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Abstract

The impact-induced fragmentation of rock is widely and frequently encountered when natu-
ral hazards occur in mountainous areas. This type of fragmentation is an important and com-
plex natural process that should be described. In this study, laboratory impact tests under
different impact velocities were first conducted using a novel gas-driven rock impact appara-
tus. The three-dimensional digital image correlation (3D DIC) technique was used to monitor
the dynamic fragmentation process upon impact. Then, coupled 3D finite-discrete element
method (FDEM) numerical simulations were performed to numerically investigate the
energy and damage evolutions and fragmentation characteristics of the sample under differ-
ent impact velocities. The laboratory test results show that as the impact velocity increases,
the failure pattern of the rock sample gradually changes from shear failure to splitting failure,
and the fragmentation intensity increases obviously. The strain localization area gradually
increases as the impact velocity increases and as the location gradually deviates away from
the impacting face. In the numerical simulation, the proposed model is validated by quasi-
static uniaxial compression tests and impact tests. The numerical simulations clearly show
the progressive fracture process of the samples, which agrees well with the experimental
observations. The evolutions of energy and damage variables were also derived based on
the simulation results, which are markedly affected by the impact velocity. The fragment
size distributions based on mass and number can be well fitted using a generalized extreme
value law. Finally, the distribution of the fragment flying velocity and angle are analyzed.

1. Introduction

Impact-induced fragmentation of rock blocks is widely observed in incidents of natural haz-
ards such as rockfalls, sturzstroms, rockslides and rock avalanches [1-4], which in turn
markedly influences the motion trajectory of rock blocks [5, 6]. Rock fragmentation, which
features high kinetic energy and undefined motion trajectory, poses critical threats to human
lives, infrastructure and lifeline facilities [7-12]. However, impact-induced fragmentation of
rock blocks is a complex breakage process that includes impact dynamics, fracture mechanics
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and rock mechanics [13-15]. Therefore, to mitigate the hazard of impact-induced flying frag-
ments, it is essential to investigate the dynamic fracturing process and fragmentation
characteristics.

Extensive efforts have been made to understand the dynamic fragmentation mechanism of
rock blocks under impacts [4, 16-19]. As the most direct and reliable method among those
methods used in previous studies, laboratory experiments have been widely conducted in
attempts to describe the fracturing and fragmentation mechanism. Laboratory tests on brittle
materials [20-22] have shown that the number of fragments increases with increasing impact
energy, while fragment size gradually decreases. Giacomini et al. [2] conducted in situ free fall
tests and found that the impact angle played an important role in the fragmentation of foliated
rocks, and the influence of the impacting energy tended to be of the second order. Hou et al.
[23] conducted an experimental study of the fragmentation characteristics of brittle rocks and
found that as impact energy increases and hammer size decreases, the frequency distribution
curve becomes narrower, and the cumulative frequency distribution curve gradually moves
toward the left. To describe the fragmentation behaviors of rock under impact loading in more
detail, several scholars have investigated the characteristic fragment distribution of rock.
Hogan et al. [24] developed a three-parameter generalized extreme value distribution to
describe characteristic fragment sizes. By fitting a model to 448 sets of screening fragment size
data from blasting and crushed rock [25], bicomponent distributions were found to generally
create a better fit, and Swebrec is the best single component function in all zones, producing
errors that are comparable to the best bicomponents in the coarse and central zones. In addi-
tion, Li et al. [26] explored the dynamic fragmentation of granite at strain rates of 40-150/s and
proposed a novel energy-based fragmentation model to describe cylindrical samples com-
pacted by single direction impact.

In addition to experimental approaches, with the development of computational tech-
niques, numerical methods are an efficient alternative to investigate impact-induced dynamic
fragmentation, which can generally be categorized into three types: continuum-based numeri-
cal methods, discontinuum-based methods and hybrid methods. Among these methods, the
most widely used approach is the discrete element method (DEM) [27-29], which is well
suited to model multibody dynamics. DEM simulations have contributed to our fundamental
understanding of rock dynamic fragmentation [30-34], and several DEM simulation results
[31, 32, 35] have shown that the normal component of impact velocity is the primary factor
that affects the breakage intensity of agglomerates and fragmentation distribution. Based on
DEM simulation results, fragmentation only occurs locally at the impact zone, but no radial
cracks occur [14, 36]. Shen et al. [17] found that as the impact loading rates increased, the frag-
mentation intensity and damage ratio gradually increased, and the fragment number exhibited
a power law dependence on the impact loading rate. Zhao et al. [6] studied rock fragmentation
at various slope angles using the DEM. Numerical results indicated that steep slopes, which
resulted in higher impact strain rates, induced more efficient fragmentation than gentle slopes,
and the fragment size decreased with increasing impact strain rate. Zhao et al. [37] also investi-
gated the dynamic fragmentation characteristics of jointed rock blocks and found that the ori-
entation and distribution of the block joints are the main factors affecting the size and shape of
large fragments. They also found that the cumulative size distribution can be well fitted by
Weibull’s distribution function, with gentle and steep curvatures with fine and coarse size
ranges, respectively. However, although the DEM has been favored by many researchers in
rock fragmentation studies due to its advantage of being able to simulate fracturing, this
method is time-consuming and requires an error-prone calibration of micro-to-macro mate-
rial properties, increasing computational costs, especially in large-scale computing. Among the
continuum-based methods, the numerical erosion technique is widely used to simulate the
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dynamic failure process of materials [38-40]. However, the erosion technique lacks physical
meaning, and substantial element deletion breaches the conservation of mass [41]. Therefore,
to more realistically simulate the dynamic failure process, more advanced methods based on
FEM have been proposed within the framework of the partition of unity (PU) to overcome the
difficulty of FEM, which can be applied to dynamic crack propagation problems with an
appropriate enrichment function and level set algorithm [42-44]. However, for extreme break-
ing failure under high-speed loads, adopting appropriate enrichment functions remains chal-
lenging, and the level set description is still not adequately robust [45, 46]. Alternatively, an
effective method to avoid distortion or coincidence of elements with crack geometries is to use
meshless methods [47, 48]. Based on the smooth particle hydrodynamics method (SPH), Rabc-
zuk et al. [49] simulated concrete fragmentation under explosive loading. However, the diffi-
culties of essential boundary conditions, tensile inability and zero energy modes are
unavoidably encountered when using this type of method [50]. For example, continuum-
based methods have difficulties describing the sticking, slipping and separation between frag-
ments due to the continuum-based assumption. Recently, the combined finite-discrete ele-
ment method (FDEM) has become popular and has been widely applied to simulate the
impact-induced fracture and fragmentation process of rock material [51, 52] due to its inher-
ent continuum-discontinuum characteristics. In the FDEM [53-55] regarding the material as
anumber of interactive discrete elements with general shapes and sizes, the key feature of rock
impact-induced failure process simulation involves the easy transition from continuum to dis-
continuum via deformation, fracture and fragmentation. Using the contact algorithm, the
cohesive crack model can be described accurately.

In this paper, a gas-driven rock impact apparatus is developed and used to conduct labora-
tory rock impact tests. The dynamic crack growth, strain localization and final failure pattern
of granite specimens under different impact velocities are investigated in detail using the
3D-DIC technique. Then, a coupled 3D FDEM model is created in Abaqus software to simu-
late the energy and damage evolutions and fragmentation characteristics of the granite speci-
mens in the impact tests and compared with the laboratory impact tests. The progressive
fracture process; the evolution of energy and damage; and fragmentation and its size distribu-
tion and distribution of the fragment flying velocity and angle are described by the FDEM sim-
ulation, which facilitates understanding the dynamic fragmentation process and
fragmentation characteristics of rock.

2. Experimental and numerical methodology
2.1 Specimen preparation and test equipment

The granite specimens investigated in this study were sourced from Changsha City in Hunan
Province, China. Cylindrical specimens 50 mm in diameter and 100 mm in height were pro-
duced according to the International Society for Rock Mechanics (ISRM)-suggested methods
[56]. To reduce the discretization of test results caused by specimen inhomogeneity, all speci-
mens were drilled from the same rock block, and specimens with similar P-wave velocities
were selected for testing. The basic mechanical properties of the specimens were described
from unconfined compression tests. The density (p) was approximately 2.63 g/cm”, and the P-
wave velocity was 4957 m/s. The Young’s modulus (E) was 40.29 GPa, Poisson’s ratio (v) was
0.25 and the uniaxial compressive strength (UCS) was approximately 102.66 MPa. To enhance
the contrast ratio of the rock surface for the digital image correlation analysis, all the granite
specimens were treated by spraying speckle. During spraying, white speckle was first sprayed
throughout the observation area, and then, black speckle was evenly sprayed until the black
speckles were uniformly distributed on the specimen surface.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266241  April 7, 2022 3/29


https://doi.org/10.1371/journal.pone.0266241

PLOS ONE

Experimental and numerical studies of the impact breakage of granite with high ejection velocities

Launcher device . Laser velometer
Sample carrier Dam-board

Specimen

Barrel

Compressed gas

(b)

Fig 1. The compressed gas-driven impact system. (a) schematic diagram; (b) test device.

https://doi.org/10.1371/journal.pone.0266241.9001

A gas-driven rock impact apparatus was developed for the impact test, which consists of
five main components (the launcher component, specimen carrier, laser velometer, damboard
and high-speed shooting system), as shown in Fig 1a and 1b.

To investigate the influences of impact velocities on the rock failure behaviors and fragmen-
tation characteristics, impact tests with different impact velocities were conducted on the rock
specimens by adjusting the compressed gas. During the impact tests, the error under different
impact numbers of the same impact velocity was controlled to be within +0.3 m/s. Therefore,
to better understand the mechanism of rock breakage under high impact velocities, two syn-
chronous high-speed cameras were used to monitor and record each impact. A 3D-DIC tech-
nique was also used to analyze variations in the 3D strain fields of the sample surface [57-59].
The coordinates of the 3D-DIC method first had to be calibrated, which required deducing the
3D coordinates from the projected plane coordinates obtained from the two cameras. By mov-
ing, tilting and rotating the calibration board, twelve image pairs of calibration boards were
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Mode II

captured to calibrate the position of the two cameras. The calibration board used was a plastic
board (90 mm x 72 mm) with a black base and 25 x 22 white speckles. The calibration was ade-
quate for measurement when the standard deviation of the residuals calculated by the software
(GOM Correlate Professional) was less than 0.1. After calibration was completed, the image
pairs were recorded at the ideal frame and resolution by the two synchronized cameras, and
the cropping adjustment function in the software could recognize the actual resolution and
apply a modified calibration to the speckle images. The frame rate was set to 35000 fps; thus,
the time interval between two neighboring images was approximately 27 us. Finally, the strain
fields were obtained by calculating valuable images with GOM Correlate Professional
software.

2.2 Numerical model

In the FDEM model, the rock mass was idealized as a collection of elastic bulk elements, and
their interactions between the rock mass boundaries were described by the zero-thickness
cohesive elements. Before failure, the constitutive relation of the elastic element and the stift-
ness of the cohesive elements were used to control the continuous behaviors of the rock mate-
rial. However, the discontinuous failure process was described by the constitutive properties of
the zero-thickness cohesive element. The zero-thick cohesive element were completely dam-
aged and then deleted from the model when it met the failure criterion, resulting in the genera-
tion of cracking. Crack propagation occurred with the continuous deletion of the zero-thick
cohesive element. In addition, the interaction between the elastic bulk elements generated
after the deletion of the zero-thick cohesive element could be achieved by defining the contact.
The constitutive response of zero-thickness cohesive elements could be directly defined by
the traction-separation curve, which could be applied to simulate the cracking behavior at the
solid element boundary. In this study, the mechanical behaviors of cohesive elements were
defined by a mixed-mode bilinear traction-separation law, as shown Fig 2. In the constitutive
model, the traction in each direction increased linearly with the increase in the relative dis-
placement before damage initiation. When the traction of the cohesive element reached the

¢ Tension
Mixed mode
P [/11 Sh
Intact ‘Xﬁ 4 \
_____ —
Mode [ J,

(a) (b)

Fig 2. Constitutive model of cohesive elements. (a) mixed-mode damage initiation criterion; (b) mixed-mode linear traction-
separation behavior.

https://doi.org/10.1371/journal.pone.0266241.9002
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maximum nominal traction criterion, damage began to be generated. The damage initiation
criterion was described by the quadratic nominal stress law (Fig 2a) as follows:

(-

where () is the Macaulay bracket, indicating that the cohesive elements could not show com-
pression (negative normal traction); t,, and t; denote the nominal (mode I) and shear (mode
IT) traction, respectively; and tﬂ and t? are the nominal and shear traction when the damage

initiates, respectively. As shown in Fig 2b, the curve in the plane formed by the t-axis and the
6,-axis stands for tensile behavior; the curve in the plane formed by the t-axis and the §;-axis
stands for share behavior; the curve in the plane formed by the t-axis and the §,,-axis stands
for tensile-shear mixed behavior. The damage evolution is described by the scalar damage vari-
able D, which is a function of the effective relative traction .5and separation J,,, considering
the coupled effect of both the normal and shear directions:

ty =\ (1) + £ (2)

3, =1/{9,)" +; (3)
where 8, and J, are the normal and shear separations, respectively. The scalar damage variable
D initially has a value of 0. If the damage is modeled, D monotonically evolves from 0 to 1 until
the cohesive elements complete failure, as follows:

max 0
O] s g
D= &3, —4)) (4)

0, o <
where, 8", 3/ and 67 are the effective separation at damage initiation, the effective separation
at complete failure and the maximum value of the effective separation attained during the
loading history, respectively.

The evolution of D is also accompanied by the degradation of the normal and shear stiffness
as well as the normal and shear traction of the cohesive elements until complete failure. The
constitutive law can be expressed as follows:

(1-D)k,s,, d,>0
t, = (5)
k.0, 5, <0

t,= (1 - D)kJ, (6)

The mixed-mode complete failure is governed by the following power law failure criteria:

G\, (G
()&~
GIC GIIC
where Gyand Gy are the dissipated energies in pure mode I and mode II, respectively; and Gjc
and Gyjc are the fracture energies in pure mode I and mode II, respectively. The cohesive ele-
ment will be complete failure and deleted to show the local failure as the criterion is met.

After the cohesive elements are deleted, the penalty contact scheme is used to define the
contact behaviors between the newly created adjacent surfaces. The penalty stiffness can also
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be set as a constant or adjusted automatically to allow for a little penetration. The contact
stress-relative displacement relation is described as follows:

0, 5,>0 @
P= —pd., 8 <0

T=p0, )

where p, p,, and §,, are the contact stress, penalty stiffness and relative replacement in the nor-
mal direction, respectively; and 7, p; and J, are the corresponding quantities in the shear
direction.

The critical shear stress is calculated using Coulomb’s law as follows:

Tcri = :up (10)

where y describes the friction coefficient of the contacting surfaces. In this paper, y = 0.3.

3. Experimental results and analyses
3.1 Failure pattern

The failure pattern of a rock specimen after impact loading depends on the loading rate [60-
62]. Examples of different failure patterns for rock specimens under different impact velocities
are shown in Fig 3, and results show that as the impact velocity gradually increases from 20.0
to 30.0 m/s, the fragmentation intensity continues to increase. At a velocity of 20.0 m/s, no
obvious cracks are found in the remaining part of the specimen away from the impacting face,
and a fracture plane occurs near the impacting face. When the impact velocity increases to
25.0 m/s, an obvious vertical crack appears in the remaining part of the specimen away from
the impacting face. As the impact velocity increases more to 30.0 m/s, the remaining part of
the specimen away from the impacting face is directly split into several blocks along the impact
direction. In addition, as the impact velocity increases from 20.0 to 25.0 m/s, the angle of the
fracture plane gradually decreases from 51° to 17°, and the location of the fracture plane

Fig 3. Failure patterns of rock specimens subjected to different impact velocities. (a) 20.0 m/s, (b) 25.0 m/s, and (c) 30.0 m/s.

https://doi.org/10.1371/journal.pone.0266241.9g003
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gradually moves away from the impacting face. This result is probably due to the low impact-
induced stress at low impact velocities, and the impact-induced stress is gradually attenuated
when it propagates inside the rock specimen. Thus, the part near the impacting face is directly
broken by the impact-induced stress, and no obvious cracks are generated in the remaining
part of the specimen away from the impacting face. As the impact velocity increases, the
impact-induced stress reaching the part away from the impacting face also increases, resulting
in the fracture moving away from the impacting face. A vertical crack then appears in the
remaining part of the specimen away from the impacting face. When the impact velocity
increases more to 30.0 m/s, the impact-induced stress far exceeds the dynamic stress of the
specimen, and the location of the specimen near the impacting face is directly squeezed and
broken. Finally, the part away from the impacting face directly fails by splitting, and the frag-
mentation intensity of the whole rock specimen obviously increases.

3.2 Strain measurement and fracture characteristics

The 3D-DIC technique can be used to quantitatively characterize the strain response of the
surface of a rock specimen in the impact process. For moving specimens, 3D-DIC can directly
measure the strain through speckle movement on the specimen surface, which can effectively
capture the spatial strain field of the rock specimen surface at the moment of impact breakage.
In this study, the processes of crack initiation and propagation and the subsequent macro-
scopic failure of the rock specimen during impact are monitored and recorded by two high-
speed cameras. The image at 0 ps is used as the reference image, and a zone-of-interest (ZOI)
of 576 x 320 pixels is selected for correlation calculation. The size of one pixel is equivalent to
0.15 mm of the specimen, and the 3D-DIC technique can capture only half the area of the sam-
ple surface due to the limitation of the high-speed camera, which would cause the capture of
cracks to have a certain randomness.

High-speed images of the evolution of visible cracks at the moment of impact-induced
breakage under velocities of 20.0, 25.0, and 30.0 m/s are shown in Figs 4a, 5a and 6a, respec-
tively. Figs 4b, 5b and 6b show the strain fields under impact velocities of 20.0, 25.0 and 30.0
m/s in the maximum principal strain directions at different stages. Figs 4c, 5c and 6¢ show the
strain fields under impact velocities of 20.0, 25.0 and 30.0 m/s in the axial (e.), vertical (eyy)
and shear (e,y) directions at different stages. Under an impact velocity of 20.0 m/s (see Fig 4), a
crack appears at 27 us along with obvious strains in the maximum principal strain and axial
directions. The crack initiates at the location farthest from the impacting face and then rapidly
expands from the location at the bottom of the fracture plane to both sides until it reaches the
impacting face. In addition, an obvious shear strain localization is shown at 54 ps, which indi-
cates that the fracture plane may be formed due to shear failure during impact. When the
impact velocity increases to 25.0 m/s (see Fig 5), the strain localization area gradually increases
with increasing impact velocity. In the axial direction, an obvious strain change can be
observed, and the area of compressive-shear strain (the strain value is positive) is larger than
the tensile strain (the strain value is negative) before 54 ps. However, in the vertical direction,
the strain localization area is almost tensile strain. At 108 ps, an obvious strain localization
area appears in both the axial and vertical directions. Furthermore, at 108 ps, strain localization
appears in the shear direction, which is more obvious at 189 us. These results indicate that the
sample is markedly compressed in the axial direction and expanded in the radial direction dur-
ing the impact process. Compared with the crack initiation figures (Fig 5a), most visible cracks
are caused by tensile-shear failure. As the impact velocity increases more to 30.0 m/s (see Fig
6), cracks parallel to the impact direction appear. In addition, two cracks perpendicular to the
impact direction appear successively after the impact and also appear earlier when they are

PLOS ONE | https://doi.org/10.1371/journal.pone.0266241  April 7, 2022 8/29


https://doi.org/10.1371/journal.pone.0266241

PLOS ONE

Experimental and numerical studies of the impact breakage of granite with high ejection velocities

243 ps

| A |~ 600

H s 150

o = 300

‘ 150

It 000
I/ . 54 us

s

o0

2100

135 ps e

Y . Sdus ‘

!i‘

81 us

%)
3631
2200
2800
2400
2000
1600
1200
X0
162 us 400
260

8lus L0
10000
a0
250
s000

. 81us

Fig 4. Images of the evolution of visible cracks and strain fields in different directions at a velocity of 20.0 m/s (the right face is
the impacting face). (2) the high-speed images; (b) the maximum principal strain; (c) the axial (e,), vertical (ey) and shear (e,y)

strain.

https://doi.org/10.1371/journal.pone.0266241.9004
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Fig 5. Images of the evolution of visible cracks and strain fields in different directions at a velocity of 25.0 m/s (the right face is
the impacting face). (a) the high-speed images; (b) the maximum principal strain; (c) the axial (e,), vertical (ey) and shear (e,y) strain.

https://doi.org/10.1371/journal.pone.0266241.9g005
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Fig 6. Images of the evolution of visible cracks and strain fields in different directions at a velocity of 30.0 m/s (the right face is the
impacting face). (a) the high-speed images; (b) the maximum principal strain; (c) the axial (e,), vertical (ey) and shear (e,y) strain.

https://doi.org/10.1371/journal.pone.0266241.9006
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closer to the impacting face. In the axial direction, the tensile strain area gradually increases
over time, while the compressive strain area decreases significantly, and the difference between
the two is most prominent at 108 ps. In the vertical direction, both the tensile strain and its
area gradually increase over time, and the tensile strain area is significantly larger than that
under a velocity of 25.0 m/s. In the shear direction, strain localization can be observed at the
location away from the impacting face. In addition, shear strain localization also appears in the
crack propagation tip, which indicates that the 3D-DIC technique can accurately predict the
crack propagation direction through changes in the strain field. Finally, according to the
results of the strain field and previous failure pattern, the failure pattern appears to gradually
change from shear failure to splitting failure with increasing impact velocity.

4. Numerical simulation results

4.1 Calibration of the numerical model

In the numerical study, some micromechanical parameters of the numerical model cannot be
directly obtained from laboratory tests, but can only be obtained through calibration. Cylindri-
cal samples with a size of 50 mm x 100 mm are used. Two rigid platens are applied in this
model, in which the upper platen is moving downward at a constant velocity of 2.5 mm/s to
maintain a quasi-static loading state while the lower platen is fully fixed. The mean grain size
of the granite sample observed from the laboratory is approximately 2 mm, which is smaller
than the adopted size. However, if an actual mean grain size of 2 mm is adopted, more than
96460 solid elements and 187072 cohesive elements will be generated, which will inevitably
increase computation time, especially for the 3D model used in this study. To compromise
between modeling efficiency and accuracy, the numerical model is generated by irregular tet-
rahedral solid elements with a mean grain size of 4 mm as well as six-node zero-thick cohesive
elements, corresponding to 14108 and 26674 elements. The solid element adopts linear elastic
constitutive, which needs three parameters: density p, elastic modulus E and Poisson’s ratio v.
These three parameters are directly obtained from the laboratory tests (as shown Table 1). The
cohesive constitutive needs six parameters: tensile strength ; shear strength ¢; mode I frac-
ture energy Grc; mode II fracture energy Grc; initial normal stiffness k,, and initial shear stift-
ness k.. Among them, k, and k,, are usually estimated by empirical equation:

k k= 2E (11)

T e,
where, 1,5, correspond to element mesh size, and « is a constant which needs to be deter-
mined. In this paper, when calculating the initial normal stiffness, the value of & is about 100,
and when calculating the initial shear stiffness, the value of a is about 30. However, t°, t, G;c
and Gyjc can’t be directly obtained from the laboratory tests. Therefore, firstly, the granite data
in the reference [63] are selected as the initial value. Then, several simulations of uniaxial com-
pression test are conducted. By comparing the stress-strain curves obtained by the simulations
with the stress-strain curves obtained by the test, the values of these four parameters are con-
tinuously adjusted. After many trial-and-error calibration procedures, the simulation results
after calibration are obtained, as shown Table 1, which agree with the results derived from the

Table 1. Comparisons of the basic mechanical parameters of the granite samples.

Laboratory test result

Numerical test result

https://doi.org/10.1371/journal.pone.0266241.t001

Uniaxial compressive strength (MPa) Young’s modulus (GPa) Poisson’s ratio
102.66 40.29 0.25
102.05 38.64 0.24
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(a) (b)

Fig 7. Uniaxial compressive test. (a) the failure mode of granite sample obtained from laboratory test; (b) the failure mode
predicted by the numerical model.

https://doi.org/10.1371/journal.pone.0266241.9007

laboratory tests. The comparison of the macroscopic failure mode between the numerical tests
and laboratory tests is shown in Fig 7, and the axial stress—strain curves predicted by the
numerical simulation are shown in Fig 8. Note that some special aspects of rock behaviors,
such as the closure of voids and pre-existing cracks, are not considered in the simulation,
which causes axial stress—strain curves in the simulation to be slightly different from those of
the laboratory tests, particularly where the initial compaction is not reflected in the numerical
results. Generally, a good approximation of the macromechanical properties as well as the frac-
ture behaviors can be measured in the numerical model. Results demonstrate that the cali-
brated micromechanical parameters, as shown in Table 2, are considered to be valid and can
be used in the following numerical simulations.
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Fig 8. Comparison of the axial stress-strain curves of the granite sample between the laboratory test and numerical

prediction.

https://doi.org/10.1371/journal.pone.0266241.g008

To verify the effectiveness of this approach in simulating the micro/macromechanical prop-
erties of rocks, a numerical test of rock impact is conducted, and its results are compared with
the laboratory test results. For comparison, the same impact velocities of 20.0, 25.0 and 30.0
m/s used in the laboratory tests are used in the numerical tests of rock impact. Fig 9 shows the

Table 2. Microparameters of the granite samples for the numerical model.

Microparameters Values
Density, p (g/cm’) 2.63
Young’s modulus, E (GPa) 40.29
Poisson’s ratio v 0.25
Tensile strength, 2 (MPa) 11.2
Shear strength, ¢ (MPa) 45.5
Mode I fracture energy, Gyc (N/mm) 0.134
Mode II fracture energy, Gyc (N/mm) 0.47
Initial normal stiffness, k,, (MPa/mm) 1.0x10°
Initial shear stiffness, k; (MPa/mm) 3.4x10°

https://doi.org/10.1371/journal.pone.0266241.t002
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20.0 m/s 25.0 m/s 30.0 m/s 35.0 m/s 40.0 m/s

Fig 9. Numerical simulation results of granite samples under different impact velocities (the lower face is the impacting face).

https://doi.org/10.1371/journal.pone.0266241.g009

fragmentation results of the sample under different impact velocities obtained from numerical
simulations. When the impact velocity is 20.0 and 25.0 m/s, fragmentation occurs in the loca-
tion near the impacting face, and several fragments are generated. When the impact velocity
increases to 30.0 m/s, in addition to a number of fragments generated in the location near the
impacting face, the remaining part of the sample away from the impacting face is directly split
into two large fragments along the impact direction. The numerical test results agree with the
results obtained from laboratory tests, as shown in Fig 3, and results show that the proposed
method can accurately simulate the macromechanical properties and fragmentation character-
istics of intact rock with the above calibrated micronumerical parameters. Based on this
method, we continue to perform numerical simulations of rock impact at higher impact veloc-
ities, which may cause dangerous accidents in the laboratory. Fig 9 indicates that as the impact
velocity increases, the fragmentation intensity of the sample gradually increases, and the
remaining part of the sample away from the impacting face is directly split into three large
fragments along the impact direction.

4.2 Energy and damage evolution during the progressive fracture process

Based on the proposed method described in Section 2.2, the progressive fracture process of the
rock sample can be captured intuitively from the numerical simulation results. Fig 10 shows
the progressive fracture process of the selected slice at a velocity of 20.0 m/s, in which the slice
is the view of the central cross section in the x-y plane. The left end of the sample near the
impacting face was directly crushed via shear, and additional shear cracks appeared at the loca-
tion far away from the impacting face. In the part of the sample that is far away from the
impacting face, a long tensile crack along the impact direction was generated and gradually
closed over time; however, this phenomenon cannot be reproduced in the laboratory tests.
When the impact velocity increases to 25.0 m/s, both the fragmentation intensity and the num-
ber of cracks increase, as shown in Fig 11. A number of shear cracks perpendicular to the
impact direction were generated at 0.2 ms, and the tensile and shear cracks began to unite and
gradually formed a fracture surface at 0.25 ms. A long tensile crack along the impact direction
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Fig 10. Progressive fracture process of the slice at a velocity of 20.0 m/s (the left face is the impacting face, and the red and green traces depict the
cohesive element that has been deleted mainly due to shear failure and tensile failure, respectively): (a) at 0.04 ms; (b) at 0.08 ms; (c) at 0.12 ms; (d)
at 0.12 ms, the deleted cohesive elements are not displayed.

https://doi.org/10.1371/journal.pone.0266241.9g010
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Fig 11. Progressive fracture process of the slice at a velocity of 25.0 m/s (the left face is the impacting face, and the red and green traces depict the
cohesive element that has been deleted mainly due to shear failure and tensile failure, respectively): (a) at 0.1 ms; (b) at 0.2 ms; (c) at 0.25 ms; (d)
at 0.25 ms, the deleted cohesive elements are not displayed.

https://doi.org/10.1371/journal.pone.0266241.9011

PLOS ONE | https://doi.org/10.1371/journal.pone.0266241  April 7, 2022 16/29


https://doi.org/10.1371/journal.pone.0266241.g010
https://doi.org/10.1371/journal.pone.0266241.g011
https://doi.org/10.1371/journal.pone.0266241

PLOS ONE Experimental and numerical studies of the impact breakage of granite with high ejection velocities

(d)

Fig 12. Progressive fracture process of the slice at a velocity of 30.0 m/s (the left face is the impacting face, and the red and green traces depict the
cohesive element that has been deleted mainly due to shear failure and tensile failure, respectively): (a) at 0.06 ms; (b) at 0.09 ms; (c) at 0.15 ms;
(d) at 0.15 ms, the deleted cohesive elements are not displayed.

https://doi.org/10.1371/journal.pone.0266241.g012

is also shown in the part of the sample far away from the impacting surface, which is in good
agreement with that obtained from the laboratory tests (see Fig 3). As the impact velocity
increases to 30.0 m/s, the number of damaged cohesive elements significantly increases at time
0.06 ms (as shown in Fig 12). With the deletion of the failed cohesive elements, a large number
of cracks were generated, especially near the impacting face. In the part of the sample that is
far away from the impacting face, a long tensile crack was generated and gradually penetrated
from the middle to the back of the sample, which made the sample directly split into two frag-
ments. According to these three figures, the part of the sample near the impacting face was
squeezed at impact to produce radial expansion and shear failure, and as the impact velocity
increased, the squeezed part fractured. Shear cracks were also generated near the impacting
face at the moment of impact, and tensile cracks were formed far away from the impacting
face during the rebound of the sample. Finally, macroscopic fracture surfaces were produced
via the combination of tensile and shear cracks.

As a key indicator of dynamic behavior, energy can be used to help analyze the energy con-
sumption mechanism, damage and fragmentation transformation of rocks during impact. The
damage ratio (a,) is the ratio of the number of failed cohesive elements to the initial number
of cohesive elements, the normalized kinetic energy (E, ) is the ratio of the total kinetic energy
of the fragments to the initial kinetic energy (E,), and the normalized dissipation energy (E,..)
is the ratio of the dissipated energy to the initial kinetic energy. Fig 13 shows the evolution of
the damage ratio, the normalized kinetic energy and the normalized dissipation energy over
time for an impact velocity of 40.0 m/s. As shown in Fig 13, when the sample impacts the dam
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time (v, = 40 m/s).
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board, the damage ratio and normalized dissipated energy increase sharply up to their peak
values at approximately 0.125 ms, and the normalized kinetic energy decreases dramatically.
The sliding and collision of the fragments also yield a reduction in the normalized kinetic
energy, while the damage ratio remains almost unchanged. Fig 14 shows the relationship
between the normalized dissipated energy and the impact velocity, which indicates that the
normalized dissipated energy gradually increases with increasing impact velocity. As the
impact velocity increases, the increase in the normalized dissipated energy gradually slows
down. Especially when the impact velocity increases to 40.0 m/s, the normalized dissipated
energy only increases by 0.015.

Fig 15 shows the typical evolution of the damage ratio during the impact with time under
different impact velocities. As the impact velocity gradually increases, the increasing trend of
the damage ratio becomes sharper. Also, when the impact velocity is 20.0 m/s, an obvious
step-shaped curve appears during impact. In addition, as the impact velocity increases to 30.0
m/s, the damage ratio still slightly increases after 0.25 ms, and this phenomenon becomes
stronger when the impact velocity increases to 40.0 m/s, which shows that the fragment num-
ber still slightly increases after 0.25 ms when the impact velocity exceeds 3.0 m/s. Fig 16 shows
the relationship between the damage ratio and impact velocity, where the damage ratio during
impact increases with the impact velocity via an exponential relationship. As the impact
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Fig 14. Variation in the energy dissipation (E,,;) with the impact velocity.
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velocity increases from 20.0 to 40.0 m/s, the corresponding damage ratio increases progres-
sively from 0.05 to 0.28.

4.3 Fragmentation and size distribution

The fragmentation and size distribution under different impact velocities are analyzed in this
section. Fig 17 shows the fragmentation characteristics of the sample under different impact
velocities. Fig 17a shows that the number of fragments gradually increases with increasing
impact velocity. In particular, as the impact velocity increases from 20.0 m/s to 30.0 m/s, the
fragment number only slightly increases (from 47 to 106). However, when the impact velocity
exceeds 30.0 m/s, the fragment number increases sharply (from 106 to 732). Fig 17b shows the
volumes of the two largest fragments, V;,, and V,,,4 as well as their combined volume, V;,,nor-
malized by the initial volume of the sample, V,,,, under different impact velocities. The vol-
umes of the two largest fragments and their sum both decrease with increasing impact
velocity. Also, as the impact velocity gradually increases, the volume difference between the
two largest fragments decreases, especially when the impact velocity is 40.0 m/s, and the vol-
umes of the two largest fragments are similar. As the impact velocity increases from 20.0 m/s
to 40.0 m/s, the volumes of the two largest fragments gradually decrease from 58.6% and
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Fig 15. Evolution of the damage ratio (o) with time under different impact velocities.
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34.1% to 18.1% and 16.1%, respectively. The combined volume of the two largest fragments
gradually decreases from 92.8% to 34.2%, and other fragments are effectively pulverized.
To analyze the fragment size distribution, we defined the characteristic fragment size as fol-

lows [17]:
d= V[V (12)

where Vis the volume of the fragment, which is calculated as the total volume of solid ele-
ments in the fragment; and V,,, is the initial volume of the rock block.

Regarding the fragment size distribution, many scholars have proposed various distribution
functions, among which the most popular function is the Weibull distribution. However,
Hogan et al. [24] proposed a three-parameter generalized extreme value distribution to analyze
the fragment size distribution and showed that this distribution function can fit experimental
data more accurately than the Weibull distribution. The three-parameter generalized extreme
value distribution can be described as follows:

Fds s €) = exp{ -1+ (45 1)17 (13)

where y, 0 and & are the location, scale, and shape parameters, respectively. The shape parame-
ter & is used to control the shape of the fitting curves, and the mass-based and number-based
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distribution curves show a different shape when & < 0 or £ > 0. Due to a lack of physical mean-
ing, this parameter is not analyzed in detail in this study. Fig 18 shows the typical distributions
of the fragments obtained from the simulation results. Fig 18a and 18c shows that the distribu-
tion based on the mass and number of fragments can be fitted with good accuracy using the
generalized extreme value distribution.

In the generalized extreme value distribution, the parameter y is determined by the average
size of the rock fragments, and ¢ determines the range of the fragment size distribution. There-
fore, the study of two parameters can describe the influence of the impact velocity on the frag-
ment size distribution. As shown in Fig 18b, the two parameters slightly decrease with
increasing impact velocity for the fragment size distribution weighted by the fragment num-
ber. Fig 18d shows the fragment size distribution weighted by fragment mass, and indicates
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that the two parameters decrease linearly with increasing impact velocity. This result shows
that as the impact velocity increases, the average fragment size gradually decreases, and the
corresponding fragment size distribution range narrows. This behavior is expected because
the increasing impact velocity generally leads to a reduced fragment size. The fragmentation
intensity and fragment number also increase with increasing impact velocity.

4.4 Distribution of the fragment flying velocity and angle

The fragment flying velocity (v and angle (6) are important parameters in rock dynamic frag-
mentation, and their schematic diagram is shown in Fig 19. The fragment flying velocity and
angle distribution are analyzed in this section. Fig 20 shows the distribution of fragment flying
velocity at different impact velocities. The abscissa indicates the velocity interval of the frag-
ment, and the ordinate indicates the percentage of the fragment number. Because the fragmen-
tation intensity and fragment number are weak under impact velocities of 20.0 and 25.0 m/s,
the flying velocities of most fragments are in the ranges of 5.04-16.45 and 5.56-18.05 m/s,
respectively. When the impact velocity increases to 30.0 m/s, the fragmentation intensity and
fragment number increase markedly, and the sample begins to produce many fragments that
are generated by squeezing and splitting. Therefore, the fragment flying velocity increases, and
the maximum flying velocity is approximately 38.31 m/s. Most fragments are launched at a
velocity between 5.19-19.68 m/s. When the impact velocity increases to 35.0 m/s, the fragmen-
tation intensity and fragment number increase, and the fragment flying velocity is mostly con-
centrated in the range of 5.01-24.88 m/s. The maximum flying velocity is approximately 41.05
m/s. When the impact velocity increases to 40.0 m/s, the fragmentation intensity and fragment
number increase markedly; however, the distribution difference in each interval is relatively
small when the fragment flying velocity is lower than 30.0 m/s. The maximum flying velocity is
approximately 51.52 m/s. Fig 20 thus indicates that the fragment flying velocity gradually
increases with increasing impact velocity. When shear failure is generated on the rock sample,
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the fragment flying velocity is always less than the impact velocity; however, squeeze and split
failure occurs on the rock sample when the impact velocity is higher than 30.0 m/s, the frag-
ment flying velocity starts to be greater than the impact velocity, and the number of fragments
increases with increasing impact velocity.

Similarly, the distribution of the fragment flying angle is shown in Fig 21. The flying angle
is calculated by the angle between the direction of the fragment flying velocity and the direc-
tion opposite to the initial impact direction of the sample, as shown in Fig 19. When the impact
velocity is 20.0 m/s, approximately 60% of the fragment has a flying angle between 0° and 45°,
and approximately 32% of the fragment is launched with an angle between 45° and 90°. The
reason for this result may be that shear failure occurred in the part of the sample near the
impact face. Some fragments bounced back directly after impacting the dam-board, while a
small number of fragments near the impacting face were launched at an angle greater than 45°
due to extrusion. When the impact velocity is 25.0 m/s, approximately 93% of the fragment
has a flying angle between 0° and 45° because the sample is sheared and broken into two large
fragments, and most fragments bounce back after impacting the dam board. When the impact
velocity increases to 30.0 m/s, approximately 74% of the fragment is launched with an angle
between 0° and 45°, and the distribution of the angle between 45° and 90° begins to increase
by approximately 26%. When the impact velocity increases to 35.0 m/s, the distribution of the
fragment flying angle between 45° and 90° increases to 72%, and approximately 28% of the
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fragment has a flying angle between 0° and 45°. When the impact velocity is 40.0 m/s, most
fragments (approximately 88%) are launched at an angle between 45° and 90°. The remaining
fragments are nearly evenly distributed at other angles. When the impact velocity is greater
than 30 m/s, the distribution of the fragment flying angle between 45° and 90° gradually
increases with increasing impact velocity. The reason for this result may be that the part near
impacting face is squeezed to a large number of fragments and the part of the sample that is far
away from the impacting face is directly split into several large fragments due to the increase of
impact force, resulting in the gradual decrease in the number of fragment directly rebounding
after impacting the dam-board, while the number of fragment with a launch angle between

45° and 90° gradually increases.

5. Conclusions

In this study, laboratory impact tests on rock samples with different impact velocities were
first conducted using a newly developed gas-driven rock impact apparatus. The fragmentation
process and strain localization of rock samples under different impact velocities were analyzed.
Then, a coupled FDEM model was developed using Abaqus software, based on which the pro-
gressive fracture process; evolution of energy and damage; fragmentation characteristics; and
fragment flying characteristics at different impact velocities were investigated. The following
conclusions can be drawn:
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. When the impact velocity increases from 20.0 to 30.0 m/s, the fragmentation intensity con-

tinues to increase. With increasing impact velocity, the failure pattern of the rock sample
gradually changes from shear failure to splitting failure, and the angle of the shear failure
plane gradually decreases as the location slowly moves away from the impacting face. The
3D-DIC technique can accurately predict the crack propagation direction through changes
in the strain field. As the impact velocity increases, the strain localization area gradually
increases, and the strain localization in the axial and vertical directions becomes increas-
ingly obvious.

As the impact velocity increases, the broken zone gradually deviates away from the impact-
ing face, and the number of cracks increases significantly. Numerical results indicated that
the impact-induced fragmentation gradually changes from shear failure to squeeze (near
the impacting face) and tensile (away from the impacting face) failure with increasing
impact velocity. As the impact velocity increases from 20.0 to 40.0 m/s, the normalized dis-
sipated energy gradually increases from 0.74 to a critical value 0.88. Correspondingly, the
corresponding damage ratio increases progressively from 0.05 to 0.28.

The number and volume of fragments are markedly affected by the impact velocity. When
the impact velocity increases from 20 m/s to 30 m/s, the number of fragments slowly
increases from 47 to 106. When the impact velocity increases from 30 m/s to 40 m/s, the
number of fragments increases sharply from 106 to 732. Meanwhile, the average volume of
the fragments will decrease as the impact velocity increases. When the impact velocity
increases from 20 m/s to 40 m/s, the combined volume of the two largest fragments gradu-
ally decreases from 92.8% to 34.2%.

As the impact velocity increases, the average fragment flying velocity gradually increases.
Regardless of the impact velocity, the majority of the fragment flying velocities are within a
range of 5.0-25.0 m/s. When the impact velocity increases to 30.0 m/s, the largest flying
velocity starts to be higher than the impact velocity. Similarly, the fragment flying angle
gradually increases with increasing impact velocity. When the impact velocity is lower than
30.0 m/s, most fragments are launched at an angle between 0°-45°. The flying angles of most
fragments are in the range of 45°-90° when the impact velocity is greater than 30.0 m/s.

Author Contributions

Investigation: Zhijun Wu.

Methodology: Zhijun Wu, Jinglai Sun.

Software: Yang Liu.

Writing - original draft: Penglin Zhang.

Writing - review & editing: Zhaofei Chu.

References

1.

Crosta GB, Frattini P, Fusi N. Fragmentation in the Val Pola rock avalanche, Italian alps. J Geophys
Res Earth Surf. 2007; 112. https://doi.org/10.1029/2005JF000455

A AG, A OB, B BR, C GPG. Experimental studies on fragmentation of rock falls on impact with rock sur-
faces. Int J Rock Mech Min Sci. 2009; 46: 708—715. https://doi.org/10.1016/j.ijrmms.2008.09.007

Nocilla N, Evangelista A, Santolo A. Fragmentation during Rock Falls: Two ltalian Case Studies of Hard
and Soft Rocks. Rock Mech Rock Eng. 2009; 42: 815-833. hitps://doi.org/10.1007/s00603-008-0006-0

PLOS ONE | https://doi.org/10.1371/journal.pone.0266241  April 7, 2022 26/29


https://doi.org/10.1029/2005JF000455
https://doi.org/10.1016/j.ijrmms.2008.09.007
https://doi.org/10.1007/s00603-008-0006-0
https://doi.org/10.1371/journal.pone.0266241

PLOS ONE

Experimental and numerical studies of the impact breakage of granite with high ejection velocities

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Roger Ruiz-Carulla, Jordi Corominas, Olga Mavrouli. A fractal fragmentation model for rockfalls. Land-
slides. 2016; 14: 875-889. https://doi.org/10.1007/s10346-016-0773-8

De Blasio FV, Crosta GB. Fragmentation and boosting of rock falls and rock avalanches. Geophys Res
Lett. 2015; 42: 8463-8470. https://doi.org/10.1002/2015GL064723

Zhao T, Crosta GB, Utili S, De Blasio FV. Investigation of rock fragmentation during rockfalls and rock
avalanches via 3-D discrete element analyses. J Geophys Res Earth Surf. 2017; 122: 678-695. https://
doi.org/10.1002/2016JF004060

Bunce CM, Cruden DM, Morgenstern NR. Assessment of the hazard from rock fall on a highway. Can
Geotech J. 1997; 34: 344-356. https://doi.org/10.1139/cgj-34-3-344

Chau K.T., Wong R.H.C., Liu J., F C. Rockfall Hazard Analysis for Hong Kong Based on Rockfall Inven-
tory. Rock Mech Eng. 2003; 36: 383—408. https://doi.org/10.1007/s00603-002-0035-z

Stoopes GR, Sheridan MF. Giant debris avalanches from the Colima Volcanic Complex, Mexico: Impli-
cations for long-runout landslides (>100 km) and hazard assessment. Geology. 1992. https://doi.org/
10.1130/0091-7613(1992)020<0299:GDAFTC>2.3.CO;2

Whitehouse IE, Griffiths GA. Frequency and hazard of large rock avalanches in the central Southern
Alps, New Zealand. Geology. 1983; 11: 331. https:/doi.org/10.1130/0091-7613(1983)112.0.CO;2

Song Z, Konietzky H, Cai X. Modulus degradation of concrete exposed to compressive fatigue loading:
Insights from lab testing. Struct Eng Mech. 2021; 78: 0. https://doi.org/10.12989/sem.2021.78.3.281

Chu Z, Wu Z, Wang Z, Weng L, Liu Q, Fan L. Micro-mechanism of brittle creep in saturated sandstone
and its mechanical behavior after creep damage. Int J Rock Mech Min Sci. 2022; 149: 104994. https://
doi.org/10.1016/j.ijrmms.2021.104994

Chau KT, Wu ASZ, Zhu WC, Tang CA, Yu TX. Dynamic fracture and fragmentation of spheres. in 16th
ASCE Engineering Mechanics Conference. 2003. pp. 2299-2307.

Wang Y, Tonon F. Discrete Element Modeling of Rock Fragmentation upon Impact in Rock Fall Analy-
sis. Rock Mech Rock Eng. 2011; 44: 23-35. https://doi.org/10.1007/s00603-010-0110-9

Song Z, Wang Y, Konietzky H, Cai X. Mechanical behavior of marble exposed to freeze-thaw-fatigue
loading. Int J Rock Mech Min Sci. 2021; 138: 104648. https://doi.org/10.1016/j.ijrmms.2021.104648

Wittel FK, Carmona HA, Kun F, Herrmann HJ. Mechanisms in impact fragmentation. Int J Fract. 2009;
154: 105-117. https://doi.org/10.1007/s10704-008-9267-6

Shen WG, Zhao T, Crosta GB, Dai F. Analysis of impact-induced rock fragmentation using a discrete
element approach. Int J Rock Mech Min Sci. 2017; 98: 33—38. https://doi.org/10.1016/j.ijrmms.2017.07.
014

Weng L, Wu Z, Liu Q, Wang Z. Energy dissipation and dynamic fragmentation of dry and water-satu-
rated siltstones under sub-zero temperatures. Eng Fract Mech. 220: 106659. https://doi.org/10.1016/j.
engfracmech.2019.106659

Song Z, Fruehwirt T, Konietzky H. Inhomogeneous mechanical behaviour of concrete subjected to
monotonic and cyclic loading. Int J Fatigue. 2020; 132: 105383.1-105383.14. https://doi.org/10.1016/j.
ijffatigue.2019.105383

Khanal M, Schubert W, Tomas J. Compression and impact loading experiments of high strength spheri-
cal composites. Int J Miner Process. 2008; 86: 104—113. https://doi.org/10.1016/j.minpro.2007.12.001

A SZW, AKTC, B TXY. Crushing and fragmentation of brittle spheres under double impact test. Powder
Technol. 2004;s 143-144: 41-55. https://doi.org/10.1016/j.powtec.2004.04.028

Chau KT, Wei XX, Wong R, Yu TX. Fragmentation of brittle spheres under static and dynamic compres-
sions: experiments and analyses. Mech Mater. 2000; 32: p.543-554. https://doi.org/10.1016/S0167-
6636(00)00026-0

Hou Tian-xing, Xu Qiang, Yang Xing-guo, Lu Peng-yuan, Zhou Jia-wen. Experimental study of the frag-
mentation characteristics of brittle rocks by the effect of a freefall round hammer. Int J Fract. 2015.
https://doi.org/10.1007/s10704-015-0046-x

Hogan JD, Rogers RJ, Spray JG, Boonsue S. Dynamic fragmentation of granite for impact energies of
6-28 J. Eng Fract Mech. 2012; 79. https://doi.org/10.1016/j.engfracmech.2011.10.006

Sanchidrian José A., Ouchterlony F, Moser P, Lépez L M. Performance of some distributions to
describe rock fragmentation data. Int J Rock Mech Min Sci. 2012; 53: 18-31. https://doi.org/10.1016/j.
ijrmms.2012.04.001

Li XF, Li H, Zhang QB, Jiang JL, Zhao J. Dynamic fragmentation of rock material: characteristic size,
fragment distribution and pulverization law. Eng Fract Mech. 2018; 199: 739-759. https://doi.org/10.
1016/j.engfracmech.2018.06.024

MUSTOE Graham GW. A Generalized formulation of the discrete element method. Eng Comput. 1992;
9: 181-190. https://doi.org/10.1108/eb023857

PLOS ONE | https://doi.org/10.1371/journal.pone.0266241  April 7, 2022 27/29


https://doi.org/10.1007/s10346-016-0773-8
https://doi.org/10.1002/2015GL064723
https://doi.org/10.1002/2016JF004060
https://doi.org/10.1002/2016JF004060
https://doi.org/10.1139/cgj-34-3-344
https://doi.org/10.1007/s00603-002-0035-z
https://doi.org/10.1130/0091-7613%281992%29020%26lt%3B0299%3AGDAFTC%26gt%3B2.3.CO%3B2
https://doi.org/10.1130/0091-7613%281992%29020%26lt%3B0299%3AGDAFTC%26gt%3B2.3.CO%3B2
https://doi.org/10.1130/0091-7613%281983%29112.0.CO%3B2
https://doi.org/10.12989/sem.2021.78.3.281
https://doi.org/10.1016/j.ijrmms.2021.104994
https://doi.org/10.1016/j.ijrmms.2021.104994
https://doi.org/10.1007/s00603-010-0110-9
https://doi.org/10.1016/j.ijrmms.2021.104648
https://doi.org/10.1007/s10704-008-9267-6
https://doi.org/10.1016/j.ijrmms.2017.07.014
https://doi.org/10.1016/j.ijrmms.2017.07.014
https://doi.org/10.1016/j.engfracmech.2019.106659
https://doi.org/10.1016/j.engfracmech.2019.106659
https://doi.org/10.1016/j.ijfatigue.2019.105383
https://doi.org/10.1016/j.ijfatigue.2019.105383
https://doi.org/10.1016/j.minpro.2007.12.001
https://doi.org/10.1016/j.powtec.2004.04.028
https://doi.org/10.1016/S0167-6636%2800%2900026-0
https://doi.org/10.1016/S0167-6636%2800%2900026-0
https://doi.org/10.1007/s10704-015-0046-x
https://doi.org/10.1016/j.engfracmech.2011.10.006
https://doi.org/10.1016/j.ijrmms.2012.04.001
https://doi.org/10.1016/j.ijrmms.2012.04.001
https://doi.org/10.1016/j.engfracmech.2018.06.024
https://doi.org/10.1016/j.engfracmech.2018.06.024
https://doi.org/10.1108/eb023857
https://doi.org/10.1371/journal.pone.0266241

PLOS ONE

Experimental and numerical studies of the impact breakage of granite with high ejection velocities

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Kun F, Herrmann HJ. A study of fragmentation processes using a discrete element method. Comput
Methods Appl Mech Eng. 1996; 138: 3—18. https://doi.org/10.1016/S0045-7825(96)01012-2

Song Z, Konietzky H, Herbst M. Bonded-particle model-based simulation of artificial rock subjected to
cyclic loading. Acta Geotech. 2019; 14. https://doi.org/10.1007/s11440-018-0749-z PMID: 32685053

Mishra BK, Thornton C. Impact breakage of particle agglomerates. Int J Miner Process. 2001; 61: 225—
239. https://doi.org/10.1016/S0301-7516(00)00065-X

Moreno R, Ghadiri M, Antony SJ. Effect of the impact angle on the breakage of agglomerates: a numeri-
cal study using DEM. Powder Technol. 2003; 130: 132—137. https://doi.org/10.1016/S0032-5910(02)
00256-5

Thornton C. Numerical simulations of agglomerate impact breakage. Powder Technol. 1999; 105: 74—
82. https://doi.org/10.1016/S0032-5910(99)00120-5

Wang Y. Three-dimensional rock-fall analysis with impact fragmentation and fly-rock modeling. Disser-
tations & Theses—Gradworks. 2009.

DuH, DaiF, XuY, Yan Z, Wei M. Mechanical responses and failure mechanism of hydrostatically pres-
surized rocks under combined compression-shear impacting. Int J Mech Sci. 2020; 165: 105219.
https://doi.org/10.1016/j.ijmecsci.2019.105219

Samimi A, Moreno R, Ghadiri M. Analysis of impact damage of agglomerates: effect of impact angle.
Powder Technol. 2004; 143: 97—109. https://doi.org/10.1016/j.powtec.2004.04.027

Changlong Du, Bingjing Qiu, Lin Fu, Jiawei Dong, Kehong Zheng. Numerical simulation of the impact-
breakage behavior of non-spherical agglomerates. Powder Technol An Int J Sci Technol Wet Dry Part
Syst. 2015. https://doi.org/10.1016/j.powtec.2015.08.041

Zhao T, Crosta GB, Dattola G, Utili S. Dynamic Fragmentation of Jointed Rock Blocks During Rock-
slide-Avalanches: Insights From Discrete Element Analyses. J Geophys Res Solid Earth. 2018. https://
doi.org/10.1002/2017JB015210

BWWA, BDZ, BFL, B SCW, B FT. Experimental study and numerical simulation of the damage mode
of a square reinforced concrete slab under close-in explosion. Eng Fail Anal. 2013; 27: 41-51. hitps://
doi.org/10.1016/j.engfailanal.2012.07.010

Kong X, Fang Q, Wu H, Peng Y. Numerical predictions of cratering and scabbing in concrete slabs sub-
jected to projectile impact using a modified version of HIC material model. Int J Impact Eng. 2016; 95:
61-71. https://doi.org/10.1016/j.ijimpeng.2016.04.014

Zhao CF, Chen JY. Damage mechanism and mode of square reinforced concrete slab subjected to
blast loading. Theor Appl Fract Mech. 2013; 63—-64: 54—62. https://doi.org/10.1016/j.tafmec.2013.03.
006

Hao H, Hao Y, Li J, Chen W. Review of the current practices in blast-resistant analysis and design of
concrete structures. Adv Struct Eng. 2016; 19: 1193-1223. https://doi.org/10.1177/
1369433216656430

Wu Z, Fan L, Liu Q, Ma G. Micro-mechanical modeling of the macro-mechanical response and fracture
behavior of rock using the numerical manifold method. Eng Geol. 2016; 225. https://doi.org/10.1016/j.
enggeo0.2016.08.018

Wu Z, Fan L. The numerical manifold method for elastic wave propagation in rock with time-dependent
absorbing boundary conditions. Eng Anal Bound Elem. 2014; 46: 41-50. https://doi.org/10.1016/j.
enganabound.2014.04.026

Wu Z, Wong LNY. Frictional crack initiation and propagation analysis using the numerical manifold
method. Comput Geotech. 2012; 39: 38-53. https://doi.org/10.1016/j.compgeo.2011.08.011

Ma GW, An XM, Zhang HH, Li LX. Modeling complex crack problems using the numerical manifold
method. Int J Fract. 2009; 156: 21-35. https://doi.org/10.1007/s10704-009-9342-7

Rabczuk T, Song J-H, Belytschko T. Simulations of instability in dynamic fracture by the cracking parti-
cles method. Eng Fract Mech. 2009; 76: 730-741. https://doi.org/10.1016/j.engfracmech.2008.06.002

Aghahosseini A, Khosravifard A, Bui TQ. Efficient Analysis of Dynamic Fracture Mechanics in Various
Media by a Novel Meshfree Approach. Theor Appl Fract Mech. 2018. https://doi.org/10.1016/j.tafmec.
2018.12.002

Wu'Y, Wang D, Wu CT. Three dimensional fragmentation simulation of concrete structures with a nod-
ally regularized meshfree method. Theor Appl Fract Mech. 2014; 72: 89-99. https://doi.org/10.1016/j.
tafmec.2014.04.006

Rabczuk T, Eibl J. Simulation of high velocity concrete fragmentation using SPH/MLSPH. Int J Numer
Methods Eng. 2003; 56: 1421—-1444. https://doi.org/10.1002/nme.617

Kala J, Husek M. Improved Element Erosion Function for Concrete-Like Materials with the SPH
Method. Shock Vib. 2016; 2016: 1-13. https://doi.org/10.1155/2016/4593749

PLOS ONE | https://doi.org/10.1371/journal.pone.0266241  April 7, 2022 28/29


https://doi.org/10.1016/S0045-7825%2896%2901012-2
https://doi.org/10.1007/s11440-018-0749-z
http://www.ncbi.nlm.nih.gov/pubmed/32685053
https://doi.org/10.1016/S0301-7516%2800%2900065-X
https://doi.org/10.1016/S0032-5910%2802%2900256-5
https://doi.org/10.1016/S0032-5910%2802%2900256-5
https://doi.org/10.1016/S0032-5910%2899%2900120-5
https://doi.org/10.1016/j.ijmecsci.2019.105219
https://doi.org/10.1016/j.powtec.2004.04.027
https://doi.org/10.1016/j.powtec.2015.08.041
https://doi.org/10.1002/2017JB015210
https://doi.org/10.1002/2017JB015210
https://doi.org/10.1016/j.engfailanal.2012.07.010
https://doi.org/10.1016/j.engfailanal.2012.07.010
https://doi.org/10.1016/j.ijimpeng.2016.04.014
https://doi.org/10.1016/j.tafmec.2013.03.006
https://doi.org/10.1016/j.tafmec.2013.03.006
https://doi.org/10.1177/1369433216656430
https://doi.org/10.1177/1369433216656430
https://doi.org/10.1016/j.enggeo.2016.08.018
https://doi.org/10.1016/j.enggeo.2016.08.018
https://doi.org/10.1016/j.enganabound.2014.04.026
https://doi.org/10.1016/j.enganabound.2014.04.026
https://doi.org/10.1016/j.compgeo.2011.08.011
https://doi.org/10.1007/s10704-009-9342-7
https://doi.org/10.1016/j.engfracmech.2008.06.002
https://doi.org/10.1016/j.tafmec.2018.12.002
https://doi.org/10.1016/j.tafmec.2018.12.002
https://doi.org/10.1016/j.tafmec.2014.04.006
https://doi.org/10.1016/j.tafmec.2014.04.006
https://doi.org/10.1002/nme.617
https://doi.org/10.1155/2016/4593749
https://doi.org/10.1371/journal.pone.0266241

PLOS ONE

Experimental and numerical studies of the impact breakage of granite with high ejection velocities

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Mahabadi OK, Cottrell BE, Grasselli G. An Example of Realistic Modelling of Rock Dynamics Problems:
FEM/DEM Simulation of Dynamic Brazilian Test on Barre Granite. Rock Mech Rock Eng. 2010; 43:
707-716. https://doi.org/10.1007/s00603-010-0092-7

Zhou W, Tang L, Liu X, Ma G, Chen M. Mesoscopic simulation of the dynamic tensile behaviour of con-
crete based on a rate-dependent cohesive model. Int J Impact Eng. 2016; 95: 165—175. https://doi.org/
10.1016/j.ijimpeng.2016.05.003

An HM, Liu HY, Han H, Zheng X, Wang XG. Hybrid finite-discrete element modelling of dynamic fracture
and resultant fragment casting and muck-piling by rock blast. Comput Geotech. 2017; 81: 322—-345.
https://doi.org/10.1016/j.compgeo.2016.09.007

Wu Z, Cui W, Fan L, Liu Q. Mesomechanism of the dynamic tensile fracture and fragmentation behav-
iour of concrete with heterogeneous mesostructure. Constr Build Mater. 2019; 217: 573-591. https://
doi.org/10.1016/j.conbuildmat.2019.05.094

Zw A, Pz B, Lf A, QI A. Debris characteristics and scattering pattern analysis of reinforced concrete
slabs subjected to internal blast loads—a numerical study. Int J Impact Eng. 2019; 131: 1—16. https://doi.
org/10.1016/j.ijimpeng.2019.04.024

Ulusay R. The ISRM Suggested Methods for Rock Characterization, Testing and Monitoring: 2007—
2014. Springer International Publishing; 2014.

Xing HZ, Zhang QB, Ruan D, Dehkhoda S, Lu GX, Zhao J. Full-field measurement and fracture charac-
terisations of rocks under dynamic loads using high-speed three-dimensional digital image correlation.
IntJ Impact Eng. 2018; 113: 61-72. https://doi.org/10.1016/}.ijimpeng.2017.11.011

Zhang QB, Jian Z. Determination of mechanical properties and full-field strain measurements of rock
material under dynamic loads. Int J Rock Mech Min Sci. 2013; 60: 423—439. https://doi.org/10.1016/j.
ijrmms.2013.01.005

Zhu Q, Li D, Han Z, Li X, Zhou Z. Mechanical properties and fracture evolution of sandstone specimens
containing different inclusions under uniaxial compression. Int J Rock Mech Min Sci. 2019; 115: 33-47.
https://doi.org/10.1016/j.ijrmms.2019.01.010

Cai M, Kaiser PK, Suorineni F, Su K. A study on the dynamic behavior of the Meuse/Haute-Marne argil-
lite. Phys Chem Earth, Parts A/B/C. 2007; 32: 907—916. https://doi.org/10.1016/j.pce.2006.03.007

Doan ML, Gary G. Rock pulverization at high strain rate near the SanAndreas fault. Nat Geosci. https:/
doi.org/10.1038/ngeo640

Li XB, Lok TS, Zhao J. Dynamic Characteristics of Granite Subjected to Intermediate Loading Rate.
Rock Mech Rock Eng. 2005; 38: 21-39. https://doi.org/10.1007%2Fs00603-004-0030-7

Wu Z, Xu X, Liu Q, Yang Y. Engineering Analysis with Boundary Elements A zero-thickness cohesive
element-based numerical manifold method for rock mechanical behavior with micro-Voronoi grains.
Eng Anal Bound Elem. 2018; 96: 94-108. https://doi.org/10.1016/j.enganabound.2018.08.005

PLOS ONE | https://doi.org/10.1371/journal.pone.0266241  April 7, 2022 29/29


https://doi.org/10.1007/s00603-010-0092-7
https://doi.org/10.1016/j.ijimpeng.2016.05.003
https://doi.org/10.1016/j.ijimpeng.2016.05.003
https://doi.org/10.1016/j.compgeo.2016.09.007
https://doi.org/10.1016/j.conbuildmat.2019.05.094
https://doi.org/10.1016/j.conbuildmat.2019.05.094
https://doi.org/10.1016/j.ijimpeng.2019.04.024
https://doi.org/10.1016/j.ijimpeng.2019.04.024
https://doi.org/10.1016/j.ijimpeng.2017.11.011
https://doi.org/10.1016/j.ijrmms.2013.01.005
https://doi.org/10.1016/j.ijrmms.2013.01.005
https://doi.org/10.1016/j.ijrmms.2019.01.010
https://doi.org/10.1016/j.pce.2006.03.007
https://doi.org/10.1038/ngeo640
https://doi.org/10.1038/ngeo640
https://doi.org/10.1007%252Fs00603-004-0030-7
https://doi.org/10.1016/j.enganabound.2018.08.005
https://doi.org/10.1371/journal.pone.0266241

