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Investigation of the fracture process zone and behavior of the macro-scale
fatigue cracks in brittle rock specimens

Abstract

The importance of this study is to explain the fatigue damage mechanism while addressing the effect of
fatigue on the fracture toughness (KIC) using the brittle Brazilian specimens and to show for the first time
in the literature the behavior of macroscale cracks that open and close in brittle rock without leading to
eventual failure. The KIC was reduced by 35% due to the cyclic loading, and the reduction of the indirect
Brazilian strength was found to be reduced by 30%. The fatigue cracks were observed to open and close
elastically without failure and have been recorded by a camera for hours in brittle rock specimens with
sinusoidal loading for the first time in the rock mechanics field in this study. The findings of the scanning
electron microscope (SEM) and computed tomography (CT) revealed that the failure of the Brazilian disc
and chevron crack notched Brazilian disc (CCNBD) specimens was caused by the formation of the
fracture process zone (FPZ), which included many microcracks rather than a single macrocrack
propagation during the cyclic loading tests. Moreover, SEM and CT findings indicated the FPZ took place
ahead of the kerf crack tip, leading to the visible fatigue crack opening and closing elastically in brittle
rock specimens without any rupture. According to the experimental and numerical analysis results, the
FPZmax could be obtained with the 60° inclined notch crack. This demonstrates the maximum FPZ
development possible with combined mode Il (tensile and shear) loading.
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Abstract: The importance of this study is to explain the fatigue damage mechanism while addressing the effect of fatigue on the fracture
toughness (Kic) using the brittle Brazilian specimens and to show for the first time in the literature the behavior of macroscale cracks
that open and close in brittle rock without leading to eventual failure. The Kic was reduced by 35% due to the cyclic loading, and the
reduction of the indirect Brazilian strength was found to be reduced by 30%. The fatigue cracks were observed to open and close elastically
without failure and have been recorded by a camera for hours in brittle rock specimens with sinusoidal loading for the first time in the
rock mechanics field in this study. The findings of the scanning electron microscope (SEM) and computed tomography (CT) revealed
that the failure of the Brazilian disc and chevron crack notched Brazilian disc (CCNBD) specimens was caused by the formation of the
fracture process zone (FPZ), which included many microcracks rather than a single macrocrack propagation during the cyclic loading
tests. Moreover, SEM and CT findings indicated the FPZ took place ahead of the kerf crack tip, leading to the visible fatigue crack opening
and closing elastically in brittle rock specimens without any rupture. According to the experimental and numerical analysis results, the

FPZmax could be obtained with the 60° inclined notch crack. This demonstrates the maximum FPZ development possible with combined

mode I-II (tensile and shear) loading.

Keywords: CCNBD rock specimens, rock fatigue, FPZ and rock fatigue

1 Introduction

When a new stress-induced crack develops in a material
under any load, the stress state in the material is greatly
affected. The reorganized stress state in the material
causes the cracks in the brittle rock material to propagate,
blunt or change direction, which greatly affects the strength
of the materiall’l. Griffith!?! was the first to explain the
importance of the effect of pre-existing cracks and newly
formed micro-level cracks on the strength of the material.
He argued that all brittle materials contain small pre-existent
cracks, and these cracks will create newly formed cracks,
and failure occurs when all these cracks coalesce. Griffith’s
theory marked a turning point in the history of fracture
mechanics research, despite the limitation that these crack
formations can only occur in the plane of existing cracks.

Linear elastic fracture mechanics (LEFM) principles
state that cracks are able to grow when the stress condition
at the tip of a crack exceeds the strength value of the
material. The geometry of a crack and the axis of the
acting load strongly influence the stress distribution at
the crack tip, and the stress condition is expressed by three
general fracture states according to the LEFM. A crack
can propagate in three modes: Mode I (tensile stress),
Mode II (shear stress), and Mode 111 (tear stress). The
fracture mode in a material is considered one of these
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three states, depending on the geometry and value of the
crack surface displacement®]. In the case of a Mode I
fracture, an opening is expected on the crack surface
starting from the crack tip. In Mode II, in-plane slippage
is expected at the crack surfaces. Finally, in Mode III,
the crack surfaces move perpendicular to the crack axis
due to the out-of-plane shear stress.

In general, mixed-mode I-II fracturing occurs with
compressive stress and is much more complicated than
those with tensile stress. The tensile cracks initiate and
propagate depending on the direction of induced maximum
principal stress'*7l. The stress density factor around a
crack tip under tensile loading and the LEFM principles
that apply to stress calculations are also used for stress
calculations at a crack tip under compression loading.
Ki (mode I stress intensity factor) indicates the level of
stress intensity acting at the crack tip, while a negative
K (mode II stress intensity factor) indicates shear stress
acting parallel to the crack plane in the opposite direction.

Brittle materials are able to be failed with lower load
amounts due to cyclic loading and fatigue effect® 1],
This occurs due to the ‘fatigue’ failure of any material.
Metro tunnel walls, dams, excavation roofs, bridges, and
road foundations are a few examples that can be attenuated
by cyclic/repetitive loading. In general, rock fatigue research
in literature establishes a relationship between the reduction
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of applied maximum stress (S) and the number of cycles
(V)P 17131 However, not much concern has been given to
researching the deformation mechanism of rock fatiguel'* ',
In damage mechanics research, horizontal and vertical
deformation/strain values are generally investigated.
However, these values are result of the formation and
propagation of micro/nano cracks. Therefore, research
will be more accurate if they are made with parameters
related to the mechanism that causes the values used.
Therefore, one of these parameters was studied in this
article: fracture toughness value. The mean of fracture
toughness (Kic) parameter is the resistance of a material
against crack initiation. Erarslan!’! found that the Kic
values determined under cyclic loading were lower than
those under monotonic stress. Erarslan!'®! found that the
Kic value found with cyclic tests is 34% lower than the
Kic value found with static tests. This is a significant
decrease in strength and in this case, it clearly shows that
the fracture resistance of cracks in rocks is reduced by
cyclic loads. It can be concluded that the strength values
obtained by monotonic loading in engineering structures
should not be ultimate and that damage and failure may
occur at lower loads due to cyclic loads.

The stress-induced crack initiation in some materials,
such as concrete and rocks, usually leads to stable crack
growth first, and plastic deformation occurs around the
tip of these cracks due to the bridging effect. This zone
is called the fracture process zone (FPZ) (Fig. 1). The
FPZ at the tip of a notch crack is divided into two zones,
(i) Inner zone: preliminary crack development; and (ii)
Outer zone: unsteady crack development. In the inner
zone, the stresses induced in the specimens ascend faster
than the increment of crack propagation and this causes

17718] 1t is substantial to indicate that

linear deformation!
a small crack growth takes place due to the microcrack
formation leading to strain hardening around the crack
tip zone. This zone keeps developing till the stress con-
centration reaches a crucial value, Kjc, which is fracture

toughness due to the plastic deformation developed within

[nner FPZ
L5 )/Outer FPZ
\

(b) Two FPZ zones at the tip of a crack

(a) Development of FPZ

Fig.1 Fracture process zone
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this zone. In the outer zone, the induced stress within the
specimen decreases more slowly with a higher displacement
due to the development of unsteady cracks.

In some studies, it is proposed that the FPZ region
at the crack tip must be formed previously for crack growth
or the FPZ region may form behind the tip instead of the
crack tip (Fig. 2)!'72%]. Observation of the FPZ region
is not easy besides using numerical analysis and some
imaging techniques. There are some studies in the literature
that the FPZ was observed and analyzed by using scanning
electron microscope (SEM) and computing tomography
(CT) techniques?! 231,
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Fig.2 FPZ and bridging behind the crack tip (Withers/>*l)

2 Experimental & numerical studies

In this research, the Brazilian disc test and the fracture
toughness test, which are recommended by the International
Society of Rock Mechanics (ISRM) standards, have been
carried out!"”. Both experiments were done in five replicates
for the static and repetitive loading tests. The Brazilian
disc tests were done using the rock specimens obtained
from the tuff-type rocks.

The specimens have 123 MPa uniaxial compressive
strength (UCS). The diameter of the Brazilian discs test
specimens was 51 mm. The CCNBD specimen geometry,
which is one of the suggested ISRM standards, was preferred
to use with the static and repetitive tests. The CCNBD
sample contains a kerf crack within the geometry, and it
makes the CCNBD appropriate for all fracturing mode
loading. Some of the untested Brazilian disc and CCNBD
specimens are given in Fig. 3. The important specimen
geometries are the notches thickness (7) and the specimen
thickness (B) and the radius of specimen (R). These values
are 1.4 mm and 26.0 mm respectively. The kerf crack
parameters are the length of the inner kerf crack ao, and
the length of the outer kerf crack a;. These values are
16—18 mm and 37 mm respectively (Fig. 3). Instron 2 670
model clip gauge was used to measure the crack mouth
opening displacement (CMOD) (Fig. 3(c)). In Fig. 3,
R is the radius of the specimen, and Rs is the distance
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between the tip of the external crack and the center of
the specimen.

(a) Some prepared (b) CCNBD specimens (¢) CMOD recorder clip gauge

Brazilian disc specimens

(d) CCNBD geometry between
loading plates

(e) CCNBD geometry parameters

Fig.3 CCNBD specimen and its geometry parameters

The S—N curve, which was obtained with the sinusoidal
repetitive tests, indicates the reduction of rock strength
with the increasing number of load cycles (V) with the
relative maximum stress (S). The easiest method to achieve
the S—N curve in the fatigue tests is reducing the applied
load until no failure occurs at each test. In general, the
S—N curve approach was used with the uniaxial com-
pressive loading tests using the cylindrical specimens®?’ 221,
Therefore, repetitive loading tests with diametrical indirect
tensile stress in this study were performed for the first
time. The frequency in the sinusoidal loading tests was
1 Hz. Cyclic loading tests with a constant mean level and
constant amplitude, termed sinusoidal cyclic loading,
were performed to obtain the S—N curve. The sinusoidal
cyclic tests to obtain the S—N curve of a material were
started at a high-stress level of ~2/3 of the tensile strength
of the material. The applied force was then reduced by
about 10% to the stress level at which the specimens no
longer broke at lower stress levels, which is called the
fatigue limit of the specimen. The numerical analysis
series were done by using ABAQUS software with the
heterogeneity description implemented with extended
finite element method (XFEM) and Simpleware software.
Computed tomography (CT) scanned images were prepared
using an appropriate pixel threshold filter (image segmen-
tation based on the pixel information by converting to

Published by Rock and Soil Mechanics, 2023

a binary image) for post-image processing. The Mask
data technique in Simpleware (based on voxel information)
was employed to count the greyscale pixels to quantify
the microfractures volume/area of the FPZ within the
tested specimens. This reconstruction image is called
binary coding, and it simply extracts heterogeneous image
components for the construction of the meshing process
of any XFEM numerical analysis.

3 Results of the experimental and numerical
studies

The static Brazilian tensile strength of the samples
was found to be 11 MPa by taking the average of five

samples. On the other hand, the static mode I (tensile)
1

fracture toughness value was found to be 1.48 MPa- m?
by using five CCNBD specimens.

The fatigue tests were performed successfully under
repetitive loading using both Brazilian and CCNBD rock
specimens. The S—N plots of the Brazilian test and CCNBD
tests are demonstrated in Fig. 4 respectively. The S—N
plots indicated the strength of the CCNBD sample decreases
with the increasing load amplitude. Moreover, the S—N
plot results of the CCNBD tests showed that the final
toughness strength of the specimens decreased by 35%
(from 1.48 kN to 1.21 kN) due to the fatigue impact.
Therefore, Kic value was found reduced to be 30%. This
impressive result shows that unstable cracking progress
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is likely with below the stress values at the crack tip (K7)
than the Kic determined under monotonic loading. This
result contradicts the classical fracture mechanics theory
because fracture mechanics principles indicate that crack
growth is not probable as long as K is lower than Kjc. On
the other hand, the Brazilian tensile strength of the specimens
was found reduced up to 30% due to fatigue (Fig. 4(b)).

The results of CCNBD and Brazilian tensile test are
shown in Tables 1 and 2.

Table 1 The sinosoidal cyclic loading test results of CCNBD
specimens

Fracture endurance

Sample Failure load /kKN  # of cycles N 1
(Kic) /(MPa- m? )
CCNBD-R1 1.28 4776 0.72
CCNBD-R2 1.31 45345 0.74
CCNBD-R3 1.20 48 689 0.70

Table 2 The sinosoidal repetitive loading test results of
Brazilian specimens

Sample Ultimate load /kN # Offg?i?lsuf_]ev) up Zﬁzﬁ;amn ;;;[1}5)2&:
BR-1 347 929 435 8.20
BR-2 33.8 987 456 7.98
BR-3 335 986 890 8.01

The synchronous recording of the fatigue crack opening
and closing, quite critical part of this study, has been
supplied in Video 1 (Annex 1). The brittle rocks fail
abruptly after a small plastic deformation, which usually
occurs after elastic deformation. The synchronous recording
of the opening and closing of the crack, which acts like
an elastic spring at the centre of the rock sample during
the experiment, before failure makes this research impre-
ssive. In some studies, in the literature, crack formation
is recorded by super-fast cameras, but the movement of
a visible fatigue crack shown by this research is different
from the studies in the literature. The crack formation and
failure with the monotonic process shown in the previous
studies occur abruptly. However, the macro fatigue crack
was obtained open and close without final failure and
recorded using a camera for hours. This is an impressive
observation that is contrary to many fracture theories and
the behaviour of brittle materials.

It is important to explain how cracks supplied with
Annex 1 open and close elastically for hours without
failure under repetitive loading. This may be possible
to explain using the FPZ concept at the crack tip. This
zone absorbs the energy required for the macro fatigue
crack and behaves as a buffer at the tip of the kerf crack.
At this point, the following question should be explained:

https://rocksoilmech.researchcommons.org/journal/vol44/iss7/4
DOI: 10.16285/j.rsm.2022.00244

Why does the existence of the FPZ not cause new macro
crack initiations leading to failure? The details of this
case are given in ‘Discussion’. The pictures captured by
the video supplied in the Annex 1 are shown in Fig. 5.

| Openning of
icentral fatigue
crack. /i

= Closing of centra
fatigue crack

(b) For the Specimen 2

Fig.5 The captured figures obtained from the video given
in Annex 1

Some of the repetitive stress-CMOD plots of both
CCNBD and Brazilian specimens are shown in Fig. 6.
The most obvious result in the plots is the formation of
high plastic deformation, and the accumulation of this
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plastic deformation indicates the formation of the FPZ
at the crack tip (Fig. 6(a)). The fatigue damage developed
in the specimen is detected by a large amount of plastic
deformation occurring without failure and can be seen
from the stress-CMOD plots showing displacement along
the x and y directions, as shown in Figure 6(b)—6(c). It
can be seen from the graphs that both diametrical axial
displacement and CMOD increase at different rates with
damage increases. The CMOD deformation initially occurs
with a little elastic deformation, followed by rapid plastic
deformation and accumulation. On the other hand, a very
interesting failure behaviour was obtained with the fatigue
cracking caused by tensile stress in the Brazilian tests
under repetitive loading. The opening of the central fatigue
crack is observed with the increase of the CMOD data

35
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(a) The stress-CMOD graph of CCNBD specimens
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Fig. 6 The stress-CMOD graph Brazilian test and the axial
displacement-CMOD graph of CCNBD specimens
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in positive values. The CMOD readings, however, describe
crack opening due to accumulated plastic deformation
up to about 60% of the experiment.

The obtained positive CMOD readings then turned
into negative values, in which case it is concluded that
the fatigue crack has begun to close. It was determined
subsequently that the accumulation of plastic deformation,
which continued with the closure of this crack, continued
until the final fracture occurred. The obtained results are
believed to guide future research on the fatigue of brittle
materials.

The physical qualification of the FPZ was done by
using SEM and X-ray with CT scanning in this study
(Fig. 7). The FPZ and many micro and macro cracks in
front of the notch crack were determined using the CT
scan. The cracks in the FPZ are macro scale and start
from the tip of the kerf crack, while the cracks close to
the specimen boundary are considerably smaller. This
result shows that macro crack formation starts at the tip
of the kerf crack and the FPZ zone developed due to the
large energy deposition at the tip of the kerf crack. This
deposited energy reduction is due to the formation of
new cracks. The decreasing energy was also modelled
using XFEM numerical analyses and shown in Fig. 9.
The damaged zone in front of the notch cracks on the
other hand were investigated directly with the SEM
analysis. It was believed that the preparation of thin

section from the specimens causes extra microcracking

W]
U

(a) CT images of failure surface within the CCNBD specimen
(Ghamgosar et al.[??])

(c) SEM images of failure surface at 100 pm and 50 pm
Fig.7 The formation of FPZ within CCNBD specimen
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on the surface of the failed specimen. The CT scan and
the SEM figures are shown in Fig. 8. The CCNBD speci-
mens have an important advantage in the geometry allows
to focus and investigation of the crack tip directly (Fig. 7).
The rough topography of the failure surface with dust
and small pieces indicates the development of FPZ at
the tip.

The numerical analysis to investigate the primary
stresses and fracture properties at the crack tips has been
performed using XFEM-based programs (Fig. 8). The
modeling of the static and repetitive loading was performed
separately to investigate the fatigue effect at and around
the notch cracks. The results of the XFEM modeling
showed that the distribution of the tensile stress occurs
in front of the kerf crack to develop a broad FPZ region
with repetitive loading (Fig. 9(b)). In contrast, there is
an influential tensile region just along the kerf crack axis
rather than the tip with static loading. (Fig. 9(a)).
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800 | |
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Fig.8 The comparison of accumulated energy density
between cyclic and static loading
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Fig.9 The stress condition at the crack tip and FPZ
development

The energy accumulation at the tip of notch crack
within the CCNBD specimen with the static loading was
found lower compared to the recurrent loading (Fig. 9).
The work done is more because more cracks and small
particles are generated due to repetitive loading. Moreover,
the accumulative energy discharges as it diverges from
the crack tip. Hu et al.”! found the similar results in
literature.

https://rocksoilmech.researchcommons.org/journal/vol44/iss7/4
DOI: 10.16285/j.rsm.2022.00244

4 Discussion

The development and the location of FPZ in ductile
and brittle materials have been investigated by many
researchers!'® 2329, The generalized Dugdale model (GDM)
(named cohesive crack model), one of the well-known
fictitious or cohesive crack approaches is one of the most
famous models used in the literature. The dimensions of
the FPZ according to the Dugdale model do not change
until the failure occurs with the constant crack closing
stresses in the FPZ. On the other hand, the size of this
zone is described in Barenblatt’s model as smaller compared
with the length of induced macro crack!'® %25, Moreover,
the FPZ in front of the crack in brittle materials has been
assumed as linear elastic until failure occurs!'® %], Therefore,
the FPZ zone was analysed with SEM and CT scan in
this study without these assumptions given in the literature.
The numerical analysis and experimental results especially
SEM images showed the heterogenous rock texture due
to grains covered by a matrix and interlocked grains playing
a very important role in the development of FPZ, plastic
strain accumulation and fatigue damage mechanism of
rocks. The results also showed that crack growing is possible
with below stress than the determined static strength of
the material. The load-strain plots in this study showed
a huge amount of plastic strain accumulation due to the
new stress-induced crack developments. This type of plastic
strain accumulation without failure has been believed due
to the ‘subcritical crack phenomenon’ in literature. Moreover,
subcritical cracks induce failure with a lower failure load
compared to the determined strength of the material. Thus,
the fracture toughness value and the Brazilian tensile
strength values were found reduced to be 30%—35%. This
reduction may explain the pre-existing and/or induced
stable sub-critical cracks are possible to be developed
with lower loads compared with the static strength of
the material. It means the crack propagation may occur
with lower stress intensity factor (SIF) values (X)) at the
crack tip than the fracture toughness (Kic) of a material.
These results seem to contradict the fracture mechanics
principles because the fracture mechanics principles state
that crack propagation does not consist as long as K is
lower than Kic*!. The sub-critical crack phenomenon has
been believed in this study to be liable for the comprise
of the FPZ and the deformation mechanism of rock fatigue.
Moreover, this phenomenon is believed to be used for
investigating the mechanism and failure of many materials
due to the time- dependent loading such as creep and
fatigue in many structures. Some experimental investigations
are revealing that subcritical phenomena, which are
characterized by the initiation and growing of a large
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number of microcracks, have been observed even before
the appearance of macro cracks!!>~16-25-26],

In this study, the presence of the FPZ region was
directly demonstrated by using SEM and CT scan methods.
However, the most important point to be discussed in this
study is how the visible fatigue cracking in a brittle rock
behaves elastically. It was previously stated that the develop-
ment of the FPZ zone causes such a fatigue crack to
open and close elastically. Then the following question
should be discussed: Does this macro crack behave like
an elastic material because of the occurrence of the FPZ
or does the FPZ develop later due to the opening and closing
action of this visible crack? This is a very difficult question
to be explained. In the literature, it is stated that the FPZ
region and the accumulative energy are required for the
FPZ to act as a bridge between the damaged area and the
undamaged area and for the commencing of fractional
and macro cracks that lead to deformation. On the other
hand, it is indicated in many studies that nano and micro-
cracks in the FPZ region grow and then coalesce to form
a visible crack!®>2°734, FPZ on the other hand in brittle
materials such as ceramics and rocks, develops quite
large including fractional and macro cracks with the
remaining cohesive pressure in the FPZB4* 1 It was
concluded in this research after the detailed evaluation
of the experimental and numerical analysis results that

Max(7qpz )(0) =

1Y . (1 1Y 1 1
|:2C08(9j sin(é’j + 3cos(¢9j - Zsin(ej - 2:|COS(9)K12C
2 2 2 2 2

the pre-existent cracks in heterogeneous materials such
as concrete, rock, and some composites are the causes
of the FPZ zone developed under repetitive loading. The
new stress-induced cracks then develop within the FPZ
to initiate macro cracks leading to failure. Whittaker et al.l’)
stated that macro crack is developed because of the
traction-free region behind the crack tip and the FPZ at
the tip. They proposed the undamaged bonds located
behind the crack tip may cause the closing of the crack
faces while the crack tends to grow and open further to
overcome that closing force. The transition of the closing
forces to the opening forces in front of the crack tip is
believed in this research because of the local stress generated
between grains and matrix, and the pre-existing microcracks.
The size of maximum FPZ(FPZ ) is found using following
equations when ¢i = & (where o is the maximum principal
stress; ot is the maximum tensile stress)??!:

1 K 2 T 2
To — | 2L cos?| 1+
6#0 275[0}} [ 2

1rpz (0) sin—
where 7p, is the radius of FPZ; 7, is the radius of the

(1)

plastic fracture process zone; @is notch crack inclination
angle.

The maximum FPZ is then calculated by derivation
of Eq. (2):
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The maximum size of FPZ was found with the 60°
inclined notch crack. It means the FPZ.x may develop
when the fracturing mode is mixed mode I-II (tensile-
shear). The presence of both the tensile and shear stresses
within the FPZ are also able to be seen with the presence
of dust and small particles in the SEM images given earlier
and 3D graphics. Shear stress and rough surface peaks
resulting from cracks can be seen in Fig. 10.

The features of rock fatigue have been explained in
the literature that more fractional and subcritical cracks
in FPZ are obtained compared to the static loading!** %!,
This result was also determined using both experimental
and numerical modelling in this study. Fig. 11(a)—11(b)
shows the physical differences on the failure surface between
monotonic load and repetitive load. A damaged region
with fractional particles and dust at the crack tip in the
CCNBD specimen tested under repetitive loading was
determined (Fig. 11(b)), whereas almost no dust and small
particles were obtained in front of the crack tip in the
CCNBBD specimen failed under static loading (Fig. 11(a)).
The similar results were obtained with the XFEM numerical
analysis (Fig. 11(c)—11(d)). Therefore, investigation of
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@

the FPZ using the CCNBD specimen and chevron cracks

is believed to be necessary and beneficial for investigating
the fatigue mechanism of brittle materials.

(a) Failure surface and the notch crack tip in the CCNBD specimen and the
SEM image

(b) 3D graphs of the 2D SEM image given in (a)

Fig.10 The failure surface of the notch crack within the
CCNBD
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(a) CCNBD specimen tested
under static loading

(b) CCNBD specimen tested
under cyclic loading

(c) Monotonic loading

(d) Repetitive loading

Fig.11 Tested CCNBD specimens under static and cyclic
loading and their relative numerical modelling

5 Conclusions

The fracture toughness and indirect Brazilian tensile
strength tests have been conducted with both static and
repetitive loading in this study. The maximum reduction
of the static Kjc was obtained to be 35% due to the repetitive
loading and the maximum reduction of the indirect Brazilian
strength was found to be 30% due to the repetitive loading.
Both strength reductions were found as indications of
the effect of fatigue on the tensile strength of rocks.

The permanent strain accumulation in front of the
crack tip within CCNBD and Brazilian disc specimens
tested under repetitive loading were obtained clearly to
quantify the damage due to microfractures developed in
the FPZ. The CT and SEM findings showed that the failure
of Brazilian disc and CCNBD specimens failed under
repetitive loading is due to the presence of FPZ including
many fractional cracks, instead of a single macrocrack.
A crushed region including much fractional particles in
front of the kerf crack tip in the CCNBD specimen was
obtained with the cyclic loading, whereas no fractional
pieces were observed at the failure surface of specimens
with the static loading tests. The FPZmax was found only
with the 60° inclined notch crack. The reason of the
transition between the closing forces and the opening
forces in front of the crack tip is believed in this research
because of the local stress generated between the grains,
matrix, and the pre-existent microcracks. As a result, the
opening and closing of a visible fatigue crack behave
elastically without leading to failure in brittle rocks and
have been recorded using a video camera for hours for
the first time in the rock mechanics area with this study.
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