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ABSTRACT

Impact-induced damage to jointed rock masses has important consequences in various mining and civil
engineering applications. This paper reports a numerical investigation to address the responses of
jointed rock masses subjected to impact loading. It also focuses on the static and dynamic properties of
an intact rock derived from a series of laboratory tests on meta-sandstone samples from a quarry in Nova
Scotia, Canada. A distinct element code (PFC2D) was used to generate a bonded particle model (BPM) to
simulate both the static and dynamic properties of the intact rock. The calibrated BPM was then used to
construct large-scale jointed rock mass samples by incorporating discrete joint networks of multiple
joint intensities into the intact rock matrix represented by the BPM. Finally, the impact-induced damage
inflicted by a rigid projectile particle on the jointed rock mass samples was determined through the use
of the numerical model. The simulation results show that joints play an important role in the impact-
induced rock mass damage where higher joint intensity results in more damage to the rock mass. This
is mainly attributed to variations of stress wave propagation in jointed rock masses as compared to intact
rock devoid of joints.

© 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

In many civil and mining engineering applications, rock mate-
rials are subjected to dynamic loading. They often have to with-
stand not only static loads but also impact loads due to explosions
or collisions with other objects (e.g. drill bits, other rock boulders).
Drill-and-blast method is commonly used for rock fragmentation in
mining and civil engineering. During percussive drilling, the
drilling bit continuously hits the rock materials in order to break
the rock and make a hole. In blasting, a rock mass is subjected to a
dynamic shock generated by explosives. Another example of
impact loading can be found in ore pass systems, in underground
mines, that are commonly used to transfer ore or waste from one
mining level to a lower level using gravity. Collision of broken
materials, flowing in an ore pass, with the ore pass walls can cause
impact-induced damage and result in wear along the ore pass
(Goodwill et al., 1999; Esmaieli and Hadjigeorgiou, 2011, 2014). In
all of these examples, the rock fracture mechanism and fragmen-
tation process occur under impact loading conditions. Hence, the
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behavior of rock under impact loading is of interest and
importance.

Modeling the responses of rock materials under dynamic impact
load is difficult given the transient nature of loading. According to
Hiermaier (2013), under impact loading conditions, two basic
processes occur: a change in the mechanical behavior of the ma-
terial as a function of the strain rate, and the evolution and prop-
agation of shock waves. Although many studies on rock material
response under static conditions can be found in the literature,
fewer studies have been reported on the behaviors of rocks under
dynamic loading due to their higher complexity. In addition, the
presence of pre-existing discontinuities in rocks such as joints,
bedding planes, and foliations can significantly influence the re-
sponses of rock materials under both static and dynamic loads.

There are several laboratory experimental methods to quantify
the responses of rock materials to impact loading (Camacho and
Ortiz, 1996; Xia and Ahrens, 2001; Momber, 2003; Grange et al.,
2008; Gao et al., 2010; Cao et al., 2011; Hiermaier, 2013). There
are theoretical models for the evolution of rock damage under
impact loading (Taylor et al., 1986; Ahrens and Rubin, 1993; Cao
et al,, 2011). Although dynamic impact laboratory testing of small
intact rock samples is straightforward, impact testing of large rock
mass samples is costly and inherently complex. An issue in these
analytical models is that quite often there are too many parameters
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involved and thus it is difficult to quantify them. Furthermore, only
a few of the results of the analytical investigations can be confi-
dently extrapolated to practical applications.

In the past, both continuum and discontinuum numerical
modeling tools have been used to determine the behaviors of rocks
under dynamic impact loading (Beus et al., 1999; Nazeri et al., 2002;
Hu and Li, 2006; Grange et al., 2008; Wang and Tonon, 2010; Cao
et al., 2011). Continuum-based numerical models are used to
simulate rock damage by idealizing the material as a continuum
and utilizing the degradation measurements in constitutive re-
lations. Gao et al. (2010) simulated the dynamic impact loading of
an intact rock using LS-DYNA, a finite element code, and analyzed
the dynamic responses of the rock under impact loading. The
simulation results were in agreement with the experimental ones
and the model can then be used to describe the behaviors of the
rock. Yilmaz and Unlu (2013) used a three-dimensional (3D) finite
difference model, FLAC3D, to investigate the behaviors of two
different rock masses subjected to blasting loads. They used
empirical relationships to estimate the dynamic properties of each
rock mass from its static properties. The Mohr-Coulomb failure
criterion was then used to assess the blast-induced damage of the
rock masses. In this study, the effect of rock mass jointing was
implicitly considered through the constitutive model. Gong et al.
(2006) used a two-dimensional (2D) distinct element model to
investigate the effect of joint spacing on the penetration perfor-
mance of a tunnel boring machine. They simulated a foliated rock
mass and applied a constant normal force to the rock. Their results
demonstrated that joint spacing had a strong influence on the
resulting rock fragmentation, particularly where the growth of
radial cracks was terminated at the joint interface. It can be argued
that the normal force applied in this study was a quasi-static
loading condition rather than a dynamic loading. More recently,
Fakhimi and Lanari (2014) used a 2D bonded particle model (BPM)
to simulate blast-induced rock damage around a 2D circular hole.
They showed the effect of presence of a joint in the vicinity of the
blast hole which reduced the transmitted shock wave and therefore
decreased the number of cracks initiating and propagating beyond
the joint surface. Furthermore, reflecting waves from the joint
surface caused additional damage to the rock specimen around the
hole. In the majority of these numerical modeling studies, only the
static mechanical properties of rock were simulated and the models
were not compared or calibrated against dynamic laboratory tests.

Despite several studies conducted on rock materials, a limited
number of investigations have been carried out to quantify the
impact-induced damage to jointed rock masses. This is significant
as it is recognized that the geometrical distribution of pre-existing
joints can influence the rock mass damage subjected to impact
loading.

This paper aims to contribute to our understanding of impact-
induced damage to jointed rock masses. It presents the results of
a series of numerical simulations used to investigate the influence
of joint intensity on the response of a jointed rock mass to impact
loading. The numerical models were generated using the distinct
element method. In this work, both the static and dynamic prop-
erties of an intact rock were simulated. Subsequently, jointed rock
mass samples of various joint intensities were constructed in the
models. These samples were subjected to impact loading and the
inflicted damage on each rock mass sample was quantified.

2. Methodology

The static and dynamic properties of meta-sandstone intact rock
samples, retrieved from a quarry in Nova Scotia, Canada, were
determined in the laboratory. A distinct element code (PFC2D) was
used to generate a BPM to simulate both the static and dynamic

properties of intact rock. The calibrated intact rock model was
subsequently used to develop large-scale jointed rock mass models
by incorporating joint networks of different joint intensities into the
BPM. Finally, the impact-induced damage inflicted by a rigid pro-
jectile particle on the jointed rock mass samples was determined.

2.1. Laboratory tests

The meta-sandstone samples obtained from a quarry were
collected and tested at the CanmetMINING Rock Mechanics Labo-
ratory, Natural Resources Canada (Ottawa, Ontario, Canada). The
mineral composition of the rock was determined from polished
sections through a scanning electron microscopy (SEM) analysis.
The collected samples were comprised mainly of quartz and albite,
with minor amounts of clinochlore, muscovite and calcite. The SEM
examination of the samples showed 0.2—0.4 mm sub-rounded
quartz grains with smaller 0.1-0.2 mm albite grains supported in
a matrix composed of mostly clinochlore and some muscovite. No
foliation or any other structures was observed in the rock samples.

The collected rock samples were subjected to a series of static
and dynamic tests, including static uniaxial compression, static
Brazilian, and dynamic drop tests. The static mechanical properties
(uniaxial compressive strength (UCS), elastic modulus, Poisson’s
ratio, and indirect tensile strength) and dynamic properties
(dynamic tensile strength) of the intact rock were determined at
the CanmetMINING Rock Mechanics Laboratory.

2.1.1. Uniaxial compression tests

For the uniaxial compression tests, rock samples were prepared
and tested according to ASTM D4543-08 (2008) and ASTM D7012-
14 (2014), respectively. Uniaxial compression tests were carried
out on samples with dimensions of 12 cm in height and 5 cm in
diameter, using an MTS 815 load frame for quasi-static tests. During
these tests, the axial load and deformation of samples were recor-
ded. The elastic properties (Young’s modulus and Poisson’s ratio)
were calculated from the linear portion of the stress—strain curve,
over the range of 30%—70% of the sample ultimate compressive
strength. Overall, 18 samples were tested for their UCSs.

2.1.2. Brazilian tests

The Brazilian test is commonly used as an indirect method for
determining the tensile strength of intact rock in the laboratory. For
static Brazilian tests, meta-sandstone samples were prepared in
accordance with ASTM D3967-08 (2008). Tests were carried out
using the MTS 815 load frame on samples with dimensions of 5 cm
in diameter and 3 cm in thickness. Overall, 21 samples were tested
using the Brazilian test procedure.

2.1.3. Drop tests

To determine the dynamic tensile strength of rock samples,
dynamic drop tests were carried out using a vertical impact load
frame Dynatup Model 9210 to replicate the conditions observed
during impact loading of rock (Fig. 1). Tests were carried out with an
impact mass of 19.35 kg, a drop height of 46 cm, with a total po-
tential energy of 87 ] in the system, and an impact velocity of 3 m/s.
Impact tests were carried out on 44 core rock samples with
diameter of 5 cm and thickness of 3 cm. The dynamic tensile
strength of rock samples is higher than the static tensile strength of
rock. The deflection in the drop test is the total displacement of a
sample at the maximum dynamic load before it fails. This was
measured by both strain gages and high-speed camera.

Table 1 summarizes the physico-mechanical properties of the
intact rock measured in the laboratory. For each type of test, the
number of samples, and the mean and standard deviation (S.D.) of
the recorded mechanical properties are provided.



626

(®)

Fig. 1. (a) Dynatup 9210 load frame for dynamic impact tests, (b) Sample set-up ready for dynamic testing, and (c) Failed sample after dynamic test.
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Table 1
Laboratory test results for meta-sandstone samples.
Type of test Number of Elastic modulus Poisson’s  Axial strain UCS Static tensile Dynamic tensile Time to maximum Deflection
samples (GPa) ratio at peak (%) (MPa) strength (MPa) strength (MPa) load (ms) (mm)
Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Uniaxial compression test 18 74.5 5 026 0.1 0397 0.11 267 64
Static Brazilian test 21 215 3
Drop test 44 29.8 5 0.168 0.03 0.491 0.09

2.2. Numerical modeling

The objective of the numerical modeling was to replicate the
results of the laboratory tests. This was a prelude to subsequent
numerical experiments aiming to investigate the influence of scale
and structure.

2.2.1. Simulation of the intact rock using BPM

The intact rock was simulated by a BPM using Itasca’s PFC2D
(Itasca, 2016). The BPM consists of a dense packing of non-uniform-
sized circular rigid particles that are bonded together at their
contact points. The procedure to generate a BPM has been pre-
sented by Potyondy and Cundall (2004). Newton'’s laws of motion
relate corresponding particle motion to force and moment at each
contact, which possesses finite normal and shear stiffnesses. Unlike
the continuum numerical models, the BPM does not make the
theoretical assumptions and suffers from the limitations on the
constitutive material behavior. When a BPM is loaded, depending
on the imposed levels of stress and strain, microcracks can initiate
and develop within the model. Cracking is explicitly simulated as a
bond breakage between the rigid particles. Microcracks are able to
form, interact, and coalesce into macroscopic joints according to
local conditions.

The first step in the material genesis procedure was the creation
of a material vessel of equal dimensions as the laboratory test
samples (12 cm high and 5 cm wide). The balls were randomly
generated in the material vessel and the rock density values were
applied to all the balls. The system was subsequently solved to
achieve equilibrium and a dense packing of the circular particles.
This was followed by bonding all contacts between circular parti-
cles using the flat-joint contact model.

Modeling the failure of hard brittle rock using the BPM has been
improved over the past decade (Potyondy and Cundall, 2004; Cho
et al.,, 2007; Potyondy, 2010, 2012, 2015). More recently, Potyondy
(2015) summarized the major advancements in the BPM. Since its

first introduction by Potyondy and Cundall (2004), the BPM has
experienced significant improvements including clustered particle
model (Potyondy and Cundall, 2004), clumped particle model (Cho
et al,, 2007), grain-based model (Potyondy, 2010), and finally flat-
joint contact model (Potyondy, 2012). The improvements have
mainly focused on reproducing the key characteristics of hard
brittle rocks, namely, the high compressive to tensile strength ratio.
The initial BPM developed by Potyondy and Cundall (2004) consists
of parallel-bonded contact and suffers from the limitation of
matching large ratios of UCS to tensile strength. In the parallel-
bonded model, when the bond breaks, the interface between two
circular disks no longer resists relative rotation and is fully
debonded. The recently developed flat-joint contact model seems
to have addressed this issue. In the flat-joint contact model, each
contact simulates the behavior of an interface between two parti-
cles with locally flat notional surfaces, as shown in Fig. 2 (Potyondy,
2012). The interface is segmented, with each segment initially

N ’
] 7’ \\\ /I \\‘
All pieces have \\ ,/'
thickness t in W
z-direction

Piece 1

Fig. 2. 2D flat-joint contact (left) and flat-jointed material with effective surface of one
grain highlighted (right) (Potyondy, 2012).
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being bonded. A contact gap, a distance between the finite-size
notional surfaces, is considered in the flat-joint contact model
and presented in Fig. 2. As the bonded segments break, the
interface behavior evolves from a fully bonded state to a fully
debonded and frictional state. Since the flat-joint is not removed,
even a fully broken interface continues to resist relative rotation.
The continued moment-resisting ability is an important micro-
structural feature of this model that makes it possible to match the
representative ratio of the UCS to the tensile strength of the rock
(Potyondy, 2012).

Fig. 3a shows the BPM generated to simulate the intact rock
samples using flat-joint contact model. The dimensions are
12 cm x 5 cm (height x length). Fig. 3b shows a close-up view of
the rigid circular balls bonded with flat-joint contacts. The flat-joint
contacts in the model vary between 4 and 6 contacts.

2.2.2. Model calibration with static and dynamic properties of
intact rock

The laboratory results were used to calibrate a BPM that simu-
lates both static and dynamic properties of the intact rock. A BPM is
characterized by its particle density, size distribution, as well as by
the assembly and micro-properties of particles and contacts used in
the model. The inverse calibration method was used to establish the
necessary micro-properties, strength, and stiffness parameters for
balls and contacts that simulate the laboratory intact rock material.
To minimize the number of iterations, a systematic calibration
procedure was undertaken, starting with reproducing the elastic
constants of the rock. For simulation of a uniaxial compression test,
the bond strength was set to a large value to prevent bond failure
and to force the material to behave elastically. The Young’s modulus
was matched to the laboratory values by adjusting the elastic
modulus for the flat-joint contacts. Subsequently, the Poisson’s ratio
was matched by varying the ratio of the contact normal to shear
stiffness. A few iterations were necessary to match both values.
Once the desired elastic response was obtained, the flat-joint con-
tact tensile strength and cohesion were modified to match the UCS
and tensile strength of the rock.

In the PFC2D model, the elastic constants (e.g. the Young’s
modulus and the Poisson’s ratio) and the UCS are independent of
particle size (Potyondy and Cundall, 2004). However, the Brazilian
tensile strength exhibits a clear dependence on the particle size.
The tensile strength decreases as the particle size is reduced. In this

12cm

T 5cm
(a)

(b)

Fig. 3. (a) Simulation of the intact rock sample using BPM in PFC2D and effective
interface geometry of flat-joint contact model between balls, and (b) Microcrack dis-
tribution within the sample after uniaxial compression test.

context, the particle size cannot be chosen arbitrarily (Potyondy
and Cundall, 2004). For the calibration process, a minimum parti-
cle size of 0.3 mm was chosen, which is close to the minimum grain
size of the rock samples.

The uniaxial compression test was simulated by moving the top
and bottom boundaries in order to load the BPM. During the test,
the vertical forces acting on the boundaries and their displacement
were recorded. This allowed measuring the axial stress and strain.
Elastic properties (Young’'s modulus and Poisson’s ratio) were
calculated for the linear portion of the stress—strain curve at 50% of
ultimate sample strength. Fig. 3b shows the initiation and propa-
gation of microcracks during the compression test, which is
presented in red color.

To simulate the Brazilian indirect tensile test, the sample was
trimmed into a disk shape in contact with the model boundaries.
Afterwards, the sample was loaded by moving the boundaries
toward one another. During the test, the average force acting on
the boundaries was monitored, and the maximum value was
recorded to calculate the Brazilian tensile strength of the rock.
Fig. 4 displays the microcracks, in red, developed within the BPM
sample at the end of the Brazilian test. The macroscopic failure
mode is tensile splitting, as illustrated in Fig. 4. This includes a
major tensile fracture, parallel to the loading direction at the
center of the sample, as well as some branching of fractures close
to the diametrical axis.

To simulate an impact drop test with PFC2D, the sample was
trimmed into a disk shape in contact with a frictionless bottom
rigid boundary. The upper drop plate was simulated using the
clump logic which allows the creation of a group of glued particles
that behave as a single rigid body. Using the clump logic for plate
simulation allowed assigning a particular weight to the plate and
enabled a smooth contact between the drop plate and the rock
sample. The properties of the drop plate clump are mass of 19.35 kg,
impact velocity of clump 3 m/s, normal to shear stiffness ratio of 1,
and friction coefficient of 0.5. The sample was loaded by dropping
the plate on the sample. During the test, the impact force acting on
the sample was recorded, and the maximum value was used to
calculate the dynamic tensile strength of rock.

For calibration purposes, the properties of the contact between
the drop plate and the test sample were established so as to ach-
ieve the same laboratory impact force on the sample. To better
simulate a BPM subjected to a dynamic impact loading, it was
necessary to set the local damping coefficient to a very low value
and implement viscous damping to obtain realistic energy dissi-
pation results (Itasca, 2016). Therefore, a low local damping of 0.1
was assigned to the particles in the sample. A linear contact model
was assigned between the hitting clump and the model particles to
satisfy the viscous damping conditions. Sensitivity analysis
showed that increasing of normal damping ratio will slightly in-
crease the amount of dissipated impact energy in the rock sample.
As the drop test was normal to the sample, changing the shear
damping ratio had no effect on the dissipated impact energy.
Thus, the same value as the normal damping ratio was assigned
to the shear damping ratio. The micro-properties used to
calibrate the contact between the drop plate and the sample are
the normal to shear damping ratio of 1, normal to shear stiffness
ratio of 1, and elastic modulus of 60 GPa. The results of the initi-
ation and propagation of microcracks during the drop test are
shown in Fig. 5.

Under quasi static loading conditions, fracturing develops along
a path requiring the least energy. Therefore, limited extension of
microcracks can be found in the high strength areas due to the low
overall stress and relaxation (Fig. 4). However, under impact
loading conditions, cracks also develop along higher resistance
areas because of the large amount of energy dissipation in very
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Fig. 4. (a) Microcrack distribution within the BPM for the simulated static Brazilian test, and (b) Plot of the Brazilian tensile stress test.
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short period of time (Fig. 5). Since relaxation cannot occur during
this very short time, extensive microcracking develops due to the
rapid increase of tensile stress (Cadoni, 2013).

Table 2 summarizes the micro-properties of the constructed
BPM following the calibration process. The calibrated model shows
a good agreement between the experimental and numerical
results, with error levels being less than 10% (see Table 3). More-
over, the modes of failure observed in the laboratory tests are
consistent with those simulated in the numerical models.

2.2.3. Simulation of a jointed rock mass

Laboratory testing of large rock samples under impact load
poses significant experimental challenges. The results from large-
scale samples have to be interpreted by recognizing the potential

(®)

Fig. 5. (a) Simulated drop weight test, and (b) Microcracks developed within the BPM after the drop test.

for material inhomogeneity. Following the laboratory tests on small
samples, this work investigated the use of numerical models to
potentially extrapolate the dynamic impact loading on large-scale
jointed rock masses.

Once the intact rock model was calibrated for both static and
dynamic properties, it was used to develop large-scale jointed rock
mass samples by incorporating discrete joint networks into the
BPM. This allowed for the generation of 2D synthetic rock mass
(SRM) samples in which the BPM represents the rock material
properties and a smooth-joint contact model (SJM) represents the
joint network (Mas Ivars et al., 2008; Lambert and Coll, 2014). The
mechanical behavior of a SRM sample depends on the combined
behaviors of both the solid rock matrix and the embedded joint
network (Esmaieli et al., 2015).

Table 2
Micro-mechanical properties of the calibrated BPM for both static and dynamic tests.
Element Density Minimum Maximum to minimum Local damping Contact Elastic modulus Normal to shear Friction angle Tensile strength  Cohesion
(kg/m?) radius radius ratio factor gap (m) (GPa) stiffness ratio ) (MPa) (MPa)
(mm) Mean S.D. Mean S.D.
Ball 2713 0.3 1.66 0.1
Contact 5x 107> 65 33 0 35 25 120 50
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Table 3
Comparison between experimental test results and the BPM simulation.

629

Uniaxial compression test

Elastic modulus E Poisson’s ratio

Axial strain (%) ucs

Experimental (GPa) PFC2D (GPa) Error (%) Experimental PFC2D Error (%) Experimental PFC2D Error Experimental (MPa) PFC2D (MPa) Error (%)
74.5 74.9 0.5 0.26 0.24 7.7 0.397 0.404 1.8 267 270 1.1
Static Brazilian test

Static tensile strength UCS/Tensile strength

Experimental (MPa) PFC2D (MPa) Error (%) Experimental PFC2D Error (%)

214 223 4.2 12.5 121 32

Drop test

Maximum load Dynamic tensile strength

Experimental (kN) PFC2D (kN)  Error (%) Experimental (MPa) PFC2D (MPa) Error (%)

68.5 71.7 4.7 29.82 303 1.7

In this work, a block of jointed rock mass was simulated using a
2D SRM model. The calibrated BPM was used to develop a large-
scale rock mass sample of 2 m x 1 m (width x height). The same
particle size, used in the small-scale tests, was employed for the 2D
SRM models. To study the effect of joint intensity on the impact-
induced damage of rock masses, the block of the rock mass was
assumed to have different joint intensities. The cumulated length of
joint per total area of rock block (P21) was considered to be repre-
sentative of the joint intensity in the 2D simulation. In order to
generate SRM samples with different joint intensities (P21), three
discrete joint networks with joint intensities (P»;) of 1 m~!, 2 m~!
and 3 m~! were incorporated into the large-scale BPM. The joint
properties were simulated to be cohesionless with a friction angle
of 30° and zero tensile strength. The bonds along the joint surface
were deleted, and the stiffness and friction coefficient of balls along
the joint surface were modified to normal stiffness of 10!! Pa, shear
stiffness of 10'° Pa, and friction coefficient of 0.58 in order to ach-
ieve the mechanical properties of joints. Biaxial strength tests were
simulated to assign the shear properties of the joint surface
(Esmaieli et al., 2010). Joint size was considered to be fully persis-
tent across the rock samples, and in this study, only the influence of
joint spacing was investigated. The generated SRM samples for
different joint intensities are shown in Fig. 6.

2.2.4. Impact-induced damage of jointed rock mass samples

Using the generated jointed rock mass samples, numerical
impact tests were conducted to investigate the influence of joint
intensity on the damage inflicted by particle impact. A 0.4 m
diameter rock fragment with the density of 2700 kg/m®> was
generated and projected vertically against the SRM samples with an
impact velocity of 15 m/s (Fig. 7). The impact velocity was selected
S0 as to generate a strain rate in the dynamic regime (rate higher
than 10° s 1) (Field et al., 2004). In order to prevent surface wave
reflection from the SRM sample sides, balls located in the right and
left outer sides of the SRM samples were fixed in the x-direction.

The impact of projectile particle acting on a jointed rock mass
creates a damage zone. The extent of damage depends on the size
and shape of the projectile fragment, the impact velocity, and the
rock mass properties. The impact of a rock fragment on a rock mass
initially leads to the closure of pre-existing flaws. This is followed
by elastic deformation of the rock mass in the area of impact,
ejecting small rock particles from the rock mass surface, and
creating a crater zone. Underneath the crater zone, a significant
portion of the impact energy is utilized in crushing the rock ma-
terial. Beyond the crushed zone, the rest of the impact energy can
create cracks of various forms and lengths, including large radial
and side cracks. Fig. 8 illustrates the impact-induced damage zones

inflicted on a rock mass surface (Lindqvist et al., 1994). In this study,
the initiation and growth of the impact-induced microcracks are
considered to be a quantitative parameter for rock mass damage
assessment. This is in agreement with the previous work by
Kachanov (1986).

Fig. 9 illustrates the damage inflicted by the projectile rock
fragment on rock mass samples of different joint intensities. For
comparison purposes, the damage inflicted on the large-scale intact
rock sample with no joints is also presented in Fig. 9a.

The results of numerical impact tests carried out on the
generated SRM samples illustrate that shear and tension impact-
induced microcracks were generated in the rock mass. The ma-
jority of the impact-induced microcracks are generated in ten-
sion. For all the rock mass models analyzed, the crushed zone is in
the immediate vicinity of the impact point. The size of the
crushed zone is almost the same for all rock mass samples.
Around the crushed zone, a high-density microcrack zone, almost
0.2 m wide and deep, is generated. Beyond this region, median
and radial cracks are initiated and propagated from this high-
density microcrack zone.

Fig. 9 also illustrates the dependency of the microcrack patterns
on rock mass joint intensity. As the rock mass joint intensity in-
creases, the crack pattern and consequently the impact-induced
damage inflicted to the rock mass become wider and deeper.
Furthermore, as the joint intensity increases, the radial and side
cracks propagate longer and deeper inside the rock mass samples.
For the rock mass sample of low joint intensity, P,y = 1 m™
microcracks propagate from the crushed zone toward the joint
surface and crack propagation stops when it reaches the pre-
existing joint interface. For the two SRM samples, with higher
joint intensities of Py; = 2 m~! and 3 m~, microcracks initiate and
propagate from the crushed zone downward the joint plane. It was
also observed that some microcracks can initiate from the joint
planes and propagate upward. These microcracks propagate almost
perpendicular to the pre-existing joint surface. These results are in
agreement with field observations on blast-induced damage in
open pit mines which indicate that radial cracks can propagate into
multiple rock blocks and they generally terminate against the pre-
existing joints (Hagan, 1979; Hustrulid, 1999). Surveying of blast-
induced damage in several open pit mines using LiDAR technol-
ogy by Lupogo (2016) indicates that blast-induced fractures are
created in preferred orientations, generally perpendicular to the
dominant pre-existing discontinuities in the rock mass.

As the joint intensity (P,1) of SRM samples increases up to a certain
level, more microcracks are initiated and propagate due to the impact
loads. However, for the SRM samples with P»; of 2m~" and 3 m~, the
developed numbers of microcracks are almost the same.
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Fig. 6. Jointed rock mass samples with different joint intensities.
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Fig. 7. Impact test on a jointed rock mass sample.

Crater

Radial erack Side erack

Crushed zone Cracked zone

M edian crack

Fig. 8. General picture of crack system under impact in the longitudinal section (after
Lindqvist et al., 1994).

Figs. 10 and 11 show the variation of particles velocity consti-
tuting the SRM samples with no joint (P,; = 0 m~!) and with high
joint intensity (P,; =3 m~!) during the impact test simulation. The
results indicate that the presence of joints in the rock can signifi-
cantly influence the propagation of stress waves in the rock sam-
ples. Part of the stress waves is reflected from the joint interface and
this creates more cracks in the rock mass. The reflection of stress
waves from the joint surface is attributed to the impedance
mismatch between the rock material and the joint surface. As the
joint intensity in the rock mass samples increases, more stress
waves reflect from the joint interfaces as tensile wave. This will
further fragment the rock matrix between the top free face of the
sample and the joint interface, and between two consecutive joint
surfaces. It shows that the experimental studies and numerical
modeling on monoblock and multilayered plates by Zukas and
Scheffler (2001) give similar forms of wave propagation.

It is interesting to note that the phenomenon observed in Figs. 10
and 11 has been also reported by Fourney (2015). Working with
small-scale experimental blasting of a polymer material charac-
terized with brittle behavior like rock, it was possible to demon-
strate the reflection of shock waves from joint surfaces using
dynamic photoelasticity. He observed that the presence of joints can
drastically influence the propagation of blast-induced radial and
median cracks. Additional fractures can originate from the joints
surface that aids in rock fragmentation. These experimental results
are consistent with the numerical experiments in the present work.

Fig. 12 illustrates the time histories of induced microcracks for
the SRM samples with P,; =3 m~! and the sample with no joint
(Po; = 0 m™1). At the beginning of the impact process, the micro-
cracks in the two rock samples are created with the same rate. The
crack initiation rate for the sample with higher fracture intensity,
Py; = 3 m~ !, was further increased after the time cycles of 7600.
This occurred when the first impact-induced stress waves arrived
to the upper joint surface in the jointed rock mass sample
(Ps1 = 3 m~'). Part of these waves were reflected from the joint
surface interface and caused further damage to the rock mass. This
was confirmed by monitoring the velocity of two particles (ball IDs
1 and 2 in Fig. 13) located in the opposite sides of the upper joint
interface in the SRM sample with Py; =3 m~L. The same particles
were also monitored for the sample without joints with
Po; = 0 m~L The results are presented in Fig. 13, and it shows that
the velocity of particles (ball IDs 1 and 2) for the sample with
P»; =0 m~! (no joint) is almost identical. However, for the sample
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Fig. 9. Impact-induced damage within the rock mass samples with different joint intensities: (a) Py; =0 m~", (b) Pyy =1 m™%, (c) P»; =2 m~', and (d) P»; = 3 m~". Tension and shear

cracks are indicated in red and black, respectively.
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Fig. 10. Velocity contours of particles (m/s) constituting SRM sample with P,; =0 m~" at different stages of impact test simulation.

with Po; = 3 m~!, the amplitude of particle ball ID 1 (light blue
color) is generally higher than the particle ball ID 2 (red line color).
The considerable discrepancy between the two lines (red line and
light blue line) indicates that multiple reflections and refractions of
stress waves occurred in the joint plane. This figure also indicates
that the stress waves in the jointed rock mass sample attenuate
slower than the sample without any joints.

The large-scale impact tests presented in this study comprise of
both loading and unloading phases. The loading phase starts when
the projectile particle hits the jointed rock mass samples, and
continues until the time cycles of 15,000. Subsequently, the pro-
jectile particle commences rebounding from the rock mass surface
and triggers the unloading phase (after time cycles of 15,000). This

unloading explains the increase in the particle velocity in the
frames of time cycles of 20,000, and 25,000 (see Fig. 10) and the last
three frames of time cycles of 25,000—30,000 (see Fig. 11). The
unloading phase has been clearly identified in Fig. 13, where the
direction of particle velocity (y-velocity) changes at about time
cycles of 15,000, from negative to positive.

3. Conclusions

A number of laboratory tests were conducted to determine the
static and dynamic properties of a meta-sandstone intact rock. This
provided the experimental background to develop a series of nu-
merical investigations. The BPM was successfully used to simulate
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Fig. 11. Velocity contours of particles (m/s) constituting SRM sample with P,; =3 m™"' at different stages of impact test simulation.

both the static and dynamic properties of the intact rock tested in
the laboratory.

The BPM was calibrated against the experimental laboratory
results. A major limitation of PFC models over the past decade was
the inability to match the relatively large ratio of UCS to tensile
strength of the intact rock. This was addressed in the present work
by using the flat-joint contact model in intact rock calibration.
Discrete joint networks of different intensities were incorporated
into the calibrated BPM to simulate large-scale jointed rock mass
samples. Finally, a rigid particle was projected against the jointed
rock mass samples and the inflicted damage was quantified. In this
study, damage was defined as the initiation and growth of micro-
cracks within the numerical models.

The results of the impact simulation support the conclusion that
the presence of structural defects within a rock mass plays a very

90000
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60000 -

50000 -

40000 -
30000 -

Number of microcracks

20000 -

——Sample with P,,=3 m™*

10000 -
———sSample with P;;=0 m™*
0 L ) L 1 L L
0 5000 10000 15000 20000 25000 30000 35000
Time cycle

Fig. 12. Time histories of impact-induced microcracks for SRM samples with

Pyy=0m'and Py =3 m L.

important role in the impact-induced damage of the rock mass. Pre-
existing joints influence the stress wave propagation in the rock mass
samples and consequently the energy dissipation in the jointed rock
mass samples. The impact-induced stress waves can reflect from
joint surfaces and modify the crack pattern within the rock mass.
Numerical results suggest that the radial cracks generally stop when
they reach the pre-existing joints and are almost perpendicular to
the joint surface. It is recognized that the higher intensity of joints
within the rock mass results in more pronounced rock mass damage.

Since field or laboratory impact tests on large-scale rock mass
samples are expensive and difficult to be carried out, numerical
modeling provides a reasonably good understanding of the impact-
induced damage mechanism and its complexity by the means of
simplifications. The preference for 2D instead of 3D modeling in
this paper was motivated by the shorter execution times for solving
models. It is recognized that this simplified approach has some

25

y-velocity (m/s)

~—Sample with P21=3 m!, BallID 1
==Sample with P21=3 m". Ball ID 2
——Sample with P21=0 m". Ball ID 1&2

0 5000 10000 15000 20000 25000 30000 35000
Time cycle

Fig. 13. Velocity histories of two particles on both sides of the defined joint for SRM
sample with P,; =3 m~' and at the same location for the sample without joints.
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inherent limitations. In general, 2D rock mass models can under-
estimate the rock mass mechanical properties. Nevertheless, the
current work can eventually be extended to simulate this phe-
nomenon in three dimensions.

Finally, this study helps to understand the impact-induced
damage mechanism for jointed rock masses. The results of these
investigations have significant implications in fragmentation and in
material transfer during underground excavations in rock.
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