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Abstract
The progressive microcracking processes in a burst-prone Class II rock, Kuru granite, and a non-burst-prone Class I rock, 
Fauske marble were investigated, aiming to reveal the physics of rock burst and the difference in burst-proneness in Class 
I and Class II rocks. The cylindrical rock specimens of Kuru granite and Fauske marble were uniaxially loaded to various 
levels in both pre- and post-peak stages, which was monitored by Acoustic emission technique. After that, the thin sections 
parallel and perpendicular to the loading direction were prepared from each unloaded specimen. The observed intergranular 
and intragranular cracks in thin sections were quantitatively analyzed in their length, width and orientation as well as the 
fracturing modes. It was found that extensional intergranular cracking dominated the damaging process in Kuru granite in 
the pre-peak stage. In the post-peak stage, both intergranular and intragranular cracks increased abruptly. The granite speci-
men finally failed in splitting. Intragranular shear cracking in calcite dominated the damaging process in Fauske marble. 
A number of shear fractures formed in the marble and finally the marble failed along a shear fracture zone. It was deduced 
that, under low confining stress, the fracturing process in Kuru granite of Class II was dominated by extensional fracturing 
in the direction of σ1, which dissipated a relatively small portion of the strain energy in the rock and the remaining energy 
was released for rock ejection. The fracturing in Fauske marble of Class I was dominated by intragranular shear cracking, 
which dissipated the entire strain energy.

Highlights

• The fracturing characteristics of Class I and Class II 
rocks, among others, the predominant cracking orien-
tations and crack density, were microscopically studied 
during uniaxial compressive loading.

• The inter- and intragranular cracks are quantitatively ana-
lyzed in their length, width and orientation as well as the 
fracture modes.

• The dominant microcracking patten is intergranular and 
extensional in the Kuru granite (Class II), but is intra-
granular and shear in the Fauske marble (Class II).

Keywords Extensional cracking · Shear cracking · Microscopic observation · Acoustic emission · Strain burst

List of Symbols
ζ(θ)  Total projection length of the cracks in the thin 

section in the orientation of θ, m
ζ(θ)max  Maximum total projection length of the cracks in 

the thin section, m

ζ(θ)min  Minimum total projection length of the cracks in 
the thin section, m

σ1  Major principal stress, MPa
ϕ  Diameter of the cylindrical core rock specimen, 

mm
ω  Orientation factor of the crack propagation
A  Area of the thin section,  mm2

Ai  Opening area of the ith crack (i = 1, …, n) in the 
thin section,  mm2

D  Crack density in the thin section, /mm
E  Elastic modulus of rock
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I  Intergranular cracks
Lθ  Projection line with an angle, θ, to the horizontal 

line
li  Length of the ith crack (i = 1, …, n) in the thin 

section, mm
RA  Ratio of the rising time to the amplitude of the 

AE signal, ms/V
S||  Vertical thin section that is parallel with the load-

ing direction
S⊥  Horizontal thin section that is perpendicular to 

the loading direction
T  Intragranular cracks
UCS  Uniaxial compressive strength of the rock, MPa
W  Average opening width of all the cracks in the 

thin section, μm

Abbreviations
AE  Acoustic emission
CT  Computed tomography
FFT  Fast Fourier transformation
ISRM  International Society for Rock Mechanics
LVDT  Linear variable differential transformer
SEM  Scanning electron microscope

1 Introduction

Rock burst is a phenomenon in which rock disintegrates, 
accompanied by the ejection of a volume of debris (Li 
2021). It often occurs in deep underground mines and deep 
tunnels where in-situ rock stresses are high. Based on the 
trigging mechanisms, there are two types of rock bursts—
strain burst associated with overstressing, and fault-slip burst 
associated with the slippage of pre-existing faults (Li 2011). 

Strain burst will occur when the total strain energy stored 
in the rock to be ejected and the energy released from the 
surrounding rock are greater than the energy needed for rock 
fracturing. The excessive energy is converted into kinetic 
energy to eject the rock (Li 2019). Rock fracturing and 
energy conversion are involved in strain burst.

Rocks are classified into Class I or Class II based on the 
stress–strain behavior of the rocks in the post-peak stage 
in servo-controlled uniaxial compressive tests (Akinbinu 
2016; Fairhurst and Hudson 1999; Hashiba et al. 2006). For 
Class I rocks, the axial strain (displacement) increases with 
a decrease in the axial stress after the stress passes the peak 
value, as shown in Fig. 1a. For Class II rocks, the axial strain 
has to reverse immediately after the peak stress to maintain 
the failure of the rock to be progressive and stable, as shown 
in Fig. 1b. There exists an excess strain energy released from 
the rock, which is converted to kinetic energy to eject rock. 
In the reality, Class I rocks fail progressively in the post-
peak stage, while Class II rocks fail violently, or in bursting. 
Class I rocks are typically relatively soft (low E-modulus) 
and ductile, such as the Fauske marble used in the tests of 
this study (Fig. 1a). Class II rocks are brittle and burst-prone, 
such as the Kuru granite in this study (Fig. 1b).

Rocks are aggregates of different mineral grains. They 
contain defects and microcracks within and between 
the constituent mineral grains, as well as textures, such 
as cleavages. These defects and cleavages are often the 
nuclei for new crack initiation (Dyskin et al. 2003; Park 
and Bobet 2010). Rock damage is a process of crack initia-
tion and propagation. A lot of effort has been expended in 
the development of crack propagation theories (Hoek and 
Martin 2014; Kemeny and Cook 1987), and in the study 
of the coalescence process of cracks (Tang and Kou 1998; 
Zhang and Wong 2013). Advanced technologies such as 

(a) (b)

Class I rock 

Excess energy 

Class II rock 

Fig. 1  Stress–strain curves of the a Fauske marble (Class I rock) (Zhang and Li 2019), and b Kuru granite (Class II rock) (Tkalich et al. 2016)
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CT and SEM have been used for microscopic investiga-
tions of fractures in rocks (Fan et al. 2020a, 2020b, Fan 
et al. 2022). Cracking and deformation of the rock can 
be divided into five stages—crack closure, elastic defor-
mation, stable crack propagation and coalescence, unsta-
ble crack propagation, and ultimate failure (Ghamgosar 
et al. 2017). Various types of rocks containing different 
numbers of flaws have been tested extensively (Bobet and 
Einstein 1998; Brace and Bombolakis 1963; Horii and 
Nemat-Nasser 1985; Petit and Barquins 1988; Wong and 
Einstein 2009; Yang et al. 2009). All these studies sug-
gested that two major crack types could initiate from a 
single pre-existing flaw, namely, extensional crack and 
shear crack. Extensional cracking occurs in the direction 
of the major principal stress. The surfaces of extensional 
cracks are usually clean and rough because the cracks are 
simply generated via intergranular separations (Bobet and 
Einstein 1998; Horii and Nemat-Nasser 1985; Whittaker 
et al. 1992). Extensional cracks do not offset between the 
surfaces. Extensional cracking is the most common micro-
cracking mode in Class II rocks, such as basalt and strong 
granite, under uniaxial compression (Tkalich et al. 2016; 
Zhang et al. 2020). In shear cracking, relative slippage 
occurs on the crack surfaces. Shear crack surfaces incline 
in the direction of the major principal stress at an angle 
ranging from 10° to 30°. Shear cracks are often smooth 
and filled with finely ground mineral powders (Bobet and 
Einstein 1998; Horii and Nemat-Nasser 1985; Whittaker 
et al. 1992). Shear cracks coalesce to form macroscopic 
shear fractures, which leads to final failure in the rock. 
Shear fracturing is the most common failure mode in triax-
ial compression (Tkalich et al. 2016; Zhang and Li 2019), 
and may also occur under uniaxial compression in weak 
rocks (Yang et al. 2008; Zhang and Li 2019). While signif-
icant work has been conducted in the macroscopic obser-
vation and differentiation of extensional and shear cracks, 
only few studies focused on investigating these two crack 
types in the microscopic scale. Those studies were mostly 
interested in the surface features of microcracks instead 
of comparing the extensional and shear cracks in detail 
(He et al. 2015). It is believed that extensional cracking is 
mainly related to intergranular cracks, while shear crack-
ing is related to intragranular cracks (Cheng and Wong 
2018). Intergranular or intragranular cracks are easy to 
be distinguished in optical microscopic studies. However, 
the progressive developments of intergranular cracks and 
intragranular cracks involved in the extensional and shear 
cracks have been seldom studied quantitatively. Although 
the considerable research has been widely reported on 
cracking behaviors and failure processes in Class I and 
Class II rocks (He et al. 1990; Janach 1977; Labuz and 
Biolzi 1991; Pan et al. 2006; Tarasov and Stacey 2017; 
Wang et al. 2020), they did not explain the reasons why 

Class I and Class II rocks have different failure character-
istics and burst-proneness from a micro perspective. The 
heart of rock burst—the physics is not clear so far. The 
influence of the development of different types of micro-
cracks on the generation and propagation of macroscopic 
cracks and the energy dissipation, and the influence on 
the burst-proneness of two rock classes need to be further 
understood.

This study focused on the microcracking processes and 
final failure modes in both the burst-prone Kuru granite and 
non-burst-prone Fauske marble. The aim of the study was 
to reveal the physics of burst-prone Class II rock and the 
difference in microcracking features in Class I and Class 
II rocks based on the observations and measurements on 
the Kuru granite and the Fauske marble. In the study, the 
microcracks in the rock specimens were examined in terms 
of their types (intergranular or intragranular), propagation 
direction and dimensions (length and opening width) on 
an optical microscope after the specimens were uniaxially 
loaded to different stress levels in both the pre-peak and 
post-peak stages. The crack networks in the specimens were 
quantitatively described in terms of crack density, average 
opening width and orientation factor. The cracking patterns 
were compared with the characteristics of the acoustic emis-
sions (AEs) recorded during testing.

2  Laboratory Testing

The rock specimen tests were conducted in three steps: (1) 
uniaxial compression of the specimen to a certain load level; 
(2) thin section cutting; and (3) microscopic observation, as 
illustrated in Fig. 2.

2.1  Materials and Specimens

Kuru granite (quarried in Kuru, Finland) and Fauske mar-
ble (quarried in Fauske, Norway) were used in this study. 
The Fauske marble and the Kuru granite are typical Class I 
and Class II rocks based on a long time of previous studies 
in our and others' laboratories (e.g. Fourmeau et al. 2014, 
2017; Herman and White 1985; Hokka et al. 2016; Saksala 
et al. 2013, 2014; Tkalich et al. 2016; Zhang and Li 2019). 
Kuru granite is mainly composed of quartz, intermediate 
albite and microcline, while Fauske marble is formed of 99% 
calcite crystals with only a small amount of impurities, as 
shown in Fig. 3. Microscopic observations of the intact rocks 
revealed their inherent grain structures (Fig. 4). The differ-
ent mineral grains in the Kuru granite were squeezed into 
each other with bumpy contacts, forming an interlocking 
structure (Fig. 4a). The Fauske marble was characterized 
by a mutually interfering growth pattern and a well-fused 
interlocking polygonal granoblastic texture (Fig. 4b). A few 
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microcracks and voids were present. Prominent sets of twin 
cleavages were also observed in most of the grains in the 
Fauske marble. It was found that intragranular cracks were 
predominantly nucleated in these twin lamellae.

A total of six cylindrical core specimens, each ϕ 
49 × 133 mm, were prepared for each of the two rock types, 
using the methods provided by ISRM (Brown 1981). All 
specimens were dried under ambient temperature condi-
tions. All six specimens of each rock type were drilled from 
the same cube. Therefore, the mechanical properties of the 
specimens are identical for each rock type.

2.2  Uniaxial Compression Tests

The uniaxial compression tests were conducted on a servo-
controlled testing machine (GCTS RTR-4000), which had 
an axial load capacity of 4000 kN and a frame stiffness 
of 15 GN/m. The axial and radial strains were measured 
using linear variable differential transformers (LVDTs), 
and the data were automatically recorded by an acquisition 
system. A close-up of a specimen before testing is shown 
in Fig. 5a. A transparent thermoplastic membrane was 
wrapped around each specimen to preserve the rock debris. 
On Fig. 5a, the two thin bars on each side of the specimen, 
fixed to the black rings, are the LVDTs for axial strain 

Step 1: uniaxial 
compression test 

σ1

σ1

Step 2: thin section 
cutting 

Thin section 
parallel with σ1

Thin section 
perpendicular to σ1

Step 3:
microscopic observation 

Fig. 2  Experimental procedure: Step 1—uniaxial compression of the rock specimen; Step 2—thin section cutting; and Step 3—microscopic 
observation

30.4% albite intermediate 

35.3% quartz 

28% microline 

6.3% other 

99% calcite 

1% impurities 

(a) (b) 

Fig. 3  Mineral compositions of the a Kuru granite, and b Fauske marble
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measurement, while the central rim is the circumferential 
LVDT for radial strain measurement. Three AE sensors 
were attached to each end of the specimen at a distance of 
approximated 15 mm from the ends. The upper and lower 
AE sensors were staggered at 60° (Fig. 5b). Ultrasonic gel 
was smeared between the AE sensors and the specimen to 
improve the acoustic transmission at the interface. A rub-
ber band was used to hold the AE sensors tight against the 
specimen (Fig. 5a).

All the tests were performed at a room temperature of 
approximately 20 °C. Each specimen was loaded to a prede-
termined stress level. The specimens of the granite were first 
loaded to 55 MPa at a loading rate of 0.8 MPa/s under axial 
stress control. Then, the loading was switched to radial strain 
control at a rate of 250 µε/min, and gradually increased to 
400 µε/min. The test remained under radial strain control 
until failure. The switch from stress control to strain control 

at a relatively low stress level was purely an operational 
measure to guarantee a stable start to the loading. The six 
granite specimens were loaded to 47% UCS pre-peak, 80% 
UCS pre-peak, peak stress, 90% UCS post-peak, 75% UCS 
post-peak and 57% UCS post-peak, respectively, where 
‘UCS’ represents the uniaxial compressive strength of the 
rock. For the marble specimens, the axial stress was applied 
at a rate of 18 µε/s under axial strain control up to peak 
stress. Then the axial strain rate was lowered to 14 µe/s for 
the rest of the test to capture the post-peak behavior. The six 
marble specimens were loaded to 44% UCS pre-peak, 79% 
UCS pre-peak, peak stress, 80% UCS post-peak, 59% UCS 
post-peak and complete failure, respectively. The specimen 
was unloaded once the target stress level was reached. AE 
technique was used to monitor the progressive fracturing 
during loading.

Fig. 4  Photomicrographs of the 
a Kuru granite, and b Fauske 
marble in their original states 
under cross-polarized light. 
Labeled features: (1) voids 
in grains and boundaries; (2) 
microcrack-free boundary; 
(3) intergranular crack; (4) 
intragranular crack; and (5) twin 
lamellae

(a) (b)

(5) 

(5) 
(1) 

(1) (1) 
(2) 

(2) 

(2) 
(2) 

(3) 

(3) 

(3) 

(3) 

(4) 

(4) 

(4) 

1 mm 1 mm 

Fig. 5  a Close-up of a specimen 
prepared for a uniaxial test; and 
b positions of the AE sensors

(a) (b)

Upper AE sensors 

Lower AE sensors 
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Figure 6 shows the corresponding stress–strain curves 
for all the specimens. The failure modes of the granite and 
marble specimens were different, with the granite exhibiting 
splitting fractures parallel with the loading direction, while 
the marble tending to undergo shear failure. It was noted 
that the curves of the granite specimens overlapped very 
well over the entire loading period (Fig. 6a). The curves of 
the marble specimens overlapped well in the pre-peak stage, 
but spread out quite a lot in the post-peak stage (Fig. 6b).

2.3  Thin Section Sampling

Two thin sections, one parallel with and the other perpendicu-
lar to the loading direction, were cut from each specimen after 
the uniaxial compression testing (Fig. 2). For the marble speci-
mens, the orientation of the vertical sections was cut perpen-
dicularly to the strike of the macroscopic shear fracture plane. 
The thin sections were then soaked in an epoxy-dye mixture 
that a yellow fluorescent dye was added to. The yellow-colored 
epoxy penetrated into the cracks in the thin sections. After the 
epoxy had cured, one side of the thin section was glued to a 
glass slide. The sections were ground away 3–5 mm in thick-
ness and the surface was polished using a fine sander. The final 
polished thin sections were 30 μm thick, with a roughness 
of 0.25 μm. The size of each thin section was approximately 
30 × 20 mm.

2.4  Microscopic Observation and Crack Processing 
Technique

The microscopic observations were conducted on an Olympus 
BX51 optical microscope. Under ultraviolet light, the epoxy-
filled cracks showed up as bright green (Fig. 7a). The scanned 
image had a resolution of 72 dpi. After scanning the entire thin 
section, with the aid of a MATLAB program, the crack net-
works were binarized based on recognition of the epoxy-dye 
color and ignoring the background. In the binarization graph 
(Fig. 7b), the black ribbons represent cracks. Then, the width 
of each crack was eroded toward its center so that each crack 
was contracted to a thin trendline. By doing this, the skeletal 
structure of the crack network was obtained (Fig. 7c). After 
ignoring the intersection points in the crack network, the crack 
network was discretized into multiple isolated cracks. The start 
and end points of each crack were connected to present a lin-
ear structure (Fig. 7d). The length of the crack network was 
calculated from its skeletal structure while the orientation of 
each crack was determined using the linear frame of the crack 
network. By laying the crack network over polarizing scanned 
images, the distribution of the cracks in relation to the mineral 
grains was made more distinct (Fig. 7e, f). Then, the inter-
granular and intragranular cracks were distinguished.

Fig. 6  Stress–strain curves of the a granite, and b marble specimens
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Fig. 7  Crack network identification: a cracks filled with epoxy dye 
appear bright green under ultraviolet light; b crack binarization; c 
crack skeletonization; d crack linearization; e the crack network on a 

plane-polarized image of mineral grains; and f the crack network on a 
cross-polarized image of mineral grains. Note: mineral colors may be 
different between plane-polarized and cross-polarized images
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3  Experimental Results and Analysis

The granite specimens loaded to 47% UCS and 80% UCS 
pre-peak appeared to be relatively undamaged. Hardly any 
fractures were visible on the surface. When being loaded 
to peak stress, some linear white patches, parallel with the 
loading direction, started to appear in the middle of the 
specimens. These were fractures. With an increase in load, 
the fracture zone expanded and bulged, and the number 
and the area of white linear patches increased. At the stress 
level of 57% UCS post-peak, these patches connected and 
spread to cover a larger area. These linear fractures showed 
extensional deformation. Flaky debris could be seen in the 
fractured area. After peak stress, there were some crisp 

cracking sounds. The specimen failed in splitting, accom-
panied with some mineral powder. In general, however, the 
fracture surfaces were relatively fresh and clean, showing 
the original color of the granite grains.

As in the granite, fractures did not appear on the sur-
face of the marble specimens until peak stress. But, differ-
ently, the fracture zone in the marble was characterized by 
the development of diffuse white patches of a wider areal 
extent. The fracture zone was a band running through the 
entire specimen at about 30° to the loading direction. It did 
not bulge significantly. The marble specimens often failed 
suddenly, accompanied by a large amount of powder. The 
sides of the fracture zone slipped. The fracture surfaces 
were covered with abundant lusterless mineral powders. 
The marble showed obvious shear failure characteristics.

Fig. 8  Stress and AE records versus time during the granite testing: a stress and accumulated AE hits; b stress and AE-magnitude hits; c stress, 
average AE frequency and RA; and d stress, average AE frequency and RA in the pre-peak stage
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The uniaxial compression strength obtained in the tests 
was, on average, 288.93 MPa for the granite and 95.52 MPa 
for the marble. The average Young’s moduli and Poisson’s 
ratios were 74.88 GPa and 0.29 for the granite, and 53.91 
GPa and 0.33 for the marble, respectively.

3.1  Acoustic Characteristics During Rock Failure

AE activities reflect the evolution of damage and fractur-
ing in rocks (Luo et al. 2020). They are directly associated 
with microscopic cracking in the rock material (Lockner 
et al. 1991). AE is a kind of non-stationary signal that 
is commonly analyzed using fast Fourier transforma-
tion (FFT). Consequently, the magnitude of AEs can be 
acquired by FFT from recorded AE waveforms. It has been 
found that the AE signals of extensional fracture have a 
relatively high average frequency and a low ratio of the 
rising time to the AE amplitude (RA), while for shear 
fracture, the average frequency is low and the RA is high 
(Ohno and Ohtsu 2010). In this study, AE technique was 
used as an auxiliary means to assist in the microscopic 
observations to understand the physics of rock burst in the 
Class II Kuru granite and the reasons for the difference in 
the fracturing features in the two rock types. Based on the 
number and frequency domain parameters of AE signals, 
we quantitatively evaluated the fracturing processes of the 
rocks. These AE parameters are related to the number, 
magnitude, type and pattern of the microcracks. Accord-
ingly, the use of AE technique is helpful to understand 
the microscopic observations. In the meantime, with the 
help of AE monitoring, the specimen can be loaded under 
control to a desired level suitable for observation. Figure 8 
presents the variations in four AE parameters—the accu-
mulated AE hits, the magnitude, the average frequency 
and the RA—that occur during the compression testing 
of a granite specimen. The deformation and damage pro-
cess can be divided into five stages—crack closure, elastic 
deformation, stable crack growth, unstable crack growth 
and post-peak failure.

There were several discrete AE hits during the crack clo-
sure and elastic deformation stages at approximately below 
40% UCS (Fig. 8a). These discrete AE hits may be related 
to microcrack compaction and adjustment of the loading and 
seating. The deformation of the rock was dominantly elastic. 
After entering the crack initiation and stable growth stage 
(approximately 40–85% UCS), the number of AE hits gradu-
ally increased with an increase in stress (Fig. 8a), indicat-
ing a moderate microcracking process. The AE hits exhib-
ited small or moderate magnitudes in this stage (Fig. 8b). 
The average frequency of the AE signals was high and 
the RA was very low (Fig. 8c), indicating that extensional 
fractures dominated in this stage. Both slightly increased 
with increased stress, as shown by the magnified curves in 

Fig. 8d. With an increase in stress, the existing microcracks 
grew in a stable way and, also, new cracks were created, 
resulting in a nonlinear stress–strain behavior.

During the unstable crack propagation stage (approxi-
mately above 85% UCS), the number of AE hits increased 
significantly (Fig. 8a). The cracks propagated in an uncon-
trolled way, emitting a high amount of AEs. A decrease in 
the average frequency and an increase in the RA implied 
that more fractures became shear fractures in that stage 
(Fig. 8d). The magnitude of the AE hits slightly increased 
as well (Fig. 8b). The shear fractures with higher magnitudes 
released more energy.

After entering the post-peak stage, the number of AE hits 
abruptly increased, accounting for two-thirds of the total 
AE hits (Fig. 8a). At approximately 780 s, the average AE 
frequency dropped significantly, but the RA jumped mark-
edly (Fig. 8c). At that point, a macroscopic shear fracture 
must have occurred, resulting in a drop in stress, as shown 
in Fig. 8a. After that, the average frequency increased and 
the RA decreased, implying that extensional fracturing 
became dominant again. Each abrupt drop in the average 
AE frequency and jump in the RA corresponded to a rela-
tively large-scale shear fracture in the rock. It can be seen 
in Fig. 8c that such drops and jumps occurred several times 
in the post-peak stage. This means that the extensional and 
shear fracturing were intermittent and alternating in the post-
peak stage. This agrees with the observations of other stud-
ies (Conrad and Friedman 1976; Moore and Lockner 1995).

In general, shear fracturing starts to appear in the unsta-
ble crack growth stage. Shear fractures bring about AE hits 
with high RAs, low average frequencies and high magni-
tudes. They also release more AE energy than extensional 
fractures. An abrupt jump in the RA and a sudden drop in 
the average frequency are indicators of shear fracturing.

Based on the AE characteristics, the failure process 
of the marble can be divided into three stages—pre-peak 
linear, pre-peak nonlinear and post-peak (Moradian et al. 
2010). In the pre-peak linear stage (approximately below 
45% UCS), the original flaws in the rock were gradu-
ally closed under compression. A few AE signals were 
observed in this stage (Fig. 9a), so little damage occurred. 
In the pre-peak nonlinear period (approximately above 
45% UCS), the AE hits increased gradually (Fig. 9a). This 
AE signal was associated with the initiation of new cracks 
and the stable propagation of new cracks. The AE hits had 
small magnitudes, high average frequencies and low RAs, 
indicating that the cracking was dominantly extensional in 
this stage (Fig. 9b, d). After reaching peak stress, the num-
ber of AE hits began to increase dramatically up to final 
failure (Fig. 9a). The rate of the AE hits increased mark-
edly prior to final failure. The AE hits in the post-peak 
stage accounted for 80% of the total hits. In this stage, the 
average AE frequency decreased and the RA increased, 
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indicating that shear fracturing became dominant (Fig. 9c). 
The sharp increase in AE magnitude meant a large amount 
of energy was released (Fig. 9b).

The final brittle shear failure mode of the marble was 
associated with the process of energy accumulation in the 
pre-peak stage and the sudden energy release in the post-
peak stage. The failure mode is defined as brittle when 
the AE energy is suddenly released in the post-peak stage; 
otherwise, it is plastic (Guo and Dong 2019). As shown in 
Fig. 9b, the stress dropped suddenly prior to final failure, 
and AE hits with high magnitudes were emitted suddenly. 
Thus, brittle shear failure occurred in the Fauske marble.

Based on their AE characteristics, the Kuru granite and 
Fauske marble had different failure and energy release pro-
cesses. Unstable crack propagation started at pre-peak 85% 
UCS in the granite, while it started in the post-peak stage 

in the marble. Unstable crack propagation was related to 
shear fracture. During stressing of the granite and mar-
ble specimens, the initial fractures were extensional. The 
granite finally failed in splitting, even though shear frac-
turing was certainly involved in the process, while the 
marble finally failed by shearing due to the dominant shear 
fracturing in the specimen. The majority of the AE hits 
were emitted when the stress was above 80% UCS in the 
pre-peak stage and in the post-peak stage in the granite, 
while the majority of the AE hits were emitted upon shear 
failure in the marble.

Fig. 9  Stress and AE records versus time during the marble testing: a stress and accumulated AE hits; b stress and AE-magnitude hits; c stress, 
average AE frequency and RA; and d stress, average AE frequency and RA in the pre-peak stage
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Fig. 10  Photomicrographs 
of fracture networks in thin 
sections cut from the granite 
specimens loaded to the level 
of: a 0; b 47% UCS pre-peak; 
c 80% UCS pre-peak; d 100% 
UCS; e 90% UCS post-peak; f 
75% UCS post-peak; and g 57% 
UCS post-peak, respectively. 
Note that S|| refers to the verti-
cal thin section that is parallel 
with the loading direction and 
S⊥ to the horizontal thin section 
that is perpendicular to the load-
ing direction, and I refers to the 
intergranular cracks and T to the 
intragranular cracks
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3.2  Microscopic Crack Development During Failure

3.2.1  Microscopic Crack Development in the Granite

The AE results suggest that cracks were initiated and grew 
stably as the applied stress reached approximately 40% 
UCS in the granite. The fracturing process in the rock 
was examined microscopically using the thin sections that 
were cut parallel (labeled ||) and perpendicular (labeled 
⊥) to the loading direction. For comparison, the initial 
cracks in an unloaded specimen were also microscopically 
observed. Figure 10 shows the fracture networks in the 
granite specimens that were exposed on planes parallel and 

perpendicular to the loading direction at different stress 
levels covering the entire loading period. The pictures in 
Fig. 10 were only enlarged small portions of the entire 
fracture network images to show the crack distributions 
more clearly.

The original flaws in the unloaded granite specimen are 
shown in Fig. 10a. The original cracks are generally ran-
domly distributed in the vertical (S||) and horizontal (S⊥) 
thin sections. The identical initial crack distributions in 
both directions indicate that the granite is quite homogene-
ous. At the stress level of 47% UCS pre-peak, the cracks 
had grown and opened somewhat, but the crack growth 
was almost identical in both the vertical and horizontal 
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Fig. 11  Photomicrographs 
of fracture networks on thin 
sections cut from the marble 
specimens loaded to the level 
of: a 0; b 44% UCS pre-peak; 
c 79% UCS pre-peak; d 100% 
UCS; e 80% UCS post-peak; f 
59% UCS post-peak; and g 0 
post-peak, respectively
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directions, as shown in Fig. 10b. A small number of intra-
granular cracks had initiated, but intergranular cracks 
were still dominant up to this stage. At 80% UCS pre-
peak, intergranular cracks continued to develop and con-
nect to each other (Fig. 10c). The cracks were markedly 
widened, with the maximum crack width being around 
12 μm. The crack density was slightly higher in the verti-
cal section than in the horizontal section, indicating that 
the cracks were already inclined to grow in the vertical 
direction at 80% UCS pre-peak. At peak stress, the crack 
growth was strongly anisotropic in the vertical section, 
but not in the horizontal section (Fig. 10d). The cracks 

grew significantly in the vertical direction, and numerous 
cracks propagated intragranularly. It was observed that 
some linear white patches, parallel with the loading direc-
tion, appeared on the cylindrical surface of the specimen 
at a level close to peak stress during the test. It seems that 
axial splitting cracks (i.e., cracks growing in the direction 
of σ1) started to become dominant approximately at peak 
stress. After the stress passed the peak value, the number 
of both intergranular and intragranular cracks increased 
dramatically, and all the cracks extended considerably 
(Fig. 10e–g). When the stress dropped from 90% UCS 
(Fig. 10e) to 75% UCS (Fig. 10f) and then to 57% UCS 
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(Fig. 10e) in the post-peak stage, it appears that the num-
ber of fractures remained approximately the same or only 
increased slightly, but the widths of the fractures increased 
abruptly with the stress dropped. The marked widening 
of the fractures led to bulging of the specimen and white 
patches on the cylindrical surface. The axial propagation 
fractures finally split the rock material into flakes or splin-
ters. Splitting fractures dominated the failure process of 
the specimen. The elastic strain energy stored in some of 
the flakes and debris was finally released, leading to rock 
ejection.

3.2.2  Microscopic Crack Development in the Marble

The AE results indicate that cracks were initiated and grew 
stably after the applied stress reached approximately 45% 
of the peak stress in the marble, while the cracks started to 
propagate unstably as soon as the load crossed peak stress. 
For the marble, the specimens loaded up to 44% UCS pre-
peak, 79% UCS pre-peak, peak value, 80% UCS post-peak, 
59% UCS post-peak and complete failure, and one unloaded 
specimen were microscopically observed in directions paral-
lel and perpendicular to the loading direction. These results 
are illustrated in Fig. 11. The pictures in Fig. 11 were also 
only enlarged small portions of the entire fracture network 
images to show the crack distributions more clearly.

The original microcracks in the marble are shown in 
Fig. 11a. These cracks looked similar in both the vertical 
and horizontal thin sections. The majority of the cracks were 
intergranular along the boundaries of the mineral grains, 
with a few intragranular cracks within the mineral grains. 

At the stress level of 45% UCS pre-peak, the intergranular 
cracks both extended and widened, and a few intragranu-
lar cracks also extended (Fig. 11b). When the stress was 
increased to 79% UCS pre-peak, the sample underwent non-
linear deformation, and the intergranular cracks propagated 
further and connected to each other, and also a good number 
of intragranular cracks were initiated (Fig. 11c). The long 
and connected cracks in the vertical section were oriented in 
directions not parallel with, but deviated from, the vertical 
loading direction. The cracks did not widen much during 
the period of stress increase from 44% to 79% UCS in the 
pre-peak stage. At peak stress, the intergranular cracks fur-
ther widened and propagated, and a considerable number of 
intragranular cracks were initiated and grew along the twin 
cleavages in the minerals (Fig. 11d). This type of intragranu-
lar cracking was also observed by Cheng et al. (2016). The 
cracks showed a certain preferred direction. After passing 
peak stress, dense intragranular cracks were quickly initi-
ated, propagating extensively (Fig. 11e). The cracks con-
nected with each other, forming long and open fractures 
that were oriented in a preferred direction. The dominating 
fractures occurred in a direction approximately 40° from 
the loading direction in the vertical thin section, as shown 
in Fig. 11e. Figure 11f shows the fracture networks in the 
vertical and horizontal thin sections when the stress dropped 
to 59% UCS in the post-peak stage. The fractures coalesced, 
and a shear fracture zone was formed. The cracks in the 
shear fracture zone propagated in all directions before the 
zone was finally fully formed. In the end, the marble speci-
men failed by shearing along a fracture zone. Numerous 
mineral particles were crushed, and fine mineral powders 

Fig. 12  Variation in crack densities versus stress level in vertical (S||) and horizontal (S⊥) sections in the a granite, and b marble specimens
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covered the surface of the shear fracture plane. Figure 11g 
shows the fractures next to the main shear fracture plane that 
is marked by the massive green coloration from the epoxy 
dye in the images.

3.3  Geometric Analysis of the Crack Network

After the crack networks colored by epoxy dye in the thin 
sections were binarized, the skeletal structure and linear 
frame of the crack network were outlined, as shown in Fig. 7. 
The crack network can be quantitatively described by the 
crack density, the average opening width of the cracks and 
an orientation factor for the crack inclinations. The crack 
density is defined as the average length of all cracks in the 
area of the thin section. It is expressed as (Zhou et al. 2012):

 where D is the crack density in /mm, li is the length of 
the ith crack (i = 1, …, n) and A is the area of the thin sec-
tion. This definition of the crack density has been com-
monly adopted in the stereological study of crack geometry 
(Litorowicz 2006; Samaha and Hover 1992). The length of 
the crack network was determined by its skeletal structure. 
The densities of the intergranular and intragranular cracks 
in the vertical and horizontal thin sections of the granite 
and marble were calculated based on the scanned data in the 
entire thin sections. The variation in crack density versus the 
applied stress are shown in Fig. 12.

(1)D =
1

A

n
∑

i=1

l
i

The diagrams in Fig.  12 show that the densities of 
the intragranular cracks are approximately zero in the 
unloaded specimens (i.e., at zero stress in the diagrams). 
In the unloaded specimens, the crack densities in the two 
orthogonal directions are approximately identical, which 
quantitatively indicates that both the granite and marble are 
quite homogeneous, as shown in Fig. 12. For the granite 
(Fig. 12a), the density of the intergranular cracks increased 
slightly from 0.37/mm to approximately 0.8/mm when the 
stress was increased from zero to 47% UCS. The crack 
density continued to increase to 2.67/mm when the stress 
was further increased to 80% UCS in the pre-peak stage. In 
this stage, however, the density of the intragranular cracks 
remained at the original level of about 0.15/mm. Follow-
ing that, the density of the intragranular cracks abruptly 
increased and remained on the increase through the rest of 
the pre-peak loading stage and in the post-peak stage. The 
density of the intergranular cracks remained on the increase, 
too, although the increasing rate was retarded after peak 
stress. At the stress level of 57% UCS in the post-peak stage, 
the densities of the intergranular and intragranular cracks 
were at similar levels. It can be seen in the diagrams that 
the densities of the intergranular cracks are approximately 
identical in both the vertical and horizontal directions. This 
is also the same tendency for the intragranular cracks. The 
crack densities in the two orthogonal directions should be 
identical because the granite is homogeneous. The small dif-
ferences in crack density in the two directions may have been 
caused by the calculation method.

For the marble specimens (Fig. 12b), the densities of 
the intergranular and intragranular cracks vary in similar 

Fig. 13  Variation in average crack opening widths versus stress level in vertical (S||) and horizontal (S⊥) sections in the a granite, and b marble 
specimens
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tendencies with the applied stress in the two orthogonal 
thin sections. The densities of the intergranular cracks are 
approximately identical in both the vertical and horizontal 
directions. The intragranular cracks also show this char-
acteristic. The densities of the intergranular cracks in the 
two orthogonal directions started to increase identically 
at the stress level of 44% UCS in the pre-peak stage, and 
remained on the increase through the entire loading and 
unloading periods afterward. The increasing rate in crack 
density also became retarded after peak stress. The densities 
of the intragranular cracks in the two orthogonal directions 
remained approximately the same as in the unloaded speci-
men until the applied stress was at the level of 79% UCS 
in the pre-peak stage. Following that, the crack densities 

abruptly increased with applied stress. The increasing rates 
became retarded after the stress dropped below the level of 
59% UCS in the post-peak stage. It should be noted that the 
densities of the intragranular cracks exceeded the densities 
of the intergranular cracks after the stress passed the peak 
value. This implies that intragranular fracturing dominated 
in the post-peak stage.

The average opening width (W) of all the cracks in the 
specimen is defined as:

 where Ai (i = 1, …, n) is the opening area of the ith crack. 
The calculated average opening widths of the cracks in the 
vertical and horizontal thin sections of the granite and mar-
ble are presented in Fig. 13.

The curves in Fig. 13 indicate that the crack opening 
width increased slowly in the stages where intergranular 
cracks dominated, but the crack opening became marked 
after the intragranular cracks flourished. During crack propa-
gation, the fracture surfaces slipped, and the surface asperi-
ties dislocated to widen the apertures between the fracture 
surfaces. The average crack opening width in the marble was 
much bigger than that in the granite. This might be attrib-
utable to the numerous intragranular cracks in the marble. 
In the granite, the crack opening remained on the increase 
until flakey debris occurred, while in the marble, after the 
stress dropped to 59% UCS in the post-peak stage, the crack 
opening stopped, indicating that the failure was dominated 
by crack coalescence afterward.

(2)W =

n
∑

i=1

A
i

/

n
∑

i=1

l
i

Crack network

Projection line Lθ

θ

Fig. 14  Sketch illustrating calculation of the total projection length 
ζ(θ) in the orientation θ 

Fig. 15  Projection lengths ζ(θ) of the crack cluster in the vertical thin section S|| of the a granite specimen loaded to 57% UCS in the post-peak 
stage, and b marble specimen loaded to final failure
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The dominant propagation orientation of a crack net-
work in a specimen can be estimated using the follow-
ing method. Consider a cluster of n randomly distributed 
cracks, as illustrated in Fig. 14. The length of the ith crack 
is projected onto the projection line, Lθ, with an angle, θ, 
to the horizontal line. The projection lengths of the crack 
cluster are summed, and the total projection length of the 
cracks in the orientation of θ is denoted as ζ(θ). The pro-
jection lengths of the crack cluster in different orientations 
are obtained by varying the projection angle, θ, in the 
range 0–360°. The projection lengths of the cracks were 
calculated in this way for the granite specimen loaded to 
57% UCS in the post-peak stage and for the marble speci-
men loaded up to complete failure. The calculated results 
for the two specimens are presented in the polar diagrams 
in Fig. 15. The radii of the circles in the diagram repre-
sent the total projection crack lengths, and the angle is 
the orientation that the crack lengths are projected to. The 
orientation factor, ω, of the crack propagation is defined 
as (Ammouche et al. 2001):

where ω = 1 means that all cracks propagate identically in all 
directions and ω = 0 means that all cracks propagate in one 
direction. In general, the dominant crack-propagating orien-
tation is the one that the maximum projection length ζ(θ)max 
is oriented in. The value of factor ω depicts the isotropy in 
the crack propagation in the specimen. Figure 16 provides 
variations of the orientation factor versus the applied stress 
in the granite and marble specimens.

(3)� = �(�)min
∕�(�)max

For the granite, the orientation factor, ω, was between 
0.8 and 0.9 from the start of the loading up to the stress 
level of 80% UCS in the pre-peak stage in both the verti-
cal and horizontal thin sections, implying that the crack 
propagation was identical in all directions for that loading 
period. After the stress was above 80% UCS, the orienta-
tion factor in the vertical thin section decreased, dropping 
to approximately 0.4 at the stress of 57% UCS in the post-
peak stage (Fig. 16a). The orientations of the maximum 
total projection lengths in the specimens changed to the 
vertical direction. This indicates that crack propagation 
gradually became dominant in the loading direction after 
the applied stress was above 80% UCS. The orientation 
factor in the horizontal thin section, however, remained 
unchanged at a level of 0.8–0.9 up to the end of the test, 
indicating that the crack propagation was identical in all 
directions in the orientation perpendicular to the load-
ing direction. For the marble, the orientation factor, ω, 
remained unchanged at 0.9 in both thin sections until the 
stress was increased to 44% UCS in the pre-peak stage 
(Fig. 16b). After that, it decreased with increasing stress in 
the pre-peak stage and with the stress drop in the post-peak 
stage. The orientation factor dropped to approximately 0.45 
at the stress of 59% UCS in the post-peak stage, remaining 
unchanged at that level until the stress dropped to zero. 
According to the diagram in Fig. 15b, the cracks in the 
vertical plane preferably propagated in an orientation of 
about 27° to the loading direction. The orientation factor 
varied similarly in the vertical and horizontal thin sections, 
implying that the cracks propagated in preferred directions 
in both the vertical and horizontal planes.

Fig. 16  Variation in orientation factors of the crack cluster in the vertical (S||) and horizontal (S⊥) thin sections of the a granite specimens, and b 
marble specimens loaded to different stress levels
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4  Discussion

4.1  Fracture Characteristics in the Granite

At the microscopic scale, intergranular cracks were ini-
tiated and propagated first in the granite. Intergranular 
cracking dominated the entire process. More and more 
intragranular cracks nucleated in the mineral grains after 
the stress went above 80% UCS in the pre-peak stage. The 
intragranular cracks propagated preferably in the loading 
direction. The intergranular and intragranular cracks were 
distributed uniformly, gradually coalescing to form numer-
ous vertical macroscopic fractures that were visible on the 
cylindrical surface of the specimen in the form of linear 
white patches. In the final failure stage, the fractures split 
the specimen into flakes and splinters, accompanied by 
loud and crisp cracking sounds. The surfaces of the split-
ting fractures were relatively fresh and clean, implying 
that the surfaces were barely subjected to shearing damage 
since they were created.

4.2  Fracture Characteristics in the Marble

Similarly to the granite, intergranular cracks were the first 
to initiate and propagate in the marble. Differently from 
the fracture development in the granite, however, intra-
granular cracking became dominant in the post-peak stage 
in the marble. The numerous intragranular cracks may be 
attributable to the pre-existence of a number of weak twin 
cleavages in the calcite grains. The twin cleavages in the 
direction of the maximum effective shear stress started to 
slip, followed by slippage in cleavages in other directions. 
Such cleavage slippage occurred at 10° and 30° to the load-
ing direction, as has previously been found in other stud-
ies (Moradian et al. 2010; Ohno and Ohtsu 2010). With 
an increase in the applied stress, the material between the 
slipping cleavages was crushed to form shear fractures. The 
shear fractures were visible as inclined diffuse white patches 
on the cylindrical surface. In the final failure stage, a major 
shear fracture zone formed at an angle of about 27° to the 
loading direction. A significant number of cracks occurred 
in the areas close to the fracture zone. The shear fracture 
surfaces were covered in calcite powder.

The primary feature of the failure in the marble is that 
the number of the spalling grains, the fracturing degree and 
the crack opening width increase with loading. According to 
the Mohr–Coulomb failure criterion (Labuz and Zang 2012), 
the shear stress is related to the apparent friction angle that 
is affected by the surface roughness (Li et al. 2019). It can 
be deduced that the broken asperities bear the shear load 
mainly by sliding friction while the unbroken shear bearing 

asperities on the other parts of the fractured zone bear the 
shear load by static friction. According to the AE data 
(Fig. 9), the complete shear slippage did not occur before 
the peak stress. As more and more unbroken asperities were 
mobilized, the ultimate shear stress was gradually reached. 
After a great number of asperities in the fractured zone were 
crushed and ground to powder, the ultimate shear stress was 
exceeded and shear slippage occurred, releasing a number 
of AE signals. After that, the fracture surface roughness and 
the shear stress decreased. As more asperities were crushed, 
the rock macroscopically failed in shear along the fractured 
zone. A number of AEs were generated, and a great amount 
of energy was dissipated in this period.

4.3  Intergranular and Intragranular Cracking

Intergranular and intragranular cracks are the two types of 
cracks that appear in rocks in the process of rock failure. The 
initial cracks were intergranular in both the brittle granite and 
the relatively soft marble. Intergranular cracks occur along the 
mineral grains and in all directions. Intragranular cracks are 
nucleated later than intergranular cracks (DiGiovanni et al. 
2007), and propagate in preferred directions. The intragranu-
lar cracks propagated in the loading direction in the granite, 
but in an inclined orientation to the loading direction in the 
marble. The appearance of abundant intragranular cracks 
marks the commencement of unstable fracturing in a rock. At 
the end, the intergranular and intragranular cracks coalesced 
to form either vertical fractures that split the brittle granite or 
macroscopic shear fractures in the soft marble.

Intragranular cracking emits more AEs than intergranular 
cracking, since the energy release rate of intragranular cracking 
is usually several times that of intergranular cracking (Abdol-
lahi and Arias 2012; Tatami et al. 1997). The AE signals had 
relatively small magnitudes when intergranular extensional 
cracking dominated the damage process at low stress levels, 
while in the unstable intragranular cracking stage, the mag-
nitudes of the AE signals were significantly higher, as shown 
in Figs. 8b and 9b. Accordingly, a macroscopic shear fracture 
that involves dominant intragranular cracking will produce AE 
events of greater magnitudes than an extensional fracture that 
involves dominant intergranular cracking. These results agree 
with certain other experimental results on AE signals (Graham 
et al. 2010; Kwiatek et al. 2014).

4.4  Relationship Between Fracture Characteristics 
and Burst‑Proneness

As mentioned above, the Kuru granite was burst-prone, but 
the Fauske marble was not. The development processes of 
the microcracks in the two rocks may be helpful in under-
standing the mechanics of these differences in burst-prone-
ness. The cracks in the granite dominantly propagated in the 
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loading direction, and the rock split into flakes and splinters 
at the end. The fracture surfaces were clean, indicating the 
fracture was extensional. Both the crack density and average 
crack opening width were very small compared to those in 
the marble (Figs. 12, 13). Therefore, a relatively small part 
of the elastic energy in the rock was dissipated through frac-
turing in the granite. The remaining part of the elastic energy 
had to be released in the form of kinetic energy, bringing 
about rock ejection and rock burst.

In the marble, the cracks propagated in a preferred ori-
entation, inclined toward the loading direction, and the rock 
finally failed along a number of shear fractures as well as 
in a wide fracture zone. Both the single shear fractures and 
the fracture zone were filled with crushed and ground cal-
cite powder. The final crack density in the marble was more 
than four times that in the granite (Fig. 12), and the final 
average crack opening width was more than three times 
that in the granite (Fig. 13). Obviously, a great amount of 
energy, and probably all the elastic energy in the rock, was 
dissipated during shear fracturing in the marble. Thus, no 
elastic energy was left for rock ejection and so no rock burst 
occurred in the marble.

It seems that rocks subjected to microscopic extensional 
fracture are burst-prone, while rocks subjected to micro-
scopic shear fracture are not. The intragranular cracking is 
a key factor in determining whether a rock is burst-prone or 
not. The significance of the study to rock engineering is that 
the burst-proneness of the rocks in an excavation project 
can be assessed based on the amount of the excess energy 
shown in Fig. 1b.

5  Conclusions

A series of laboratory tests were carried out to investigate 
the microscopic fracturing processes in the Class II Kuru 
granite and the Class I Fauske marble. The Kuru granite is 
brittle and burst-prone. The Fauske marble is moderately 
soft and not burst-prone. The rock specimens were loaded 
to different stress levels in both pre- and post-peak stages. 
AE technique was used to monitor the progressive fractur-
ing process. After the load was removed, two thin sections, 
one parallel and the other perpendicular to the loading 
direction, were prepared from each specimen. The micro-
cracking networks in the thin sections were observed under 
an optical microscope. The following conclusions were 
arrived at based on the AE monitoring and the microscopic 
observations.

Under uniaxial compression, the dominant microcrack-
ing patten is integranular and extensional in the Class II and 
burst-prone Kuru granite, but is intragranular  and shear in 
the Class I and non-burst-prone Fauske marble. The exten-
sional cracks in the Kuru granite propagate in the direction 

of the major principal stress, σ1. The intragranular shear 
cracks orient in the directions inclined to σ1.

Microscopic observation of the microcracking in the two 
types of rocks confirmed that the AE signals of extensional 
fracturing were of relatively high average frequency and low 
RA, while the AE signals of shear fracturing were of low 
average frequency and high RA. The abrupt increase in the 
number of intragranular cracks was attributed to increases 
in crack density and crack opening width, and also to the 
preferred direction of crack propagation.

The intergranular cracks were usually extensional, while 
the intragranular cracks were in shear. Intragranular cracking 
releases more AE events than intergranular cracking, and the 
magnitude of the AE signals from the intragranular cracking 
was generally greater than the magnitude of the AE signals 
from intergranular cracking.

Under uniaxial compression, intergranular and exten-
sional cracking dominated the damaging process in the Kuru 
granite before the stress reached 85% UCS in the pre-peak 
stage. Following that, more and more intragranular cracks 
appeared in the rock. In the post-peak stage, the numbers 
of both intergranular and intragranular cracks increased 
abruptly, and both propagated in the loading direction. 
Extensional fractures parallel with the loading direction 
appeared on the cylindrical surface of the granite specimen 
in the form of linear white patches prior to final failure. The 
specimen finally split into thin flakes and splinters. The sur-
faces of the granite flakes and splinters were fresh and clean.

Under uniaxial compression, only a small number of 
intergranular cracks existed in the Fauske marble in the pre-
peak stage. In the post-peak stage, intergranular cracks only 
slightly increased, but intragranular cracks become several 
times more numerous than intergranular cracks. In general, 
intragranular cracking dominated the damaging process in 
the marble. The dramatic increase in intragranular cracks 
was due to slippage along the cleavages in soft mineral 
grains. Shear fractures inclined toward the loading direction 
appeared on the cylindrical surface of the marble specimen 
in the form of diffuse white patches. The surfaces of the 
shear fractures were covered by finely crushed and ground 
mineral powder.

Both the crack density and average crack opening width in 
the granite were very small compared to those in the marble. 
In the granite, a relatively small part of the elastic energy 
in the rock was dissipated during fracturing. The remaining 
part of the elastic energy was released in the form of kinetic 
energy, bringing about rock ejection and rock burst. The 
granite therefore has the characteristic of burst-proneness. 
In the marble, a great amount of energy, and probably all 
the elastic energy in the rock, was dissipated during shear 
fracturing. No elastic energy was left for rock ejection and 
so no rock burst occurred in the marble. The marble does not 
have the characteristic of burst-proneness.
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