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Abstract The efficiency of TBM performance affected

by the specific s/p (s: spacing and p: penetration) ratio of

the disc cutter is a research issue in demand. This article

presents a multi-indentation simulation using discrete

element method (DEM) analysis to study the optimal

rock-cutting phenomena in terms of the interaction of the

s/p ratio with intact rock properties. The multi-indentation

simulation attempts to represent a linear cutting machine

(LCM) test, which is a full-scale test for evaluating the

optimal rock-cutting condition and measuring required

reaction forces based on the intact rock condition in

general practice. A governing equation relating mechani-

cal rock properties with geometric characteristics for the

optimal rock-cutting condition is derived by the numerical

simulation, and its performance is evaluated with the

result of the laboratory LCM tests. The results of simu-

lations and real LCM tests show that the effective rock-

cutting condition corresponding to the minimum specific

energy can be estimated by an optimized s/p ratio, which,

in turn, is linearly proportional to the square of the

material brittleness, B2, and cutter tip width, t (i.e., s/

p = cB2t, where c is coefficient). The limitation of the

numerical simulation associated with the sample prepa-

ration is also discussed.

Keywords LCM � DEM � Multi-indentation �
s/p ratio � TBM � Brittleness

List of symbols

A Contact area of indenter

Ac Total crack areas

a Internal crack angle

B Brittleness

c Constant coefficient
~D Average diameter of assemblage

d Arbitrary position angle

E Young’s modulus

E0 Young’s modulus for plane strain

Fc Crack-related force

Ft Peak load of indenter

GIC Strain energy release rate for mode I

KIC Fracture toughness for mode I

Kn Normal stiffness

ks Shear stiffness

l Friction coefficient

v Poisson’s ratio

p Penetration of disc cutter

h Contact angle between disc and rock sample
_h Angular velocity

H Material hardness

L Unit length

Nc Number of debonded particles

rc Chipping radius

s Spacing of disc cutter

rc Compressive strength

rt Tensile strength

t Tip width of disc cutter

Tn Normal bonding

Ts Shear bonding

s Shear strength

Ut Total energy

Us Strain energy
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Uf Friction energy

va Tangential velocity

vax x Component of tangential velocity

vay y Component of tangential velocity

1 Introduction

With rapid growth of the use of tunnel boring machines

(TBMs), extensive research has been conducted to achieve

a more comprehensive understanding of various facets of

TBM technology. TBM performance and efficiency are

heavily dependent on the rock properties, such as strength

and stiffness, as well as the geometric characteristics of

machine, such as disc cutter array, disc diameter, and tip

width. Roxborough and Phillips (1975) observed the

influence of the spacing, s, and penetration, p, of a disc

cutter versus the magnitude of cutting forces and specific

energy from a liner cutting machine (LCM) test, which is a

full-scale test for evaluating the optimal rock-cutting con-

dition and measuring reaction forces required. The specific

energy is calculated by requirement energy per unit volume

of rock chipping (Teale 1965). Roxborough and Phillips

(1975) also suggested that the optimized s/p ratio is cor-

related with the ratio of compressive strength, rc, to shear

strength, s, of the rock. Snowdon et al. (1982) from labo-

ratory experiments showed that there is a constant s/p ratio

for minimum specific energy. However, they explained that

there is no simple relation between the optimized s/p ratio

and any combination of the rock strength parameters.

Rostami and Ozdemir (1993) postulated that there are three

different chipping patterns in terms of specific spacings,

and also there is an optimal rock-cutting spacing corre-

sponding to an effective rock-cutting condition. Most

recently, Gertsch et al. (2007) conducted a series of full-

scale laboratory disc-cutting tests, shown in Fig. 1, and

showed that a certain disc cutter spacing is close to the

optimum specific energy in hard, brittle, crystalline rock.

Lawn and Swain (1975) and Swain and Lawn (1976)

observed and analyzed two main types of crack formation

from point indentations in brittle solids; after the creation

of the irreversible crush zone under the indenter, median

vents are formed during loading conditions, and then lateral

vents under tensile failure mode are formed during

unloading conditions, spreading sideways toward the

specimen surface. Even though the rock fragmentation

process over the disc cutter occurs by more complicated

interactions among normal, rolling, and side forces, the

theoretical and experimental studies on rock fragmentation

using the indentation tests are generally adaptable to

understanding the rock-chipping mechanism of the disc

cutter since the rock fragmentation of the disc cutter is also

a process of repeated loading and unloading induced by the

circular shape of the disc cutter with continuous moving.

Numerical methods to provide better understanding of

rock fragmentation processes have been employed by sev-

eral researchers. Cook et al. (1984) examined the effects of

indenter size and confining stress on the rock indentation test

and compared it with numerical simulation based on the

finite element method (FEM). Liu et al. (2002) performed

numerical simulation, R-T2D, of the rock fragmentation

process using single or simultaneous multi-indenters under

constant displacement control with various high confining

stresses. For the indentation simulations, high confining

stress was required to generate rock chipping. Gong et al.

(2006a, b) performed single and simultaneous multi-inden-

tation numerical simulations to investigate joint spacing

effects using the discrete element method (DEM) based on

the fixed boundary condition and load-controlled indenters.

The aforementioned numerical studies of the single or

multi-indentation rock-cutting tests well presented the

considerable rock-chipping process and comparable crack

patterns in accordance with laboratory tests. However, the

loading and boundary conditions of the numerical studies

did not fully represent the LCM test. The LCM test is in

general carried out under a constant penetration depth with

Fig. 1 Schematic view of the linear cutting machine (LCM) of the

Colorado School of Mines (CSM)
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sequential multi-cutting paths with application of no

additional confining stress on the rock sample. The rock

sample of the LCM test is also preconditioned by several

cuts before data acquisition to ensure that the rock surface

reaches the same degree of steady state as found on a TBM

tunnel face (Gertsch et al. 2007).

Cho et al. (2010) performed a three-dimensional

dynamic numerical analysis based on the FEM for simu-

lating the LCM test under non-reflective boundary condi-

tions with sequential multi-cutting paths to represent more

realistic boundary conditions and the process of the LCM

test. For illustrating crack and chipping formation on the

modeling, a numerical elimination technique triggered by

pre-determined tensile strength was employed.

While the relation of cutting forces or specific energy to

the configuration of the disc cutter may be understood to

some extent, the interaction of these with rock properties has

not been fully defined. Many performance prediction models

have proposed relating the failure mechanism with rock

strength parameters, such as compressive strength, tensile

strength or shear strength. Because of the complex nature of

the cutting process, however, the failure mechanism cannot

be fully explained by just one of these parameters.

This article illustrates the rock-chipping process on the

basis of the fracture mechanics and implies the most

important mechanical parameters for optimal rock-cutting

conditions using a particle flow code (PFC2D 1999). The

PFC2D is a discontinuum code and allows crack formation

and its propagation through the system (Potyondy and

Cundall 2004). Initially, a synthetic rock material is cali-

brated by using uniaxial compressive strength (UCS) and

Brazilian strength (BTS) tests. Then, a series of the

sequential multi-indentation tests to represent the labora-

tory LCM test is carried out under similar loading and

boundary conditions as in the LCM test. Furthermore, a

parametric study is implemented using various rock prop-

erties under the various rock-cutting conditions in order to

develop a governing equation of the optimal rock-cutting

condition. The governing equation is then validated with

the result of the laboratory LCM tests. It is noted that an

anisotropic effect due to the presence of defects and/or

joints of rock specimens is beyond the scope of this study.

2 Model Preparation with Calibration

A two-dimensional bonded particle model (BPM) detailed

by Potyondy and Cundall (2004) has been employed with

randomly sized particles using the distinct element code,

PFC2D. The particles are assumed to be rigid, and the

behavior of the assembly is characterized by the linear

stiffness model, the contact-bond model, and the slip

model. The linear stiffness model provides a linear

relationship between contact force and relative displace-

ment. The contact-bond model controls strength features of

a synthetic material using the bonding strength. The slip

model allows for slip between two contacting particles.

An attempt is made to numerically create a sample of

Idaho basalt. The known macroscopic properties of Idaho

basalt measured from the laboratory tests such as Young’s

modulus, E, Poisson’s ratio, t, compressive strength and

tensile strength, rt, should be captured through the inter-

action of the microscopic properties of particles that have

normal bonding strength, Tn, shear bonding strength, Ts,

normal stiffness, Kn, shear stiffness, ks, and friction coef-

ficient, l.

Unfortunately, there is no straightforward method cur-

rently available to calibrate the synthetic rock material

from the micro properties. However, several researchers

have attempted to improve and simplify the calibration

procedure. Moon et al. (2007) evaluated the relationship

between micro and macro properties in PFC2D on syn-

thetic rock by simulating UCS, BTS, and notched Brazilian

tests. Yoon (2007) provided a new approach to calculate

proper micro parameters for model generation by using the

Plackett-Burman (PB) design method and Central Com-

posite Design (CCD) method, including an optimization

process. For the current study, the same calibration process

done by Moon et al. (2007) is applied in the numerical

model by using UCS and BTS tests as shown in Fig. 2.

Potyondy and Cundall (2004) demonstrated the scale

effect of the particle is not significant in rock modeling

under compressive loading conditions. The number of

particles, i.e., the size of particles for the current model, is

decided on the effective model run times and model size

after evaluating the various scaled models. Thereafter,

9,156 and 3,574 particles are used to make up the USC and

BTS samples, respectively. The average radius of particles

is 0.39 mm. The radius of the particles ranges from 0.3 mm

to 0.49 mm with normal distribution. The synthetic speci-

men is created by the technique of expansion elimination of

particles described by Potyondy et al. (1996). This tech-

nique is available to control both the size distribution and

packing density at the same time.

Table 1 presents micro and macro properties of the

synthetic sample and experimental results of Idaho basalt.

As shown in Table 1, the simulation and experimental

results are comparable to each other except the values of

the compressive strength, in which the values of the syn-

thetic samples are smaller than that of laboratory test.

Further discussion on the discrepancy in compressive

strengths between synthetic and natural samples is given in

a later section.

After calibrating the Idaho basalt, the strain energy release

rate, GIC, to estimate fracture resistance is calculated by an

energy balance approach on the basis of the Griffith theory
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(1921). According to Griffith, a crack can be extended when

the theoretical strength of the material is reached at the crack

tip. The source of energy for crack propagation is the strain

energy released as the crack extends. The measure of GIC on

the DEM based upon the energy balance approach (Moon

et al. 2007) is obtained by the derivative of crack energy, Uc, in

terms of crack area, Ac, as follows:

dUc

dAc
¼ d Ut � Usð Þ

dAc
¼ GIC ð1Þ

The crack energy, Uc is

Uc ¼ Ut � Us ð2Þ

where Ut is a total accumulated work done by the moving

walls on the assembly, and Us is a strain energy computed

by the amount of overlap at all contacts between particles

in the assembly. Ac is defined as

Ac ¼ Nc
~DL ð3Þ

where Nc is a number of debonded particles, and ~D is an

average diameter of the assemblage. L is a unit depth (1 m). It

is assumed that the unit crack length is approximately

equivalent to ~D (Huang 1999). The measure of GIC in Eq. 1

is converted to fracture toughness, KIC, shown in Table 1 on

the basis of the linear fracture mechanics (LEFM) as the

following relation:

GIC ¼
K2

IC

E0
ð4Þ

where E0 is plain strain Young’s modulus. The measure of

KIC from the numerical simulation and Eq. 4, and the

notched Brazilian test proposed by Yarema and Krestin

(1966) have good agreement, as shown in Table 1.

3 Fragmentation Process Induced

by a Multi-Indentation Test

A multi-indentation simulation using the synthetic rock

material is performed to represent LCM test. The dimen-

sion of the rock sample composed of 23,513 particles is

20 cm wide and 7 cm tall, as shown in Fig. 3. The size of

the rock sample is determined by considering both minimal

boundary effects and effective model run time. Fixed

boundary conditions for the sides and bottom of the walls

are applied with no confining stresses.

Figure 4 shows the side and front views of the disc cutter

to present each velocity component of the disc cutter. A

loading condition of the disc cutting over the two-dimen-

sional simulation is varied in terms of a contact point

between disc cutter and rock sample, which is as a function of

the cutter radius, Rc, and the constant transversal velocity of

the disc cutter, vt. The tangential velocity, va, is calculated by

10.4 cm

5.2 cm

5.2 cm

(a)

(b)

Fig. 2 Two-dimensional

simulated disk assemblies for

a UCS (9,156 particles; 10.4 cm

height with 5.2 cm width) and

b BTS sample (3,574 particles

and 5.2 cm diameter)

Table 1 Micro and macro

properties for synthetic samples

in DEM

Micro properties

(PFC2D)

Macro properties

(PFC2D)

Macro properties

(laboratory)

Tn 0.18 MN/m rc 28.4 MPa rc 35–63 MPa

Ts 0.32 MN/m rt 6.6 MPa rt 1.7–8.4 MPa

Kn 30 GN/m2 E 9.66 GPa E 9 GPa

ks/Kn 0.25 m 0.21 m 0.22

Grain radius mean 0.39 mm KIC 0.81 MPaHm KIC 0.88 MPaHm
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the relationship between the transversal velocity, penetration

depth and cutter radius.

va ¼
vthRc

Rc sin h
¼ vth

sin h
ð5Þ

where h is the contact angle between the disc and rock

sample at the full penetration depth. The tangential velocity

of the y component at any contact point is given by

vay
¼ va sin d ð6Þ

where d is the angle of an arbitrary contact point between

cutter and rock sample. Equation 6 implies the velocity of

the indenter is gradually decreased as the penetration depth

increases. In this study, 8.4 mm of the cutter tip width,

0.254 m/s of the translational velocity, 4 mm of the pen-

etration depth and 12.7 cm of the cutter diameter are used

for representing the mini disc cutter (5 inches).

Figures 5 and 6 show a series of snapshots of the for-

mation of crack systems and internal reaction forces. At

the very beginning stage of the indentation test, the

specimen deforms elastically. A highly stressed zone

develops under the indenter, as shown in Fig. 6a. Higher

reaction forces correspond to the relatively thicker lines.

The compressive and tensile modes are implied by gray

and black colors, respectively. The compressive force

shows a radiating fan-shaped distribution, and the tensile

force shows an outward circular propagation that is

approximately perpendicular to the compressive forces.

During the beginning stage, some defects are formed

around the indenter as shown in Fig. 5a, and then mainly

median cracks with a minor crush zone beneath the

indenter are formed and propagated downward with the

tensile failure mode (Fig. 5a, b), which is developed under

the increased loading condition of the rock sample as

shown in Fig. 7 between point (a) and (b) where the letters

(a)–(d) correspond to the letters (a)–(d) associated with the

snapshots shown in Figs. 5 and 6. After the peak load, the

radial cracks are initiated and propagated with the more

expended crush zone (Fig. 5b, c) as shown in Fig. 7, point

(b), (c). During the formation of the crush zone, volumetric

Fig. 3 Sample dimensions for

the multi-indentation test;

20 cm width with 7 cm height;

s is spacing between two

indenters

p

θ

x

y

δ

vt

av

y

z

Tip width

Rc

vax

vay

θ
.

Fig. 4 Schematic view of disc

cutter illustrating each velocity

and geometric component.

Shown quantities are h: contact

angle between the disc and rock

sample at full penetration depth,
_h: angular velocity, Rc: cutter

radius, va: tangential velocity,

vt: translation velocity of disc

cutter, d: arbitrary angle at any

contact point
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expansion takes place around the crush zone, which leads

to a further tensile mode. As shown in Fig. 5d, the radial

crack more clearly turns into a free surface such that small

chipping is formed. At this stage, the velocity of the

indenter is almost zero, and there are no significant reac-

tion forces.

After completing the first indentation test, the second

indentation test is successively implemented with a

Fig. 5 The result of the

simulation for rock

fragmentation process induced

by first indenter

Fig. 6 The result of the

simulation illustrating the

internal forces: compressive

(gray color) and tensile (black
color) forces induced by first

indenter
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particular spacing. Figures 8 and 9 show a series of snap-

shots of the formation of crack systems and internal reac-

tion forces for the second indentation. At the beginning

stage shown in Fig. 9a, tensile and compressive reaction

forces gradually increase under the indenter. Micro cracks

are initiated around the indenter, as shown in Fig. 8a. As

the penetration of the second indenter increases, median

cracks are similarly initiated and propagated around the

indenter (Fig. 8b). After the peak load as shown Fig. 10,

point (b), the radial crack propagates further leftward with

an approximately circular shape under the tensile failure

mode (Fig. 8c, d). Therefore, a big chip is created between

the indenters. In the final stage shown in Fig. 10, point (d),

there are no significant reaction forces except the repeated

peak-through behavior due to the collapse of the sample.

4 Measure of Specific Energy

A series of multi-indentation simulations are conducted

with various s/p ratios for evaluating the optimal rock-

cutting condition. Two different penetration depths, 4 and

5 mm, are used for tracing the variation of specific energy

and also for comparing the optimized s/p ratio with the two

different conditions. The result of the tests is summarized

in Table 2.

The chipping formations under 4 mm penetration with

various spacing ranging from 3 to 6.35 cm are shown in

Fig. 11. The size of chipping varies according to the dif-

ferent spacing. Figure 11a shows an over-broken chip

resulting from the narrow spaced cutters. Therefore, the

specific energy becomes high and the efficiency of the

cutting is low. When increasing the spacing to 4 cm,

the required total energy is almost the same as the case of

the 3 cm spacing, but the chipping area slightly increases

without over-break. For the 5 cm spacing, the size of the

chip increases, and the required total energy is increased as

well (Table 2). For the 6.35-cm spacing shown in Fig. 11d,

the main chipping between two indenters is not formed

because of too largely spaced cutters; thus, a groove

occurs. Overall, the minimized specific energy is obtained

at the 4 cm spacing, and the optimum s/p ratio is about 10.

The variation of the total energy in terms of spacing

shown in Fig. 12 illustrates that the total energy increases

until a certain spacing, and then it is approximately con-

stant, although the spacing increases. The optimum con-

dition in general takes place around this inflection since a

wider spacing than that of the inflection point does not

provide a full chipping condition; instead, cracks are iso-

lated around the indenters.

0.000 0.001 0.002 0.003 0.004 0.005
0.00

1.50x10
5

3.00x10
5

4.50x10
5

6.00x10
5

d
c

b
a

N
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m
al
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ct
io

n 
Fo
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e 

[N
]

Displacement [m]

Fig. 7 Force-displacement graph induced by the first indenter

Fig. 8 The result of simulation

for the rock fragmentation

process induced by the second

indenter
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The relationship between the specific energy and the s/p

ratio presented in Fig. 13 shows that the optimum s/p ratio

is about 10–10.5 in both of the two different penetration

depths. Thus, under fixed penetration conditions, a critical

spacing exists; as penetration depth increases, the critical

spacing tends to be increased such that the optimum s/p

ratio provides an approximately constant value similar to

the laboratory LCM test.

5 Parametric Study for Optimized s/p Ratio

A governing equation of the optimized s/p ratio is derived

on the basis of the LEFM. Figure 14a shows a rock-chip-

ping formation from the laboratory LCM test, and Fig. 14b

presents a typical cross-sectional view of the rock chip

having a longish circular shape under the optimal rock-

cutting condition. A simplified general pattern of the

optimized rock-cutting condition as shown in Fig. 15

would assume that the chip is favorably formed by a

dominant single path with a circular shape to make a larger

chip formation in terms of efficient energy usage.

When material properties and cutter geometry are con-

stant, the chipping volume depends on the penetration

depth. As the penetration becomes deeper, the optimized

spacing would be larger with a similar chipping angle, a
(Fig. 15b). Under the LEFM, the required energy per the

optimal chipping area can be defined as

GIC /
Fcp

rc 2að Þ 1mð Þ ð7Þ

where rc shown in Fig. 15 is the chipping radius, rc ¼
s=2 sin a and Fc is a crack driving force. Equation 7 can be

rearranged as a function of the s/p ratio such that the

optimized chipping pattern is given by

s

p
/ Fc sin a

2GICa 1mð Þ ð8Þ

From a practical point of view, Eq. 8 is simplified as

Eq. 9 since the range of the chipping angle observed from

the result of the simulations and laboratory tests is

approximately 10� to 40� such that the range of sin a/a is

about 0.995–0.921, which is ignorable.

s

p
/ Fc

GIC 1mð Þ ð9Þ

Under the constant penetration depth, the optimized

spacing is defined by Fc=GIC. The unknown Fc related to

Fig. 9 The result of the

simulation illustrating internal

forces: compressive (gray
color) and tensile (black color)

forces induced by the second

indenter
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Fig. 10 Force-displacement graph induced by the second indenter
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the chipping formation is considered a function of major

controlling parameters, rc, E and tip width, t, determined

on the basis of indentation fracture mechanics (Swain and

Lawn 1976). Thus, the controlling set of the parameters is

given by

s

p

� �
GIC

�
r2

c

E
t

� �
¼ c ð10Þ

where c is a constant and its value is also affected by the

disc cutter geometry.

In order to validate Eq. 10, a series of multi-indentation

simulations using the various material properties and dif-

ferent size of the disc cutters are performed. The detailed

rock-cutting conditions including synthetic material prop-

erties are summarized in Table 3. The relation between the

numerator and denominator of Eq. 10 is presented in

Fig. 16, and the trend line is indicated by the dotted line

with 78% correlation; R2 and c is 1.17 for the simulated

rock-like synthetic materials.

6 Application of Results and Discussion

Available rock-cutting data collected from literature

resources (Roxborough and Phillips 1975; Snowdon et al.

1982; Cho et al. 2010) are applied to Eq. 10 for evaluating

Table 2 Summary of the multi-indentation tests

Penetration

(mm)

Spacing

(cm)

Total energy

(Nm)

Chip area

(m2)

Specific energy

(Nm/m2)

s/p ratio

(dimensionless)

4.0 3.0 1,704 9.17 9 10-5 1.86 9 107 7.5

4.0 4.0 1,704 1.14 9 10-4 1.50 9 107 10.0

4.0 5.0 1,988 1.19 9 10-4 1.66 9 107 12.5

4.0 6.4 1,953 Minor isolated chipping 15.9

5.0 4.0 1,736 7.35 9 10-5 2.36 9 107 8.0

5.0 5.0 1,678 9.53 9 10-5 1.76 9 107 10.0

5.0 5.5 1,905 9.72 9 10-5 1.96 9 107 11.0

5.0 6.1 1,922 Minor isolated chipping 12.1

(a) (b)

(c) (d)

Spacing: 3 cm Spacing: 4 cm

Spacing: 5 cm Spacing: 6.35 cm

Fig. 11 Plots of multi-

indentation tests for 0.004 m of

penetration depth; dot line

implies chipping area
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the performance of the proposed equation. The material

properties and optimum s/p ratio are summarized in

Table 4. The diameter of the disc cutter used was varied

from 20 to 43 cm and Young’s modulus, indicated by

superscript star (E*) in Table 4, is estimated by general

representative values of the origin of rocks (Lama and

Vutukuri 1978). Fracture toughness, KIC, for converting to

GIC is estimated by using Zhang’s formula (2002), apply-

ing a simplified relationship between the fracture toughness

and the tensile strength. The suggested equation is given by

KIC ¼ 0:1453rt MPa
ffiffiffiffi
m
p� �

ð11Þ

The mechanical properties of the rock samples show a

linear relation as shown in Fig. 17 with 0.14 of the

coefficient and 68% of correlation, R2, given by

s

p
¼ 0:14

r2
ct

EGIC
ð12Þ

It is interesting to note that the coefficient on Eq. 12 is

smaller than that on Eq. 10 calculated using the rock-like

synthetic materials. This is hardly surprising given that

inevitable limitations exist when the actual rock failure

behavior is represented by the numerically synthetic

materials by means of the conventional PFC2D

(Diederich 2000; Potyondy and Cundall 2004; Cho et al.

2007). Generally, most intact rock shows that the ratio of

compressive strength to tensile strength roughly ranges

from 5–10. For synthetic materials used in the simulations,

however, as indicated in Table 1, the ratio of compressive

strength to tensile strength is 4.3. This low value of the

coefficient results from the difficulty of developing the

synthetic specimen from micro-properties to macro-

properties on the one hand and the natural difference

between actual rock and synthetic specimens, such as flaws

and grain shapes of actual rocks, on the other hand, as

described above researchers. Therefore, the higher

coefficient in Eq. 10 is primarily a consequence of the

lower strength ratio (rc/rt), but within the range of possible

strength ratios of the rock.

By combining Eq. 4 into Eq. 12, a more simplified

relation, Eq. 13, is obtained for the optimal s/p ratio and

mechanical properties.

s

p
¼ cB2t ð13Þ

where c is 0.14 of the coefficient, and B is material

brittleness, as defined by Lawn and Marshall (1979), i.e.,
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Fig. 12 Variation of total energy in terms of spacing
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Fig. 13 Variation of total energy according to various s/p ratios

Fig. 14 The representation of

a rock-chipping distribution

after a real LCM test and b the

typical chipping shape at

optimal rock-cutting conditions
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B ¼ H=KIC, where H is material hardness quantified by

the resistance of a material to plastic deformation given

by H ¼ Ft=A, where Ft is a peak load, and A is a

contact area of indenter. The material hardness of the

indentation analysis is conceptually comparable to the

compressive strength of rock mechanics. Thus, Eq. 13

indicates that the more brittle rock material and the

thicker disc tip width lead to a higher optimal s/p ratio.

The thicker disc tip width of course demands a higher

thrust force. Although some simplifications are involved

in Eq. 13, the governing equation in terms of brittleness

and tip width is applicable for estimating the optimal

rock-cutting condition. A further study of the cutting

process with the actual cutter shape and mechanical

conditions such as pre-conditioning of the rock sample is

desirable in conjunction with extensive experimental

data.

2αr
s

Chipping area

Chipping area

s'
c cr' 2α

α α

Fig. 15 Schematic

representation of rock chipping

under optimized rock-cutting

conditions. rc is chipping radius,

s is spacing, and a is internal

crack angle between indenters.

a Shallow penetration, b deep

penetration

Table 3 Measures of micro and macro material properties of synthetic materials including cutter dimensions for multi-indentation simulation

Micro material properties Macro material properties Cutter dimension

l Tn (kN/m) Ts (kN/m) Kn (GPa) Ks (GPa) E (GPa) m rc (MPa) GIC (N�m/m2) Rc (m) Tip width (mm)

0.5 15.8 31.6 30.0 7.5 8.74 0.24 28.4 97.1 0.06 8.4

1.0 15.8 31.6 30.0 7.5 8.74 0.24 29.0 90.8 0.06 8.4

1.0 15.8 31.6 60.0 15.0 17.4 0.24 27.6 54.3 0.06 8.4

0.5 31.6 63.2 30.0 7.5 8.86 0.24 58.2 262.1 0.06 8.4

0.5 31.6 31.6 30.0 7.5 8.82 0.24 44.8 213.2 0.06 8.4

0.5 7.9 31.6 30.0 7.5 8.62 0.25 15.6 27.2 0.06 8.4

0.5 23.7 47.4 120.0 30.0 34.4 0.24 43.1 132.1 0.06 8.4

0.5 39.5 79.0 40.0 10.0 11.5 0.24 70.5 400.9 0.06 8.4

0.5 15.8 31.6 30.0 7.5 8.74 0.24 28.4 97.1 0.1016 8.4

0.5 15.8 31.6 30.0 7.5 8.74 0.24 28.4 97.1 0.1016 13.0

0.5 15.8 31.6 30.0 7.5 8.74 0.24 28.4 97.1 0.2 8.4

0.5 15.8 31.6 30.0 7.5 8.74 0.24 28.4 97.1 0.1016 10.0

0.5 31.6 63.2 60.0 15.0 17.5 0.24 55.8 247.8 0.1016 8.4

0.5 7.9 15.8 60.0 15.0 17.2 0.24 14.0 14.9 0.06 10.0

0.5 23.7 47.4 40.0 10.0 11.6 0.25 46.1 172.1 0.06 10.0

0.5 31.6 63.2 10.0 2.5 3.04 0.26 66.7 845.9 0.06 10.0
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Fig. 16 Plot of Eq. 10 from the results of numerical simulations
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7 Conclusions

Multi-indentation tests for simulating the LCM test were

used for investigating the process of rock fragmentation

and finding the optimized s/p ratio in conjunction with

intact rock properties through the use of the discontinuum

code. The indentation tests were executed sequentially for

representing the LCM test.

The rock fragmentation process performed by multi-

indentation tests under the varied loading conditions with

no confining stresses to represent proper boundary condi-

tions of the laboratory LCM test showed similar crack

formations and patterns with the experimental results from

real LCM tests; initially the crush zone is formed beneath

the indenter; then median cracks are initiated and propa-

gated, while the reaction forces of the rock sample

increase. After the peak load, radial cracks are formed with

the expanded crush zone. During the second indentation

simulation, the radial cracks are further propagated to the

previous damaged zone induced by the first indentation.

Therefore, a big chip is generated between two indenters.

However, certain more widely spaced indenters than the

critical spacing could not form a big chip; instead, the

cracks are isolated near the indenters and form a groove. In

such a case, a higher penetration depth is required for the

formation of the full chipping condition. Thus, this result

provides confidence that the numerical simulation per-

formed here can be a useful tool to study the optimal rock-

cutting conditions in terms of various rock properties and

rock-cutting conditions.

The parametric study of the multi-indentation simula-

tions indicates that there is a linear relationship between

the optimal s/p ratio and mechanical properties, r2
c

�
EGIC,

which turned out to be rc=KICð Þ2 defining the square of the

material brittleness, B2. Therefore, the implications of this

study for disc-cutting performance are that the optimized s/p

ratio is mostly governed by material brittleness and cutter

tip width.
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