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Analysis of rock breaking process of single tooth straight

cutting based on PFC2D
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2. Coal Mine Grouting Technology Innovation Base, Beijing 100040, China)

Abstract: Problems about rock cutting are often encountered in the fields of oil drilling and tunnel excavation. The
research of rock cutting problems has become an important breakthrough to improve the efficiency of mechanical
mining. Aiming at the scientific problem of plastic-brittle fracture mechanism of rock cut by conical teeth during drilling,
the numerical simulation of parallel rock cut by conical teeth was established through experimental testing of rock
mechanics parameters and discrete element method (PFC2D) to study the cutting morphology, cutting force and rock
break specific energy of rock cut at different cutting depths during rock cutting. The results show that: (1) the
macro-shear crack is first generated in the cuttings to form semi-shedding cuttings, and then the tensioning failure
occurs in the weak area to cause the cuttings to pop out, and the small size cuttings are generated when the cutting
depth is shallow, and the large size cuttings are generated when the cutting depth is deep. (2) The peak cutting force
that generates rock chips at different cutting depths was studied and found to be better in agreement with Nishimatsu’s
peak force model, showing a linear increase trend with cutting depth. (3) The peak value of cutting force corresponds

to the surge of cracks, and the number of steps in the crack chart will decrease with the increase of cutting depth. The
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specific energy of rock breaking is positively correlated with the cutting depth in a certain range, and the cutting process

can be divided into plastic ductile stage, fragmentation stage and brittle failure stage according to the relationship

diagram of MSE,, and logd.

Key words: rock cutting; discrete element; rock fragment; mechanical specific energy; drilling efficiency

0 35

A0 V) EI R AU A Y 2 B, A A U
HEAT BRI 5T fig B o A A AR D/ it TR 0 R T
AN R A PR R A BORAE N . R A U
5% 2 Bl 58 KRB HIL 1 Bl R g, DL B3 S 36 1
PG HOR TR BE AN [ 14 T8 T 1 e 3

R 1 3 56 RVRIE 5 B, A 1 6 A 1 3K 5C
A I M IR (ductile) 5 ME P % I8 (brittle) 2 Fh B
X FE AU, 2 U0 R R TR A A IR
Sy SR AR B 2 R B B3 0 IR A Sy e
B o AR A DD I 0 e P B R 8 R
J& 1 R /N 5 90 IR B BB A G, 3X — #UFE Zhou I
Lin"™" (i 58 sp A3 LAGIESE . Zhang %78 TR
I 2 A FAE B A 04T R 25 0 19 PDC 1 D) IS 56
WFIE T SR B B /NG TS B B F i B B . AT 1
Z2E B A A UV ) 2 B R AT B ST, 1 Tetiana
SR T PDC Y I 7 i #EAY  Serdar”
W AT 9 25 A U0 ) 780 0 A O 52 36 B30 00 A TV 43
BrIfAg i — A~ BA7 535 M 1 PCF ALY

1E B B L WF 98 7 1, Menezes 21 ]
LS-DYNA A BRITE A 53 1 1 A 5] 52 5 26 A4 °F 19 1)
il BT A8 DA S il i ik 72, B 52 3R B A U Y
R RTINE(ARIE = e Ay R ok - A N PS | T <
PH BT 6 A 10 41 A S B 5 BB A T ST .
TEA BRIT R BUE B, 7 1, 8 Voronoi B 7 i 4
SETAE A A BR TR IRl TSk ik R
Wi R 10 FOR 19 PDC 145 2547 U1 525 B
FET AR T8 B VI 7 55 1 5 ROR X B A BN
IEA3 BT T 45 Tl b JE A6 A [R] U IR BE R 1 1 25 380

AT YA S BT 5 v 0 80 R I 3R B
V5 1 4 VAL ATF 52 5/, 2 46 b A A iR
) 8 A R T AR S5 0 B A AR R ML
AR SR 25 G — SE TN S50 7 1k R EE e A AT S
35 WA A ) 2= S5O B B ek (PFC2D) & 5y
THEIE U5 AT UV EL S A SR, 5 T A A Y
) 3 v 2 R [ 00 0 R B R B0 D

AT K HmE R AL B . BE B PRC2D O R 47 15 E nl
DL G i A 25 U0 I S e i A A R i AR,
AL A B P AR TR R A R LB Ie 4R

1 HEEANEISSHIRE
11 28
111 HARNEUSE

R T T LT b R A D AR S R, Pk Y 3
S, LR P IGE B T E A

TR HEAT T AR R R D B, n T s R
9 @50 100 mm I @50 X 25 mm b 1 5 R, B
JE 450 5 7 B 200 45 E AT 34, B IR
AT WA LR R & R gR 2. 5l H AE
R 2R G0 DN A 1) N D T RIS e e, I A4S
AR, TSR T AR NS (KL,

x1 HEREERNEZREKE

e E/IWARGEH WUPERD  frhise  Eks ®wE/(g/
BE/MPa  #/GPa JE/MPa [t cm®)
1 137.357 19.2 7.953  0.267 2.421
2 134.564 19.5 8.130  0.255 2.279
3 132.636 19.4 6.685  0.267 2.261

FHE 135.15+3 19.37+£0.2 7.59+0.6 0.263 2.32+0.1

112 AArHNS

PFC2D i B 25 19 F 42k 1 TR BORE A4
AU R AT 1 B A RERL , 502 Bb 1 A0 AN 20
TUREAR B 1) 20 W2 BB S, 300 7 X JT ¥ T )t 45
AT SR E . TS A S S RS EZ T G
R SEGRE IR Z 518 T — B Rk
BT 0 8 LA AU 2 H O 3 2.

S 2 HbR R iR R 15 B — B RE R AU
F% JORE 5 2 Jo 1 i P OB 2 B AT DU PR A
BTRLILCOL P 2) , B Ao 56 32 Jas P {55 P A B O e
BIWORZ B FEA Ty 2 Jm A I T 3R R Y Bk
O HEDIHIEL, TR A O SRR SRR 3.



158 R TR 202349 H

AR (%) JSE7(%)
0 1 2 3 0.0 04 08 12 16
276 : : 168 : . : ;
230 4 m 140 7 : :;:ZZ :; 1
— 13 /] —
184 quz 12 4 4611
A 45 ns
§ 138 d84 E{ é E
5’ E 5 8 407 -3
92 56 -
4 204
46 28
0 : T 0 0 ; . : 0.00
0 1 9 2 3 0.0 02 04 0.6 08
{#2(mm) 0 F (mm)
(a) Hfih 450 (b) g5
1 EABRENRREH-ABERN-KT
F2 BEENEM
p—— WO /GPa W B2 L JEE 5 R F B JE /(geem ) e KORAE /mm e/ MVRLAE /mm
A Z>
3.5 1.5 0.5 2.566 0.3 0.2
TATHIZE AL R /GPa MHESWIRE L PEHEAM /() KiZENERJI/MPa RG4S HURLIREE/MPa  AGZS A4 iR B/ mm
2 H 14.616 1.5 40 55.852 90.000 0.04
TAU
~ 120 900
§ e 135. FIa - 8.85MPa \
2 080 | |
X 060 700
%_-: 040 ‘ /c? \
020 | gy 6009 1
ey 2 ‘H
2.00 1.00 . 6.00 8.00 .‘\“ »
s00d s 12 00 U\
;400- 3004
% i 223GPa o]
200 100 600 800 050 100 150 200 250 300 350 400 450 500 550 600
FEAE(%)

(a) PRCH P B 1S

RiA(%)
(b) PRCHBEARAY [ G B 2056

B2 BRAREELE ST

*3 EASEBFTHEMEITL
E/WARH PRPER Prhisg e B/ (g
#/MPa  #/GPa  JE/MPa [t cm™®)
A 135.1543 19.3740.6 8.024+0.2 0.26 2.3240.1
A 135.4 22.3 8.85 0.25 2.31

TR

1.2 HUEBE AT
SR I 2 BU0b5 5 3RAT (0 J0RE 2 8047 5 40 VT 4L
AL, e 050 mm X 100 mm Y 2D A i
RIS 47 Rl 45 B e 25 REAS 5 A D) 7 2055 56 DL
T UrEl iy Iy AT g m 2, VIl 7 & T an &l 3 e
IR BEAURI KR 22606, 71 H A2 s BEfE A 1 m/s.
U5 EAS U — JLJE A7 8 A0 556, DD ) A% i Sk U]

100mm 1

3 EARVIHIBEERELRE

% DOC (depth of cut) , 43 5l % & h1~h8 #F 17 3¢
B, % R B0 B 43 oA 1D-8D (D Ay 5k S 24 B
%,D=0.5mm), N4,



o5 50 F2 1 )

Mk ZAS S5 3 T PRC2D 1Y 545 T4 VI 8 5 72 40 A 159

R4 EOVIHIEMKE TR

Sl DI (528 RO ORiSs i SRS IR
AEHE) /mm LS9 (R0
hl 0.5 171 133
h2 1.0 390 469
h3 1.5 414 525
h4 2.0 296 622
h5 2.5 325 932
h6 3.0 482 1100
h7 3.5 334 1615
h8 4.0 325 1256

2 HR5WE
2.1 ARREIVIENREL T YTEE 50

AR ABIES S REY RIEARE AT
A B SR S i i A 2 2y 2 b s A, — R R
TVEAZR AR YI R, 55— R i T BAR A 7=
F1% ¢ A DX A B U0 SRS T 9 D) 2RS0T U1 B
R sl J5 a9 e U R MBS, R AE BT UIR B IE T
A I B R R B e B 2 T RS A
A SER B TR 7 A sk R A, e A SRR R T
JEAE ST VR T 3

(f) 54 h7

(g) 52 41h8

B4 VHEBRERERYYT R

W TEIEBRE  J2/NE B K U) 8 A 22 8 ™
ARG R e R R BRI A AR v AR g
() 25 T8 B 1 SR B T B 3 22 | HLRR R DA R B S T
% B 7% o h5.h6 \h7 2 Fil h8 ZH A i 5 T R AR
B R TR LA A S r A8 . el LA B, J1 R
e 5 5 A Bz fol 7 AR IR RE DX T AR R AU
M 23 P B A B 2 1 R A BB A N R
ik
2.2 UN[EVREETS YIHI T 89 53 B

AL A A U) H A LA BT U0 E A )
PCF, H BRI (B ) 45 5 32 B0 1T — R 5 T8 Bl 1
4 15 5 SR A3 DX 387 5 el S AR A [ 4 5
Urat N RN N g S DO VA1 &4 [ W s ) N (| AN £
I3MT . HeRE T LT MR ) B R AT A3 A .

Evans'*' 4 H 119 3 T $5 BT 38 52 9 DU 1) 350 U
HE AL UG UIHI D7 i Be AR I R Tl BT R Sk
R B, (1)

PCFyy=16ntcd*/(cos’a*a, ) (1)
A HPCFyy Evans £ 8 (1) W {8 ), Ny i——

a LHRMSEE  mya—— T HMEHES  rad; o Al o,
— A 0 S B R B B RN S e b 5 B, M Pa

Gunes %" X} Evans iy 8 B JEAT & 00, BT
HAMIIAEZ MR EE, WA (2):

PCF o =4no,d*sin*(a + [ )t/ [cos(a+ )] (2)
A . PCF .o Goktan #E 78 (R I {H J1 N f——F+
A R T ] Y EE R IR 1

Nishimatsu""* I\ K 5 & 7685 16 BF R AVE T =4
YU RS B A A RO B TR R — R E e R
WA A VTHIEL A o I 95 1, BRI 8 FH T i P iy A 2
gy AR A EE . m(3):
2to.d . cosy

12.3—0.183 1—sin(y —p+f)
. PCFysi——Nishimatsu #5 B (4 0 {8 71, N o,
—— A P SR, Pasy——A A N EEE A
rad; p—— W THBE M, ().
A ER BTSSR EE AN, T R © & S8R
E T ARAG , 05 o R0 0 S 56 a0 1 5

PCFysy= (3)




160 R TR

20234F9 H

os = 50.6MPa

VIR F1(MPa)

T T T 1
0.0 0.1 02 03 0.4

BYLE (mm)

Bs5 HmEERERR

A5 T BT 98 5 0.=50.6 MPa, ¥ Lk I JLfh g
B Sy LR i FH 31 1 2 8010 B A5 8 36 5.

R5 EREBSYSWNEE

[RIE 2 X o7 {H [RIE 2 X I {E
o, 135.4 MPa a 30°
0, 8.85 MPa s 15°
o 50.6 MPa i 26.57°
¢ 1m y 40°

MWE SRS HMARAR R (D) EG) PiTHER
) 3B A [ AR (g YD I g, B 2% 3] PEC2D R vh
UKL By PR R B T P, D H T2 4k 2D By 45
B,

PCF,,=PCF/t (4)

K : PCFo—— AR BT A6 {H 77 ,N/mm.,

FEAS [RI R FE T 7 A W 85K 5 T8 % iy Y 4 {E 0 5
THEAS 20 (1 0 ) S0 2 1 4n 11 6 9T 7w

K16 DA 2R R T S 05 AR AT i W i ) A
3Rl R TR A B H) B RS X L & B A2 56 B A S
Nishimatsu )45 9 A0 5C V3 41, 55 U0 1) 8 1 5 26 1k

700

o TBHUE
- Bvans f5A)
600 -+ Goktan's 57

Nishmatsu’s $7
g 500
g
=
(2
=
O 400
~
.R
1 300
&
= 200
= . <
- r

e H
] N 21
100 22"y
H $
b et
0 o
0 1 - 3 4
PIHIR B (mm)

El6 ZREBEBHNSEBIEBIIL

WK A EH, 7E Nishimatsu A9 38 oAk 91 4h 72 W
F50h 512480, BRI BT Y1 RS kA BT
PR, T B R Ty B BE B L X 5 2.1 4 B 1 45 2R
K
2.3 UN[FIIHIGR BE T R A L 2 A b
PFC2D #4155 A1 U H 5 52 B 1 A [6] |, %8
P FL A R A 0 57 A Y R S T AR EAT T AR
X FLA fih 77 3 286) I A8 i A AT R A8
XPTEATUIEL, ey 1 A28 S 0, y 19 A8 15 #E fig
i, B T o 1 AR RE L P AT DD I FERE S
e,=|F,dx (5)
K e, AV B R IEAEREE LT F,
—— RIS 5 m I E ), N
B R PFC2D b, A g i T2 J50RL ARG 45
AR ELA A R ¢, R G A T B BR 2 R R
1,158 2D 1y 45 5 .
e, op=|F.dx/t=F, .,dx (6)
N Rt = A7) N | BUR = 2 WIS R = R I X A
JEERE R, T/ mm; o J] Bk P 5 1] B JR
PIEIJ1 ,N/mm s —— B AR, mm.
XTI S 56 1) 8 2 E s vh i YT 0 % 6 8% AT
BUr e A 2 AN & 7 s 1 2
NS B 43 B, FE WL SE B A v, P2 A i 5
JB BEAR S /N RSE BT 2, X R ) 2 S8 R R
A>T AE h2~hd4 52560 20 of W2 A 2 A4 YD H i,
RO Bt KT hl S22, MR s Mg -
REE A /N ST E T8 PERE A R R & 8 7 4
1M 7E h5~h8 52 56 24 AR 2 3 B /N RAT 5 8 BLRR
SR O . REUROE B 20 A YD I BE R AR £
(4 B 20 B AR — B, N2 AR - 5 VI I A T 76
[ e 2 BAT AT AT E
FE 1 8 (a) v (1 1% 5 AR FUR LA PFC W HEBR 5 A1
FARZ G A B A E N E T BEE IS R RS
e R AROR R IEA G, B hS 41 2 3 R i it A
SE T UIHIR BE IR S B AR W TR B B I B
a2 )5 iR 2D ik T O VR s Re i
SRR AT LA
MSE,, — BARER e w )
e AR R Vv
X e MSE,,——2D & T R BCA ) s V—24
JE R e, AT U HI BT IH AR RE = -
TE VLA SR A T8 o F 05 52 50 2 h2~h7




ML AN ZE I T PFC2D 1Y Bk 15 £ U0 Ak 2 2 7 43 #r 161

St >
5% 50 2 3 1)
1009 200 100
80| f
80
I 150
=604
g '4—1_,_17 £ 60 E
E 404 L mn§ E
g - I-40 Ué
R 20 =
mR:
0 . [N 0 T P i
20 T T T T 0 0
0 5 10 15 20 25 30
fir#%-x(mm)
(a) IRGEERE-R (hDD
200 7 [500 500
1504 400 400
£ 2
= b3 L300 B
- 300 = 300 £
L RS
£ ©
b3 ~
g 200 2008
R 50 | -
»M F100 100
o
T T T T 0 Lo
0 10 20 20 40 50
fr—x (uw)
Seap L
(¢) JIARGEEE- R (h3)
300
500 | 500
250 (,/
200 [-400 400
Z 150 300 - 300 £
= & =
= =
£ 1009 F200 | 2008
50
100 100
0 Ll
f T T T T 0 0
0 10 20 30 40 50
AR -x(mm)
(e) JIRGHERE-F (h5)
400 400
600
500
E - 400 g
é wnjg{
= &
R
200
100
Lo

0 10 20 30 40 50 60
ArFE-x(mm)

(g) JIRGEEE-fR (WD

[ 400

200 4
| 500
| 400
] g
= 00 L300 ¢ g
< S
R = @
= v
= 200 =
50
k100
100
0
. 0
0 10 20 30 10 0
Tit#§-x(mm)
N s
(b) LB E-H (h2)
200 400

F 400

300
k300

k200 &Y

i R/ mm)

fem

k100

LAYl 10N mm)y
B 2 B Z
. : L
=
i
a |1
PR
£l -2
< é /

T
0 10 20 30 40 50

A8 -x(mm)

(D) IR EEE-HF (hd)

400
300
E
£
Z, 200
=
e
= 100
o
0
- X( )
1 boEL o
() NRLBERE-NF (h6)
400 [ 600
i
by F 200
—— {00
300
_ [ 300 | 400
£ z
£ £
5 20 #
& Flowo 2
3 Lol o
E £
+ 1004 200
[ 100
100
o
- r : 0 0
0 10 20 30 40
85 -x (mm)

() HRgfesE-fi# (h8)

B 7 FATEEIVIE A3 AR R

o, OB T 5 UTHINR B R A OC (Eh IR E T
() S 56 21 DL /N ROSH 2 B R 32, L Jsy 3B A7 78 468 49 R i
SRS DL, FLm o L DG, 5 AAE I 5% v 2 B
4 3 U0 HI R BE R B ORI Y G5B A A, BRI L
T AE— 5 Y% 9 LN 2 TE A DG .

4l MSE ., —logd ¢ F KL, W& 8(h) rha] LK

I 2k R 500 23 0 34N B B < 38 — B B Ry 9 M O By

B W L 5 YR BE (9 56 RN MSE ., ~d°, 511

IR BE G RN K5 38 Bl /INGE T B B, il L T 5

Y VR BE 56 2 MSE o ~d V%3 55 = B B o e P i

iﬂ"f’i e 7 eI 5 VI HIR BE OC R A MSE .p~d
X — B TE VR 22 S 5 Pt A AR



162 BhR TR 20234 9 11
750 s
—=— G 2000 I _
Wl ™ R '“\—‘./"“315_
/ A - 1600 - \\\
E 4504 \ ~ NS
£ / / .| mqig £ Wi,
=, S 8 2
E 300 - . / | a0 gz,ﬁ \\
“ ;A/A/‘ I 400 \'
s 2.0 \
0 ; T T T T 0 \
0 1 2 3 1 :
PR (mm) IR
(a) RGHIIBEE IR (b) REEHCA LN RE
B8 TITYIHIGEE-MMHX R
3 #i [5] ZhouY, Lin J-S. On the critical failure mode transition depth for
(1) B4 50 1 ﬁ)? A B 2 AR }j: g R R rf)ék cutting[J . Intcm(’ational Journal of Rock Mechanics and Mining
219 o oy Sciences, 2013,62:131-137.
J] /E“{XAFZ:EE 574 22, % 4‘*:'175 Fh JI A 1iAFEéE [6] Lin J-S, Zhou Y. Can scratch tests give fracture toughness[J].
A8 B R X A H B JQJ TR R E Y S A EEN ] Engineering Fracture Mechanics, 2013,109:161-168.
A AN A S O A R Ay [7] Zhang H, Le J L, Detournay E. An experimemaE i;vestigation
of brittle failure mechanisms in scratch tests of rock[ J]. Engineer-
R L N I S A N A i = I
Oy 2P IR R R S B 52 TR S ing Fracture Mechanics, 2022,275:108827.
Eﬁﬁiﬂ’lrﬁ FnﬁigK fr e s Zii—tg{{ﬁl% 55[ s [ EE= [8] Tetiana O., Pryhorovska. Study on rock reaction force depend-
JBAES S Ve o ing on PDC cutter placement[J]. Machining Science and Tech-
. logy. 2017,21(1):37-66.
(2) 38 3 f5 B AR A B AN [) R B 7 A 4 8 I Y .
- B [9] Serdar Yasar. A general semi-theoretical model for conical picks
ﬁ]‘ﬁu ﬂl%fﬁjj PCF 5 3 ﬁz: IEJ E,\Jw‘éu ﬁ*ﬁﬂﬁ//ﬁl‘ T Xd‘ [J]. Rock Mechanics and Rock Engineering, 2020,53:1-23.
b, & B0 S 36 3 5 Nishimatsu B9 45 B AH 6 PR3 T, [10] Menezes P L, Lovell M R, Avdeev I V, et al. Studies on the
5471 %F%éﬁ P 18 K E/‘J%%‘a‘“ formation of discontinuous chips during rock cutting using an ex-
plicit finite element model[J]. The International Journal of Ad-
I A 2l
(3) IR J1#Y ﬁﬁz&;ﬁg B BN ﬁﬁ‘ vanced Manufacturing Technology, 2014,70:635-648.
58 /)%j i R0} Z'J 4] #],IJ ﬁb " /I% *% pi g F8) B 2'] F Z'-( - [11] Zhu X, Luo Y, Liu W, et al. Rock cutting mechanism of special—
ﬁ[ M AFERISUIYI W SIEFEN e E A n] shaped PDC cutter in heterogeneous granite formation[ J]. Journal
FEPE L TR T R R A — S R 5 IE M of Petroleum Science and Engineering, 2022,210:110020.
" [12] Weiji Liu, Xiaohua Zhu. Experimental study of the force re-
v s N B N - ek b
3§ ’ J{FEI A *E*E MSE lOgd El"]?é% SEER) FIEOREST sponse and chip formation in rock cutting[J]. Arabian Journal
3B B AR — I B o M IR B B L W e e T of Geosciences, 2019,12(15):1-12.
T O N N N B B X B B T W RN PR aR7I L 1E i
5] VR BE 1 56 o MSE . ~d°, 5 Y IR B 6 & [13]  WLALAE XIS B 5L T B B T Jr vk 1 e O H AR (A A
e BT LT]. 0 el 5 TR 2254, 2017, 25(3) : 509-520.
AN =B/ B B BOR LIS VYBIRIEIR 14y s e 2 90 et L 5 SR W 9 952D A
F M MSE ,~d V7555 = By B R i Ml IR o B, 1 HB - VH R AR AL 2017,
eI 515 E % 22 MSE.p~d ', [15] o5&, R 357, 4=t , 45 25 1 U I AL B 7 A B S 96 3T 5
(T30 TA2 O L4548 T8 ) ,2014,41(9) :85-88.
[16] Evans I. A theory of the cutting force for point-attack picks[J].
S 3L International Journal of Mining Engineering, 1984,2(1):63-71.
[1] B, sk AT, w5 ), 45 . 88 75 Ik Bh PDC 01 145 9% sl i i 4 = [17] N. Gunes Yilmaz, M. Yurdakul, R.M. Goktan. Prediction of
S3HTLT]BN R TRE, 2021 ,48(4) : 11-20. radial bit cutting force in high-strength rocks using multiple lin-
[2] BarkerJ. S. A laboratory investigation of rock cutting using large ear regression analysis [J]. International Journal of Rock Me-
picks [J]. International Journal of Rock Mechanics and Mining chanics and Mining Sciences, 2007,44(6) :962-970.
Sciences & Geomechanics Abstracts, 1964,1(4):519-534. [18] Nishimatsu Y. The mechanics of rock cutting[J]. International

(3]

Richard T. Determination of rock strength from cutting tests
[D]. Minneapolis, MN: University of Minnesota, 1999.
[4]

Huang H, Detournay E. Intrinsic length scales in tool-rock inter-

action[ J . International journal of geomechanics, 2008,8:39-44.

Journal of Rock Mechanics and Mining Sciences &. Geomechan-
ics Abstracts, 1972,9(2) :261-270.

(%% Z L)



