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Mechanism of rock fragmentation analysis by TBM cutters in

mixed-face conditions
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Abstract: The study of rock fragmentation mechanism by TBM cutters is the key to guide the development
of TBM cutterhead and the selection of cutterhead in different geological conditions. The formation,
propagation and coalescence of cracks in rock masse is the precondition of understanding the rock
fragmentation mechanism by TBM cutters. Therefore, the study of rock fragmentation mechanism by TBM
cutters is significant for engineering application. At present, the study of rock fragmentation mechanism

mainly concentrates on the single rock. However, the complicated geological conditions are often
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encountered during the excavation of tunnels by TBM. In this paper, a discrete element method is

employed to study the fragmentation mechanism of the composite rock mass. It could be obtained from the

numerical results that the propagation of microcracks initiated from the interface leads to the coalescence of

Hertzian cracks between two cutters, and the formation of chipping. Therefore, under certain conditions,

the formation of chipping in composite rock mass by TBM becomes easier than that in the single rock.

Keywords: composite rock; TBM; disc cutter; mechanism of rock fragmentation
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Table 1 Mechanical parameters of different rock materials
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Fig. 1 UDEC model of rock fragmentation by two disc cutters

fi=o _03N¢+2C m(l)
fi =o0.—o0; (2)
N, - Ltsine ®
1—sin ¢

A fo A Mohr-Coulomb JEIRAEN ; £ Kok i i
HRHEN 5 o0 Rt R EN ST 5 00 HERNENTT5 00 JE
RBTHIBRE s c R T15 o HNEEIES .

03

1 [-\+ 2

2

gy
& 2 Mohr-Coulomb 3 Z 7 N

Fig.2 Mohr-Coulomb failure criterion

MUAR N — SRR R fo > 0. MR AT )
IR s 2 A IR — SN S 2 f > 0 B, B AR sk dir
IR,

2 EGMERR TBMRIIEHER

2.1 EEMERERBERENNNEMER

Bl 3 WoR T 52 A b2 oA R R 28 A 52 A0 R 7R
TIHETER R 280 8 - el &, sl 3(a)
IR MR T I b 1) 5 A1 48 B AR I b ST AR
Taa b JITIWI S il T h v g 4R e A —
So e TT L A B T B0 IR XA BN IR D) R R
o[RBT AT LA Hrb A KR A8 B A b s B DX T
R 88 F 7 6 A8 14 5 B B X R TR . A2 TS TR
JIF J7 &R T DA 2R 3] — N4 8B I B4 5 A DR
FAXF 582 L R OR 3 A4S KA 29 R 1 A7 e . Xk
JEFTIE K E RSN . anlE 3(h) s . B 4 far
A5 WG I IR () 25 386 ) L 4 28 AR R A B IR A%



%54

LA, 45 A4 s o) TBM B g UEE BB A 4 15

BB, FER T T) I1F — 5 VR B A )2 Ak 7% 0 0 1 A
HETE TR S R 80X A8 R BRI P  TE RE 3 R
BT AR e BT AR e R
TR TR AR A T DL R
BB AE A AL I A B s 1 XY T AR ] R
FOBEEAE i A R X T A P Rl B 1 3
I BEANRTI P, B 2E R B XTI . W 3
(o) 7 Bl 5 5T TR B 1 4k 22 38 0 o 7 4 T2 2k 34X
M AL, B F RN T AE R = A T 58 2 8L,
I AN . R SCRL S s R ) R B, T
X — B B oA XA AR i T B R S i
J3E 378 TR T S A8 5 AE R AE KUK Y AE B R AR )
EE G v Brg el LN TR A O R €' I T R DA
Lk FESEEAC B T BEAE B A T bR B
PLOE IR TG . RIS 2% 248028 07l JF ARV G A
PR A8 P J7 1) ] R AR L 3X g B — R rp o 2% 2 AL
FE T T (8] B AR J )y 1) e O p R OR RN, i 3
(D s, BEE BB — 2 1, dh e B &
T3 T 1 KRS 1 R TR AR e i i 2% 54 4L
W 2 FEMIRF e i) T 4 R, VR T A ) M 1) 284 8¢
FREE ) 30 e . B A v i A5 R B 5T 1) B | kS
TR~ Y R, FE 2. 5] 6 E TR
I RS i R SO R B T 1] 1 6 2% 2
BB AR, BT IEEME S 5wk
U R 8 S K R 2P 110 A 120 (Y
ALy e P Apopl B 9F HLBCK (B 4 (a) (b)), A
Bl 3Ce) T 7 o Bl 45 B I) 25 1 388 o v sl 28 SR 1)
R FE NGRS R W 7 R IF BRI
28 G TH LB A O R X . anE 3 (D R,
i 5 5[] 2 10— 25 B A DX Sy A 3R X3
Bl 5 FmE AR AR JIHE V8 R ek £ 0
T1o AT S E LR NI rpomT D& 3, B ) 3 2 3E X FR
. FEREASTR T E T J5 I 0 8% & s HL W T i s X
Sl ) TR S AR M [R) o il 2 B I s 7 Y B
R FER SR TR HERNE. W% KA
TE B BT R AL 1 TP ) 3 1 5 e 3 TR BT R — 2
Xt IR A 0 T B — i R rh R T B R AL 4

(B 6) 8 A RN g 43 A X 38 A0 B0 57, B VR ] 22 6]
BB T — > ) X A2 2 SUR TR 1
SZFAERZ T E W, ik, 26 HZRA
PR B M — 5 AR TR

L i ]
(a) 530 (b) 550
(c) #8:100 (d) #5200

AR

(e) BE:500 (f) #5§:1 000
W x JEBIR ORimR

B3 ®EOSGHFLE

Fig. 3 Process of rock fragmentation

in the numerical model

(a) #3110

(b) PBR:120
< EBIR ORilidR
B4 RBOSEXAERIEZELRE
Fig. 4 Process of cracks coalescence on the interface

in the numerical model

B 7 Fon MR J) A5 T W3R B o0 K H Rt i
[ 2 58 1 2K UK B S0 T ik B P T 2 00 2 A
KRB 78 200 28 2 )5 il UR B0 G I JEE
W AR X ECE 3 A IR I AR W DLy A i B
B IR A 200 22 2 Rif Ml MR B0 T 2k A A
VR J] SR B G AEVR T M Ak 2 5T AME TR L iR
0 Ak S 1) DU 1) 1R SRR L G Ak o TR BT 2 R AR
TIARRS B S B TR R R LR AR T (A B R
FEIET 7w PRl s MR R R 2 (1 000 28) BEIR A O
S5 AL B 4 B 2 B8 B B0 K0 O B AE B A 1Y 2. 2



16 + REHR YL KB LTE

% 38 &

i o XA —2K . TBM (£ i g i 72 o, 70 03 F Wi A
HAT S E R R N — A BT AN [
(T W BT o TR 0 A U0 % e 5% — JH J £ 0 1l F) ok b
I A T B e b R TR DA AT RE S A o T
AE 78 70 2 fih B8 28 B 2 . AT 3 B TBM %8 {4 4l ik 24

TR 2
Z\\?

7

o -1.200x108 -1.00 x108 -8.00 x107
-6.00 x107 -4.00 x10’ -2.00 x107
0.00

BS BEEORKREMANEFELE(RA:Pa)
Fig. 5 The maximum principal stress contour in

numerical model (unit: Pa)

BN DN

)

A

HE:——-1.600 x10® -1.400 x108 -1.200 x108
——-1.00 x10? -8.00 x107 -6.00 %107
—-4.00 x107 -2.00 x107 0.00

Eo6 B—HZREBSFRMER (B P
Fig. 6 The numerical results of homogenous rocks

obtained by Tan Qing!'¥! (unit; Pa)

1600 [ | a4
1400 |
1200
1000 |

g

IR 800 |

B

5 600l

&

400 |

200

200 s 500 %00 000 1200
NG
W —— HEEREE - P ERLRIER S

B 7 MEEERIINERTEE AT B R E 15K i 2
Fig.7 The growth curve of failure elements at the

time step under the same cutter force

2.2 EAMERARRITAERATHRIER
TBM 5Bl i 7 b S PR ) A HIAE S 5 3t
R AR D] LR 22 AR R, W 8 Fras .o

R A AL AT A M2 b SRR A A R R
TS B4 A 5 R 0 A LB L S  O vih fI e
FFHCE B AT RE 4340 1/6. AnfE 8
Ca) i 7 » FE) B T 28 i B 3 A~V 1 s A T &2
BER L. FERAE T 08 i e 24 801X, 34
Bt 1) T00 ity 300 2% [0 R el i i SRR . AT DU L B et
A1 2 TR T A R DX 1% T LR /N T v B LA 19 48 B
o TERANRTIM WL, 26 X8O BB, WA,
H A [l v B P 1) A A 2 ASTR I ) 11 R O Al
DIWLEE BN S 3 i A L s 8(b) irs . B &
BB 30, F R X AR B IR T R O VB K. X
AN DX 3 PR 1 K B G 2 B - [ R 35 K A e
B [RVRE BT fF AE i 2 v B X0 T BT SR A N T
Hh 25 RUAK B A6 B HR R R XA TR . AT 8 (o) JiF
N> BUNTREE 4k B2 38 0 . 72 R X 21 4L i B T
PE 5 1R 1 v ge FAR ) i 4 8O 6 1] Ah ) . AE X
— b AR R 2% BT IR R 1) WSS A 1) R
PR, XSO, bF2E 2oy R — 2.
] B AT DL 3 78 W R 1A 1 5 T B A D i ik
WHITH . BEEE, b A5 XA 18 B A rh i v e Y
SUIE AR B W T T AL 5 5 i b e e, B
BUAJE I iE— 25 58, v e 24 GORN) 1) 24 800 IR Ok
(7 T Ak B2 g L 480 e S el 28 Bt T90 o 1) L A IR
SRR . G 8(dD B 7R , 7638 ST - H B B SR
IR 2, IR J1 Z 18] 1) 6 2% 4 80 B e — i
BRI, NTEEME R s A L REmY R,
R A KRR 4 110 Fi1 120 A9 240 R & vp
M I EHLBOR (B 9 Ca) (b)) . e, B s 1A o
14 v e L ORI 1] Ay R K SR A A [ . H kel
WL s 783X — B BE o B S A8 54 v 24 B R o K
H 2 AL B AE i 55 . B 5 B ) 25 4 3 o e 3 2
FIN ) SRS YT BIVR ] 22 1) Y b 25 S 801X %
AR MR IX . AN 8 (H 7w, B % B a4 Y
B8 A AN VR TR R XSRS N 2 RS R s

Bl 10 Ron B G b )2 K A2 5K 25 508 0 #E i AE:
T IR 07 )43 A S5 E 22 B I ] DL & 3R
L )G AR XS BRI . 5B AL B R T IE T
05 NE A B T B v DX L L A P T A
I 8 5 K N T R L X S AR D H R
Sy AT LR AS A W) AE SR KA I AR XA T TR T
VE R B B /N 1 17 4 o DX, L 2 B 3 4%



%54 LA, 5 G A 24k0 TBM 2k 2 LI H 8 4 17
L ’ > T 7 \\V {
(a) #£5:30 (b) #5
T /PEI‘
(c¢) 53100 (d) 25:200

T

(e) 2500 () %1 000
o x FEBIR ORipiiR

8 RBEQAMWATE

Fig. 8 Process of rock fragmentation

in the numerical model

(a) £5:110

(b) 28120
W x BB OHIBIR

B9 BEQOEGZREMRIERETRE
Fig. 9 Process of cracks coalescence on the

interface in the numerical model

SALERSEI . B R EN O RE TN E. EEE
JE AR T 51 (4 10 7 352 AR L ST X AR
T A I A7 52 3 5 5 i 19 FELASAH — 2

B 11 2R A AR TR R T J3 4 FT T B30 B oo %0 H
B IS [ 20 1 it 2, 0 LU T 7 v PR s TR P R 2 (1
000 ) BEIR I B0 » v 2 XA 1 48 B 2 5 58 6 A8 14
RS R B A Al T 2 AT ST A R B O R H A e
AT S WA D 28 ARl A TR 3 A T R R R
—H.

¥ : ——— -1.200Ex10? -1.00 x108 -8.00 x107
— —6.00 x107 -4.00 x10" =—— -2.00 x10”
—0.00

B 10 #HEHEOERRENNEELXHE

Fig. 10 Major principal stress contour in

the numerical model

800

700 -

600
I 500
&
112 400
ﬂ 300
& 500

100

. 0 : 0 ‘ ‘ ]
200 400 600 800 1000 1200
R 2

W —=— HEEE R - hEXALINE RS
B 11 AEEFETIAER T 8 T4 B R 584K i 2k
Fig. 11 The growth curve of failure elements at the time

step under the different cutter force

3 WERSN

SRR AELE A A TR JT Z 18] 1Y
éfﬁ'iéiKAm%%&JttTf}% M 2 B A 5 A B 1 18
WSS R R, R A E LR A
PR K W VR 1 Z 8] 1 bk 2% 2 B0 i L s A8 U
Fo MRS —F R R IR R TR IIZ
(] 1) 76 2% 24 S0 % T 1) o 1) B AR ML R B 4 4 P
BUA R, AT B A R i s LA [ TR
— R AR SO R R A A S AR AT TR
L E 12 ) BR85S 88 O M [F LT S 800
B R G AR B ) FLIE T S SRR
FHE . B 12Ca) F W, 763k ilﬁé"mﬁtﬁﬁf H e 24 £
FU 1) B AR BN R 2L BN BRI A R
Tk e . Kl 12(b)EFTéYﬁﬂj}iﬁﬂjﬂ
0.7 MPalff AR BEIRRE ., B . 5864
R HLHR S B — AR AR R R T JIE T A B
BUA R



18 P RAREHRERKE A

% 38 %

(a) ¥®J17340.5 MPa

(b) BJIJ150.7 MPa
B 12 JURIMEATR—-EENEF
Fig. 12 Rock fragmentation by two disc cutters

in homogenous rocks

T

i 1 X B S R Y B e L B G A AL L A
PR £

DR G R S A FE T HE 3/ I SR acy™ &
REPEAT R 22 5, BUOHCA TR R 9 RS0 8 2 T B0 R
AR MR G A SR L L TR AN TR A
ANTR) B DA Ty Ik PR R o AT R R AR 2
(ELISE 3 A 0 AT AR K 22901 » A B 8 2 A v B ) 5%
Wi 3 ] 22 R T s R

DEEGERMBCE VLA R T 50— Ak, LR
LU Fe A R R R T S A A R S ST L 9 Bl e
LU 8 R PR ) 22 18] ) 6 2% S0 e fe 00 I
HA

DTEMFER I T & & & WIE UE i &
SRR JIHE ) LS — S A/ T R ERE E R LR L K
HAEREA AT TBM BRIE 42,

SEHK:

[ 17 skE8). TBM 1957 R HA K E MR & AT

5 TR ,1999,18(3) : 363-367.
ZHANG ] J. Application of TBM and its related
problem and prospects [J]. Chinese Journal of Rock
Mechanics and Engineering, 1999, 18 (3):363-367. (in
Chinese)

[ 2] Roeak, 260 R% 55, JB i 1% 38 it T 08 %8 71 1
Ty A AR LI ] A 2 5 TR %4, 2008, 27
(A2).3875-3881.

SONG K Z, L1 C M, YUAN D J, et al. Study on
distribution regularities of disc cutter thrust force for

shield tunneling [ J ]. Chinese Journal of Rock

Mechanics and Engineering, 2008,27 (A2) : 3875-3881.
(in Chinese)

[ 3] CHOIS O, LEE S J. Numerical study to estimate the
cutting power on a disc cutter in jointed rock mass [J].
KSCE Journal of Civil Engineering, 2016, 20 (1):
440-451.

[ 4] GONG Q M,ZHAO J,JIAO Y Y. Numerical modeling
of the effects of joint orientation on rock fragmentation
by TBM cutters [ J]. Tunnelling and Underground
Space Technology,2004,20(2) ;183-191.

[ 5] GONG Q M, ZHAO ]. Influence of rock brittleness on
TBM penetration rate in Singapore granite technology
[J]. Tunnelling and Underground Space Technology.,
2007,22(3) :317-324.

[6]LIU H Y, KOU S Q, LINDQVIST P A, et al
Numerical simulation of the rock fragmentation process
induced by indenters [ ]J]. International Journal of Rock
Mechanics and Mining Sciences,2002,39(4) :491-505.

[7]JLIU H Y, KOU S Q, LINDQVIST P A, et al
Numerical modeling of the heterogeneous rock fracture
process using various test techniques [ J ]. Rock
Mechanics and Rock Engineering, 2007, 40 (2 ).
107-144.

[8]CHOJ W,JEON S,YU S H,et al. Optimum spacing of
TBM disc cutters; a numerical simulation using the
three-dimensional dynamic fracturing method [ ] J.
Tunnelling and Underground Space Technology, 2010,
25(3) :230-244.

9] BER BRIER HEE, 5. J] RS SE T WAk

IR AR A BB L) ], 5+ AR 244, 2013,35(6)
1147-1155.
LIAO Z Y,LIANG Z Z.YANG Y F,et al. Numerical
simulation of fragmentation process of jointed rock
mass induced by a drill bit under dynamic loading [J].
Chinese Journal of Geotechnical Engineering, 2013, 35
(6):1147-1155. (in Chinese)

C107 o b o 5T R B0  #0 2. R [R) 1B R 2 V) iU %0 TBM J)

AR 2w [T ] AR TR 24 4R, 2011, 44 (9)
100-106.
ZHANG K, XIA Y M, XU Z J. Effects of confining
pressure and cutting sequence on the rock-breaking
mechanism by TBM cutter [J]. China Civil Engineering
Journal,2011,44(9):100-106. (in Chinese)

L11] H g, 8 /N, R, 4. TBM 1 A HL B 1 = 48 FEM-
SPH # &5k )] B4, 2015,40(6) : 1263-1269.



% 5 44 LA, 45 A4 s o) TBM B g UEE BB A 4 19

[12]

[13]

[14]

[15]

XIAO N,ZHOU X P,CHENG H, et al. Mechanism of
rock fragmentation by TBM cutters using 3D FEM-
SPH coupling method [J]. Journal of China Coal
Society,2015,40(6) :1263-1269. (in Chinese)

BEYRVE 2RI AT A .55 3T UDEC 9 B% 3 i F Bl
BT E B LBE 5T [T . 25 4 J1 2% % 4, 2012, 33
(4):1176-1209.

MO Z Z, L1 H B, ZHOU Q C, et al. Research on
numerical simulation of rock breaking using TBM disc
cutters based on UDEC method [ J]. Rock and Soil
Mechanics,2012,33(4) :1176-1209. (in Chinese)

i e, i ot , P, 2. 3 TBM OWUVR JJ A {5 B 52
Boptsel]]. TR, 2016,23(1) :41-48.

LU F,ZHANG C,SUN ]J. Experimental study on rock-
breaking simulation of double disc cutter of TBM []J].
Chinese Journal of Engineering Design.2016,23(1) :41-
48. (in Chinese)

BB, Rt B4 i, 4. TBM 3L G J) i 4 HLEL Y
BAEHEIELT ] B s A4 . 2014,39(1) . 172-178.

XIA Y M,WU Y.GUO J C,et al. Numerical simulation
of rock-breaking mechanism by gage disc cutter of TBM
[J7. Journal of China Coal Society, 2014,39(1).172-
178. (in Chinese)

T ok R TR A BRI IR IR R s B

[16]

[17]

(18]

AL S B WL [T 1. 5 g2 5 R 22 4k, 2010, 29
(1):163-169.

TAN Q. ZHANG K, ZHOU Z L, et al. Numerical
simulation and experimental observation of rock cracks
under action of spherical tooth hob cutter [ J]. Chinese
Journal of Rock Mechanics and Engineering. 2010, 29
(1).:163-169.
ZRAK W, 4 HE B B G A 3ERE 0 (M. b 5t B R
#,2014.

GONG Q M. Introduction to tunneling by TBM [ M].

(in Chinese)

Beijing : Economic Science Press,2014. (in Chinese)
CHIAIA B. Fracture mechanisms induced in a brittle
material by a hard cutting indenter [ J]. International
Journal of Solids and Structure, 2001, 38 (44 ).
TT47-7768.

XN AL B2k )0 AR A E TBM BUE T1 % 4
PR R BL L OE 5T LD ). BE Ak 2= 4, 2015, 40 (6)
1225-1234.

LIU X W,WEI L,LEI G F,et al. Numerical manifold
simulation for rock fragmentation process under TBM

double cutters in mixed ground [ J]. Journal of China

Coal Society,2015,40(6) :1225-1234. (in Chinese)

(3 EHH)



