S HOR, 15 B A
[ RIRBE T A 2.30 glem?, H AR KRN 0.57%, H1FI
KN 0.65%. K H GAW-2000 B! H 7 fd] iz 3K
56 ML Cil 1) F K58 14 4 000 kN, fe K478 R
150 mm) T J 5 FF Bl 45 150 1 1 PG B 2455, i
56 2o A v 35 SR FH il ) 57 B8 4 ) 7 5K, 2R R Y Oy
0.1 mmy/s, MRS 5058 B Sk 37.9 MPa, 758
A 3.25 MPa, s R 5.80 GPa, [A]AT, 3% Bl
WA I Y3 ) 2 S8, R RA BR TR T J ol
27 F1 L PG B S B, I 5 00 45 SR AT X
SyHT, W 3 BTR o AT R A AL A 5 A5 AR 1R
ZERE/IN, BAIE T AR TR S B IE A

40 ¢
l 0.1 mm/s #1
v )
Rt ol
ot I:
s L i s W
S 2t B 7
> T -,
R |
= P
E 16} o7
& 1,
."' i
8 7 P o
o - — s
7 === BRI 2R
Ol I I I J
0 0.4 0.8 12 1.6
il R /%
(a) Huh s
4.0 ¢

35k 0.1 mm/s

Py — — Lk
- - HfEAE 2
B . . ) .
0 0.4 0.8 12 1.6
1] 78 /%
(b) ELPIEF

&3 RIS R b B I ) - AR 2k 5 R AR T
Fig.3 Comparisons of stress-strain curve and failure mode of

sandstone between experiments and simulations
% SR F AT v 5 X A A TR B 4 320 )
(B, O B WD S Y R R B 8, B T SOk (40 BF 50 45
BB AT AYE KA IR IR B RS
N 6:3: 1, B P EESHLE 2,

3 BERMERSSH

3.1 HAEARMZ R IriE
Ay 6 UEAS ST A 57 R AR 2 S 4 SR eyl
FEVE, L HISCHR (441 b oA SR B G B0 147 Tl e 259 o b



e 126 - IH B

% 51 %

K2 ENTAT WAL EESE
Table 2 Key parameters of various mineral components

inside sandstone

sy fE
FaE 3 KA Jr A
W/ (grem™) 2.65 2.50 235
LA R B /MPa 150 80 40
HUHi5R EE/MPa 15 8 5
IR 504 1.8 1.7 1.6
WIS EWN 0.65 0.70 0.75
TR FRARRS R T 0.80 0.75 0.70
ARRHTRIR 0.06 0.08 0.10
ARXTHL BT 3B 0.15 0.20 0.25

IS 25 R 5 A SCBUE B A5 SR AT X b, =3
B 2h K G U K B A S LD R A B e A, X E
A 4 s o wIE R AU B LT i Al
HUBRBIAL, BRI LT A0 “Bik” B, Hk
B B S MY RN, EETE . BAh, KSR A
AR PR BERS I, T EAE AR A TR EERCR,
R R K S R A AT e R, G AR B R
Bl s B T 45407, BRAR T A A b bl i IR A 07, 4
DIk 1 — 2 whli B b A A R e IR B 2
A, A AR TR A — 2 3R 3 1 Btk 34
&, TV A R I M A 31 LA UMK 2 o BB AR 4
S5 S [FRE e AR 0V s A ) 22 1T HE BT R )
%, FBEE SRS R A — k. Bk
TR E G ity 5 i DR T A o PR A BB T ik 2 A
LG RXH R A A E B . 7EKH A T v
et e VR RS JC HZ ISR A7 &, T o by B
FEAEH, 5 A T8 Bk B, 200 LA/ B
AL, BB A0 25 S 45 1 b 52 B0 M LS 5 4 R AE
FEARIRAS TS H 3008 RS P AR T X5l % i e 7 1 e
BB X (R E) . iR
TESUREAE . AN [ RS2 B T8 B 45 7 18 A% L 2
BT, 7E— 8 A5 B T B0 R AR SCECEARE DL 45 S i AE e M
32 KREFARIES T EH T HZTRE OIS LRI
4w  Jy 2 COpL oy BAUBIORRE AR 12 B A L B B
AR AR X B A L K I A B U S L i R
BB . KIS Bt [ 0 i R R 2 B A D
T, N[ B 220 32 B A SR YUY A S S BURIE 1 6
i IR = A s Frs o WKL 5Ca) . B 5(o) Al &
UG SO R R 37 28 A B, ZERE SRR (=10 ps,
¢ RIRD , A A W 2 R A e )G R B, L
M5 475 DX R B B30 I B 5 S, (A 38 I A7 2%

el

IR | | Ttk
5 €

Al
e

AR

ST

|- | .
0 0.1 0203 04 05 0.6 0.7 0.8 0.9 1.0

B4 RS G B SRR BUA A i IR 45 51 A
BB AL ST H
Fig. 4 Comparisons of experimental results and numerical
simulation results for heterogeneous rock breaking by water jet

combined with cutter tooth along different impact trajectory
A IR 8 T Y A A . B ) RS
(=50 ps), T JI0R B R ATE 8T 90 B /) B e e
S0, WCRESUR T N B R X, HL AR R e S A i —
FE B ANE BT HEE 2R . B TN PE— 0BT
N, BRI MVER B2 45347 DXV FRLIZ i K, =90 ps N 4
B L A B 3R . R TR R
N, WA JEE AR I BE— A3 0, PO A ST 3R
SERWT A T, RIZ A0 YTk, Bl T
BT IOE R i . BEE )W RESE L, =130,
170 ps WFHIIE A5 341 0 Bk — 2B R . R B IR
DI 1 i VR P S A DN B A% 3o B e 30 i) k2
B, 5 a2 B9 I A B S e R i AE L, 3
AR BUIOEAR O, ELREAE b e VR IR 22, J)
TR B B 8 1 DR A A YR A0 91 R R, e fe
PR K . N 5Co) . [ SCA AT A, K o
VIR B I 52 A A7 I, 25 A0 00 B BB ok (1] 7
TG AR RERT, =10 ps BF © O SUBRR ST, HLERE
GO BT 46 T A2 0] SR 4% o Bt el I ) 384,
PRS0 91 L I G e 8 B8 8 W 49 A, B K R K
BN 5 R Bl AR R T AR L, K SR I I
B a7 SRR AR B 2 R I AR 1A R4, Horp
IK S I A B AT [v) 2t 30 T8 T 2 A 7 00 ) 284 5% L
1 T K R 3 A, T S IS0 R R Tk N 2 A
R o3

O 3 7S SR A 1 LA S AR 1 AR, BRI =
50 ps I A7 N AR RLLE S A A T S5 (E 2k, A&l 6 Jir
No AT AR Bk 4 RhEERE DT SR, A A B R A
B IR AR AT 7 S 5 22 57 . 0 B IAL 6Ca) | B 6(b) 1T
R, SR R Boph s R 7 2R, 28 B A B R
DI L 22 0 AR A, T AR 289 5 A 45 0 R X
S A A W 22 S, ELJER S A R R A A3 DX O3 A



2025 5% 7 8

F RARIAS TI 0 FAE Y R LB B WA B AR R R IR

o 127 .

=10 ps

=50 ps

=90 ps

=130 ps

=130 ps =170 us

(c) KGT PRI b SRR T A

=130 pus =170 us

(d) RS ALIBE A A ) B A4
1omm [ LRt

L— 0 01 02 03 04 05 0.6 07 08 09 1.0
5 AR 3R Z A A AR I 2 R A 2

Fig. 5 Damage and failure cloud diagrams of loaded rock under different breaking methods

BT R, F2 R R TIH AR N AR BUE A 3k
BN S IR, BETE BRI 5, H R AT A
Sy L 1 bR, 244 kR 2 I K Y Bl AL
o MIE 6Ce) | K 6(d T F Y, 2 K5 Ak B,
T A TE IR phak MR R Y 22 LR SR RR A S 0 A
FLIAR R I A WA I 3% 1T T P38 RO B A B 1A B e
WA BT R, R TR B It B 5 B e iy X,
Y5 A0 32 B oo s e AR T 24k AR A A N,
FEJFER AR R A AN bR, B A0
DL 5 oy bl A A AL R (AR BUA A
TS L A3 1 B L R SN[, A2 30 S R R B
M) 07 1N [, LA 3 300 Ay e J3E A U 1 T fie o B 5 4L
5338 5 THI e 55 DX A5 40 2 i b T [ B Xk 2
TP ING R A I, BN L 5G4, (124
W& N SR Iy R, R L, KSR S ik
T 1 32 2805 A I3 473 0 DR 3 161 B A, G vy S5 2 il
AR I 25 A B R 7 3 T B B A, T ) 290 0 A B ik
PROTIREE B K.

Ryt — 20 1 RAE 4 PR 7 SO0 32 B A
RN E AR Xa‘ 4 PR 05 20T 52 80CA AR BT
TP R e T AR B A R A R AR LR v
A, @R mE 7E?mo A& A HLA R Y A G R
R 7E 94% LA, A OB

(a) L AR FCAAT  (b) B g

(d) AKHB A S L
R A A

(c) BRI A B S
WA B A

10 mm I . e
— 0 0.1 020304050607 08 09 1.0

Fl6 AR R ZHeA A NI T R R R

Fig. 6 Internal stress concentration and crack propagation in loaded

rock under different breaking methods
MIEL 7Cad B Y, K S 0006 A B 1 S5 205 i
A 35 I 5 A Ao A R A RS B i o ok o ) £ 4 e 44 R AR
A, i Ho At 3 AR EE Ty 2R 32 80 A I R BT R B
A7 ot ] 552 i BB 3 K, (FLH R T 0/ o A B
Tl AR ) 25 A T R ST TR B B /N K S IR R A B A
WERRES, U =170 ps B, B0 BBl A 3 oA A R AR



5 8k

% 51 %

e 128 -
= G R B A
o - © ik UM AR Y A AT
A KRR A Bk S R A X A A
v KRR A B RV e R A X A A
7 | y=12.764-9.488exp(—x/277.982)
R*=0.99
£
=
= 5F
N
% =2.605+0.026x R*=0.98
R 7=5.314-5.618exp(—x/164.625)
#3r
=
1 L
7=3.855-4.195exp(—x/120.696) R*=0.99
-1

0 20 40 60 80 100 120 140 160 180
i [A /s
(a) WEREGTIREE

LR ey
o SR IR IR TR AT
30 b & KSRGS S S L AR 2 BUA £
v RGBS SN R BRI A

s » 728.689-9.428exp(—x/118.625) ¢30-1%
§ 20 ¢ ; e 19.5%
8215 b 1)=20444-2332exp(~x/85.364) R=0.99

R 1=12.452-14.623exp(—x/59.205) R*=0.98 ..
210 F 24.9%
=]

1=9.610—11.387exp(—x/54.521) R*=0.96

0 20 40 60 80 100 120 140 160 180
1) s
(b) MERFYTIERE

w PG R A S A

o LG BB AR A e A

A JRGRIE A G SR T A Y B A
55 ¢ v KGN A H R LB R AR A A a
1=96.968-78.616exp(~x/275.621)

o 45 FR=0.99

g

£

R

].E 2.

2 s 1=18.281+0.142x R2=0.98
4%

i 13.6% d
B 5L Y201 728+0.145¢ R=0.9

$  )="2.093+0.138x R*=0.94

0 20 40 60 80 100 120 140 160 180
I E) /s
(c) WEWEYTIER
7 R T 32 8ea A TR | SR AR
B i) g A2 At 2
Fig. 7 Curves of depth, width and area of broken pits of loaded rock

under different breaking methods with versus time
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Fig. 13 Curves of stress and damage of quartz versus impact time
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