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bstract

iscrete element method (DEM) was employed in the research works presented in this paper to simulate the microscopic machining process
f ceramics. A densely packed particle assembly system of the polycrystalline SiC has been generated in DEM software package PFC2D using
onded-particle model (BPM) in order to represent for the ceramic part numerically. Microscopic mechanical properties of SiC were calibrated
y comparing the numerical tests in PFC2D with the equivalent experimental results, and introduced into the subsequent modeling of the ceramic
achining process. The dynamic process of initiation and propagation of the micro-cracks under various machining conditions has been explicitly
odeled in the DEM simulations. The numerical results from DEM modeling agreed well with the experimental observations and theoretical
redictions. Rational relations between cracking damage of ceramics and cutting conditions have been established based on the analysis of
imulation results. A generalized model of defining the range of inelastic zone has also been developed based on the numerical results. Moreover,
his study has demonstrated the advantage of DEM model in its capability of revealing the mechanical details of machining process at micro-scale.
rown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Machining technologies of ceramics have been developed
ery fast over recent years due to the growing industrial
emand of higher machining accuracy and better surface qual-
ty of ceramic elements. But the brittle nature of ceramics

akes the machining process very difficult comparing to the
uctile materials. Many experimental researches have been
arried out to study the machining mechanism of ceram-
cs in the mode of grinding,1,2 scratching test3,4 and single
oint diamond turning.5,6 Furthermore, theoretical and numer-
cal methods have also been developed to compliment the
xperimental researches, with the application of indentation
racture mechanics,7 continuum damage mechanics8 and finite

lement method.9 Recently, the molecular dynamics (MD)
ethod has been used to simulate the nano-machining process

nd analyze the machining mechanism of some monocrys-
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ethod

alline materials at atom scale, e.g. copper,10 germanium,11 and
ilicon.12,13

During the machining process of ceramics, residual defects
n the finished surface such as asperities and micro-cracks often
ppear. Even if the cutting depth is small enough for the plas-
ic deformation to appear, the friction between the blunt tool
nd work piece may also lead to micro-cracks on the plastic
urface.14 This process is very difficult to be experimentally
easured or theoretically analyzed, and also is almost impos-

ible to be modeled by the molecular dynamics method due to
he excessive computing costs. It is therefore essential to adopt
lternative numerical approaches to study the initiation and prop-
gation of micro-cracks during the machining process in order to
mprove our understanding of the mechanism of the machining
rocess of ceramics.

Since the micro-structure of polycrystalline ceramics consist
f crystal particles and pores, the ceramic bulk can be treated as

n assemblage of discrete particles bonded together randomly.
urthermore the intergranular fracture of the ceramics can be
aturally represented by the separation of particles due to break-
ge of bonds. This principle has been adopted in the particle

All rights reserved.
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Nomenclature

Ec Young’s modulus of the particles
Ec Young’s modulus of the parallel-bond
kn/ks ratio of normal to shear stiffness of the particles
kn/ks ratio of normal to shear stiffness of the parallel-

bond
Rmax/Rmin ratio of particles’ maximum radius to minimum

radius

Greek symbols
λ̄ radius multiplier of the parallel-bond
μ friction factor
ρ density of the particles
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σn tensile strength of the parallel-bond
σs shear strength of the parallel-bond

iscrete element method (DEM) in the simulations of rock15,16

nd other particulate materials.17,18

The aim of this study is to develop a DEM model of polycrys-
alline SiC to simulate the ceramics machining process so that a
uantitative description of the cracks initiation and propagation
an be obtained and used for the assessment of the machining
echniques.

. Discrete element method and bonded-particle model
BPM)

DEM was proposed by Cundall in the context of rock
echanics19 and has been implemented in many other fields,

uch as geomaterials,20 granular materials21 and concrete.22

he particle discrete element method assumes the particle ele-
ents are rigid spheroid or disc, and can overlap or detach. The

ontact forces between two particles are determined from the
verlap and relative movements of the particle pair according to
specified force–displacement law.

DEM allows particles to be bonded together at contacts and
o be separated under external forces. It can simulate the motion
f individual particles and also the behavior of bulk material
ormed by assembling many particles through bonds at contacts.
he later was defined as BPM.24,25 In this study, the particle flow
odes in two dimensions (PFC2D),23 which is a program based
n the principle of DEM, is used as the simulation platform.
he assembly was made of microscopic particles which were
onsidered as circular disks with unit thickness. Parallel bond
odel26 was adopted in this study to simulate the bonds at con-

acts between particles. Through adjusting the particle sizes and
he strengths of the parallel bond, PFC2D can simulate various

echanical behaviors of ceramics. The bonds between particles
ill break when the external loading exceeds the strength of
onds, and cracks will form directly between two particles.
In order to construct a DEM model in PFC2D which
s similar to the micro-structure of ceramics, the material-
enesis procedure was utilized to generate a dense packing
f non-uniform-sized circular particles in two dimensions, as

K

w
o

Fig. 1. Densely packed particle assembly in DEM.

hown in Fig. 1. Details of the procedure were described
lsewhere.24,26

. Calibration of the DEM model for ceramics

The mechanical properties of ceramics are usually described
y their elastic modulus, unconfined compressive strength,
oisson’s ratio, tensile strength, bending strength and fracture

oughness, etc. While in a DEM model, the properties of parti-
les and the contacts between the particles need to be specified
t micro-scale, e.g. particle stiffness, parallel bond strengths
nd the friction coefficient between particles. Since microscopic
roperties at particle level are very difficult to be determined by
xperimental measurements, it is essential to establish a correla-
ion between the properties of the bulk materials and properties
t the particle scale to validate the particle properties used in
EM modeling. This can be achieved by a calibration process

uggested in PFC2D manuals.26 In this paper, the unconfined
ompressive test, the Brazilian test, the three-point bending test
nd the fracture toughness test of SiC were carried out to cal-
brate the properties of particles and parallel bonds in BPM so
hat the particle assembly in DEM model can realistically repre-
ent for the mechanical behavior of ceramics in the subsequent
odeling of the machining process.

.1. Unconfined compressive test

Since the shear strength of the ceramics is usually much larger
han the tensile strength, mode-I tensile cracks in forms of ver-
ical and lateral cracks can be observed residing on the finished
urface. The fracture toughness of ceramics has significant effect
n the quality of finished surface. Potyondy and Cundall related
he linear elastic fracture mechanics (LEFM) to the BPM, and
roposed a useful formula24:
Ic = βσ′
t παR (1)

here α and β are dimensionless factors, σ′
t is the tensile strength

f the parallel bond, R is the average radius of the particles.
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Fig. 2. Unconfined compressive test (cracks described by red/black lines). (For
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nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

ote that the KIC is related to the tensile strength of the parallel
ond and the size of the particles. In order to match the KIC
f the particle assembly in DEM to the observed experimental
alue, the size distribution of the particles cannot be random,
nd should be determined according to Eq. (1).

In PFC2D, the unconfined compression test can be simplified
o a model of two moving walls compressing the particles assem-
ly, as illustrated in Fig. 2 with red dots indicating the break
f bonds and where the micro-cracks can be found. The tested
pecimen of assembly is 0.8 mm in height, 0.4 mm in width and
onsists of 11,313 particles. The smallest size of the particles is
.2 �m, the ratio of the largest in size to the smallest is set to 1.5.
he porosity ratio is 0.16, which is a reasonable value for a dense
acking.27 The modulus E, Poisson’s ratio ν and unconfined
ompression strength (UCS) of the SiC particle assembly can be
btained through the DEM simulation. Numerical results with

he comparison of the experimental measurements are presented
n Table 1.

able 1
ain mechanical properties of SiC in macro-tests and in DEM

echanical
roperties

Experiment results28,35 DEM model results

lastic modulus E
GPa)

420 429

oisson’s ratio ν 0.14 0.14
CS σc (MPa) 2000 1996
ending strength

b3 (MPa)
500–800 656

racture
oughness KIC

MPa m1/2)

3.5 3.5

razilian tensile
trength σt (MPa)

214 387

o
f
t
v
i

F
i

ig. 3. Brazilian test. (a) DEM simulation result; (b) experimental snapshot of
he main crack in Ref. [28].

.2. Brazilian test

Brazilian test was used to calibrate the tensile strength of
he specimen in DEM model. The diameter of the Brazilian
isk used in the numerical tests is 0.4 mm in diameter, and is
ade of 4477 particles. The disk was crushed by the lateral
alls moved towards each other with a low speed. The split-

ing plane is basically horizontal and it agrees well with the
xperimental observation,28 which is depicted in Fig. 3. Note
hat the tensile strength of the SiC assembly in DEM model is

bit larger than experimental measurements.28 This may due
o the fact that Brazilian test results are very sensitive to size
ffect.29

.3. Three-point bending test

Biaxial test is usually employed to obtain the shear strength
nd the strength envelope of rock.24,26 For ceramics, shear
trength is often much larger than tensile strength and therefore
s regarded as less important in the development of fractures.
n this research, the three-point bending test was adopted to
valuate the bending strength of ceramics, which can be eas-
ly converted to the shear strength. The numerical model was
llustrated in Fig. 4, with dimensions of 1.0 mm in length and
.2 mm in height. Two fixed balls were used to support the speci-
en. A rigid circular wall which is moving downward at a speed

f 0.05 m/s was used to apply quasi-static load. The maximum
orce applied to cause the failure of the assembly is then used
o calculate the bending strength. The fracture plane is clearly

isible in the particle assembly, as is indicated by the red dots
n Fig. 4.

ig. 4. Three-point bending test. (For interpretation of the references to color
n the text, the reader is referred to the web version of the article.)
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study the SiC material removal mechanism in wear and machin-
ing process,32–34 was carried out, and results were used in this
paper to further validate the developed DEM model for ceramics.
The experimental specimen was commercially reactive sinter-
Fig. 5. SENB test.

.4. Fracture toughness test

In order to calibrate the fracture toughness of SiC assembly, a
ingle-edge notch bending (SENB) test similar to the configura-
ions of the three-point bending test was introduced, as shown in
ig. 5. The model used in three-point bending test was notched
t the centre of the bottom by deleting the particles at the notched
rea. The depth of the notch is half of the height of the spec-
men. Numerical result for the fracture toughness agreed very
ell with the experimental measurement for SiC ceramics.35

Through abovementioned tests, the macroscopic mechani-
al properties of polycrystalline SiC assembly in PFC2D were
btained from numerical tests and compared with the experi-
ental results, results are listed in Table 1. As the numerical

esults agreed with experimental measurements, it was con-
luded that the SiC assembly constructed in PFC2D could
ealistically represent for the mechanical behavior of a poly-
rystalline ceramic element. Therefore, the BPM parameters at
article scale used for the above numerical tests, which was
isted in Table 2, could be introduced in the subsequent DEM
odeling of cutting process of ceramics.

. DEM modeling of scratching test

.1. DEM simulation of the scratching test

The PFC2D has been utilized in this research to develop a
EM model for the simulation of the scratching test of ceramics,
sing parameters calibrated in Section 3. The dimension of the
ork piece used for simulation was 0.8 mm in length 0.2 mm

n height, and consisted of 5656 particles. There was no fric-
ion between the work piece and the lateral and bottom walls.

◦
he scratching tool was simplified as a curve with 120 conical
ngle and a tip radius of 200 �m. The friction factor between
he tool and the specimen was set as 0.17, according to the later
cratching test results. The scratching speed is 0.05 m/s which

able 2
EM parameters for polycrystalline SiC ceramic

articles Parallel bonds

= 3132 kg/m3

max/Rmin = 1.5, Rmin = 2.2 �m λ̄ = 1.0

c = 275 GPa Ec = 275 GPa

n/ks = 1.1 kn/ks = 1.1
= 0.5 σn = 120 ± 12 GPa, σs = 960 ± 96 GPa
ig. 6. Simulation of the scratching test. (For interpretation of the references to
olor in the text, the reader is referred to the web version of the article.)

as very low to keep the system in quasi-static condition and the
cratching depth was 5 �m. An example of the scratching test
odeled by DEM has been graphically displayed in Fig. 6. As

he scratching tool moved forward, micro-cracks appeared along
he trajectory of cutting indicated by red dots in Fig. 6. Because
FC2D is designed for planar problems, it can only describe the
ertical cracks. The cracks propagated along the particles’ con-
acts forming tortuous crack paths. The analysis of scratching
orce vs. the crack numbers is shown in Fig. 7. It can be found
n Fig. 7 that the total crack numbers and both the forces in X
Fx) and Y (Fy) directions increase with the cutting time. There
re some spines in both the X-force and the Y-force curves, and
he number of the cracks increased rapidly at the spines which
ndicate that the initiation of new cracks needs larger forces.

.2. Experiment of scratching test

A scratching test, which has been described elsewhere to
Fig. 7. Scratching force vs. cracks number.
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Fig. 8. Profile of the scratching groove.

ng SiC (WeiFang ZhiDa Co., Ltd., China). The scratching test
as operated on UMT-2 (CETR, USA). After being polished
y nano-diamond in olive oil, and agitated in acetone in an
ltrasonic cleaner, the specimen was scratched by a Rockwell
iamond indenter with a tip radius of 200 �m and a 120◦ apex
ngle, under 20 N constant normal load (Fz), room temperature
nd without lubricant. The scratching speed was 1 mm/min and
he scratching length is 5 mm. The resulting scratching depth was
bout 5 �m which is the same as the DEM simulation, as shown
n Fig. 8 (Mahr S2, Germany). Acoustic emission (AE) also
as been used in the experiments to detect the fracture behav-
or. The data from the scratching test is presented in Fig. 9, and
t can be found that the AE signal changes very sharply when
he tangential force (Fx) zoomed or precipitated, this coincides
ith the fracturing events within the sample. Comparing to the
umerical results which is shown in Fig. 7, the observations
rom the scratch test agreed with the DEM simulations qualita-
ively in terms of the detection of the fracturing in the ceramic
pecimen.

After scratching, the specimen were polished again with an
ssistant of an optical microscope (Nikon, USA) until about
alf width of the scratching groove being removed to enable
SEM (JSM6360, Japan) view of the subsurface right under

he scratching groove and parallel to the scratching direction.
s illustrated in Fig. 10a, there are many mciro-cracks accu-
ulating under the scratching groove, where material has been

eavily damaged and will easily be removed in the subsequent

achining process. Some of the micro-cracks propagated into

he bulk material and forming a macro-crack, leading to a sub-
urface damage (Fig. 10b). These observed crack propagation
nd damage behaviors from the scratching test are very similar

i
d
i
t

ig. 10. SEM images of the longitude section of the scratching groove. (a) Micro-crac
he subsurface.
Fig. 9. Scratching test of polycrystalline SiC with AE.

o those obtained from DEM simulation results, as can be seen
n Fig. 6.

. DEM modeling of micro-cracks and damage in
achining process

Recently, DEM was applied to simulate cutting process of
ock.27,30 Though rock and ceramics are both brittle materials,
he focus of the machining methods for them is quite different.
he civil engineers concerned more about the probability and
ifficulty of the cutting process, while researchers working in
he area of the ceramics machining paid more attention to the
recision and quality of the machining process. Hence, there
re just a few attempts to model the microscopic material and
echanical behavior of ceramics during the machining process

sing DEM.36

After being validated by comparing the results of the DEM
imulation and the scratching experiment, DEM then was used
o simulate the SiC cutting process. The DEM model for simula-
ion of the cutting process of ceramics was similar to the model

n Section 4 except the geometry of the cutting tool. A rigid two-
ouble wall was formed to act as a cutting tool, and ploughed
nto the work piece and moved with various assigned velocities
o simulate the cutting process of the ceramic work piece. The

ks accumulated under the scratching groove. (b) Macro-cracks propagated into



1034 Y. Tan et al. / Journal of the European Ceramic Society 29 (2009) 1029–1037

t
t
d
fi
c
b
a
a
o
a
I
t
d
s
2
b
d
p
u
b

w
t
a
t
r

6

6

m
t
n
t
g
s
c
t
in Fig. 13 that under a faster cutting speed, the maximum depth
of cracks increases quicker with the cutting depth. Combining
Fig. 12 with Fig. 13, it can be concluded that when cutting speed
is higher, the effects of the cutting depth on the quality of the
Fig. 11. Simulation of the cutting process.

otal cutting distance was 0.6 mm. Through changing the cut-
ing speed v, the rake angle of the cutting tool γ , and the cutting
epth ap, the propagation of micro-cracks and the damage on the
nished surfaces can be observed and evaluated under different
utting conditions. An example of the cutting process modeled
y DEM has been graphically displayed in Fig. 11, with v = 5,
p = 15 �m. As the cutting tool moved forward, there were more
nd more dispersed or still bonded particles accumulated in front
f the cutting tool in Fig. 11. There were also some cracks prop-
gating forward and leading to the removal of the front material.
n order to estimate the effects of the cutting speed and the cut-
ing depth on the crack damage to the finished surfaces, three
ifferent cutting speeds (v = 5 m/s, 10 m/s, and 15 m/s) and
ix different cutting depths (ap = 2 �m, 5 �m, 10 �m, 15 �m,
0 �m, and 25 �m) were simulated in PFC2D. Every case has
een repeated five times in DEM simulation with different ran-

om generating seeds in PFC2D so that the random effect of
acking can be eliminated. An average result from five runs was
sed in the later result analysis. The results of total crack num-
ers and crack maximum depth underneath the finished surface
Fig. 12. Total cracks number beneath the finished surface.

ere presented against different cutting speeds, depths and cut-
ing angles in Figs. 12 and 13. The inelastic zone which was
nalyzed in Ref. [31] has also been observed and supported by
he numerical results, as illustrated in Figs. 14–17. Numerical
esults are further analyzed in Section 6 of this paper.

. Results and discussion

.1. Crack damage analysis

The cracks number and the maximum crack depth on the
achined surface were used as critical quantities for the inves-

igation of the damage caused by micro-cracks; corresponding
umerical results are presented in Figs. 12 and 13. A general
rend can be identified in Fig. 12 that the faster the cutting tool
oes into the work piece, the more cracks beneath the finished
urface can be found; the crack number also increases with the
utting depth, and the lower the cutting depth, the less effects of
he cutting speed on the cracks number. It is not difficult to see
Fig. 13. Maximum depth of cracks beneath the finished surface.
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ef. [31]; (b) DEM simulation in the process of micro-cutting.
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Fig. 14. (a) Micro-cracks and macro-crack described in R

nished surface become more significant. Based on the findings
rom DEM modeling, lower cutting depth should be combined
ith higher cutting speed so that the damage to the finished sur-

ace can be reduced, and optimal results of machining can be
chieved.

.2. Inelastic zone

According to the theory proposed in Ref. [31] as demon-
trated in Fig. 14a, the material under the cutting tool can be
ivided into two different zones, the inelastic zone and the elastic
one. In the inelastic zone, there are a number of micro-cracks,
ome of which may propagate through the inelastic zone and
ormed macro-cracks in the elastic zone. Similar phenomena
an be observed in DEM simulation, as is shown in Fig. 14b. In
rder to estimate the depth of the inelastic zone, the results of the
imulations were plotted in terms of accumulated crack numbers
s. depth beneath the finished surface. A typical cutting speed
v = 10 m/s) and cutting depth (ap = 15 �m) were chosen as a

epresentative case, and results are presented in Figs. 15 and 16.
t can be found in both figures that the crack numbers firstly
ncrease linearly with the depth beneath the finished surface,
hen show a trend of slower increase below a certain depth, and

ig. 15. Accumulated cracks number vs. depth beneath the finished surface
v = 10 m/s, ap = 5 μm, 10 μm, 15 μm, 20 μm, and 25 μm) .

e
z
t
c

F

ig. 16. Accumulated cracks number vs. depth beneath the finished surface
ap = 15 μm, v = 5 m/s, 10 m/s, and 15 m/s) .
ventually turn into a steady number represented by the hori-
ontal segments in the data lines. A sketch is generalized from
he numerical results to analyze the problem more schemati-
ally, as shown in Fig. 17. Section OA can be regarded as the

ig. 17. A sketch of cracks number vs. depth beneath the finished surface.
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epresentation of the numbers of micro-cracks in inelastic zone,
hereas AB represents for the number of micro-cracks in a tran-

ient elastic zone and BE represents for a completed elastic zone
ithout any damages. The coordinate value of point C can be

aken as the depth of the inelastic zone. The distance between
and D can be regarded as the average length of macro-cracks.

he generalization process demonstrated in Fig. 17 was applied
o analyze the numerical results presented in Figs. 15 and 16. As
an be see in Fig. 15, under cutting speed v = 10 m/s, the depth
f inelastic zone increased with the cutting depth; as for a fixed
utting depth ap = 15 �m in Fig. 16, higher cutting speed would
ead to deeper inelastic zone. The effects of cutting speed and
utting depth on the length of the macro-cracks can also been
bserved in Fig. 13.

. Conclusions

The discrete element model for polycrystalline SiC ceramics
as been developed to study the machining process of ceramics.
icroscopic material properties for particles and contacts were

alibrated by comparing the results of numerical experiments
uch as unconfined compressive test, Brazilian test, three-point
ending test and fracture toughness test with the equivalent
xperimental results. The numerical results showed that DEM
s a suitable approach to simulate the mechanical behaviors of
eramics. The machining process of SiC ceramics under differ-
nt cutting conditions has been simulated by the developed DEM
odel using the calibrated properties for microscopic particles.
umerical results have clearly demonstrated rational trends of

he correlations between microscopic damage on the finished
urface and the cutting conditions. DEM model has also been
alidated against the observations from scratch test and SEM
ictures. The inelastic zone beneath the finished surface has
een identified and quantified by DEM simulations, and range of
uch a zone can be defined through the analysis of the numerical
esults. The capability of DEM in the simulation of the ceram-
cs micro-cutting process has been confirmed by this study, and
urther applications of DEM will focus on three-dimensional
imulations and more quantitative investigations on the ceramic
achining process.

cknowledgements

This work was supported by the National Natural Science
oundation of China (50675185) and by the program of New
entury Excellent Talents (NCET06-0708).

eferences

1. Kitajima, K., Cai, G. Q. and Kumagai, N., Study on mechanism of ceramics
grinding. Annals of the CIRP, 1992, 41, 367–371.

2. Huang, H. and Liu, Y. C., Experimental investigations of machining charac-
teristics and removal mechanisms of advanced ceramics in high speed deep

grinding. International Journal of Machine Tools & Manufacture, 2003, 43,
811–823.

3. Desa, O. and Bahadur, S., Material removal and subsurface damage studies
in dry and lubricated single-point scratch tests on alumina and silicon nitride.
Wear, 1999, 225–229, 1264–1275.

2

2

amic Society 29 (2009) 1029–1037

4. Wataru, K., Subsurface damage in scratch testing of silicon nitride. Wear,
2004, 256, 100–107.

5. Patten, J. A., Gao, W. and Yasuto, K., Ductile regime nanomachining of
single-crystal silicon carbide. ASME Journal of Manufacturing Science and
Engineering, 2005, 127(8), 522–532.

6. Jasinevicius, R. G., Influence of cutting conditions scaling in the machin-
ing of semiconductors crystals with single point diamond tool. Journal of
Materials Processing Technology, 2006, 179, 111–116.

7. Lawn, B. R., Evans, A. A. and Marshall, I. B., Elastic/plastic indenta-
tion damage in ceramics: the median/radial crack system. Journal of the
American Ceramic Society, 1980, 63, 574–578.

8. Zhang, B. and Peng, X. H., Grinding damage prediction for ceramics via
CDM model, Journal of Manufacturing Science and Engineering. Transac-
tions of the ASME, 2000, 122, 51–58.

9. Chuang, T. J., Jahanmir, S. and Tang, H. C., Finite element simulation of
straight plunge grinding for advanced ceramics. Journal of the European
Ceramic Society, 2003, 23, 1723–1733.

0. Pei, Q. X., Lu, C., Fang, F. Z. and Wu, H., Nanometric cutting of copper: a
molecular dynamics study. Computational Materials Science, 2006, 37(4),
434–441.

1. Patten J. A., High pressure phase transformation analysis and molecular
dynamics simulations of single point diamond turning of germanium, PhD
Dissertation, NCSU, 1996.

2. Han, X. S., Study micromechanism of surface planarization in the polishing
technology using numerical simulation method. Applied Surface Science,
2007, 253(14), 6211–6216.

3. Cai, M. B., Li, X. P. and Rahman, M., Study of the mechanism of nanoscale
ductile mode cutting of silicon using molecular dynamics simulation. Inter-
national Journal of Machine Tools & Manufacture, 2007, 47, 75–80.

4. Brook, J. R., Processing of Ceramics. Part II. Materials Science and Tech-
nology, vol. 17B. Federal Republic of Germany, Weinheim, 1996.

5. Holt, R. M., Kjølaas, J., Larsen, I., Li, L., Gotusso Pillitteri, A. and
Sønstebøø, E. F., Comparison between controlled laboratory experiments
and discrete particle simulations of the mechanical behavior of rock. Inter-
national Journal of Rock Mechanics & Science, 2005, 42, 985–995.

6. Fakhimi, A., Carvalho, F., Ishida, T. and Labuz, J. F., Simulation of failure
around a circular opening in rock. International Journal of Rock Mechanics
& Science, 2002, 39, 507–515.

7. Zhang, R. and Li, J. Q., Simulation on mechanical behavior of cohesive soil
by discrete element method. Journal of Terramechanics, 2006, 43, 303–316.

8. Sheng, Y., Lawrence, C. J., Briscoe, B. and Thornton, C., Numerical studies
of uniaxial powder compaction process by 3D DEM. Engineering Com-
putations: International Journal for Computer-Aided Engineering, 2004,
21(2–3), 304–317.

9. Cundall, P. A. and Strack, O. D. L., A discrete mumerical model for granular
assemblies. Géotechnique, 1979, 29(1), 47–65.

0. Hunt, S. P., Meyers, A. G. and Louchnikov, V., Modelling the Kaiser
effect and deformation rate analysis in sandstone using the discrete element
method. Computers and Geotechnics, 2006, 30, 611–621.

1. Lobo-Guerrero, S. and Vallejo, L. E., DEM analysis of crushing around
driven piles in granular materials. Géotechnique, 2005, 55(8), 617–623.

2. Frédéric, S. H., Donzé, V. and Daudeville, L., Discrete element modeling
of concrete submitted to dynamic loading at high strain rates. Computers &
Structures, 2004, 82, 2509–2524.

3. Itasca Consulting Group Inc., Particle Flow Code in 2-Dimensions
(PFC2D), Version 3.10, Minneapolis, Minnesota, 2004.

4. Potyondy, D. O. and Cundall, P. A., A bonded-particle model for rock.
International Journal of Rock Mechanics & Mining Science, 2004, 41,
1329–1364.

5. Potyondy, D. O., Simulating stress corrosion with a bonded-particle model
for rock. International Journal of Rock Mechanics & Mining Science, 2007,
44, 677–691.

6. Itasca Consulting Group Inc., PFC2D User’s Manuals, 2004.

7. Huang, H., Discrete Element Modeling of Tool–Rock Interaction, PhD Dis-

sertation, University of Minnesota, 1999.
8. Yu, R. C., Ruiz, G. and Pandolfi, A., Numerical investigation on the dynamic

behavior of advanced ceramics. Engineering Fracture Mechanics, 2004, 71,
897–911.



n Cer

2

3
3

3

3

3

Y. Tan et al. / Journal of the Europea
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