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Abstract: Rocks are likely to undergo spalling failure under dynamic loading. The fracture development and rock
failure behaviours were investigated during dynamic tensile loading. Tests were conducted with a split-Hopkinson
pressure bar (SHPB) in four different impact loading conditions. Thin sections near failure surfaces were also made to
evaluate the growth patterns of fractures observed by polarizing microscope. Scanning electron microscopy (SEM) was
used to observe mineral grains on failure surfaces and to evaluate their response to loading and failure. The results
indicate that the number of spalling cracks increases with increase in peak impact loads and that quartz sustains
abundant intergranular fracturing. Cleavage planes and their direction relative to loading play a vital role in rock
strength and fracturing. Separation along cleavage planes perpendicular to loading without the movement of micaceous
minerals parallel to loading appears to be unique to the rock spalling process.
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1 Introduction

The fracture mechanisms of geological
materials are dependent upon the loading speed.
Dynamic loading is normally categorized as
high-speed loading, and the resulting fracture
dynamics are among the issues that remain poorly
understood [1]. Tensile failure of rocks sometimes
appears in the form of spalling, which is an
important hazard that threatens human safety and
the stability of civil engineering excavations and
underground mines [2—6]. Therefore, it is critical
to understand the tensile fracture mechanics of
rocks, and several researchers have employed
experimental, analytical, and numerical approaches
to this subject [7—10]. The evolution of fractures in
rocks is complex, in part because rocks are

composed of different minerals with different

characteristics and anisotropic behaviours. Among
igneous rocks, granite is the most common, and
because of its high strength, availability and
potential to contain economic ore deposits, it has
widely existed in civil and mining engineering
projects. Consequently, many researchers have
studied the engineering behaviour of granite in
different environments and under the various
loading conditions [11,12]. For example, MOMENI
et al [12] investigated the engineering properties of
different granitoid rocks. Their results showed that
the uniaxial compressive strength of these rocks
varies over a wide range (127—-254 MPa) depending
upon their mineral composition and texture. In fact,
quartz, feldspars and micas, as the main minerals
within granitic rocks, have different physico-
mechanical behaviours; consequently, different
compositions of these minerals lead to variation in
the mechanical properties of granitic rocks [13,14].
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Past studies have been conducted to
investigate the relationship between petrographic
characteristics and the evolution of cracks and
fractures in rocks. LI et al [15] presented a new
analytical method for predicting the effects of
historic stress paths on crack growth. AKESSON et
al [16] evaluated microcrack growth patterns in the
Bohus granite caused by uniaxial cyclic loading,
and they observed that feldspar had a high potential
trend for cracking parallel to the loading direction.
ERSALAN and WILLIAMS [17,18] performed
microstructural analyses of subcritical crack
propagation in the Brisbane tuff. The results of
these studies have shown that the petrographic
characteristics of rocks, such as grain contacts and
interlocking, cement volume and mineralogy, play a
vital role in the fracture behaviour of rocks. Based
on the scanning electron microscopy (SEM) results,
a series of experiments on rock failure have been
performed under different loading conditions,
and it has been concluded that grain boundaries
play an important role in rock failure
performances [19—22].

All of the aforementioned studies have been
conducted under static or low strain rates, and the
evolution of microscopic cracks and its dependence
upon petrographic characteristics have rarely been
studied under dynamic loading. Meanwhile,
dynamic and either medium or high strain-rate
loading occurs in many situations, such as
engineering blasts and earthquakes. It is true that
experimental testing provides the most direct and
reliable results on the fracture mechanics of rocks.
However, using common direct (direct tension test)
and indirect indices (e.g., via the Brazilian test,
point load test, beam test, etc.) offers some
disadvantages and shortcomings for evaluating
dynamic tensile behaviour. The split-Hopkinson
Pressure Bar (SHPB) is one of the best dynamic
testing machines, and has been used by many
researchers to evaluate the dynamic strength of
rocks [23,24]. For example, TAO et al [25-27]
investigated the dynamic responses of pre-stressed
granite with a circular hole during transient loading
and found that the combined action of static and
dynamic stress concentrations played an important
role in dynamic strength. Meanwhile, LI et al [28]
observed that the spalling strength of pre-confined
granitic rocks decreased with increase in confining

pressures, and ZHOU et al [29] comprehensively
analyzed the dynamic tensile behaviour of granitic
rocks subjected to coupled loads using a modified
SHPB test. They founded that the dynamic tensile
strength of the studied granite under coupled loads
decreased with increasing axial static pre-stresses.
More recently, ZHU et al [30] investigated the
indirect tensile strength of rock using SHPB with
strain rates, and LI et al [31]
performed SHPB tests on sandstone with different
strain rates. They reported that dynamic indirect
tensile strength increased with increasing strain
rates and that visible cracks developed after peak
stress loading. FAKHIMI et al [32] evaluated the
dynamic strength of sandstone using SHPB tests
and numerical simulations and achieved a relatively
good agreement between their experimental results
and numerical simulations.

Most recent studies on the dynamic behaviour
of granite have been performed under compressive
conditions to predict the behaviour of rocks in deep
mines. However, the dynamic strength of granite
under dynamic tensile loading without pre-stress
has mostly been neglected. Additionally, the failure
characteristics of these rocks were measured
macroscopically by high-speed cameras and not
microscopically surveyed. The primary aim of this
study is to fill this gap. Therefore, the spalling
process of granite under dynamic tensile loading
was investigated via SHPB tests. Petrographic and
morphological analyses were conducted to reveal
the development of cracks and the relationship
between the distribution of mineral grains and
rock fractures. This work is performed as an
interdisciplinary collaboration between geological
and rock engineers to contribute new knowledge on
the spalling failure of hard rocks due to dynamic
tensile loading.

intermediate

2 Experimental

2.1 Material and sampling preparation

Rock samples were chosen from the relatively
homogeneous granite of a quarry mine in the town
of Dingzi, Changsha, Hunan Province, China. One
large rock block was collected, which was capable
of providing a sufficient number of core samples
to perform laboratory tests. After thin sections
preparation, the petrographic characteristics of this
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rock were studied via optical microscopy to
determine the mineralogical composition and
texture, as well as the size and shape of constituent
minerals. physico-mechanical properties
(e.g., density p, porosity n, ultrasonic wave velocity
V,, Brazilian tensile strength ¢, uniaxial
compressive strength ¢, and elastic modulus E)
were measured prior to performing SHPB tests. It
should be noted that the International Society for
Rock Mechanics (ISRM) standard methods were
employed in these tests [33]. For SHPB tests, four
cylindrical specimens with 50 mm in diameter and
400 mm in length were also prepared. The ends of
the samples were polished to ensure sufficient
contact with the end of the incident bar during
testing.

Basic

2.2 Split-Hopkinson pressure bar (SHPB) tests
Modified SHPB tests were used to obtain the
rock failure characteristics under tensile stress
produced by dynamic impact loading. The device
was modified at Central South University in China.
The actual and schematic views of the modified
SHPB device are shown in Fig. 1. The SHPB
device used an improved spindle-shaped striker
with a length of 380 mm. Based on elastic wave
theory, it is known that the wavelength of
an incident wave is approximately 76 mm.
Furthermore, the elastic bar was cylindrical, with a
diameter of 50 mm and length of 2000 mm. After
setting up the test system, specimens were
contacted with the input bar. In this device,
dynamic loads were controlled by a gas tank with
high-pressure nitrogen gas [25,27]. Based on our
previous experiences, four impact loads with peak
values between the rock tensile strength and
uniaxial compressive strength were applied.
Split-Hopkinson pressure bars always generate
compressive waves, which can be reflected as
tensile waves on the boundary surfaces of two
materials with specific differences in impedance. In

fact, during the propagation of compressive waves
from two materials, if the wave impedance of the
second material is lower than that of the first, part
of the compressive wave will propagate into the
second material without changing and the rest will
be reflected as a tensile wave propagating in the
first material. Therefore, rock samples and air
boundary surfaces exhibit this relationship, and
rock samples will be subjected to tensile stress
waves when the incident wave is reflected on the
free surface of the specimens. When the tensile
wave stress is higher than the dynamic tensile
strength of a rock specimen, dynamic tensile
fracturing, which is known as ‘spalling’, will occur.
If the stress wave increases slowly, subsequent
spalling may occur after the first spallation.

2.3 Fracture and failure monitoring

Fracture and failure processes were monitored
at both micro- and macro-scales. Failure of the
tested rock specimens occurred suddenly because of
the high strain rate during dynamic loading. A
high-speed camera (FASTCAM SA 1.1, Photron,
Japan) was employed to macroscopically monitor
the fracture and failure processes. For micro-scale
analyses of crack characteristics, both petrographic
studies of thin sections and SEM analysis were
employed. It should be noted that these two types of
fracture analyses were used to perform the fracture
characterization on the fractured surfaces after rock
failure. Thin sections were prepared perpendicular
to the loading direction, which contained the
fracture as a line. The SEM analysis was applied to
the fracture surface, which was performed using the
SEM system (Zeiss EVO MA10, Germany) set up
at Central South University. Due to the electrical
insulation of the rock sample, the test samples
needed to be sprayed with gold before vacuum
SEM. Three fracture surfaces of each broken
sample were tested to evaluate the responses of
mineral grains to spalling failure.

Steel frame Rock speciment

Gas tank Striker bar
Pressure vessel

Thin baffle screen

Input bar

e Strain gauge g

Data processing unit High speed camera

Fig. 1 Schematic views of modified split-Hopkinson pressure bar
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3 Results and discussion
3.1 Petrographic characteristics and basic

physico-mechanical properties

The results of petrographic studies on thin
sections showed that the studied granite was fine to
medium-grained and exhibited an anhedral granular
texture. Evaluation of mineral shapes revealed that
plagioclase and micaceous minerals were subhedral
to anhedral, while quartz and K-feldspar (orthoclase)
were anhedral (Fig. 2). The modal composition of
the tested samples included ~20% feldspars
(plagioclase and K-feldspar), 55% quartz, 20%
micas (biotite and muscovite) and 5% minor
constituents (sericite and apatite). Due to the lower
melting point of quartz in granitic rocks,
crystallisation occurs more slowly and with a lower
degree of crystallite formation, which indirectly
leads to quartz having a higher strength and no
cleavage. Additionally, quartz fills the empty
spaces between minerals. Both feldspar and micas
develop cleavage: feldspar with two sets of nearly
complete cleavage (with an angle of ~90°) and
micas with one set of complete cleavage. Micas,
with their low strength and hardness, are mostly
found in the form of flakes and are more likely to
break along their plane of cleavage. It should be
noted that biotite was well-dispersed in the rock
samples, whereas muscovite occurred in clusters,
which were clear in specimens.

Fig. 2 Typical photomicrograph of studied granite (Q—
Quartz; Kfs—K-feldspar; P1-Plagioclase; Mu—Muscovite;
Bi—Biotite)

Table 1 Physic-mechanical parameters of rock material

Based on physical tests, the mean porosity and
density were measured to be ~0.62% and
2654 kg/m’, respectively. Wave velocity was
measured to be approximately 4755 m/s. The
results of mechanical tests indicated that uniaxial
compressive strength (UCS or o.), Brazilian tensile
strength (), elastic modulus (£,) were ~123 MPa,
~8.95 MPa and 32 GPa, respectively. The physic-
mechanical parameters of rock material are listed in
Table 1.

3.2 SHPB test results and fracture process

The dynamic stress—time curves induced
within the incident bar at different loading strengths
are shown in Fig. 3. As is clear from this figure, by
setting the nitrogen gas to different pressures, four
different impact loads with peak values of
approximately 28 MPa (T1), 35 MPa (T2), 41 MPa
(T3) and 45 MPa (T4) were applied. These
stress—time curves were plotted based on the strain
gauge data and elastic modulus obtained for this
rock type. The resolution of the high-speed camera
was 960x144 at 40000 fps, which recorded images
at an interval of 25 ps. The camera was triggered by
a logic level signal generated on an oscilloscope
coordinated with the incident signal [25]. The time
when the incident wave triggered the strain gauge at
the input bar was treated as the starting time. After
testing, more than 1000 images were recorded but
many were not analytically useful. Therefore, a
relative time which had experienced 100 ps before
the occurrence of the first visible crack, namely for
the high-speed camera image when the first visible
crack appeared in the fourth image after it was
defined as 0 ps. The spalling fracture process of
Sample T4 is shown in Fig. 4.

The diagram of the Hopkinson bar spalling
process under a half-sine stress wave is shown in
Fig. 5.

The peak stress of the incident wave was less
than the uniaxial compression strength of the rock
sample and higher than the tensile strength. The
peak stress of the incident compressive wave was
always greater than that of the reflected tensile
wave before the wave reached the free surface of a

Density/ Porosity/ Wave velocity/ Elastic modulus/  Uniaxial compressive  Brazilian tensile
(kg'm™) % (m-s™) GPa strength/MPa strength/MPa
2654 0.62 4755 32 123 8.95
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Fig. 3 Experimental stress—time relationship for tested
samples

Fig. 4 High-speed camera images of rock fracture
process for Sample T4

given sample. After the reflected half-period, the
reflected tensile stress wave gradually exceeded that
of the incident compressive wave and a net tensile
stress zone appeared. When the tensile stress was
greater than the dynamic tensile strength of the rock
specimens, spalling occurred. The several potential
fracture locations are also shown in Fig. 5.

To evaluate the effect of peak impact loads on
spalling failure, images of the four tests after
1000 us were analyzed, as shown in Fig. 6. As is
clear in this figure, for Samples T1 and T2, just one
crack developed, whereas for Samples T3 and T4,

Impact loading

Hopkinson input bar

two cracks can be observed. This difference may
have occurred because of wave propagation. In fact,
the generation of rock damage as a crack leads to
the consumption of a considerable amount of
loaded wave energy and consequently decreases the
remaining wave stress level. Therefore, for Samples
T1 and T2, the dynamic loading stress after such
decrease was less than the dynamic spalling
strength of rock and could not induce additional
new cracks. Meanwhile, in the case of Samples T3
and T4, the remaining dynamic stress was greater
than the dynamic spalling strength and could
generate a new (second) crack. After the second
crack formed, the intensity of the wave was further
reduced, and after this time, it was less than the
dynamic spalling strength of the rocks.

The dynamic spalling strength of the samples
was measured based on high-speed camera images.
The dynamic spalling strengths of the samples were
10.38 MPa (T1), 14.9 MPa (T2), 16.1 MPa (T3)
and 17.2MPa (T4). Compared to the static
Brazilian splitting test, the dynamic spalling
strengths were 1.16, 1.66, 1.80 and 1.92 times as
high as the Brazilian tensile strength of 8.95 MPa
for Samples T1, T2, T3 and T4, respectively.

3.3 Fracture behavior

Knowledge of the properties and processes of
rock failure plays a vital role in the safe design of
structures in or on rocks, including dams, tunnels
and caverns. Additionally, the field of rock
mechanics is applicable to the development of
natural resource extraction methods, such as
hydraulic fracturing for the increased recovery of
oil and gas. In the past, microanalyses of spalling
fracture surfaces have been conducted based upon
visual inspection. When the fracture surface relative
to the light was turned, a shiny surface was visible
(Fig. 7). Close inspection of these surfaces has
indicated that these surfaces are cleavage planes

| |

| |

Reflected tensile wave |
|

| |

| |

: N
1N
Potential fracture location L
" I

o ———

i

Fig. 5 Schematic of wave propagation in tested specimens

| | i // /,’
. | | 7 7
Uncident compression wave Compression wave\'
: : Segl 7
|

Free surface
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Fig. 6 High-speed images of rock failure subjected to
different dynamic stress loads after 1000 ps

and can be seen for the micaceous and feldspar
minerals based upon their distribution. As is clear
from Figs. 6 and Fig.7, the growth paths of cracks
sometimes deviate from the direction of the
maximum tensile stress, and fracture surfaces
exhibit different degrees of roughness. To quantify
the roughness of fracture surfaces, a fracture
roughness index was introduced as the ratio
between the maximum deviator height (maximum
amplitude) to the sample diameter. This index is
dependent on the abundant of cleavage-bearing
minerals and their distribution pattern with respect
to tensile load direction. By increasing this index,
the spalling tensile strength will decrease. Despite
increasing the fracture surface area, the low strength
of cleavage-bearing minerals in the direction of the
cleavage plane compared to other directions leads
to fracture development along these planes. The
effect of cleavage planes on fracturing is
schematically shown in two dimensions in Fig. 7.
Micaceous minerals have one perfect cleavage
plane, and when this plane is at a low angle to the

SEM analysis surface
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=
Q
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(=}
=
=
sl

analysis surface

Shiny surface due to
r2 @ clevage failure of mica

' Step like failure
of feldspar
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direction of maximum tensile stress, fracture
surfaces follow the plane. By increasing this angle,
the dependence of the fracture surface on the
cleavage plane will be decreased but still develop
approximately parallel to the plane. When this
angle increases to nearly 90°, the fracture surface
will not be affected by the cleavage of micaceous
minerals, and fractures will develop perpendicular
to the cleavage and follows the direction of
maximum tensile strength. Feldspar minerals, with
two cleavage planes, play a more important role in
the roughness of granitic rock fracture surfaces. Our
analyses indicted that interactions between feldspar
cleavage planes and the direction of stress lead to
the step-like appearance of fracture surfaces.
Moreover, the perfect and well-developed cleavage
planes were mainly located in berms and at the
height of the step-like surfaces, respectively. This
description applies to two dimensions. However, in
three dimensions, the interactions of stress and
cleavage planes are more complex.

It is already known that rock failure is a
process of macro- and micro-fracture initiation and
propagation. Therefore, in this study, microcrack
development and the responses of different
minerals to high strain-rate dynamic loading were
investigated using petrographic and SEM analyses.
Thin sections for each sample were prepared beside
the developed crack and near the damage zone.
Based on our results, three different types of
cracks were found in the studied granite (Fig. 8).
The first and most common type was intergranular
cracks. This type was limited to the interiors of
single minerals and was most common in quartz

Predicted crack

Generated crack

5

Low tensile stress
B Max |
BRI amplitude)

\\ X t

\
|
|
|

Crack
rout in

j anisotropic
\ rock

Fig. 7 Fracture surface in spalling test with cleavage (left side) and schematic view of fracture growth pattern and

cleavage effects on crack development
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Fig. 8 Different types of cracks developed in granite near failure surfaces (Bi—Biotite; Se—Sericite; Elliptical box—

Quartz grains highly cracked at boundaries between quartz and micaceous minerals)

polycrystals and along cleavage planes in feldspars,
whereas nearly no cracks of this type were observed
in biotite or muscovite (Fig. 8(d)). The crushing
severity of minerals also increased closer to the
failure surface. The second type of crack was grain
boundary cracks, which followed the grain
boundaries around most of the minerals, especially
quartz. In Figs. 8(a) and (c), grain boundary cracks
are highlighted by blue arrows. The third type of
crack was transgranular cracks, which intercepted
more than one mineral grain. More transgranular
cracks were observed in the tested samples to occur
exclusively through quartz and sometimes
feldspars. In fact, this type of crack was mainly
formed by the joining and growth of intragranular

cracks within quartz grains (yellow arrows in
Figs. 8(a—c)).

As seen from Fig. 8(e), some of the
plagioclase minerals had been weathered into
sericite. Feldspars behave in a brittle manner, while
sericite is ductile, like clay minerals and micas.
Consequently, the sericitisation stops crack
development in the weathered parts of feldspars. A
close inspection on the thin sections revealed that
there was a considerable contrast between the
quartz and micaceous minerals boundaries. As is
clear in the elliptical boxes in Figs. 8(a—c), and
especially highlighted in Fig. 8(d), at these
boundaries, quartz grains were highly cracked,
while the micaceous minerals were resistant to
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brittle deformation, and crack was rarely developed
within micaceous minerals due to their ductile and
more flexible behaviour.

Scanning electron microscopy (SEM) is very
useful for surveying the  microstructural
morphology of geological materials. In this study,
SEM was employed to detect the morphology of
fracture surfaces and to evaluate the responses of
each mineral during fracture development.
Micaceous minerals, with complete cleavage, broke
along one dominant plane of cleavage. Cleavage
refers to the tendency of a mineral to break along
planes of weakness in the chemical bonds, or along
planes where bond strength is the least. Based on
the direction of a cleavage plane with respect to that
of tensile stress, different types of fractures were

observed for these minerals (Fig.9). When the
cleavage plane of biotite or muscovite is
perpendicular to the direction of tensile stress, these
minerals separate along their cleavage plane, and
the resulting fracture surface is smooth and flat.
This condition leads to the lower resistance of
micaceous minerals to fracture development, and
there is a typical sparkling cleavage that can be
observed through the minerals (Figs. 9(a) and (b)).
Observations made via SEM showed that the
cleavage plane inclined between 20-70° with
respect to the direction of tensile stress, micaceous
minerals separated along their cleavage plane, with
a smooth surface but a stepped shape. This type of
fracture caused micas to present flaky shape. In
this situation, the strength of these minerals was

Fig. 9 Typical SEM images of micaceous minerals on spalling fracture surface (Yellow arrow: Edges of micas damaged,

and some fracture surfaces splintered)
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moderate. As beyond separation along their
cleavage plane, the edges of micas were damaged
and some fracture surfaces splintered, which is clear
in Figs. 9(c) and (d). For micaceous minerals, when
tensile stress is parallel to the cleavage plane, the
failure surfaces develop differently and may not
parallel the cleavage plane. When the stress rate is
not very high, a fracture surface is developed
perpendicular to the cleavage plane, exhibiting a
book-like shape with rough and irregular edges
(Fig. 9(e)). When these minerals break at a higher
strain rate, some parts of the mica are pulled out
during tensile failure, leading to a relatively deep
notch (Fig. 9(f)). This phenomenon is a reliable
sign of rock spalling.

The fracture surfaces of feldspar minerals in
the granite are shown in Fig. 10. Feldspars have two
sets of nearly vertical cleavage planes. One of
cleavage planes is perfect and other is
well-developed. Because of this difference in
cleavage development, ladder-shaped fracture

surfaces appeared during the fracturing of these
minerals (Figs. 10(a) and (b)). If the perfectly
developed cleavage plane was perpendicular to the
fracture surface, a scarp shape was generated,
quite

making the fracture surface

(Fig. 10(b)).

rough

Fig. 10 Typical SEM images of feldspar minerals on
spalling fracture surface

Observation of the quartz crystals by SEM
indicated that during failure, a series of conchoidal
fractures were developed. Conchoidal fractures can
be seen macroscopically in some rocks, which
behave in a more elastic manner. Due to the
structure of the quartz crystalline lattice, this
mineral dose not exhibit predictable weaknesses
along specified bonds. Sometimes, quartz is broken
in terrace-like steps with conchoidal surfaces
(Fig. 11(a)). Based on the analysis of fracture
surfaces, we concluded that quartz did not play a
considerable role in the roughness of fracture
surfaces because of its smoothly curving surface
(Fig. 11(b)). Additionally, the results show that
with increasing dynamic impact loads, the amount
of deformation and fracturing considerably
increased.

Fig. 11 Typical SEM images of quartz on spalling
fracture surface

Fractographic analyses of granite fracture
surfaces via SEM indicated that there was typically
sparkling cleavage cracking through micaceous
minerals, with low occurrence along cleavage
planes, ruptured edges, and kinks of the cleavage
plane. In fact, during cracking, biotite and
muscovite were cleaved in the usual way along the
plane (Fig. 12(a); white arrows in Fig. 12(b)). This
type of crack, without shear sliding, represented
failure that occurred by spalling under tensile stress.
When spalling stress was high enough and loaded
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with a high rate parallel to the cleavage plane,
micas were broken along another plane and were
pulled out (blue arrows in Fig. 12(c)).

/
|

Fig. 12 Typical SEM images of cracks developed in

3

different minerals during dynamic loading (Yellow
arrow: Cracks following the mineral boundaries)

As can be seen from Fig. 12, grain boundary
fractures and cleavage fractures were the main
types of cracks developed on fracture surfaces. The
results show that the generated cracks sometimes
followed the mineral boundaries (yellow arrows in
Figs. 12(b) and (c)). Typical grain boundary
cracking is shown in Fig. 12(c) and occurred
between a feldspar and quartz. Furthermore, some
of the quartz grains showed nucleated intergranular
cracks, causing grain decohesion (Fig. 12(b)).
Finally, during crack propagation, the developed
cracks joined together to generate a dendritic

pattern.

Comparing the fracture surfaces of different
tests revealed that with increase in the dynamic
impact loads, some dust and small mineral
fragments attached to the fracture surface of the
rock samples. The appearance of these fragments
increased number and decreased dimension with
increase in the dynamic impact load. In fact, during
high strain-rate loading, there was not enough time
for crack growth, and the accumulation of high
energy in minerals led to crushing and the
development of small grain fragments. This
phenomenon is similar to the rock bursting that
occurs in deep mines.

4 Conclusions

(1) The time-to-development of the first
spalling crack at different loading rates was similar,
while the number of cracks that ultimately formed
differed. After the first spalling, dynamic stress
decreased, and when the remaining stress was
greater than the dynamic spalling strength, new
spalling cracks developed. Therefore,
concluded that the dynamic spalling strength of the
rocks increased with increasing loading stress.

(2) Petrographic analyses revealed that three
types of cracks developed: intergranular, grain
boundary and transgranular. Quartz, which has a
brittle behaviour, was highly cracked, whereas the
more ductile micaceous minerals showed resistance
to brittle deformation and greatly affected the crack
paths by changing their direction. Furthermore,
morphological surveys of fracture surfaces via SEM
indicted that micaceous minerals were separated
along cleavage plane as expected. Cracks that
developed along cleavage planes without shear
sliding and were pulled out with the generation of
narrow grooves can be considered as unique results
of spalling fracture.

(3) The remarked results in this study can
provide some information for clearly understanding
the macro/micro fracture mechanism of rock
material and stability analysis of underground rock
engineering under dynamic loading such as rock
blasting, earthquake and excavation disturbance.
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