
Abstract--The cutting efficiency in underground ex-

cavations relies on the optimum parameters of the cut-

ting tool and the cutting process. However, the optimi-

zation of the cutting tool design and the cutting process 

is a challenge and requires knowledge about the tool–

rock interaction. This work aims to investigate the tool–

rock interaction using a rock cutting mathematical 

model. The confining pressure was considered in the 

rock cutting model with conical cutters and the discrete 

element method (DEM) was adopted to calculate the 

dynamics of the rock breakage of this model. Graded 

particle assemblies were created, calibrated and com-

pressed in the horizontal direction with a certain con-

fining pressure. Afterwards, the initiation and propaga-

tion of cracks during the rock cutting processes were 

recorded. A series of small-scale rock cutting tests were 

also carried out to verify the numerical model. The 

analysis results demonstrate that (a) the confining 

pressure induced larger cutting force than that in the 

unconfined condition, (b) with increase of the confining 

pressure, the rock failure mode experienced predomi-

nantly brittle to predominantly ductile failure, and (c) 

there was a critical confining pressure/compressive 

strength ratio of 0.53 when the transition of failure 

mode occurred. 
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I. INTRODUCTION 

ITH rapid economic development, the demand 

and exploitation intensity for resources increases 

rapidly ‎[1]. The reserve of shallow mineral resources 

is decreasing and many mines around the world have 

entered the ‗deep mining‘ stage ‎[2]. Taking 

coal-mining in China as an example, according to the 

third Chinese national coal resource prediction ‎[3], 

the total reserve of coal within 2000 m of vertical 

depth is 5.57 trillion tons. The reserve within 1000 m 

of vertical depth is 2.86 trillion tons and approxi-

mately 70% of this has already been exploited. Ac-

cording to research done in 2004, the coal reserve 

below 1000 m of vertical depth is 2.95 trillion tons 

accounting for 53% of the Chinese total coal reserve 

and there are 1.2 trillion tons in the vertical depth 

ranging from 1000 to 1500 m. Considering the im-

portance of coal for China, deep mining is an inevita-

ble trend and actually the depth of mining is increas-

ing by 8 to 12 m per year ‎[4]. 

One of the most important characteristic influ-

encing deep mining machinery is the complex oper-

ating environment, which includes: high in-situ stress, 

temperature, and pressure ‎[5]. As the mining depth 

increases, nonlinear dynamic mechanical phenomena, 

such as rock blasting, gas outburst, rock rheology, 


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and water outburst, etc., occur more frequently and 

the classic theories become entirely or partially inva-

lid ‎[5]. Many researchers have also found that the 

confining pressure has a significant influence on the 

rock mechanical characteristic. Parterson ‎[6] investi-

gated various confining pressures to detect the transi-

tion from brittle to ductile failure. Mogi ‎[7] ‎[8] stud-

ied the deformation and fracture of rocks by triaxial 

compressive tests on ten dry rocks. It was found that 

these rocks showed remarkable elastic hysteresis and 

a simple rule to define the transition from brittle 

fracture to ductile failure. However, only a qualitative 

description was made and a critical index was not 

given to indicate the failure mode transition.  

It is therefore crucial to comprehensively under-

stand the dynamics of rock cutting with confining 

pressures in deep mining (800 m underground or 

more) ‎[9] ‎[10] Literature reviews indicate that much 

research has been done on tool-rock indentation un-

der confining pressure with tunnel boring machine 

(TBM) cutters or shearer picks. With respect to con-

fined rock indentation, Gnirk and Cheatham ‎[11] 

carried out a series of indentation tests under confin-

ing pressures ranging from 0 to 35 MPa and found 

that there was a critical confining pressure where the 

rock exhibited a macroscopic transition from pre-

dominantly ductile to predominantly brittle failure 

mode. Chen and Labuz ‎[12] observed a brittle failure 

mode with small confinement/compressive strength 

ratios of 0.1 and 0.06 and a ductile failure mode with 

the ratio of 0.5. An inclination of the crack propaga-

tion was also observed under a small confining pres-

sure by means of the vertical crack test. Innaurato et 

al. ‎[13] found that the thrust load increased with an 

increase of the confining pressure by means of in-

dentation tests and the fractures were more evidently 

directed towards the free edge when the flat-jack 

pressure was 5 or 10 MPa. Yin et al. ‎[14] concluded, 

by means of indentation tests with TBM cutters, that 

there was a critical confining stress level. Below this 

critical level, the cutting energy increased as the cut-

ting force increased. Otherwise, the rock failure in-

duced by the confining stress required only a small 

cutting energy and force. Ma et al. ‎[15] carried out 

indentation tests with TBM cutters and found that the 

confining pressure increased with an increase of the 

chipping force and crack angle. Huang and Detour-

nay ‎[16] investigated the effect of confining pressure 

on the failure mechanism during indentation and 

found that at the initiation of the primary crack the 

critical depth of penetration increased with an in-

crease of the lateral confining pressure. Gehring ‎[17] 

found that in similar rock conditions the disk con-

sumption in deep mining was greater than that in 

shallow mining during tunnel excavation. The reason 

for this is the high confining pressure in deep mining. 

Liu et al. ‎[18] studied the rock breaking and chipping 

characteristics of TBM cutters under confining 

stresses by means of theoretical and experimental 

investigations. It was found that the chips were nearly 

rectangle shaped and that the height decreased with 

increasing confining pressure. Indentation tests were 

also conducted with TBM cutters to investigate the 

influence of confining stress on the fracture process 

of soft and hard rocks ‎[19] ‎[20]. Ma, et al. ‎[21] inves-

tigated the influence of confining stress on TBM 

performance in granite by means of full-scale cutting 

tests. It was found that the normal force increased 

with increasing confining stress due to the enhance-

ment of the rock resistance strength, while the rolling 

force decreased gradually with increasing confining 

stress. Wang Z Q, et al. ‎[22] conducted disc cutter 

boring process under confining pressures using Rock 

Failure Process Analysis and found that the vertical 

cracks were restrained by confining pressures. 

Some studies have also been conducted on 

rock-cutting with conical cutters under confining 

pressures. Bilgin et al. ‎[23] concluded by means of 

numerical simulations and small-scale rock cutting 

tests, that confining pressure dramatically decreases 

tensile stresses around the cutting groove. For unre-

lieved cutting, a confining pressure of 1/5 or 1/4 of 

sample uniaxial compressive strength in magnitude 

causes an increase of around 60 percent in the cutting 
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force. For relieved cutting, an increase in the cutting 

force of around 20 or 30 percent was found. Huang et 

al. ‎[24] performed numerical simulations of rock 

cutting with lateral pressure by means of finite ele-

ment method (FEM) software LS-DYNA3D which is 

a general explicit nonlinear finite element analysis 

program. The authors concluded that the cutting force 

increased with increasing lateral pressure and that the 

quality and particle size of chips were larger than 

those in non-lateral pressure conditions. Thus, a bet-

ter understanding of the effect of confining pressure 

on rock breakage is necessary during rock cutting by 

means of a conical cutter. 

In this study, a numerical model for rock cutting 

with confining pressure is established. A commercial 

discrete element method (DEM)-software called the 

Particle Flow Code in 2 Dimensions (PFC2D) is used 

to calculate the dynamics of the model. The ad-

vantage of PFC2D is that cracks in particle assembly 

can be recorded. A series of numerical simulations of 

rock cutting under different confining pressures is 

performed to investigate the effect of confining pres-

sure on rock breakage. Furthermore, small-scale rock 

cutting tests are conducted under lateral confining 

pressures to validate the effectiveness of the proposed 

rock cutting model. 

II. BASIC THEORY OF DEM 

DEM was first used in ‎[25] ‎[26] ‎[27] to model 

and analyze rock mechanics. The DEM model is 

discretized into granular elements and interaction 

between elements only happen at contact points. 

PFC2D implements DEM by restricting the elements 

to rigid spherical particles ‎[28]. The interaction of the 

particles in DEM is regarded as a transient problem. 

At the contact points, DEM alternates between New-

ton‘s second law and the force-displacement law to 

find the equilibrium state. Newton‘s second law is 

used to describe the force-motion relationship and the 

force-displacement law is used to describe the 

force-displacement relationship. The force, motion 

and location of the particles and walls are calculated 

and updated cycle by cycle. The calculation cycle is 

shown in Fig. 1. 

 

Fig. 1.  Calculation cycle in DEM. 

With PFC2D, particles are connected together 

and transmit movement and force to one another 

through bonds. Bonds are described as gluing two 

particles together, restricting sliding or rotation ‎[29]. 

The linear parallel bond contact model is widely used 

in simulating rock because it can restrict both force 

and moment between particles. If the strength of the 

bond exceeds the limitation, the linear parallel bond 

contact will break down. The initiation and propaga-

tion of cracks can be recorded in detail using DEM 

during the break-down of the linear bonds.  

The total force and moment, 𝐹𝑖 and 𝑀𝑖, with 

respect to the parallel bond can be expressed by Fig. 

2. The total force 𝐹𝑖 can be divided into normal and 

shear force components according to the contact 

plane. Equation (1) describes their relationship ‎[30]. 

n s

i i iF F F               (1) 

where, 𝐹̅𝑖
𝑛 and 𝐹̅𝑖

𝑠are the normal and shear force 

components, respectively.  

 

Fig. 2.  Parallel bond depicted as a rectangle of cement 

material ‎[30]. 

When the bonds are formed,  𝐹𝑖  and 𝑀𝑖  are 

initialized to zero. Each subsequent relative dis-
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placement and rotation-increment at the contact 

points results in an increment of elastic force and 

moment ‎[30]. 

n n n

i i iF F F              (2) 

s s s

i i iF F F              (3) 

i i iM M M              (4) 

n n n

i iF k A U               (5) 

s s s

i iF k A U               (6) 

n

i iM k I                 (7) 

with
i iU V t   , ( )B A

i i i t      , 

2A R , 
32

3
I R  

where Δ is a symbol meaning the increment and 

ΔUi is the relative displacement between the bonded 

particles in one time step and the superscript of n and 

s represent normal and shear directions, respectively, 

t is the time step, Vi is the relative velocity between 

the bonded particles, Δθi is the relative rotation angle 

between the bonded particles, ωA and ωB are angular 

velocities of the bonded particles, A is the area of the 

bond disk, I is the moment of inertia of the disk 

cross-section about an axis through the contact point 

and in the direction of Δθi, 𝑅̅ is the parallel-bond 

radius, kn and ks are the normal and shear contact 

stiffness, respectively. 

III. THE PROPOSED ROCK CUTTING MODEL 

To investigate the influence of confining pres-

sure, rock cutting tests were simulated under 0, 2, 5, 

10 and 15 MPa of confining pressure with a cutting 

depth of 3 mm and cutting distance of 96 mm using a 

conical cutter. For this purpose, graded particle as-

semblies were created and calibrated according to 

uniaxial compressive strength (UCS) tests and Bra-

zilian tensile strength (BTS) tests on a synthetic rock 

sample in the laboratory. The synthetic rock sample 

used in the laboratory is a mixture of cement and 

sand with a mass ratio of 3:1 referring to Tu ‎[31]. The 

UCS, BTS, elastic modulus and Poisson‘s ratio prop-

erties of the synthetic rock are 28 MPa, 2.5 MPa, 18 

GPa and 0.24, respectively obtained by UCS and 

BTS tests in laboratory. 

The variation of cutting forces on the conical 

cutter was recorded and its mean peak was obtained 

in the laboratory test. In addition, the initialization 

and propagation of cracks were recorded to study the 

mechanics of the rock breakage. 

A. Graded Rock Specimens 

The linear contact model was used to establish 

the rock specimens under confining pressure in 

PFC2D. The rock sample is 120 mm in length and 60 

mm in height. In order to ensure the accuracy and 

decrease calculation time, the particle assembly is 

graded into two levels with particle radii increasing 

downwards from the upper surface. The heights of 

layer 1 and layer 2 are 12 mm and 48 mm, respec-

tively. The interface layer (as depicted in Fig. 3) en-

sures the homogeneity in the interface between layer 

1 and layer 2. To ensure accuracy ‎[29], at least 10 

particles should interact with the cutter during cutting, 

with a cutting depth of 3 mm. The radii of the parti-

cles of layer 1, layer 2 and the interface range from 

0.1 to 0.3 mm, 0.3 to 0.5 mm and 0.1 to 0.5 mm, 

respectively. Particle radius is one of the factors de-

termining the macro properties of rock specimen, so 

it‘s essential to calibrate micro parameters for layer 1, 

layer 2 and the interface respectively. The rock model 

included approximately 24578 particles. Fig. 4 shows 

the particle size distribution of layer 1 and layer 2. 

The radii of particles were drawn from uniform dis-

tribution throughout the model domain. 
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Fig. 3.  Graded rock specimen 
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Fig. 4.  Particle size distribution of rock sample 

B. Model Calibration 

The linear parallel bond model was used in 

modeling the synthetic rock sample, which can 

transmit both force and moment between particles. 

The micro parameters of the parallel bond particle 

model defined in PFC2D ‎[30] are particle radius (r), 

particle elastic modulus (E’), particle normal-to-shear 

stiffness ratio (k’), parallel bond elastic modulus (𝐸), 

parallel bond normal-to-shear stiffness ratio (𝑘), par-

allel bond tensile strength (𝜎𝑐), parallel bond cohe-

sion strength (𝑐) and porosity (n). In this study, in 

order to reduce the number of independent parame-

ters, the particle elastic modulus and particle stiffness 

ratio are equal to the bond elastic modulus and bond 

stiffness ratio respectively. The porosity is also set to 

a constant of 0.1, in order to model a density rock 

specimen. Thus, the independent variables are [𝐸, 𝑘, 

𝜎𝑐, 𝑐, r]. 

Since the relationship between micro properties 

and the macro response of particle assembly is not 

certain, it is repetitive work to get the appropriate 

micro properties. The micro properties were cali-

brated by modeling UCS tests and BTS tests in 

PFC2D. The macro properties of rock are described by 

the UCS (σc), elastic modulus (E), Poisson‘s‎ratio‎(μ) 

obtained by UCS test and BTS (σt) obtained by BTS 

test. A standard specimen was made for the UCS test 

with dimensions 50 ×100 mm and a circular disk 

specimen for the BTS test was cut out from a square 

particle assembly with dimensions 50 ×50 mm ‎[32]. 

These were created according to the speci-

men-genesis procedure mentioned by Potyondy and 

Cundall ‎[33]. Particle assembles for UCS and BTS 

tests are shown in Fig. 5. 

 

        (a)                    (b) 

Fig. 5.  Models for (a) UCS and (b) BTS tests. 

Fortunately, there are empirical rules, as stated 

in ‎[34], for calibration: 

1) Elastic Modulus is matched firstly by setting 

the bond strength to a high value and varying the 

particle elastic modulus and parallel bond elastic 

modulus. 

2)‎Poisson‘s‎ratio is matched by varying the par-

ticle normal-to-shear stiffness ratio. 

3) The UCS is matched by varying the parallel 

bond tensile and shear strength. 

According to the rules above, the micro proper-

ties of the rock specimen for each layer was acquired 

after a series of calibration. Simulations of the me-

chanical properties for each layer of the rock speci-

men were repeated at least three times by changing 

the random number which determines the distribution 

of the size and position of the particles. The results of 

the calibration are summarized in Table 1 and Table 2. 

The elastic modulus, UCS, and Poisson‘s ratio were 

reproduced very well. The BTS was a little larger 

since the parallel bond model in PFC produces unre-

alistically low ratios of compressive to tensile 

strength ‎[33]. The cracks of the rock were reproduced 

very well in the simulation tests in comparison with 

the laboratory tests, as shown in Fig. 6.  

TABLE 1. Micro parameters of particle assembly 

Micro parameters Layer 1 Interface Layer 2 

Particle radius (r) 0.1-0.3 mm 0.1-0.5 mm 0.3-0.5 mm 
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Bond elastic 

modulus (𝐸) 
10 GPa 10.5 GPa 9.8 GPa 

Bond stiffness ratio 

(k) 
2.1 2.1 2.1 

Bond tensile 

strength (𝜎𝑐) 
12.05 MPa 12.6 MPa 11.6 MPa 

Bond shear strength 

(𝜏𝑠) 
12.05 MPa 12.6 MPa 11.6 MPa 

Particle elastic 

modulus (E’) 
10 GPa 10.6 GPa 9.8 GPa 

Particle stiffness 

ratio (k’) 
2.1 2.1 2.1 

 

TABLE 2. Macro properties of rock specimen. 

Property 
Laboratory 

test 

Simulation 

Layer 1 Interface Layer 2 

UCS 

(MPa) 
28.01±3.79 28.60±1.52 27.90±0.67 28.10±0.98 

E (GPa) 18.27±3.25 18.21±0.03 18.21±0.09 18.37±0.18 

μ 
0.2418 

±0.0287 

0.250 

±0.003 

0.251 

±0.004 

0.247 

±0.012 

BTS 

(MPa) 
2.55±1.02 4.07±0.182 4.07±0.346 4.25±0.233 

(a) (b)  

(c) (d)  

Fig. 6. Cracks of rock in the laboratory and simulation (layer 1) 

tests. (a) Cracks of rock sample for UCS tests in a laboratory and 

(b) Cracks of rock sample for UCS tests with simulation. (c) 

Cracks of rock sample for BTS tests in a laboratory and (d) Cracks 

of rock sample for BTS tests with simulation. 

Axial stress-axial strain curves for the simula-

tion and laboratory tests are shown in Fig. 7. Accord-

ing to this figure, there is a significant difference 

between the simulation and laboratory tests with 

regards to pre-peak properties. There is a concave 

upward stage called ‗compaction stage‘ in the labor-

atory test at the beginning of compression, because 

the rock sample used in the laboratory test contains 

micro-fractures or pores inside ‎[35]. However, the 

rock specimen used in the simulation is homogeneous 

and isotropic with certain porosity. The similarity in 

properties of stages after compaction and the 

pro-peak properties of the simulation and laboratory 

tests indicate that the failure limit and failure mode 

are almost the same. The stress-strain curves decrease 

rapidly after the peak stress, suggesting that the fail-

ure mode of the rock is brittle. 
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Fig. 7. Axial stress-axial strain curves of the simulation and 

laboratory tests. 

C. Modeling of the Rock Cutting under Confining 

Pressure 

The micro parameters of the parallel bond con-

tact model obtained above were applied to the rock 

specimen. Since stress on a wall cannot be applied 

directly in PFC，servo-controlled velocities were 

applied to the lateral walls to provide confining pres-

sure. A servo-control algorithm was employed to 

adjust the magnitude and orientation of the velocities 

of the lateral walls implemented via a FISH (an em-

bedded programming language in PFC) function 

described in (8) and (9) ‎[28]  

( ) ( )w cur taru G G             (8) 
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n c

S
G

k N t

 



(9) 

where 𝑢̇(𝑤) is the velocity of the lateral walls, σcur 

and σtar are the current stress and the target stress 

respectively acting on the lateral walls, Δσ is the dif-

ference between σcur and σtar, G is the velocity gain, α 

is the relaxation factor used to insure the stability, S is 

the area of the wall, k’n is the average stiffness of 

contacts on the wall, Nc is the number of contacts on 

the wall, t is the time step. 

Firstly, the specimen was compacted to a re-

quired confining pressure vertically and horizontally. 

Rock samples were compacted for subsequent 

rock-cutting simulation under confining pressures of 

0, 2, 5, 10 and 15 MPa. Fig. 8 shows the variations of 

the confining pressure versus the time step during 

compaction using the servo-control algorithm FISH 

function. It can be seen that the loading speed de-

creases until the confining pressure increases to the 

target confining pressure. The volume strain of the 

rock specimen after compaction was calculated via 

(10) and results are summarized in Table 3. 

0

0

c
v

V V

V



 (10) 

where εv is volume strain, V0 is the initial volume 

of rock specimen, Vc is the volume of the rock spec-

imen after compaction.  
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Fig. 8.  Variations of the confining pressure versus the time step 

during compaction. 

After being compacted, the upward wall was 

deleted representing the free surface and a conical 

cutter shaped wall was imported into the left side of 

the rock with a cutting depth of 3 mm. The conical 

cutter shaped wall has a tip angle of 55 ° and a diam-

eter of 19 mm which was treated as rigid without 

wear. The lateral walls were used to provide the con-

fining pressure during the cutting process. Fig. 9 

shows the schematic of the rock cutting model under 

confining pressure. 

Fig. 9.  Rock cutting model under confining pressure. 

IV. LABORATORY TESTS FOR ROCK CUT-

TING DUNER CONFINING PRESSURE

Small-scale cutting tests were carried out with 

the conical cutters under confining pressure. The 

schematic of the small-scale rock cutting rig are 

shown in Fig. 10a. The cutter head used here is an 

alloy head of the real conical cutter with a tip angle 

of 55 ° and a diameter of 19 mm. The dimensions of 

the synthetic rock sample are 150 × 150 × 65 mm. 

Fig. 10b shows the rock sample fixture which fixes 

the rock sample and provides the confining pressure 

by screwing the nut. 
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(a)  

(b)  

Fig. 10.  (a) A schematic of the small-scale cutting rig and (b) the 

rock sample fixture. 

Limited by the measuring range of force sensor 

and space of the test rig, the cutting process was per-

formed with a cutting speed of 6 mm/s, a cutting 

distance of 120 mm and a cutting depth of 3 mm 

under confining pressure of 0 and 2 MPa. During the 

cutting process two components of the force (cutting 

force and normal force) were recorded at a frequency 

of a 1000 Hz and plotted versus the cutting displace-

ment as shown in Fig. 11. In these figures, random 

vibrations of the curve can be observed which are 

induced by the formation of chips. It can be seen that 

the cutting force under confining pressure is much 

larger than that without confining pressure. 
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Fig. 11.  Variations of forces under confining pressures of (a) 0 

and (b) 2 MPa. 

V. SIMULATIONS OF ROCK CUTTING UNDER CON-

FINGING PRESSURE 

Numerical tests were conducted using the grad-

ed particle assembly mentioned above under different 

confining pressures of 0, 2, 5, 10 and 15 MPa. In 

order to insure the reliability of the result, the cutting 

simulation was repeated three times under each con-

fining pressure on different rock specimens which 

were generated with different random numbers. The 

random number determines the distribution of the 

size and position of the particles. Since it would take 

too much time using the real cutting speed of 6 mm/s, 

a cutting speed of 6 m/s and cutting distance of 96 

mm was applied. The time-step is approximately 2.3

×10-8 s/step, so that the displacement of the cutter is 

approximately 1.38×10-4 mm in each step. Com-

pared with the radius of the smallest particle of 0.1 

mm, the displacement of the cutter in each step is 

small enough to guarantee particle assembly in a 

quasi-static equilibrium state. During the cutting 

process, the normal and cutting forces acting on the 

cutter were recorded with the step interval of 10 steps. 

In Fig. 12 the variations of the confining pressure 

during cutting under different confining conditions is 

shown. Considering the sensitivity of the ser-

vo-control algorithm, the confining pressure was 

steady save for a few deviations in the curves. The 

variations of the cutting and normal forces versus the 

cutting displacement under the confining pressure of 

2 MPa are shown in Fig. 13. The mean force and 

mean peak force were obtained from historic data.  
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The results are summarized in Table 3 and the 

mean forces and the mean peak forces are plotted 

versus confining pressures in Fig. 14. The results 

show that as confining pressure increases, the mean 

forces and mean peak forces increase dramatically. 

The increase of volume strain (εv) indicates that the 

rock specimen is denser after being compacted under 

higher confining pressure which may be the reason 

for the increase of the cutting force. 
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Fig. 12.  The variations of the confining pressure during cutting 

under different confining conditions. 
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Fig. 13.  The variations of the forces versus the cutting distance 

under confining pressure of 2 MPa. 

 

TABLE 3. Summary of the rock cutting test results under confining pressure at 3mm depth of cut 

Confining 

pressure(MPa) 
FC±sd (N) FN±sd (N) FC’ ±sd (N) FN’ ±sd (N) εv (10-4) 

0 191.7±158.1 253.3±215.3 330.8±108.4 436.6±154.6 0 

2 221.5±176.4 301.7±277.4 388.7±140.4 579.1±296.7 1.67 

5 312.9±333.8 482.2±412.1 573.7±267.6 765.5±356.6 4.18 

10 323.6±496.4 540.8±629.5 575.9±391.4 805.6±556.9 8.36 

15 375.5±360.9 667.8±550.4 718.0±302.1 1055.6±475.4 12.54 

FC: mean cutting force, FN: mean normal force, FC’: mean peak cutting force, FN’: mean peak normal force, εv: volume strain of rock 

specimen after compacted, ±sd: standard deviation. 
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Fig. 14.  Relationship between the cutting forces and the 

confining pressure. 

During simulation, the initiation and propagation 

of cracks, indicated by broken bonds, was monitored. 

When the contact force exceeds the shear or tensile 

strength, the parallel bond fails and a fracture is gen-

erated. Fig. 15-Fig. 19 show the initiation and propa-

gation of cracks during cutting with confining pres-

sures of 0, 2, 5, 10 and 15 MPa, respectively. These 

figures suggest that shear fractures (in green) are 

dominant at initiation of the cracks while the propa-

gation of cracks are induced by tensile fractures (in 

black) which is in accordance with the maximum 

tensile stress criterion proposed by Evans ‎[36]. 

From these figures, it is shown that the confin-
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ing pressure has a significant influence on the propa-

gating orientation and length of the cracks. The 

mechanism of the initialization of the cracks and chip 

formation are similar under different confining pres-

sures. Firstly, shear fractures were formed beneath 

the cutter and particles connected to the cutter sepa-

rated from the rock sample as powder. As the cutter 

advanced, tensile fractures increased and coalesced to 

form macro-cracks. Macro-cracks are divided into 

vertical and horizontal cracks and the horizontal 

cracks propagate to the free surface to induce chips. 

The main difference between the different confining 

conditions is the propagating orientation and length 

of the primary cracks. For unconfined conditions, 

vertical and horizontal propagation of the cracks were 

observed. The vertical cracks are almost perpendicu-

lar to the free surface of the rock sample and propa-

gate to a certain depth. The horizontal cracks propa-

gate to the free surface and induce chips. As the con-

fining pressure increased, vertical cracks tilted and 

were restricted, while horizontal cracks induced chips 

until the confining pressure was 15 MPa. The crack 

propagation and chip generation suggest that the 

failure mode of the rock is brittle. When the confin-

ing pressure was 15 MPa, propagation of all cracks 

was restricted and the ductile failure mode of rock 

was observed. It can be concluded that 15 MPa is the 

critical confining pressure at which the failure mode 

of rock translates from brittle to ductile. A similar 

conclusion was also obtained by Gnirk and 

Cheatham ‎[11] and Chen and Labuz ‎[12]. Hence, the 

critical confining pressure/compressive strength ratio 

is 0.53 for the synthetic rock used in this study.  

 

 

 

 

 

Fig. 15.  Initiation and propagation of cracks with a confining 

pressure of 0 MPa. 
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Fig. 16.  Initiation and propagation of cracks with a confining 

pressure of 2 MPa. 

 

 

 

 

 

Fig. 17.  Initiation and propagation of cracks with a confining 

pressure of 5 MPa. 

 

 

 

Fig. 18.  Initiation and propagation of cracks with a confining 

pressure of 10 MPa. 
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Fig. 19.  Initiation and propagation of cracks with confining 

pressure of 15 MPa. 

VI. COMPARISON OF SIMULATION AND LABORATORY 

RESULTS 

The comparison of the mean forces and standard 

deviations obtained from the laboratory and simula-

tion tests are shown in Fig. 20. It shows that the DEM 

simulation gives a good prediction of the changes of 

forces while confining pressure increases. The reason 

for the distinction in value of the mean force and 

standard deviation is the disadvantage of the 

PFC2D ‎[37]. In two dimensions, the cutter is regarded 

as a cone-shaped plate with unit thickness, while the 

real cutter is conical-shaped in three dimensions [39]. 

However, it is more vivid and intuitive to observe the 

initialization and propagation of cracks in PFC2D for 

small-scale tests since fractures are presented by 

segments in PFC2D and disks in Particle Flow Code in 

3 dimensions (PFC3D). The propagation of mac-

ro-cracks can be represented as coalesced segments 

in PFC2D while disks are isolated in PFC3D. However, 

in order to predict the cutting force [40] more accu-

rately, PFC3D should be employed in future work. 
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Fig. 20.  Comparison of mean forces and standard deviations 

obtained from the laboratory and simulation tests. 

VII. CONCLUSION 

The DEM simulation can provide valuable in-

formation during cutting. In this paper, a 2D graded 

particle assembly was generated and a series of rock 

cutting numerical simulations under different confin-

ing pressures was carried out. During the cutting 

processes, the cutting and normal forces were rec-

orded. The initialization and propagation of cracks 

during the rock cutting were dynamically displayed. 

The results of the laboratory rock cutting tests were 

also presented. 

The results show that the confining pressure has 

significant influence on the cutting force and propa-

gation of cracks. Larger mean forces and mean peak 

forces were required in higher confining pressure 

conditions. As confining pressure increased, the 

propagation of the tensile crack was restricted which 

induced the transition of the rock failure mode from 

predominantly brittle failure to predominantly ductile 

failure. The critical confining pressure/compressive 

strength ratio of the failure mode transition for this 

synthetic rock was found to be 0.53. 

Additionally, reasonable agreements of the force 

variation trend were obtained between the simulation 

and experimental tests which verified the validity of 

the DEM rock cutting model. However, due to the 

limitation of the laboratory equipment, the tests under 

confining pressure higher than 2 MPa were not con-

ducted. In future research work, higher confining 

pressure and different types of rock will be taken into 

consideration and the influence of rock properties on 

the critical confining pressure index will be investi-

gated.  
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