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Abstract Rock fragmentation processes induced by
double drill bits subjected to static and dynamic loading are
examined by a numerical method. Micro-heterogeneities of
the rock are taken into account in this numerical model.
For the static case, the simulated results reproduce the
progressive process of brittle rock fragmentation during
indentation. For the dynamic case, numerical simulations
represent radial cracks, incipient chips, pulverized zones,
and shell cracks. Comparing the static and dynamic cases,
the dynamic loading can lead to rock fragmentation more
efficiently. In addition, numerical results indicate that the
dynamic pressure (Pn.x) plays an important role in the
failure process of specimens with two indenters. Further-
more, the heterogeneity of the rock can also affect the
failure modes of the rock when two indenters are used.
Finally, the numerical results demonstrate the effect of the
spacing between the indenters on the rock.
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1 Introduction

Rock fragmentation with a drill bit is an effective tech-
nique in mining engineering. Usually, the kinetic energy is
transferred by means of a stress wave through the drill bit,
until it reaches the end in contact with the medium to
produce failure and fractures of rocks (Chiang 2004). Many
experimental tests have been carried out in the past decades
to investigate the mechanism of rock fragmentation
(Wagner and Schumann 1971; Hustrulid and Fairhurst
1972; Lindqvist 1982; Cook et al. 1984; Pang and Goldsmith
1990; Lindqvist et al. 1994; Mishnaevsky Jr 1995; Kou
1995). These experiments have been essential for observ-
ing rock fragmentation phenomena and then to establish
models to study failure mechanisms of rock due to
mechanical tools. For example, researchers have performed
indentation tests on different rocks subjected to indenters
of various shapes and sizes, with the force-penetration
behavior being recorded and the formation of craters and
fractures being investigated (Lindqvist 1982; Cook et al.
1984; Pang and Goldsmith 1990). Based on experimen-
tal results, there are basically three systems of cracks
according to their positions related to the indenter, i.e., side
cracks, radial cracks, and median cracks (Kou 1995; Paul
and Gangal 1969; Liu et al. 2008). Fully developed side
cracks on each side of the indented area can connect with
those induced by neighboring indenters to form chips. This
forms the so-called conceptual model for fracture patterns
induced by indenters (Kou 1995). In addition, Paul and
Gangal (1969) reported that at the point of contact with the
rock surface a bulb of very high hydrostatic pressure is
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generated by the high bearing stresses. The general picture of
fractures in rocks under indentation is summarized in Fig. 1.
Many details can be added into this simple description
(Lindgvist 1982; Kou 1995; Hood and Alehossein 2000;
Detournay et al. 2008).

However, due to the anisotropy and heterogeneity of
rock, the process of fracture initiation, propagation, and
coalescence under mechanical indentation is rarely
observed directly in standard laboratory tests. Moreover, it
is also difficult for empirical and purely analytical models
to study the complex problems of rock fragmentation with
a drill bit due to their simplified assumptions. For example,
the cavity expansion model was extended by Johnson
(1985) for wedge or cone indentation in a Tresca material.
Alehossein et al. (2000) used this model to predict the
indentation of rock by blunt tools. However, this model
is usually assumed that the material is homogeneous.
Accordingly, the process of fracture propagation and
interaction due to drill bit action in heterogeneous rock is
difficult to understand with this model. Although fracture
mechanics has been used to derive a simple analytical
formula to evaluate the cutting or penetrating forces (Zhao
et al. 1994), the heterogeneity of the rock is generally
neglected in fracture mechanics models.

Numerical techniques based on the finite element
method (FEM) have been developed to simulate the impact
problem in rock drilling. Kumano (1980) proposed a model
to study the rock response due to impact loads and simu-
lated the impact of projectiles on granular and porous rock.
In this model, it is assumed that all the kinetic energy of the
projectile is used in crushing and plastic deformation, with
the effect of wave propagation being neglected. Wang and
Lehnhoff (1976) used a FEM model to simulate the chip
formation due to penetration into the rock. Unfortunately,
the dynamic interaction between the hammer and rock was
not considered. Following this study, Han et al. (2005)
proposed a numerical model to simulate multiple impacts,

/ Indenter

Incipient chips

Chip boundary
—__
Secondary radial crack

Pulverized zone Initial radial crack

Fig. 1 Postulated fracture pattern under indenter loading. From Paul
and Gangal (1969)
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with the failure of the rock being based on a Mohr—Cou-
lomb model with strain-softening behavior. In their study,
the rock damping effect on the stress wave propagation was
considered. As rocks are heterogeneous materials consist-
ing of planes of weakness, voids, pores, and micro-cracks,
these aspects should be considered when modeling rock
fragmentation in drilling. In this regard, Liu (2004)
developed and used R-T?P (Tock-Tool interaction) (Liu
2004) to simulate successfully the rock fragmentation
process induced by single and double indenters. The het-
erogeneity of rock was considered, and the progressive
process of rock fragmentation during indentation was
reproduced. However, the work was limited to the quasi-
static state.

In this article, the numerical code RFPAZP (Rock Fail-
ure Process Analysis, 2D) (Zhu and Tang 2006) is used to
consider the heterogeneity of rock and simulate the evo-
lution of dynamic fracture initiation and propagation due to
impact loading from double indenters. The fracture char-
acteristics of quasi-static and dynamic (impact) loading are
compared using numerical simulations, and the influence of
heterogeneity on fragmentation is studied. Furthermore, the
effect of the dynamic pressure (P,,.x) as well as the spacing
between two indenters is investigated. It is noted that the
effect of shape and the size of bits on rock fragmentation is
not considered in the present study. In addition the
indentation problem is simplified to a plain strain condition
and the present model does not account for bit rotation
addressed by Han et al. (2005).

2 Brief description of RFPA*"
2.1 Assignment of material properties

In order to capture the heterogeneity of rock at the meso-
level, the mechanical properties of each phase, including
the elastic modulus, the strength and the Poisson’s ratio,
are all assumed to conform to the Weibull distribution as
defined by the following probability density function:

ro=5(e)” o) ] L

where u is a given mechanical property (such as the
strength or elastic modulus), uq is a scale parameter and
m is a shape parameter which defines the shape of the
distribution function. In the present study, m defines the
degree of material homogeneity and is thus referred to as
the homogeneity index instead. This approach for assigning
material properties has been shown to be an effective
means of modeling the heterogeneity of rock and concrete
(Tang 1997; Tang et al. 2000; Liu 2004; Zhu and Tang
2004, 2006).
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2.2 Damage mechanics approach for meso-level
modeling

In this model, the damage mechanics approach is
employed to model the mechanical behavior of meso-scale
elements. The stress—strain curve of each element is
assumed to be linear elastic up to a damage threshold,
followed by strain-softening. For each element, the mate-
rial is assumed to be linear elastic, isotropic, and damage-
free before loading (Liu 2004). After the initiation of
damage, based on elastic damage mechanics, the elastic
modulus of the element is assumed to degrade gradually
as damage progresses, with the elastic modulus of the
damaged material given by

E=(1-D)E, (2)

where D is the damage variable, and E and E, are the
elastic moduli of the damaged and undamaged material,
respectively. The damage variable D ranges from zero for
the undamaged material to one, which represents the
completely damaged state (Tang 1997).

2.2.1 Tensile failure
When the maximum tensile strain criterion is met, damage

to the element occurs. Herein, this kind of damage is called
tensile damage and D is given by

0 &<é&
D=<1- g'os &0 <e<én (3)
1 &2 &y

where f;, is the residual tensile strength, ¢ is the tensile
strain, &, is the tensile strain at the elastic limit (the so-
called threshold strain), and ¢, is the ultimate tensile strain
corresponding to the completely damaged state of the
material (Zhu and Tang 2004, 2006).

2.2.2 Shear failure

In the present mesomechanical model, the Mohr—Coulomb
criterion is included as the second damage threshold to
detect shear damage. This criterion is given by the fol-
lowing equation (Zhu and Tang 2004, 2006):

1 +sin¢

o EIme Sy 4
o 1—sin¢a3_f0 4)

where ¢, and o3 are the major and minor principal stresses,

respectively, f.q is the uniaxial compressive strength, and ¢

is the angle of internal friction. The damage variable D is
given by
D { 0

= _ o

1 —z=

&
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where o, is the residual uniaxial compressive strength, ¢.o
is the strain at the peak value of maximum principal stress
(Zhu and Tang 2004).

It is believed that there must be a strong link between
rock damage and the acoustic emission (AE) (Tang and
Kaiser (1998). In RFPAZP, the failure (or damage) of every
element is assumed to be the source of an acoustic event
because the failed element must release its elastic energy
stored during the deformation. Therefore, by recording the
number of damaged elements and the associated amount of
energy release, RFPAP is capable of simulating AE
activities, including the AE event rate, magnitude, and
location. According to Tang and Kaiser (1998) the accu-
mulative damage, D can be calculated by the following
Eq. 6:

1 s
D:N;ni (6)

where s is the number of calculation steps, n; is the
damaged elements in the ith step and N is the total number
of elements in the model. In addition, when the element
fails, the energy released is calculated by Eq. 7 (Tang et al.
2007):

1
W=~

°E (02 + a3 — 2vay103)V (7)

where i is the element number, W; is the released elastic
strain energy, E is the elastic modulus, ¢; and o5 is the
major and minor principle stress, respectively, v is the
Poisson ratio, and V is the element volume (Tang et al.
2007). AE activity indicates the extent of local damage in
rock, which is directly associated with the evolution and
propagation of fractures. By recording the counts of all
failed elements and released energies when failure occurs,
the AE phenomena associated with the progressive failure
process can be simulated.

2.3 Strain-rate-dependent damage threshold

In order to consider the effects of strain rate on the failure
mechanism of rock under dynamic loading, Zhao (2000)
proposed that the Mohr—Coulomb criterion is applicable to
dynamic loading condition if the cohesion is increased with
increasing strain rate. This suggestion was based on a
variety of experimental results for granite. The relation
between the dynamic uniaxial compressive strength and the
loading rate can be described with a semi-log formula as:

fea = A10g(fea/fe0) + feo (8)
where f.; is the dynamic uniaxial compressive strength

(MPa), f;d is the dynamic loading rate (MPa/s), f;o is the
quasi-brittle loading rate (approximately 5 x 10~2 Mpa/s),
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and f,q is the uniaxial compressive strength at the quasi-
static loading rate (Zhu and Tang 2006).

2.4 Finite element implementation

The rock specimen is assumed to be composed of
many rectangular elements of the same size, which
also act as four-noded isoparametric elements for finite
element analysis. The equilibrium equations governing
the linear dynamic response of a system of finite ele-
ments can be expressed in the following form (Zhu
and Tang 2006).

MU + CU + KU = R (9)

where M, C and K are the mass, damping, and stiffness
matrices, R is the vector of externally applied loads, and U,
U and U are the displacement, velocity, and acceleration
vectors, respectively. A lumped mass analysis is assumed,
where the structure mass matrix is the sum of the individual
element mass matrices concentrated at specified degrees of
freedom (Zhu and Tang 2006). A direct step-by-step
explicit integration procedure is adopted to solve the
problem in which a body is subjected to impact loading.
When the stain rate effect is considered and the maximum
tensile strain criterion or Mohr—Coulomb criterion is met in
the elements, the stresses are re-analyzed iteratively using
the current boundary conditions in order to reflect the stress
redistribution at the current time step. The program does
not proceed to the next time step until no new damaged
elements are found during this iterative process (Zhu and
Tang 20006).

Note that the constitutive law described above has
been applied and proved successful for modeling the
failure of rock specimens under various static and
dynamic stress conditions (Tang 1997; Tang et al. 2000;
Liu 2004; Zhu and Tang 2004, 2006; Wang et al. 2006,
2010).

3 Model setup

In the following series of numerical simulations, the
indentation problem is simplified to a plain strain con-
dition as shown in Fig. 2a, b. Figure 2a is for the quasi-
static case, and Fig. 2b is for the dynamic case. For the
quasi-static case, a constant velocity (0.005 mm/step) is
applied to the indenters, and a lateral confining pressure
of 0 or 5 MPa acts on the sides of the rock specimen. For
the dynamic case, three kinds of compressive stress
waves are applied, as shown in Fig. 3. Furthermore, dif-
ferent values of the homogeneous index (m) of the rock
and different spacings between the two indenters are
considered.

@ Springer
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In these simulations, the mesh size of each model is
100 x 300 with 30,000 elements used to simulate a
1 m x 3 m rock mass. All the elements in the indenter
have the same mechanical parameters. As for the rock,
because of its heterogeneity, each element contains an
unequal number of defects, and therefore, possesses dif-
ferent mechanical properties. This follows from the use of
the Weibull distribution described in Eq. 4. The basic
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parameters for the static and dynamic models are listed in
Tables 1 and 2, respectively. The strength and elastic
modulus of the indenters in the current models have a
sufficiently high value so that the indenters will not fail
during failure of the rock (see Table 3). More descriptions
of numerical simulations for rocks under static and
dynamic loading can be found in previous publications
(Zhu and Tang 2006).

4 Numerical results for the rock fragmentation process
(quasi-static) induced by double indenters

4.1 Formation of the crack system

Figure 4a, b shows, respectively, numerical simulations of
the rock fragmentation process due to two indenters under
quasi-static loading with lateral confining pressures of 0
and 5 MPa. When the indenter acts on the rock, a fan-
shaped field of high stress is created immediately beneath
the two indenters, as shown in stage A in Fig. 4a. With
increasing load, one or more flaws initiate and nucleate to
form an initial radial crack around the corners of indenter
(see Fig. 4a, stage B) (Liu et al. 2002; Liu 2004). Due to
the heterogeneity of rock, the paths for these initial radial
cracks are not identical, with the crack from indenter 1
growing faster than the crack from indenter 2. Simulta-
neously, some incipient chips develop between the two
indenters due to the interacting stress fields which enhance
the initiation of fractures (Liu et al. 2002). These chips are
caused by the tensile cracks emanating from the lateral face
(see Fig. 4a, stage B). With further indenter displacement,
the initial radial cracks continue to develop (Fig. 4a, stage
C) and numerous small secondary radial cracks start to
initiate and develop. Additional incipient chips also occur,
especially around one side of indenter 2, and with
increasing stress all the cracks propagate forwards (Fig. 4a,
stage D). Due to high stress, the elements beneath the
indenters fail and pulverized zone starts to form (Fig. 4a,
state E).

Table 1 Material properties of specimens for quasi-static models

Parameter Value
Homogeneity index (m) of the matrix 3

Mean compressive strength (g() 300 MPa
Mean elastic modulus (Ey) 30,000 MPa
Ratio of compressive and tensile strength 10

Friction angle (¢) 30
Confining pressure (MPa) 0.5

Poisson ratio () 0.25
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Table 2 Material properties of specimens for dynamic models
Parameter Value
Homogeneity index (m) 2,6,9
Mean elastic modulus (E) 30,000 MPa
Mean compressive strength () 300 MPa
Ratio of compressive and tensile strength 10
Poisson ratio (u) 0.25
Time step (us) 0.2
One-dimensional wave velocity ¢ (m/s) 3,500
L/a (L is space between two indenters, 2,4.67, 7.33

a is the width of indenter)

Table 3 Material parameters for indenters
Parameter Value
Mean elastic modulus (E) 200 GPa
Mean compressive strength (g() 1,000 MPa
Poisson ratio (u) 0.25
Homogeneity index (m) 20

When the lateral compressive pressure is 5 MPa, the
incipient chips occur on both sides of the indenters
because of the high confining pressure. Comparing with
zero confining stress case (Fig. 4a, stage A), more chips
are concentrated in the zone between the two indenters
due to the interaction of the higher stress fields (Fig. 4b,
stage A). Under increasing loading, the rock beneath
indenter 1 does not fail, even though it is highly stressed,
due to the higher confining pressure. Initial radial cracks
initiate first on both corners of the indenter, with the
initial radial crack closer to indenter 2 developing faster
(Stages B-E). For indenter 2, both initial and secondary
cracks initiate and propagate to form cone cracks (Stages
B-E) (Liu et al. 2002) which are unsymmetric because of
the rock heterogeneity. As the penetration displacement
increases, the incipient chips on both sides of the indenter
propagate to form almost symmetrical shapes (Fig. 4b,
stage D). Finally, more and more elements beneath the
indenters fail and a pulverized zone is formed (Fig. 4b,
stage E).

4.2 Force—penetration curve

Figures 5 and 7 show, respectively, the simulated force—
penetration curves and associated AE counts during the
rock fragmentation process induced by two indenters
with lateral confining stresses of 0 and 5 MPa. Figures 6
and 8 present, respectively, the associated elastic energy
release (ENR) and accumulated ENR versus displacement
responses during rock fragmentation. The letters A-E

@ Springer



322

S. Y. Wang et al.

Fig. 4 Comparison of the
numerical simulated rock
fragmentation process due to the
effect of the confining pressure

Fig. 5 Force—penetration curve
during rock fragmentation by
two indenters subjected to
quasi-static loading with a
lateral compressive stress of

0 MPa (strain control)

(m = 3.0)
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Lateral compressive pressure = 0MPa

static loading with lateral compressive pressures of 0 MPa (m=3.0).

(a) Numerical simulation of rock fragmentation process due to two indenters subjected to

E

Lateral compressive pressure = SMPa

(b) Numerical simulation of rock fragmentation process due to two indenters subjected to

static loading with lateral compressive pressures of 5 MPa (m=3.0).
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correspond to the same stages marked in Figs. 4a, b. From
Figs. 5 and 7, it is shown that the force-penetration curve
has almost a linear shape before point (A), due to the fact
that little damage occurs up to this point. With increasing
loading, the force—penetration curve attains its first peak
value at point B, where the initial radial cracks occur. In
order to examine the effect of confining pressure, we note

that the peak value for point B is 2900 N in Fig. 5 and
5400 N in Fig. 7. The obvious force drops at points C, D,
and E in Figs. 5 and 7 is caused by the rapid development
of cracking in this stage of loading. The corresponding AE
energy released is shown in Figs. 6 and 8. Due to the lateral
compressive pressure, the load—displacement curve from
point B has many small corrugations. These are indications
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Fig. 9 Numerical simulation of
fracture process of specimen
due to impact loading with an
amplitude of 90 MPa (m = 3.0)

of the propagation of fractures as well as the formation of
small chips (Liu et al. 2002).

5 Numerical results for the rock fragmentation process
due to dynamic (impact) loading

5.1 Dynamic fracture process due to impact loading

Figure 9 shows the numerical simulation of the fracture
process of a specimen under impact loading. The maximum
stress (Pax) Of the compressive stress wave is 90 MPa. The
duration of the incident compressive stresses is fixed to be
15 ps and the homogeneity index of the rock specimen is 3.
During the first stage of loading (f < 50 ps), the stress fields
induced by the double indenters are similar to those induced
by quasi-static loading (Fig. 4a). The rock immediately
below the indenters is highly stressed with a few radial

@ Springer

cracks being initiated. However, with the two impact points
causing compressive stress waves to propagate, a few cir-
cular-front cracks centered on the impact point are seen to
emerge 60 ps after impact (when the two compressive
waves meet and interfere). Some obvious tensile cracks are
formed along the lateral face between the two indenters, and
these propagate quickly (60 < ¢ < 90 ps). Simultaneously,
there are also some tensile cracks on the other side of the
two indenters, which form the incipient chips. These cracks
grow more slowly than those between the two indenters.
In addition, a few circular-front cracks are seen to
emerge 100 ps after impact. These cracks, known as “shell
cracks”, are due to the condition of unconfined compres-
sion and are similar to the splitting observed in uniaxial
compression tests performed on concrete or rock (Grange
et al. 2008). It is interesting to note that radial cracking
stops 70 ps after impact, with only tensile cracking on the
lateral face and the shell cracking occurring. This is
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Fig. 10 Numerically simulated stress distributions along the moni-
toring line with time equal 20, 40, 60, 80, and 100 ps

different to the quasi-static case, where the radial cracks
continue to propagate throughout the whole failure process.

Figure 10 shows the numerically predicted maximum
shear stress and minimum principal stress distributions
along the monitoring line (Fig. 2b) when ¢ is 20, 40, 60, 80,
and 100 ps. In Fig. 10a, when ¢ is less than 20 ps, the stress
fields do not interfere since the compressive stress waves
from two indenters have not yet met. However, when ¢ is
60 ps, the shear stress fields between the two indenters
interact (Fig. 10c) which causes tensile cracks on each side
of the indenters to initiate and propagate from the lateral
face. The stress distribution along the monitoring line
expands, also indicating the development of tensile cracks
from each side of the two indenters when 7 reaches 80 ps
(Fig. 10d). Finally, the shear stress and minimum principal
stress distributions along the monitoring line are presented
in Fig. 10e, when the shell cracks form and develop.

5.2 Effect of the amplitude of the incident pressure

Figure 11 presents the numerically simulated effects of
three kinds of impact pressure on the two indenters. The
maximum values (P,,x) of the three kinds of compressive
stress waves are 60, 90, and 120 MPa, respectively, as
shown in Fig. 3. The durations of the incident compressive
stresses are fixed to be 30 ps, and the homogeneity index of
the rock specimen is set to 3. From Fig. 11, when ¢ is
10 ps, there are no differences for the rock specimens
subjected to different impact loadings. The rock under the
indenters is highly stressed, but no micro-fractures are
observed. When ¢ is 20 ps, for the smaller P,,,x of 60 MPa,
only some micro-fractures form beneath the two indenters
with very few occurring beside them. For the middle P,
of 90 MPa, more micro-fractures occur both beneath and
beside the two indenters. However, for the highest P, of
120 MPa, although several bigger fractures form beneath
the two indenters, fewer fractures occur beside the inden-
ters than in the case of P, = 90 MPa. When ¢ is 30, 40,
and 50 ps, more radial cracks are formed between the
indenters, as well as tensile cracks along the lateral face.
Comparing the three different impact compressive waves,
it is only for P,.x = 90 MPa that the cracks are great in
number and develop fast, which leads to the most effective
fragmentation. This indicates that the highest P, does not
give the greatest fragmentation of the rock.

It was well known that acoustic emission (AE) can be
due to micro-fractures occurring when rock is subjected to
dynamic loading. Accordingly, the degree of damage can
be expressed by the AE number and the AE energy
released (Tang 1997). Figure 12 shows numerical AE
counts versus time due to impact loading for P, of 60, 90
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Fig. 11 Numerical simulation 10us
of the effect of three kinds of
compressive stress waves on the
failure process of specimens due
to two indenters (m = 3)
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and 120 MPa. Figure 13 presents the numerical simulation
of released AE energy versus time. From Fig. 12, it is
shown that the AE counts are greatest for the case of
Pax = 120 MPa when ¢ < 20 ps. However, in the sub-
sequent stage (20 < ¢ < 50 ps), the AE counts are greatest
for the case of a P, of 90 MPa. When ¢ > 50 ps, the AE

@ Springer
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counts are greatest for the case of a P, of 60 MPa. From
Fig. 13, the AE energy released for the case of
Prax = 60 MPa is the smallest during the whole process,
while in the early stages (¢ < 20 ps) the released AE
energy is largest for the case of P,x = 120 MPa. How-
ever, during the period 20 ps < ¢ < 35 ps the released AE
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Fig. 12 Numerical simulation 120
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energy is the largest for P,x = 90 MPa. These results
indicate that an appropriate applied P, for the com-
pressive stress waves is very important for the efficient
fragmentation of rock. Of course the efficiency of rock
fragmentation also depends on other factors, such as the
heterogeneity and the spacing between the indenters, and
this is investigated in the following sections.

5.3 Influence of rock heterogeneity

All the analyses described so far assumed that the homo-
geneity index (m) was 3. Additional analyses were also
performed for m = 2, 6, and 9 to examine the influence of
rock inhomogeneity on the fracture patterns associated
with two indenters under impact loading. These three cases
correspond to heterogeneous, relatively homogeneous and
very homogeneous rock, respectively. A maximum
amplitude of P, = 90 MPa in the compressive stress
wave was applied for the various cases, with the duration of
the incident compressive stresses set to 30 ps. Figure 14
shows the simulated effect of the homogeneity index
(m) on the overall failure process. Shortly after loading
when ¢ = 10 ps, some fractures occur beneath the inden-
ters for the heterogeneous case (m = 2), while there are no

fractures for the other cases (m = 6, 9). Afterwards, when
t = 20 ps, radial cracks form for the heterogeneous case,
while only tensile cracks occur beside the indenters for the
other cases. During later stages of dynamic loading, when
30 pus <t < 50 ps, radial cracks are developed only for
the heterogeneous case. In the other cases, only tensile
cracks develop beside the two indenters.

Figures 15 and 16 show, respectively, plots of the numer-
ical AE counts and AE energy release versus time for the
homogeneity indices of m = 2, 6, and 9. In the initial stage of
loading (# < 40 ps), both the AE counts and energy release
are greater for the heterogeneous case. However, in the next
stage (+ > 50 ps), this situation is reversed. This is because the
heterogeneous rock contains more structural particles, voids
and fractures, either pre-existing or induced by stresses, which
absorb more energy from the applied compressive stress
waves. As a result, the compressive stress wave attenuation is
more evident in heterogeneous rock.

5.4 Effect of the spacing of adjacent indenters
on the fragmentation of rocks

The efficiency of rock drilling is strongly dependent on
the separation between adjacent indenters, and is very
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Fig. 14 Numerical simulation

10
of the effect of the homogeneity he
index (m) on the failure process
of specimens due to two
indenters subjected to impact
loading
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important in the design and operation of machines (Liu
et al. 2002). In this section, a normalized spacing (L/a) is
used to study this effect, where L is the distance between
the edge of adjacent indenters and a is the diameter of each
indenter (see Fig. 2). Figure 17 shows the simulated results
for rock fragmentation induced by double indenters with
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L/a values of 2, 4.67, and 7.66. For the smallest spacing,
the interaction of the stress fields is incomplete (Liu et al.
2002), and the propagation of the compressive stress waves
for double indenters is similar to that for a single indenter.
When L/a is 4.67 the indenters act independently in the
zones adjacent to the indenters and interact with each other
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in the zone between the indenters. Compared to the smaller
spacing, this larger spacing is more effective at fragment-
ing the rock in terms of the energy cost of each indenter.
For the largest spacing of L/a = 7.66, there are fewer
tensile cracks between the two indenters. This suggests that
a smaller spacing is needed to form larger chips and min-
imize the total energy consumed.

Figures 18 and 19 show, respectively, numerical simu-
lations of the AE counts and released energy versus time
due to impact loading with normalized spacings of
L/a = 2, 4.67 and 7.66, respectively. It is shown that both
the AE counts and released energy for L/a of 2 and 4.67 are
greater than those of L/a of 7.66, and the higher AE counts
and energy for the normalized spacing of 4.67 is higher
than those of L/a of 2. This shows that the above analysis is
reasonable.

6 Conclusions

In this study, the RFPAZ® code was applied to simulate
quasi-static and dynamic (impact) rock fragmentation due
to two indenters. Although reality is often much more
complex than the numerical models used, the study pro-
vides interesting indications for improving the performance

Time (us)

of rock fragmentation in indentation. From the numerical
simulations, the following conclusions are derived.

(1) For the quasi-static case, numerical simulations
reproduce the radial cracks, incipient chips and
pulverized zone during the fragmentation of rock.
The incipient chips are actually composed of many
small tensile cracks from the lateral face. When the
lateral confining pressure is zero, the region of radial
failure extends completely beneath the punch. When a
lateral confining pressure is applied, there is an
increase in the indentation strength.

(2) For the dynamic case, numerical simulations also
reproduce the radial cracks, incipient chips, pulver-
ized zone and shell cracks. Comparing the static and
dynamic cases, dynamic loading can lead to more
efficient rock fragmentation. In addition, the numer-
ical results indicate that it is not necessarily the
highest amplitude of compressive stress wave that
leads to the best fragmentation. To maximize the
efficiency of the indenters, it is necessary to use an
appropriate stress wave amplitude.

(3) For homogeneous rock, the dynamic numerical
results show a smooth tensile crack from the left
lateral face. In heterogeneous rock, the fractures
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Fig. 17 Numerical simulation

of the effect of normalized 10us
spacing (L/a) on the failure
process of specimens due to two
indenters subjected to impact
loading (m = 3)

=2
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usually propagate along a curvilinear path during the
failure process. Since heterogeneous rock contains
more structural particles, voids and fractures, either
pre-existing or induced by stresses, they absorb more
energy from the applied compressive stress waves. As
a result, the compressive stress wave attenuation is
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more evident in heterogeneous rock, and the reflected
tensile stresses waves are also weak, resulting in
smaller new fractures.

With a small normalized spacing, the interaction of
the stress fields induced by the two compressive stress
waves from double indenters is not complete. Indeed,
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the propagation of compressive stress waves caused by
the double indenters is similar to that caused by a single
indenter. With increased spacing, the indenters act
independently in the zones adjacent to the indenters and
interact with each other in the zone between the
indenters. Therefore, the impact loading of the rock
surface by multiple indenters with appropriate spacing
seems to provide a possibility for forming larger rock
chips and consuming a minimum total energy.
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