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Abstract. Based on theories of rock mechanics, rock fragmentation, mechanics of elasto-plasticity, and energy dissipation etc.,
a method is presented for evaluating the rock fragmentation efficiency by using plastic energy dissipation ratio as an index.
Using the presented method, the fragmentation efficiency of rocks with different strengths (corresponding to soft, intermediately
hard and hard ones) under indentation is analyzed and compared. The theoretical and numerical simulation analyses are then
combined with experimental results to systematically reveal the fragmentation mechanism of rocks under indentation of
indenter. The results indicate that the fragmentation efficiency of rocks is higher when the plastic energy dissipation ratio is
lower, and hence the drilling efficiency is higher. For the rocks with higher hardness and brittleness, the plastic energy
dissipation ratio of the rocks at crush is lower. For rocks with lower hardness and brittleness (such as sandstone), most of the
work done by the indenter to the rocks is transferred to the elastic and plastic energy of the rocks. However, most of such work is
transferred to the elastic energy when the hardness and the brittleness of the rocks are higher. The plastic deformation is small
and little energy is dissipated for brittle crush, and the elastic energy is mainly transferred to the kinetic energy of the rock
fragment. The plastic energy ratio is proved to produce more accurate assessment on the fragmentation efficiency of rocks, and
the presented method can provide a theoretical basis for the optimization of drill bit and selection of well drilling as well as for

the selection of the rock fragmentation ways.
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1. Introduction

In the worldwide, the low drilling efficiency is the key
factor influencing the oil & gas reservoir exploration cost.
How to improve the drilling efficiency and to reduce the
drilling cost is a long-term difficult problem met in oil &
gas drilling engineering. To solve this problem, systematic
research studies on rock fragmentation mechanism are
necessary to be carried out. Many investigations on the
mechanism of rock fragmentation were reported in the
literature. Souissi et al. (2015) carried out experimental
tests of three kinds of rocks (granite, limestone and
sandstone) under single and double indentations, and they
analyzed the physical (energy dissipation and strain) and
microstructural properties (radius of crushed region and
crack mode) of the rocks in the indentation process. The
nondestructive techniques of acoustic emission and
electronic speckle pattern interferometry have used to
monitor rock damage process, the initiation and propagation
of crack and the size of damage zone (Zhang et al. 2012,
2013a, b, Chen and Labuz 2006, 2009, Mo et al. 2012, Yin
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et al. 2014). The stress distribution beneath the indenter
together with the crack initiation and propagation were
analyzed based on Griffith theory (Lawn and Wilshaw
1975, Lawn and Swain 1975, Lawn and Evans 1977).
Studies were reported on the relationship between the
indentation force and the lateral and radial cracks crack
during the indentation process of the indenter into the brittle
material, and the equations for determining the critical
lengths of the radial and the lateral cracks were derived
(Marshall 1984, Swain and Hagan 1976). Some researchers
(Johnson 1970, 1987, Alehossein 2000) analyzed the
indentation process of indenter to the rocks by using cavity
expansion models, and others (Han et al. 2006, Huang et al.
1998, Carpinteri et al. 2004, 2005, Paluszny and
Zimmerman 2014) also analyzes the indentation process by
using finite element method. Some other methods, such as
displacement discontinuity method (DDM) (Tan et al.
1998), software RFPA2D (Wang et al. 2011) and software
R-T2D (Liu et al. 2002) were also used to analyze the crack
propagation in the indentation process. Discrete element
method (DEM) was used to investigate the failure process
of rocks under indentation of wedge-shaped tool (Huang
and Detournay 2013, Zhu et al. 2016).

The above studies aim to understand the mechanism of
rock fragmentation during the indentation process, and such
results play a significant role in improving the drilling
efficiency. Meanwhile, different rock fragmentation
techniques were also developed by researchers to improve
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the fragmentation efficiency and drilling efficiency of
rocks, such as PDC and Roller Cone impact method
(Melamed et al. 2000, Tao 1998), torsional impact cutting
method (Gillis et al. 2004, Zhu et al. 2014), and the mixed
form of above two methods, particle impact method (Kuang
et al. 2012, Ren et al. 2011), laser breaking method (Sinha
and Gour 2006, Xu et al. 2003), water-jet breaking method
(Xu 2004, Ni et al. 2004, Kolle 2000), thermal breaking
method (Augustine 2009, Wilkinson and Tester 1993),
ultrasonic vibration breaking method (Oothoudt 1999,
Sherrit et al. 2000) and so on. Regarding on the breaking
efficiency and drilling efficiency of rocks, Teale (1965)
suggested to evaluate the drilling efficiency by using a ratio
of MSE to the uni-axial compressive strength of rocks.
Thereafter, many other researchers (Zhou et al. 2012, 2014,
Chen et al. 2015, Rajabov et al. 2012, Martinez et al. 2013,
Mendoza 2013) paid more attention to the investigation on
MSE, and MSE has been used for a long time as an index to
identify the fragmentation efficiency of drilling tool for
rocks. However, MSE is a macroscopic method, and it
cannot reveal the energy diffusion in the rock fragmentation
in a micro-scale, which causes this method not to provide
more accurate assessment on the efficiency of rock
fragmentation. This study then presents a new concept of
plastic energy dissipation ratio, and this ratio is used to
evaluate the rock fragmentation efficiency.

It is well known that there are two failure modes of
rocks under indentation, namely ductile and brittle failures.
The drill bit may fail prematurely due to the high MSE and
low fragmentation efficiency of rocks under ductile failure,
and hence brittle failure is expected in the rock
fragmentation. In the ductile failure of rocks, the work done
by the indenter to the rocks is mainly dissipated in the
elastic deformation, plastic deformation and plastic flowing.
However, such work is mainly dissipated in the elastic and
plastic deformations and the crack propagation when brittle
failure occurs in the rocks. It is then found that the plastic
deformation is unavoidable in the process of rock
fragmentation, and the fragmentation efficiency of the rocks
is much lower when more plastic energy is dissipated. It is a
significant problem to study how to reduce the energy
dissipation of plastic deformation in the rocks during the
rock fragmentation. As mentioned in the above, MSE
cannot assess the fragmentation efficiency of rocks in a
micro-scale although it has been used as an index for a long
time to produce such evaluation. To overcome such
deficiency, plastic energy dissipation ratio is presented in
this study to analyze the fragmentation efficiency of rocks
under different conditions. This method provides a new
basis for the optimization of drill bit, drilling parameters
and rock fragmentation ways to improve the drilling
efficiency and reduce drilling cost eventually.

2. Cavity expansion model

The cavity expansion model provides an approach
to study the stress state of rocks before crack initiation
during the indentation process. The cavity expansion model
can be simply summarized as a problem of volume
equilibrium (Huang 1999, Detournay 1995). For brevity, a

tensile stress

vY
Fig. 1 Cavity expansion model

polar coordinate system (r, 6) is defined, and the origin of
the coordinate system is located at the initial contact point
between indenter and the rock. r and @ represent the polar
radius and the polar angle respectively. The projected
contact length between the indenter and the rock is 2a. The
region with a radius of a beneath the indenter is a
hydrostatic core. The outside region of the hydrostatic core
is a half-circle plastic zone with the center at the initial
contact point. Elastic zone is outside the plastic region and
r- is the radius of the elasto-plastic interface, as shown in
Fig. 1.

The radius r« is normalized to be &- r+a, and the
relationship between & and y is expressed as follows

y= (1+ w)g*(KdJrl)/Kd _ wg*(Kp’l)/Kp (1)

where, 7y is determined by the indenter’s geometry and the
material properties.

2|K,+1)G
. (K, +1)Gtan 3 @
7o,
lu:a)Kp/(Kp +Kd) (3)
where,
K, =(1+sing)/(1-siny) 4)
Ky =@+siny)/(1-siny) (5)

(K, 1)+ (1-20)(K, ~1)(K, ~1)
“= 2K

p

(6)

In Egs. (1)-(6), ¢ is the friction angle, w is the dilatancy
angle, o. is the uni-axial compressive strength, G is the
shear modulus, v is the Poisson’s ratio, £ is the inclination
angle between the indenter’s surface and the rock, K, is the
passive coefficient, and Kj is the dilatancy coefficient.

The indentation pressure on the unit length of the
indenter can be estimated from the following equation
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based on the interfacial radius of damage zone ¢
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A crack flaw with a length of A is assumed located at the
elasto-plastic interface. With the increase of the indentation
depth and the plastic zone, the stress intensity factor K, at
the crack tip may reach the fracture toughness of the rocks
Kic, which drives the crack propagation radius

d 2m A% tan
| [A” -my(K,+1)] & ®
A=211 ©9)
Il=(K/0o,) (10)

where d« is the critical indentation depth, m; and m;, are
normalized coefficients dependent on the loading types and
the geometry of the indenter, 4 is the scaled flaw length and
| is the material constant.

3. Simulation tests on rock indentation

The Ba-Zhong sandstone is taking as an example in this
section (Young’s modulus E is 9.1 GPa, Poisson’s ratio v is
0.14, the compressive strength is 82.4 MPa and the tensile
strength is 2.97 MPa), its properties are used to calibrate the
micro-properties of the particles, the final selected micro-
parameters of the particles are shown in Table 1, and the
discrete element simulation model is established which
comprises 23 897 balls bond together, the radius is range
from 0.075 mm to 0.1125 mm and the rock sample of the
size 28 mmx28 mm, the average radius of particles is
denoted by R, just as Fig.2 shows. The lower surface of the
model is constrained by a frictionless rigid wall, the cutter
invades the rock with a constant velocity perpendicular to
the rock surface. There are two kinds of contact models
between particles in PFC, which are contact bond and
paralle bond, the parallel bond model is used in this paper.
Relative motion at the contact (occurring after the parallel
bond has been created) causes a force and a moment
generation within the bond material due to the parallel-bond
stiffness. This force and moment act on the two-bonded
particles, and can be related to maximum normal and shear
stresses acting within the bond material at the bond
periphery. If either of these maximum stresses exceeds its
corresponding bond strength, the parallel bond breaks.

Fig. 3 shows the rock fragmentation process under rock
indentation, it illustrates that the region which contact with
the indenter will generate elastic strain firstly during the
penetration, then the plastic zone forms. With the increasing
of penetration depth, the sub-vertical crack initiates along a
certain path from the plastic zone and penetrates into the
rock mass, and extends to bottom edge of the rock at last.
Fig.4 is the indentation force calculated during the
indentation in this section. There are several peaks and
valleys of indentation force which monitored during the

Fig. 2 The discrete element simulation model of rock
indentation

Table 1 The micro-properties of the particles

Particle Parallel bond
i 0.5 2 1.0
Rmin (Mm) 0.075 pbsn (MPa) 6312
Rmax /Rmin 15 pbss (MPa) 6312
E.(GPa) 6 pbm (GPa) 6
kn/ks 12 pbk 12

where, 1, represents the contact friction coefficient between
two balls, Ry, represents the radius of minimum ball, Ryax
IRnin 1S the ratio of maximum ball radius to the minimum,
E. is young’s modulus of ball, k, is the contact normal

stiffness of balls, k; is the contact shear stiffness of balls, A
represents the parallel bound radius factor, pbsn is the
parallel normal bond strength, pbss is the parallel shear
bond strength, pbm is the young’s modulus of parallel bond,
pbk is the ratio of parallel bond normal stiffness to shear
stiffness.

plastic zone ) ‘
sub 4 vertical crack

Fig. 3 Rock fragmentation process under rock indentation
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Fig. 4 Indentation force monitored during the indentation

indentation process. The higher force magnitudes imply a
higher surface energy status of rock, a sudden decrease of
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the cutting force magnitude occurs while sub-vertical crack
extend to the bottom edge of rock.

4. Experimental tests on rock indentation

The test rig for experiment of rock indentation is shown
in Fig. 5, and it is consisted of computer controlled electro-
hydraulic servo universal testing machine, acoustic
emission equipment, ARAMIS, indenter, rock sample and
clamp. Two CCD cameras are placed in front of the rock
sample to capture the macroscopic crack propagation. Four
acoustic emission probes are installed on the back of the
rock sample in counterclockwise direction. The coupling
quality of the probe and the rock surface is enhanced
through painting vaseline on such surface. Waterproof tape
is also used to fix the probes at four specified locations.
Four piezoelectric converters are used as the acoustic
emission signal sensor, and the acoustic signal can pass
through four pre-amplifiers into the system with the fixed
threshold value of 34 db. Specially fabricated indenters
(four kinds of indenters, including three wedge shapes with
angles of 120°, 105° and 90° respectively, and a round
shape) are installed at the head of the testing machine, and
the rock sample is placed under the indenters. The rock
samples are loaded by the testing machine with a speed of
0.0083 mm/s to 5 kN, and then they are unloaded to 3 kN.
Such loading process is repeated till the failure of the rock
samples. The indentation force is collected through data
collection system. In the experimental process, the
measured data from three instruments, i.e.,, computer
controlled electro-hydraulic servo universal testing
machine, acoustic emission equipment and ARAMIS, are
collected simultaneously.

Three kinds of rocks (10 samples of Jian-Yang
sandstone, 10 samples of Ba-Zhong sandstone and 15
samples of Sui-Ning granite) are used in the experimental
tests. The rocks are cut into samples with size of 230
mmx230 mmx30 mm. The rock samples need to be
speckled before the experiments. Firstly, a layer of paint is
sprayed uniformly to the sample surface, and then visible
speckles are implemented with black coating as shown in
Fig. 6.

4.1 Mechanism of rock fragmentation in indentation
process

The rock deformation at different moments during the
indentation process is shown in Fig. 7. The samples used in
the experiments are squared thin-walled plates, and it can be
simplified as a two-dimensional body without considering
the dimension in the thickness direction. As shown in Fig.
7, elastic strain is firstly generated in the contact region
between the rock and the indenter during the penetration
process. Sequentially, plastic zone forms. With the increase
of the penetration depth, the rock deformation initiates
along a path from the plastic zone. Finally, the rock
deformation penetrates through the entire structure of the
sample.

The damage and degradation of the rocks under
indentation can be monitored by using the acoustic emission
localization method. The rock will generate tiny fracture

Electro-hydraulic
servo testing machine

Fig. 5 Rock indentation experiment system

Suling |
granite

\

Local enlargement

Fig. 6 The speckle processing of rock sample

and release energy, which can be located by acoustic
emission testing instrument as seen from Fig. 8. Although
the micro-cracks in the rock will not form macro failure, the
evolution of the internal damage can be reflected
approximately and the direction of the macroscopic crack
can be determined roughly from them. Fig. 9 shows the
propagation of the macro-crack obtained captured by CCD
camera. Comparing with the observations in Fig. 7, it is
found that the development of the rock deformation is very
similar to the propagation of the macro-crack, which
indicates that the generation of the macroscopic crack may
be due to the development of the local deformation in the
rock. The generated micro-cracks of Ba-Zhong sandstone
are shown in Fig. 8, in which Figs. 8(a)-8(d) represent the
evolution of the micro-cracks at four different moments.
The overall distribution of the micro-cracks is generally
consistent with the direction of the macro-crack. During the
experiment, the moment of crack initiation is measured
based on the results captured from the acoustic emission
equipment, ARAMIS and CCD camera.

4.2 Evaluation on rock fragmentation efficiency based
on plastic energy dissipation ratio

As mentioned previously, MSE is generally used as an
index to evaluate the fragmentation efficiency and drilling
efficiency of rocks. The so-called MSE refers to the
dissipated energy in breaking a unit volume of rocks.
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Fig. 7 The deformation of Ba-Zhong sandstone at different moments
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Fig. 9 Expansion of macro crack obtained by CCD camera

However, such dissipated energy is not divided into
different parts any more. This study presented a new
parameter named plastic energy dissipation ratio to
represent the amount of the dissipated plastic energy in the
rock fragmentation. Since the plastic deformation is
inevitable during the indentation process, the energy
dissipated by plastic deformation cannot cause the energy
dissipated by brittle fracture can result in the crack
initiation, propagation and coalescence, the greater the
plastic energy dissipation ratio the less efficient the rock

generation of fractures and rock chips, instead, the
fragmentation, this quantity can be used to analyze the
fragmentation efficiency of rocks.

The failure modes of rocks can be divided into two
stages according to the indentation process: one is due to
plastic deformation of the rocks with the indentation
process, and the other one is initiation and propagation of
crack in the plastic zone (basically, no plastic deformation is
accumulated in this stage). In the first stage, the work done
by the indenter to the rocks is only transferred to the energy
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Fig. 10 The load-penetration history and linear unloading simulation of Jian-Yang sandstone
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Fig.12 The load-penetration history and linear unloading simulation of Sui-Ning granite

Fig.13 The breaking process of Sui-Ning granite

dissipated by the elastic and plastic deformations of the
rocks, and it is expressed as follows

E =E. +E, (11)
Sy b KD 12
e B KeST gy P

where, Er is the total dissipated energy, E. is the elastic
energy, E; is the plastic energy.

In the second stage after the crack initiation, the elastic
energy is released to cause the form of new surfaces in the
rocks due to crack propagation. At this moment, the work
done by the indenter is mainly consumed in the elastic and
plastic deformations of the rocks as well as in the brittle
breaking. The total dissipated energy is expressed as
follows

E =E.+E,+E; (13)

where, E;is the dissipated energy on the form of the crack
surface.

Analyses on the energy dissipation of the three parts in
Eqg. (16) are significant for the fragmentation mechanism of
the rocks during the indentation process. Figs. 10-12
illustrate relationship of the penetration force and the
penetration depth of three kinds of rock samples under
wedge-shaped indentation. Before the crack initiation, the
work done by the indenter to the rocks is dissipated to the
elastic and plastic deformations of the rocks. Point E in the
figures refers to the crack initiation, and it is determined
from the measured strain and the observation from the CCD

camera. The slope line BE is parallel to the unloading
line.At point E, brittle breaking of rocks is observed. The
work of the indenter to the rocks is used to generate new
surface due to the form of new cracks. Plastic energy
dissipated in this process is not changed. The area of AACD
in the figures refers to the work done by the indenter to the
rocks. From elasticity and plasticity theory, the area of
AABE is the dissipated plastic energy of the rocks, and the
areas of ABCD and ABDE are the dissipated elastic energy
and the dissipated energy for brittle breaking of rocks
respectively. From simple calculations in Fig. 10(a), the
areas of AABE, ABCD and ABDE are 2.69 kN.mm, 2.43
kN.mm and 0.13 kN.mm respectively. It is then found that
the ratio of the elastic energy, plastic energy and the brittle
breaking energy dissipated in the indentation process is
Ee:Ep:Er =18.69: 20.69:1. The ratio of the dissipated plastic
energy to the total dissipated energy is 1:1.95. Similarly, the
ratios of the elastic energy, plastic energy and the brittle
breaking energy dissipated in the indentation process in
Figs. 10(b)-10(d) are 3.21:3.47:1, 3.95:4.46:1 and
5.73:6.55:1 respectively, and the ratios of the dissipated
plastic energy to the total dissipated energy are 1:2.21,
1:2.11 and 1:2.02 respectively. Through the comparison of
the dissipated plastic energy ratio in Figs. 10(a)-10(d), it is
concluded that the indenter with a wedged angle of 105° has
the minimum value of the dissipated plastic energy ratio,
and its rock fragmentation efficiency is highest. On the
contrary, the indenter with a wedged angle of 90° has the
maximum value of dissipated plastic energy ratio, and its
rock fragmentation efficiency is lowest.

Through similar analyses and calculations, the ratios of
the elastic energy, the plastic energy and the brittle breaking



202 Xiaohua Zhu and Weiji Liu

energy of the rocks dissipated in the indentation process are
6.58:2.13:1, 6.09:3.91:1, 3.67:2.92:1 and 10.29:2.6:1
respectively in Figs. 11(a)-11(d). The ratios of the
dissipated plastic energy to the total dissipated energy are
1:4.56, 1:2.81, 1:2.6 and 1:5.35 respectively. It is found
from the comparison that the round indenter dissipated least
plastic energy, and its rock fragmentation efficiency is
highest. However, the critical penetration force of the round
indenter is also large, and the total energy dissipated in the
indentation process becomes more, which has harmful
effect to the life of the drill bit. Therefore, this kind of
indenter is not recommended. The wedge-shape indenter
with a wedged angle of 120° dissipates most plastic energy,
and its rock fragmentation efficiency is lowest.

The relationship of the penetration force and the
penetration depth for Sui-Ning granite is shown in Fig. 12.
It is found that most of the work done by the indenter is
transferred to elastic energy of the rocks, and the dissipated
energy of the rocks for plastic deformation and brittle
breaking is wvery little, which is coincident with
experimental observations. When the samples are loaded to
5 kN and then unloaded, it is observed that the unloading
curve can return to the origin, which implies that only
elastic deformation exists and no plastic deformation is
accumulated in this loading stage. With continuous loading
from the indenter, noise can be heard from the rock, and
such may be produced due to the dislocation of the internal
crystals in the rocks. With further indentation, the rock
samples are split into two halves suddenly without any
warning symbol. Fig. 13 shows four moments of the sample
before and after fracture, and the time interval for any two
adjacent pictures is 0.17 s. Crack initiates and propagates in
the first picture. The rock sample is split to two halves by a
crack as shown in the second picture, and the distance
between the crack surfaces is much bigger. It is found that
most work done by the indenter is transferred to elastic
energy for the rocks with high hardness and brittleness.
Little energy is dissipated in the plastic deformation and
brittle breaking of the rocks. The elastic energy is then
mainly transferred to the kinetic energy of the rock
fragment.

In overall, it is found from Figs. 10-12 that the plastic
energy dissipation ratio becomes lower in the rock
fragmentation process for the rocks with high hardness and
brittleness, and vice versa. For example, the ratio of the
dissipated plastic energy to the total dissipated energy of
Jian-Yang sandstone is 1:2.11 when a wedge-shape indenter
with a wedged angle of 120°is used.

For the Ba-Zhang sandstone, such ratio is 1:2.6, while
the dissipated plastic energy of the granite can be ignored.

5. Conclusions

The plastic energy dissipation ratio is proposed as an
index to identify the rock fragmentation efficiency in this
paper. Using this method, the fragmentation efficiency of
rocks with different values of hardness is analyzed. In
addition, the rock failure mechanism in the indentation
process is also analyzed through theoretical, numerical
simulation and experimental analysis. The results of this

research revealed the following findings.

« The formation of the plastic zone beneath the indenter
acts as a prelude to crack initiation and propagation. As the
indenter penetrates into rock, the sub-vertical crack is
generated from the plastic zone and extended to bottom
edge of the rock at last;

« It is found that the rock fragmentation efficiency is
higher when the plastic energy dissipation ratio is lower for
a given kind of rock. The experiment on Jian-Yang
sandstone indicates that the rock fragmentation efficiency is
the highest for the wedge-shape indenter with a wedged
angle of 105° while such efficiency becomes lowest when
the indenter with a wedged of 90° is used. For the Ba-
Zhong sandstone, the round indenter has the highest rock
fragmentation efficiency and the wedge-shape indenter with
a wedged angle of 120° has the lowest efficiency;

* The plastic energy dissipation ratio is lowest for the
rocks with high hardness and brittleness. For the rocks with
low hardness (sandstone), most of the work done by the
indenter to the rocks is transferred to elastic and plastic
energy of the rocks. For the rocks with high hardness and
brittleness, most of the work is transferred to elastic energy
of the rocks, and the dissipated energy for plastic
deformation and brittle breaking of the rocks is little. Such
elastic energy is mainly transferred to kinetic energy of the
rock fragments.
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