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Numerical simulation of three-dimensional rock fragmentation by disc cutters of
tunnel boring machine using peridynamics
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Abstract: Peridynamics is a non-local mesh-free numerical method which has great advantages in simulating dynamic damage and
fracture. This work proposes to use the peridynamics to simulate rock fragmentation by TBM disc cutters and seven tests are
simulated to verify this idea. The feasibility of peridynamics in simulating rock fragmentation by TBM disc cutters is demonstrated by
comparisons with the punch penetration tests. A nonlinear short-range force contact model is proposed to better reflect the variation of
the disc cutter normal force with respect to penetration depth, and can also calculate the changing contact area between the disc cutter
and the rock during the penetration. In addition, the proposed non-linear short-range force contact model is used to simulate five 3D
TBM disc cutter penetration tests with different bi-directional confining stress conditions, and the numerical results are compared
with the experimental results. The simulation results show that the proposed contact model is able to calculate the variation of the
cutter peak force with different confining stress and to obtain a reasonable form of rock surface damage. Peridynamics approach is
casy to operate and requires only two calibration parameters to simulate the 3D rock fragmentation by disc cutters, which is
promising for practical engineering applications.
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Fig.2 Punch indentation test model and domain
decomposition
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Table 3 Material parameters of rock and cutter model in
disc cutter indentation test simulation

MEIER PSR E/GPa HEL N, W p (kg + m)
Fya 37.22 0.26 2640
wJ] 200.00 0.30 7700

BififE

1.0
[0.8
0.6

—04

~0.2
[0.0

-

(a) BHAER (b) I04L5 KBS

B8 AARmEELG
Fig.8 Rock surface damage

FEKE s h 2E AR B B s d AR 30 FHE R E
Altk, 0.1 MPa [l #5545 24K 1% 2N 2.0
107 N/m?Po A SRR 7% B it INAE 30RE 1 238 I 1)
— R A . TR R T, R R R A
EBRE A AR y 7 AR, FRE R R L
FrIZ Wb R BRI A A IR RS o 3R T DR



2738 = +

b= 2023 4

RN 10 mm/s, ZER MR E RS KN 9.86x
107 mm, RUEE LB AATIZS) 1 mm, FFE 101 419
AN SRR, TP IR F gk, ASCH
120 A EHLEATIATIE M7, AR ) X 35
I3 7o)
4.2 JFELRMEIETE B EY

FIF B FE S, B (3), g
FEEFRINE 9. TR H, L P
T (RO 5 SRAS A5 T2 R B BN TR B (1 48
IR LA, B [ IR T1i% 17 7 AR 2 1 1
e B, AT BRI JTik A AR AR
B0, ASCHR N T AR AR S R R R

05 "ym_yn >dmn
18k (d,, —||y,— ¥, Yu=Y
=l —_— 1 - - — _d m n
f. n§5[ 0 J(Ilym vl =d,.) -
"ym_yn <dmn
D)

FEFULE R 9b)AraR, AILAEH, A SCIEH
P4 A 2 e At Y ] DU B b S R T4 1 3 ) A
2R AL . B 9(b)REAUL S5 J X N I S 53R 4 FTs .

300
—— CHR[38]iA %%
250 - - - AR ST A
i
200
% ,
S 150t /
% |
100 | !
i
50 b '
/
f
’,’ 1
O 1 1 1 1 1 ’. 1
00 05 1.0 15 20 25 30
BN /mm
(a) JEFE ST R Ao 5 R
300 -
—— SCHR[38]i 5
250 b - - - ARLRPERE AR !
aa
Z 200 i
_R | 1
= 150 :
:;’J\'\‘[ 1
100 |- |
1
50 | '
0 L=t '

1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
BENIRE /mm

(b) AELAE Be BRI B
B9 PRt B R 45 T L

Fig.9 Comparison of simulation results of two
contact models

®4 BIIENEMHLS 3 1S 50UE
Table 4 Values of peridynamics parameters for disc cutter
indentation test

I FA I /GPa Al A /mm
0.000 75 325 5.15

) FH A 25 P 422 A 65 8 45 380 1) 5 A AR A =X
B8 o, A AR T PR 2 AR S0y P F o
TR SG 45 RAFAEN A xz J5 AR A A AR AR EL
MRIEHRIR A IGRIRRTI AN RIS R, e
BT B I, A R R AR BRI 27 A rp
MG TA/NZ R R R & T JE
ROl IASSORS BRI AE SRR SRR, 1l
GEIRBAT P ARG R LA A B AR A B (AN
)51k RA B TTIN B AE LA 58 4 06 B i K o
4.3 AR KIE

W BRI R R, HUILERITEA
AR, RIS A A AR AW I,
RUONER T B BERARE R, BT CARE s i AR A 18 n =
TR DL A L A A -

AIE R T ARTEANE NRII S A A%
il DSBS R, HrH S BRI 10 . Herh
| OA| R ITINAE, | BD| REIIMENREE, 7
I ABC NIRRT G5 A A B, i FHRTITIAR
RIE | BD | FAX TR TIHAZ |04 1RD, 28 240D
I AR /N, BB 4BC W] LU LA 524
|AC|ARE, TRATUUHE (8) THERIRTI5E A%
fioh DX I R BB AL -

|4C|= 2|04 - (0B|~|BD (8)

B10 RNSAAEMXEKRETEREE
Fig.10 Schematic diagram of calculation of contact length
length between disc cutter and rock

WHE (8), HIRITITINIREDN 1. 2 mm I,
RIS A AR X BE K7 00 21.8 mm
530.7 mm. FEHELIRPATLLUER y 7 [l /)



9 1

F 55 FIRNESE) 12307 A REE i BEN LR T) =4 SR 2739

(I AT R S IR T 5 55 A0 IR A P, AR BT
IR LKA 33 A G 11 fios . rTRLER Y, $efih
T AERI R TT 1, e il 7ok, JF
HIRE x T RIZHs R, X2 TR TS 5 il
#8732 IR I G A 7 73 A (R FE T LA
BIVEIN T mm RERET RS 4 s, K]
SN2 mm EE 6 M, TR AR
N5 mm, BEIEHETIFENRZ N 1. 2 mm i, &
JI55E A R AR B 70 50 09 204 30 mm. $2fil
DI BB R SR A R IR Z BN 8.3% 5
2.4%, RUIFEMBR AT DS GF it R T) 5o
fia i i T AR AN AR A

) y 7 5 RN
0.0
—-5.0x10°
—-1.0x10*

——1.5x10*

I:—2.0x104
~22x10

—

X

(@) TNRE 1 mm

Pefh 7y y J5 19y BN
0.0

——5.0x103
——1.0x10*
z y

| ——1.5x10*

X

—-2.0x10*
-2.2x10*

(b) EENIRSE 2 mm

B 11 AREANRE TR SER KEAm R
Fig.11 Contact area between cutter and rock at different
penetration depths

4.4 JR A EEXT A ARG R m

N T B AEAR /N BB 5 e 1 P A I B
WA TR AIAIEE A 7.50 3.0 mm HOREEY . R,k
A [) R0 R A R B ()P K AR O 1.7x1076
4.8x107" s, N TERIER IR FATZE) 1 mm, 5%
THEMBS R AT S mm 575 (R BE ALY AR — 2, R
TIRI IR E 4> AIBEE N 5+ 20 mm/s. AN 7] 5T 55 8]
PR 2 12 B

Bl 13 Dy b 3d o 5 a] PR TR LR R IR B BT . 1)
FAWEE R v LG AN A R PR RS SR
KEAHE, 7.5 mm J57 A5 (A EEARFOLS 20 R 7 SR
TIRAERLG, RAETRAEGY R G-, XFF
() 2 B IR I 2 R AL B . B AR/
5.0 mm (15 S AT EE 2 A K, A AR R A

A 52 3 Jo TR BRI 2 o

300
- - - FiRMEEEN 7.5 mm
250 | Ji S A EE N 5.0 mm o
e B 3.0 mm
200
g
R 150 |
=
100 |
50
0 1 4/ 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
BN /mm
B 12 AR S e B R )ik M) - BN 4R

Fig.12 Punch normal force-penetration depth curves at
different particle spacings
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with different particle spacings
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Table 5 Body force and body force density corresponding
to different confining stresses
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25 4.5x10° 5.0x10°
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Fig.15 Disc cutter normal force-penetration depth curves at different confining stresses
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Table 6 Relative error of disc cutter peak force between
test results and simulation results
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5 365.89 369.71 0.010 4

10 422.54 483.27 0.143 7

15 528.27 529.01 0.001 4

20 565.84 534.97 0.054 5

25 439.75 521.64 0.186 2
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Fig.16 Surface damage values of rock under different confining stresses
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