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The mechanical properties of rocks are greatly affected by thermal treatment, as this treatment can either
improve or worsen these properties depending on the mineralogical composition. Therefore, the effect of thermal
treatment on the (1) crack speed properties such as crack propagation speed, crack acceleration, and decelera-
tion, and (2) fracture resistance to grow under two loading modes (pure mode I and pure mode II) was inves-
tigated for both brittle and ductile rocks. The ductile type was mudstone, which is a clay-rich rock with a high
affinity for water. While the brittle type was granite, which does not contain water-active minerals such as clay or
lime. Eighteen semi-circular specimens of mudstone and granite were prepared and tested at room temperature
(RT), 250 and 500 °C. The results showed one behavioral trend for the effect of temperature on the mudstone.
Due to the drying of clay minerals by increasing the temperature, the crack speed and fracture toughness
improved significantly under pure mode I and II after thermal treatment. On the other hand, the thermal
treatment of granite caused two behavioral trends. The first trend shows that crack speed and fracture toughness
increased under pure mode I and II by increasing the temperature from RT to 250 °C due to crack arrest by
randomly distributed thermal microcracks. In the second trend, they decreased below their normal levels under
treatment from room temperature to T = 500 °C due to the extension and coalescence of thermal microcracks.
The granite behavior changes depending on the density and extension of thermal microcracks. Under the three
temperatures of RT, 250, and 500 °C, and for the two rock types, crack propagation speed, crack acceleration,
and deceleration under pure mode II were greater than that under pure mode I. Where the fracture goes through
three main stages growth, high acceleration, high deceleration, and low deceleration stages. In addition, the
effect of temperature on the fracture toughness ratio (Kyc/KIC) was evaluated and the results showed that
increasing the temperature increased the fracture toughness ratio. This means that after thermal treatment, the
improvement rate of fracture toughness under pure mode II is better than that under pure mode I, and the crack
tends to grow under pure mode I rather than mode II.

1. Introduction and thermal stresses affect rock strength in many engineering projects

such as rock slopes, geothermal energy, hydraulic fracturing, and nu-

Fractures are common in rock masses, as their density, extension,
and number increase with increasing the scale of the studied area [1-4].
For small laboratory specimens, the effect of fractures is limited to
microcracks. By increasing the size of the area of interest, the effect of
flaws, fractures, joint sets, and a network of intersected discontinuities
appear and the rock mass becomes weaker. These fractures are mainly
subjected to three loading modes, opening mode (pure mode I), sliding
mode (pure mode II), and tearing mode (pure mode III). Temperature
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clear waste burial areas. Fractures in the rock mass grow at various
speeds and show different resistance to growth depending on; the rock
type, loading mode, and temperature of the rock mass.

Many researchers have investigated the effect of temperature on rock
behaviour. Liu and Xu [5] investigated the effect of temperature (room
temperature to 1000 °C) on uniaxial compressive strength (UCS) and
elastic modulus (E) of marble, they showed that for T less than 400 °C,
UCS and E change at different levels with increasing the temperature.
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While for T greater than 400 °C, UCS and E are inversely proportional to
temperature and they decrease linearly with increasing temperature.
Zhang, et al. [6] studied the dynamic fracture toughness of marble and
gabbro under pure mode I (Kic) for temperatures between 20 and
600 °C. Their results showed that the K¢ is temperature-dependent and
it decreases with increasing the temperature. Funatsu, et al. [7] con-
ducted experimental tests using notched semi-circular specimens (SCB)
and single-edge notched round bar (SENRBB) to investigate the effect of
combined temperature and confined pressure on the fracture toughness
of the clay-bearing rocks (sandstone and tuff). Results showed that for
sandstone, the Kjc was approximately constant for T between 25 and
125 °C, while for T greater than 125 °C, the Kj¢ started to increase. For
the tuff, the Kic decreased for T between 25 and 75 °C and then started to
increase for temperatures greater than 75 °C. Al-Shayea, et al. [8]
studied the effect of temperature between 27 and 116 °C on the fracture
toughness of limestone under pure mode I and mixed-mode loading I/1I
and showed the increase of fracture toughness by about 25 % with
increasing the temperature from 27 to 116 °C. Kang, et al. [9] used semi-
circular specimens to examine the effect of temperature on the fracture
toughness of granite under pure mode I, mixed-mode loading I/1I, and
pure mode II. They showed that by increasing the temperature of ther-
mal treatment from room temperature to 900 °C, fracture toughness
under the previous three loading modes decreases by 80.54 %, 86.69 %,
and 81.06 %, respectively. In addition, many experimental studies have
focused on the effect of temperature on the mechanical properties of
different rock types; basalt [10], siltstone [11], dolerite [12], and
granite [13], and numerical models for thermally induced damage of
rocks; [14-16].

It is noteworthy to mention that there are no direct studies on the
effect of temperature on the crack speed properties such as crack
propagation speed, crack acceleration, and deceleration, especially in
rock fracture mechanics. Most studies focused on the effect of rock type,
loading, or strain rate on crack propagation speed. Liu, et al. [17]
measured the crack propagation speed in four brittle materials, black
sandstone, red sandstone, green sandstone, and BMMA, and concluded
that under the same loading conditions, the crack propagation speed and
fracture toughness increase with increasing the elastic modulus of brittle
material. Liu, et al. [18] investigated the behaviour of fracture induced
by blasting from tunnel spandrel and concluded that the rate of dynamic
energy release changes during crack propagation, the crack propagation
speed is not constant along the fracture path and there are crack arrest
points in which the crack velocity is very small. Wan, et al. [19]
developed a method to measure the pure mode I fracture toughness
under blasting and showed that the propagation toughness is a function
of the crack tip speed, the crack propagation speed is not constant during
crack propagation and the roughness of fracture surface increases with
the increasing the crack propagation speed. Alneasan and Behnia [20]
experimentally studied the effect of quasi-static and dynamic strain rates
on the crack propagation speed under three loading modes and
concluded that the crack propagation speed has its maximum value
under pure mode I, by changing the loading mode from mode I to mixed
mode I/II and mode II, the crack propagation speed increase. In addi-
tion, they concluded that the crack propagation speed increases with
increasing strain rate.

Based on the above, the effect of thermal treatment on the crack
speed properties is not addressed properly until now and it needs further
investigations. In addition, the effect of thermal treatment on the frac-
ture toughness in ductile clay-rich rocks (mudstone) in comparison with
brittle rocks (granite that does not have water-active minerals) has not
been sufficiently investigated. This study will further our understanding
of the mechanical behavior of fractures in thermally treated rocks that
have a high affinity for water in terms of the crack speed and fracture
toughness under pure mode I and pure mode II of two rock types;
mudstone and granite.
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2. Mineralogical study

The mineralogical study contributes to determining the scientific
name of the rock after determining the main constituent minerals. In
addition, it is used to accurately determine grain size distribution and
the type of fractures through grains (intragranular fractures) or between
grains (intergranular fractures). The mineralogical composition and
grain size distribution of granite and mudstone are shown in Fig. 1. The
granite used in this study consists of about 25 % quarts, less than5%
orthoclase, and about 70 % plagioclase. Based on these percentages and
the QAPF diagram for the classification of plutonic rocks (International
Union of Geological Surveying IUGS), the scientific name of this rock
type is granodiorite. In addition, Fig. 1-d shows that 90 % of the
granodiorite in this study consists of grains with sizes between 278 and
1092 um. The maximum percentage is for grains of size 500 pm. As for
the mudstone, the mineralogical composition of this rock type is shown
in Fig. 1-b. Gray, white and black colors in this figure indicate clay,
calcite, voids, and pores, respectively. The mudstone used in this study
consists of about 92 % clay, 6 % calcite, and 1 % pores and voids.
Therefore, this rock type represents a clay-rich rock and 90 % of this
rock type consists of grains ranging in size between 9 and 28 ym (Fig. 1-
e). The maximum percentage is for grains of size 18 um which are clay-
size grains.

3. Experimental study

For each rock type, eighteen semi-circular rock specimens (SCB)
were prepared to be tested under three points bending test to investigate
the effect of thermal treatment on cracks induced under pure mode I and
pure mode II. As shown in Fig. 2, blocks of suitable sizes of mudstone
and granite were sought to be homogeneous, free from defects, and
taken from the same large block. Then, cores with a diameter of 100 mm
were taken from each rock type to be sliced into disks with a thickness of
35 mm. Each disk was then divided into two equal semi-circular speci-
mens by using a blade with a thickness of 2 mm. Taking into account
experimental error caused by cutting each circular disk into two SCB
specimens due to the blade thickness (t), Kuruppu, et al. [21] indicated
that if the thickness of the saw blade used to cut the disks is greater than
0.05D (t/D greater than 0.05), where D is the disk diameter, then the
values of the measured radius and the measured notch length should be
corrected. t/D in our study is 0.02 and is less than 0.05. Therefore, the
experimental error of the measured radius and the measured notch can
be ignored. The surfaces of the resulting samples were smoothed and
polished from all sides, especially the surface to be used to measure the
crack propagation speed. Finally, a notch of 25 mm in length was made
by using a 0.5 mm thick blade. For SCB specimens under pure mode I,
the notch was aligned with the vertical axis of the sample. While for
specimens under pure mode II, the notch was inclined at an angle of
50°with the vertical axis of the sample. The geometric properties of the
pure modes I and II were determined depending on the numerical study
explained later in section 4.

3.1. Thermal treatment

In this study, SCB specimens were investigated under three temper-
atures, room temperature, 250 and 500 °C. These temperatures were
determined as follows: 5 samples of each rock type were thermally
treated at temperatures of 100, 250, 500, 600, and 700 °C for 24 h in the
furnace. The temperature of the furnace gradually increased at a con-
stant rate of 4.2 °C per minute to prevent thermal shock. After 24 h, the
furnace was turned off and the SCB sample was left to gradually return to
the room temperature without thermal shock during the cooling process.
After that, the rock samples were taken out of the furnace and carefully
examined to monitor color changes and the appearance of thermal
cracks. Fig. 3 shows SCB specimens of mudstone and granite after
thermal treatment for 24 h under different temperatures. The figure
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Fig. 1. (a, b) Mineralogical composition of granite and mudstone, respectively, (d, e) grain size distribution of granite and mudstone, respectively. (QZ: quartz, PL:

plagioclase, OR, orthoclase, AM: amphibole).
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Fig. 2. Preparation of SCB specimens to be tested under three points bending test.
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Fig. 3. Thermal treatment of the SCB specimens.

shows that by increasing the temperature of thermal treatment to
500 °C, the color of mudstone changes from beige to gray. While for
temperatures greater than 500 °C, the color of mudstone changes to light
gray. In addition, Fig. 3 shows that the granite acquires a brown color
with increasing temperature, especially for temperatures greater than
500 °C. Moreover, after thermal treatment, no thermal cracks were
observed on mudstone samples for temperatures equal to and less than
500 °C. However, for temperatures of 600 and 700 °C, some thermal
cracks grew from the sides of the SCB samples. For granite, no thermal
cracks were observed for temperatures equal to and less than 600 °C.
While once the rock samples were treated with a temperature of 700 °C
some thermal cracks in the SCB specimen as shown in Fig. 3. Therefore,
it can be concluded that the temperature for the growth of thermal
cracks in mudstone and granite (after thermal treatment for 24 h)
changes between 500 and 600 °C and 600 to 700 °C, respectively. After
the growth of thermal cracks in mudstone and granite, rock samples
become very weak and can be crushed by hand. Therefore, the
maximum temperature for all the tests of this study was set to be 500 °C
which is approximately the maximum temperature at which no thermal
cracks were observed on the SCB samples). Two other temperature
thresholds were used for testing; room temperature for natural rock
before thermal treatment (about 25 °C), and an average temperature
between the previous two temperatures (250 °C). Although, the tem-
perature for growth of thermal cracks in granite ranges between 600 and
700 °C, the maximum temperature for original tests was set to 500 °C, as
in the mudstone. This is because, for T greater than 573 °C, the o/f
transition of quarts occurs. This transition is accompanied by a large
extension of specimen volume which in turn increases intergranular

stresses, causing the growth of thermal cracks [22]. In addition, Glover,
et al. [23] showed depending on the acoustic emission measurements a
strong peak of microcracking at o/ transition of quartz due to thermal
expansion.

3.2. Experimental procedure

Semi-circular rock specimens of granite and mudstone were tested
under pure mode I and pure mode II by using a servo-hydraulic machine
of type GOTECH AI-7000 LA 20 with a vertical displacement speed of 1
mm/min. Taking into account that the height of the SCB specimen is 50
mm, therefore, the induced strain rate in these specimens is 7 x 10481,
which is in the range of the quasi-static strain rate. The system used in
this study for measuring fracture toughness and crack propagation speed
is shown in Fig. 4. Crack propagation speed was measured in this study
by using a method developed by Alneasan and Behnia [20], Alneasan
and Behnia [24]. This method mainly depends on the use of conductive
copper tapes, which are glued to the sample surface after smoothing and
polishing this surface. As shown in Figs. 4, 4 copper tapes were suc-
cessively glued to one of the sample surfaces. Once the stress intensity
factor at the crack tip reaches the fracture toughness of the material, the
notch begins to grow and the new fracture cuts these tapes one by one.
These tapes are connected to a power supply and digital oscilloscope to
determine the cut off time. By measuring the cut off time and the length
of fracture between every-two successive tapes, crack propagation speed
can be computed and as a result, crack acceleration can also be
computed. The first tape was directly glued at the notch tip. The cut off
time of this tape approximately corresponds to the fracture initiation

Fig. 4. Loading device and crack propagation speed system of this study.
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time. Under pure mode I, the second, third, and fourth tapes were glued
at distances of 5, 10, and 15 mm, respectively, from the notch tip. Under
pure mode II, due to the inclined notch at an angle of 50°, the distance
between copper tapes is different compared to the pure mode I case. The
second, third, and fourth tapes were glued at distances of 7, 14, and 21
mm, respectively, from the notch tip The distance between the last tape
and the specimen surface where the load was applied was about 10 and
13 mm under pure mode I and pure mode II, respectively. It should be
noted that for the calculation of the crack propagation speed, the real
fracture length was measured between each two successive copper tapes
after the test, and this length was used to calculate the crack propagation
speed, not the distance between copper tapes that is shown in Fig. 4. This
is because the fracture may deviate from its straight path due to the
effect of the loading mode and grain size. In addition, it should be noted
that the whole fracture process of SCB specimen occurs in a very short
time. Therefore, we must use high sampling rate instruments to measure
the cut off time. The digital oscilloscope used in this study is of a type
RIGOL DS1054Z and it can detect the cut off time in a very short time
due to its high sampling rate which is 1 GSa/sec.

4. Numerical implementation
To calculate stress intensity factors and fracture toughness in the SCB

specimens under pure mode I and pure mode II, the three points bending
test was numerically simulated depending on the displacement discon-
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tinuity method (DDM). This method is a branch of the boundary element
method (BEM) which was developed by Crouch, et al. [25]. Compared
with other numerical methods such as the finite element method (FEM)
and finite difference method (FDM), as shown in Fig. 5, in the DDM only
the boundaries and discontinuities of the problem are divided into small
elements. While in other methods such as FEM and FDM, the entire area
must be divided into small elements. Therefore, the number of elements
and algebraic equations in the DDM is much less than that in the FEM
and FDM, which in turn reduces the size of the data and the time
required to solve the problem [26]. A two-dimensional crack propaga-
tion code (TDCPC) was used in this study to simulate three points
bending test on semi-circular rock specimens. This code was previously
developed by Alneasan, et al. [27] to predict crack propagation path in
the SCB specimens of brittle materials such as rocks under mixed-mode
loading and it was verified depending on numerical (FEM) and experi-
mental results of Ayatollahi, et al. [28]. The stress intensity factors and
crack propagation path were computed and predicted depending on the
TDCPC and compared with the numerical and experimental results of
Ayatollahi, et al. [28]. Depending on this code, the SCB specimen is
divided into N DDM elements, about 250 elements for geometry and
dimensions of the SCB specimen in this study. Then boundary conditions
are defined for these elements. For the top element, this element is
defined as a loaded element with 6, = P and 65 = 0.0. The supported
elements, these elements are defined as two roller bottom supports with
vertical displacement equal to zero (u, = 0.0). For other elements, these
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Fig. 5. Modeling of three points bending test depending on (a) displacement discontinuity method and (b) other methods such as finite element method or finite
difference method, (c) dimensionless stress intensity factors as a function of crack inclination angle.
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Fig. 6. Representative differential thermal analysis (DTA) curves for common clay minerals and Gibbsite (modified after Cook [29]).

elements are free of any restrictions. When the code runs, firstly the
geometry of the model is defined, such as the length, inclination, center
coordinates, etc. Then the previously mentioned boundary conditions
for loaded elements, bottom supports, and other elements are defined.
After that influence coefficients are calculated. These coefficients
correlate between boundary conditions and displacement discontinu-
ities (D, and Dg) which must be calculated by solving a system of alge-
braic equations. Finally, stress intensity factors of the crack tip element
are obtained depending on the displacement discontinuities of this
element. For the geometry of the SCB specimen shown in Fig. 2, the
distance between the two bottom supports was set to 60 mm (S/R = 0.6),
and the crack inclination angle was changed between 0.0 and 60°.
Dimensionless stress intensity factors versus crack inclination angle are
shown in Fig. 5-c. This figure shows that pure mode I and pure mode II
correspond to crack inclination angles of 0.0 and 50°, respectively.
Fracture toughness under pure mode I and pure mode II can be calcu-
lated depending on:

Kic = ﬁKi pimV/7a (i = L, 1I) @

2RT -

where P, is the fracture load and can be obtained experimentally from
the displacement-load curve. R, T, and a are the radius, thickness, and
notch length, respectively. K;pim are dimensionless stress intensity
factors.

5. Results and discussions

The results of this study include two parts; the first part discusses the
effect of temperature on the velocity properties such as crack

propagation speed, crack acceleration, and crack deceleration. And the
second one discusses the effect of temperature on the fracture resistance
to grow such as fracture toughness under pure mode I, fracture tough-
ness under pure mode II, and fracture toughness ratio (Kyc/Kic).

5.1. Crack propagation speed and crack acceleration of mudstone

Crack propagation speed and crack acceleration measured in this
study correspond to the average value of these two parameters between
every-two successive tapes. This is because the crack propagation speed
and crack acceleration were calculated depending on the cut off time of
each two successive tapes (CPS = AS/AT (m/s), CAC = ACPS/AT (Km/
s2)). Crack acceleration was shown in Km/s? because it has very large
values, especially under pure mode II. Crack propagation speed and
crack acceleration of mudstone under pure mode I and pure mode II are
shown in Fig. 7. The main results presented in this figure can be sum-
marized as follow:

1- The crack propagation speed and crack acceleration in the mudstone
under pure mode I and pure mode II increase with increasing the
temperature. By increasing the temperature from the room temper-
ature to 500 °C, the maximum crack propagation speed under pure
mode I and pure mode II, which corresponds to the average speed
between the first two successive tapes, increases by 6.5 and 2 orders
in magnitude, respectively. Whereas, the maximum crack accelera-
tion between the first two tapes under pure mode I and pure mode II
increases by 37 and 4.1 orders in magnitude. As will be shown later
in section 5.3.1, clay minerals that constitute 92 % of the mudstone
used in this study are greatly affected by the temperature of thermal
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Fig. 8. (a) and (c) crack propagation speed in the granite under pure mode I and pure mode II, respectively, (b) and (d) crack acceleration in the granite under pure
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treatment. These minerals lose water between their layers during
thermal treatment through dehydration and dihydroxylation pro-
cesses, which causes a decline in the plastic behavior of the material.

Therefore, the material becomes stronger and the area under the
displacement - load curves, shown later in Fig. 9, increases. An in-
crease in this area means an increase in the strain energy stored in
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Fig. 9. Displacement-load curves in (a) mudstone and (b) granite under pure mode I and pure mode II for the three temperatures of (RT, 250, and 500 °C),
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N
)

the rock sample before the moment of fracture. At the moment of
fracture, the more strain energy stored in the rock sample, the faster
it is released during crack propagation, and thus the faster crack
propagation speed. The temperatures that cause a decline in the
plastic behavior of clay minerals due to dehydration, dehydrox-
ylation, and recrystallization processes are determined by the clay
mineral structure and composition. The effect of temperature on the
various common clay minerals is shown in Fig. 6 [29]. Cook [29],
Snellings, et al. [30] indicated that optimal activation of the clay
minerals is attained through amorphization upon complete dihy-
droxylation of the octahedral sheet. Depending on Fig. 6, dihydrox-
ylation of most common clay minerals such as kaolinite, illite,
montmorillonite, palygorskite, and chlorite can occur at tempera-
tures between 300 and 800 °C. Increasing the temperature to more
than 800 °C, can lead to the recrystallization of clay minerals.

Crack propagation speed is not constant along the crack path. The
crack accelerates and decelerates significantly during growth. Ac-
cording to that, the growth stage is divided into three basic stages,
high acceleration, high deceleration, and low deceleration stages. As
shown in Fig. 7-a,c, just moments before fracture begins (D = 0.0
mm), the crack is stationary (CPS = 0.0 m/s) and the potential en-
ergy stored in the rock sample is maximum. At the moment of frac-
turing, a quick release of the stored energy occurred and as a result,
the crack greatly accelerates to reach the maximum velocity at the
first copper tape. Away from the crack tip, between the second and
third tapes, the crack decelerates greatly reaching an approximately
constant velocity as the majority of energy is already consumed in
creating the initial fracture. Moving further from the tip of the notch

w
T

variable velocity through low deceleration between the third and
fourth copper tapes was observed. It can be noted that under pure
mode I and pure mode II and for the three temperatures (T = RT, 250,
and 500 °C), the maximum crack acceleration is about 10 to 30 %
greater than the maximum crack deceleration as shown in Fig. 7-b,d.
Crack propagation speed, crack acceleration, and crack deceleration
under pure mode II are greater than that under pure mode I. For
room temperature, 250 and 500 °C, the maximum CPS under pure
mode Il is 8.6, 8.7, and 2.8 times greater than that under pure mode I.
As will be shown later, fracture load under pure mode II is greater
than that under pure mode I. Therefore, the stored energy in the rock
sample under pure mode II is greater than that under pure mode I,
and as a result, the release of a large amount of energy under pure
mode II compared to pure mode I causes a significant increase in the
crack propagation speed and acceleration. In other words, the energy
required to create pure mode I crack is lesser than the energy
required to generate pure mode II crack [31].

5.2. Crack propagation speed and crack acceleration in the granite

Similar to the previous section, the crack propagation speed and

crack acceleration in granite under pure mode I and pure mode II are
shown in Fig. 8. The main difference between the mudstone and granite
is that by increasing the temperature of thermal treatment from the
room temperature to 250 and then to 500 °C, the crack propagation
speed, crack acceleration and crack deceleration in the mudstone in-
crease and their maximum values correspond to T = 500 °C. While in the
granite, these parameters increase by increasing the temperature of
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thermal treatment up to 250 °C. For T = 500 °C, the crack grows so
slowly, 0.005 m/s, under pure mode I to the extent that the crack growth
in some specimens was observed by the naked eye. The fracture under
pure mode I and T = 500 °C loses its brittle behavior and becomes more
ductile and the energy stored in the sample before fracture initiation is
slowly released during the crack growth stages. Therefore, the crack
propagation speed under pure mode [ was very low and almost constant,
without noticeable values of acceleration and deceleration (see Fig. 8-b
under T = 500 °C). For T = 500 °C and pure mode II, the fracture
behaviour is more brittle than that under pure mode I with reasonable
values of the crack propagation speed, crack acceleration, and crack
delectation.

In addition to the above, by comparing the results obtained from the
mudstone and granite, the crack propagation speed, crack acceleration,
and crack deceleration in the granite under the room temperature and
250 °C are greater than that in the mudstone. Moreover, the results
showed that for T = 250 °C, the maximum crack propagation speed in
the granite under pure mode I and pure mode II is 1.77 and 2.66 times
greater than that in the mudstone, respectively. An important point can
be noted in Fig. 8-c for T = RT and 250 °C, the crack deceleration for the
last crack propagation stage (14-21 mm) under pure mode II is high
compared to its magnitudes under pure mode I in Fig. 8-a. Therefore, it
can be said that for granite specimens under pure mode II and T = RT
and 250 °C, the energy stored in the rock sample is quickly released due
to the high acceleration and deceleration of the fracture from the first to
last stage (0-21 mm). While under pure mode I, the energy is quickly
released only within the first and second stages (0-10 mm) and the
fracture becomes more stable with low acceleration at the last stage
(10-15 mm).

Depending on the crack propagation speed measured in the SCB
specimens of mudstone and granite, our results indicated three main
stages, high acceleration, high deceleration, and low to high decelera-
tion stages. Previous experimental investigations about crack accelera-
tion are rather limited, especially those related to rocks. Arakawa, et al.
[32] measured crack propagation speed in single-edge-notched (SEN)
specimens of PMMA and they obtained three distinct stages of crack
acceleration, deceleration, and re-acceleration as a crack propagated
between two circular holes. In addition, Takahashi and Arakawa [33]
and Arakawa and Takahashi [34] exhibited crack acceleration and
deceleration in one fracture process in PMMA, epoxy, and Homalite-100
specimens. Our results indicated high values of crack acceleration and
deceleration as crack propagated in the SCB specimens of mudstone and
granite, which are of the order of 1072 to 1077 m/s% It is worth
mentioning that our results of crack acceleration and deceleration are
close those reported by Arakawa, et al. [32], where their results indi-
cated that the maximum crack acceleration or decelartion is of the order
of 107 m/s2.

5.3. Fracture toughness

Fracture toughness which determines crack resistance to growth is
an important parameter in rock fracture mechanics. This parameter is
influenced by the loading mode and temperature of thermal treatment
[35]. However, the effect of thermal treatment on fracture toughness
needs further understanding and it might vary according to the rock type
and the main constituent minerals. As shown in section 2, the mineral-
ogical composition of the mudstone is completely different from that of
the granite. The main constituent minerals in mudstone and granite are
clay and plagioclase, respectively. The fracture toughness of mudstone
and granite under pure mode I and pure mode II for the three temper-
atures (RT, 250, and 500 °C) was computed depending on equation (1).
Fracture load P, was obtained from the displacement-load curve as
shown in Fig. 9. To facilitate comparison between the results, all
displacement-load curves are shown in the same horizontal and vertical
scale. The area under these curves, more accurately under the strain—
stress curves, corresponds to the energy stored in the rock sample before
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the moment of fracture. Fig. 9 shows that all curves have a distinct peak
except those associated with granite samples under pure mode I and
thermal temperature of 500 °C, which were marked with yellow circles
in Fig. 9-b to show the selected P,. The existence of this distinct peak
indicates the brittle behavior of the material.

Moreover, Fig. 9 shows that by increasing the temperature of thermal
treatment from RT to 500 °C under pure mode I and pure mode II in the
mudstone, and from RT to 250 °C under pure mode I and II in granite,
the peak of displacement-load curves which corresponds to the fracture
load and the area beneath these curves increase. This increase in the
fracture load causes the increase of the fracture toughness as suggested
by Equation (1), and the increase of the area under strain-stress curves
causes the increase of the energy stored in the rock sample and this
increased the crack propagation speed.

The curves marked with yellow circles in Fig. 9-b indicate that SCB
specimens of granite under pure mode I and thermal temperature of
500 °C behave in a ductile manner. No distinct peak was identified and
large displacements were recorded in the post-peak behavior. The brittle
behavior of the material and the sudden drop of the curve after the peak
show the quick release of the stored energy in the rock sample and this
caused a great acceleration of the crack. While the ductile behavior of
the material and gradual slope of the strain-stress curve after fracture
indicates that the energy stored in the rock sample was gradually
released during crack growth stages at very low speeds. Therefore, the
crack propagation speed, crack acceleration, and deceleration of granite
samples under pure mode I and temperature of 500 °C were very low
(Fig. 8-a,b). Fig. 9-b under T = 500 °C clearly shows that the loading
mode directly affects the fracture behavior. For the same thermal
treatment conditions, this figure shows that fractures under pure mode II
have a distinct peak and behave in a brittle manner, and vice is versa for
fractures under pure mode I. This point was not observed in the fracture
behaviour of mudstone because there is only one regime for the effect of
temperature on this rock type; improving of rock properties with an
increase in temperature due to the drying of clay minerals. Therefore, all
displacement-load curves of mudstone have the same trend under the
three temperatures. While in granite, there are two regimes for the effect
of temperature on this rock type; improving rock properties for T be-
tween RT and 250 °C, and then rock properties decrease for T between
250 and 500 °C. Considering that the rock samples containing mode II
fractures are stronger and more brittle than those containing mode I
fractures [36,37], the weak behavior of the fracture with no distinct
peak was only observed under pure mode I. This mechanical behavior
between claystone and granite was explained based on the experiments
performed in our study. This issue needs further research and expansion
of the experimental program to obtain more data about the behavior of
these two rock types, which is what we recommend for future research
in this field.

5.3.1. Temperature dependence of fracture toughness of mudstone
Fracture toughness under pure mode I (K;¢) and pure mode II (Kyic)
and fracture toughness ratio (Kyc/Kic) in the mudstone and granite
versus the temperature of thermal treatment are shown in Fig. 10. This
figure shows that by increasing the temperature of thermal treatment
from room temperature to 500 °C in the mudstone (Fig. 10-a), the
average value of K¢ and Kj¢ increase by 47 % and 74 %, respectively.
Therefore, it can be concluded that the mudstone improves significantly
during thermal treatment. This improvement caused an increase in the
peak load, energy stored in the rock sample, fracture toughness, and
crack propagation speed. Clays that form 90 % of the mudstone have a
great affinity for water due to the formation of the diffuse double layer
around the negatively charged minerals. Therefore, the fracture tough-
ness of the mudstone increased significantly after thermal treatment due
to the drying of clay minerals through two processes, dehydration and
dihydroxylation. The dehydration process can occur at temperatures
between 100 and 200 °C. In this process, the pore, adsorbed and inter-
layer water is removed from the rock sample. The dihydroxylation
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Fig. 10. Fracture toughness in (a) mudstone and (b) granite under pure mode I and pure mode II, (c) the ratio of fracture toughness in mudstone and granite.

process includes the ejection of hydroxyl ions from the crystal structure
of the clay minerals at temperatures between 500 and 1000 °C [38,39].
For various common clay minerals such as kaolinite, illite, montmoril-
lonite, palygorskite, and chlorite, Cook [29], Snellings, et al. [30]
indicated that dihydroxylation process can occur at a temperature be-
tween 300 and 800 °C. This causes complete drying of the rock sample
and generates localized tensile stress inside the sample, that in turn leads
to the growth of thermal cracks which were observed in the thermally
treated specimens at a temperature of 600 and 700 °C (Fig. 3). In gen-
eral, clay minerals lose their plasticity when the temperature exceeds the
limit of the dehydration process but below the limit of the dihydrox-
ylation process, where clay minerals lose hydration, adsorbed, and lat-
tice water [40]. Therefore, as a result of the loss of plasticity during the
dehydration process, voids and pores in the rock sample change and the
interlayer spaces collapse. On the other hand, when the temperature
exceeds the limit of the dihydroxylation process, the layer structures of
clay minerals are destroyed.

5.3.2. Temperature dependence of fracture toughness of granite

Fig. 10-b shows two regimes for the effect of temperature on the
fracture toughness of granite. The first one shows that by increasing the
temperature of thermal treatment from room temperature to 250 °C, the
average value of K¢ and Kjj¢ increases by 12 % and 13 %, respectively.
While the second regime shows that by increasing the temperature from
250 °C to 500 °C, the fracture toughness drops below its normal levels
under room temperature, where the K¢ and Kj¢ are equivalent to 38 %
and 56 %, respectively, of the fracture toughness under room tempera-
ture. Therefore, the thermal treatment improves the properties of the
granite used in this study up to 250 °C. Compared with the results of
crack propagation speed, we find a complete agreement between the
effect of thermal treatment on fracture toughness and crack propagation
speed. In the first regime (RT to 250 °C), the crack propagation speed
and fracture toughness under pure mode I and pure mode II increase
with increasing the temperature of thermal treatment. While in the
second regime (250 to 500 °C), the crack propagation speed and fracture
toughness decrease as the temperature increase. The results obtained
from granite can be explained by relying on the effect of thermal
microcracks presented by Balme, et al. [10]. The growth of thermal
microcracks during the heat treatment in the furnace depends mainly on
the temperature and the time that the sample is exposed to this tem-
perature. Initially, at temperatures between RT and 250 °C, thermal
micro cracks begin to grow and distribute randomly in the material, so
their extensions are very limited and do not significantly affect the
strength of the grains or the bonds between them. The random distri-
bution of these thermal microcracks around the notch tip greatly
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obstructs the growth process, causing crack arrest. This obstruction
causes an increase in the growing resistance of the fracture. By
increasing the temperature of thermal treatment to 500 °C, thermal
microcracks extend and form weak planes in the material, which in turn
can coalesce with each other under the influence of external loads. For
temperatures greater than 500 °C, thermal microcracks extend further to
form visible planes of discontinuity as shown in Fig. 3. Our results are
qualitatively following the findings of Meredith and Atkinson [41] for
the effect of temperature (20 to 400 °C) on the fracture toughness of
granite and gabbro. They showed that by increasing the temperature
from 20 to 100 °C, fracture toughness of granite and gabbro increases,
and then it decreases for T greater than 100 °C. Meredith and Atkinson
[41] concluded that the increase of fracture toughness for T between 20
and 100 °C is due to the development of a small number of isolated
thermal microcracks. When the fracture tip encounters an isolated
thermal microcrack that is unfavorably oriented with respect to the di-
rection of propagating fracture, then the thermal microcrack blunts the
fracture tip to grow and a larger crack tip stress intensity is needed to
overcome this barrier ‘thermal microcrack’. For temperature greater
than 100 °C, the density of thermal microcracks increases, and they
extend and connect, which facilitate the propagation of fracture tip
through these planes of weakness.

5.3.3. Temperature dependence of fracture toughness ratio (Kyc/Kic)

The fracture toughness ratio is an important parameter in fracture
mechanics to determine the fracture growth of the material and to
answer important questions; Is the material resistance to tensile frac-
tures under pure mode I is greater or less than that under pure mode II?
Is this ratio affected by heat treatment? Fracture toughness ratio can be
determined depending on the analytical fracture criteria such as the
maximum tangential stress criterion (6-criterion, [42]), minimum strain
energy density criterion (S-criterion, [43]), and maximum energy
release rate criterion (G-criterion, [44]). Erdogan and Sih [42] and
Palaniswamy [44] concluded that 6 and G criteria fracture toughness
under pure mode II is less than that under pure mode I and that the ratio
between them Kyjc/Kjc is 0.866 and 0.627, respectively. Sih [43] indi-
cated that under S-criterion and for plane strain problems, the ratio of
fracture toughness is a function of Poisson’s ratio (v) and it is inversely
proportional to v. By increasing Poisson’s ratio from 0.0 to 0.5, Kyc/Kic
decreases from about 1.22 to 0.0. For Poisson’s ratio less than 0.27, S-
criterion predicted that Ky is greater than Kjc, while for Poisson’s ratio
greater than 0.27, the opposite behavior occurred. For Poisson’s ratio
between 0.25 and 0.37 (most rock types), Kyic/Kjc changes between 1.02
and 0.87.

Experimental results of our study in Fig. 10-c show that the fracture
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toughness ratio in the mudstone and granite is temperature-dependent.
By increasing the temperature of thermal treatment from room tem-
perature to 250 and 500 °C, the average value of Kyjc/KIC in the
mudstone increases from 0.52 to 0.55 and 0.64, respectively, whereas
the average value of Ky¢/KIC in the granite increases from 0.47 to 0.48
and 0.69, respectively. The increase of Kjjc/KIC by increasing the tem-
perature means that the fracture resistance to growth under pure mode II
improves better than that under pure mode L. In addition, the Ky¢/KIC
obtained from this study for mudstone and granite under three tem-
peratures is less than that predicted by the three fracture criteria. Our
results agree qualitatively, not quantitatively, with the fracture criteria
(6, G, and S for v greater than 0.27). This is because the fracture criteria
were derived for completely homogeneous materials and do not take the
heterogeneous nature and mineralogical composition of the rocks into
account.

5.3.4. Result analysis from the perspective of mineralogical composition

For two different rock materials under the same thermal treatment
condition, significant differences in crack propagation speed, crack ac-
celeration, crack deceleration, and fracture toughness were found. This
difference in results depends mainly on the difference in the mineral-
ogical composition of mudstone and granite. As we mentioned earlier,
the main constituent mineral of the mudstone is clay (92 %) which has a
great affinity for water due to the formation of the diffuse double layer
around the negatively charged minerals. Therefore, this mineral is
highly affected by thermal treatment due to dehydration and dihy-
droxylation processes. The main constituent mineral of the granite is
plagioclase (70 %) which is not effective with water such as clay.
Therefore, the effect of thermal treatment on the results obtained from
granite were explained depending on the creation of new thermal
microcracks, or extension of preexisting defects such as shown in
Fig. 11-b. On the other hand, clays are weak compared to plagioclase
and behave in a plastic behavior due to their water absorption property.
This also explains the significant difference in results between mudstone
and granite.

6. Conclusions

The effect of thermal treatment on two rock types under two loading
modes, pure mode I and pure mode II, was investigated experimentally
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in this study. The first rock type was mudstone which represents clay-
rich rocks that have a high affinity for water. The second rock type
was granite which does not have water-active minerals. Semi-circular
specimens were prepared and thermally treated under temperatures of
250 and 500 °C. To calculate crack propagation speed, crack accelera-
tion, and deceleration, a special electrical circuit was used to determine
the cut off time of four copper tapes that were placed on the surface of
the SCB specimens. The SCB specimens were then loaded under three
points bending test to measure crack propagation speed and fracture
toughness under two loading modes. The samples were tested after
being thermally treated at three temperatures; RT, 250, and 500 °C. The
results of this study can be concluded as follow:

This research showed that for both mudstone and granite and under
all temperatures used in this study the area under displacement-load
curves under pure mode II is greater than that under pure mode I. Due
to this increase in the stored energy the crack propagation speed, crack
acceleration, and crack deceleration increased.

It was found that the fracture toughness (Kjc and Kji¢) in mudstone
increase with increasing the temperature from RT to 250 and 500 °C.
While in granite, K¢ and Kjj¢ increase for T between RT and 250 °C, and
then they decrease for T between 250 and 500 °C.

Our results showed that for the three temperatures considered in this
work, the crack grows in the mudstone and granite under pure mode I
and II through three main stages; the first stage (0 to 5 mm from the
notch tip under pure mode I and 0 to 7 mm under pure mode II), the
crack accelerates greatly to reach its maximum speed at the first copper
tape. During the second stage (5 to 10 mm from the notch tip under pure
mode I and 7-14 mm under pure mode II), the crack significantly de-
celerates to reach a low deceleration third stage (10-15 mm from the
notch tip under pure mode I and 14-21 mm under pure mode II).
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