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Abstract 

In cases such as explosion, fire, deep drilling and geothermal 

energy extraction, rocks are exposed to high temperatures 

influencing the rock toughness. Thus, the aim of this study is to 

investigate the effect of temperature on the fracture toughness of the 

rocks. In this study, the effect of temperature on the mode I fracture 

toughness is investigated. To this end, three-point bending tests were 

performed on semicircular specimens of four types of natural rocks 

including sandstone, limestone, tuff, andesite, and a series of 

concrete specimens to determine the fracture toughness. The 

specimens were first heated to 100, 200, 300, 500 and 700 °C. After 

reaching the desired temperatures, the specimens were cooled. A 

series of tests was performed on the specimens at ambient 

temperature (25 °C). The heating rate in the electric furnace was 15 

°C/min in accordance with the temperature rise in fires. Petrographic 

studies and X-ray diffraction analysis (XRD) were performed to 

identify the composition of the rocks. Furthermore, the effective 

porosity and the weight loss of heated specimens were determined to 
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study the behavior of rocks. Comparison of the test results indicated 

the higher impact of temperature on the fracture toughness of fine-

grained rocks. In addition, the fracture toughness decreased by 

increasing the effective porosity and decreasing the weight loss. 

According to the results, the mode I fracture toughness of sandstone, 

tuff, limestone, andesite and concrete specimens underwent a 

heating-cooling cycle up to 700
 °
C respectively decreased 45, 17, 44 

and 9.5 and 37 percent compared with that of unheated specimens. 

Keywords: Fracture toughness, mode I, heating, three-point bending, heating-

cooling cycle 

Introduction 

Fracture is a failure mechanism in brittle materials and is a very 

important phenomenon in the structures. Fracture has received much 

attention due to safety reduction, disruption or cessation of mining 

and construction activities in large-scale geotechnical operations and 

mining and civil engineering structures [1]. The fracture toughness is 

a property indicating the critical stress intensity factor. This critical 

value is shown by Kc. During loading when the stress intensity factor 

reaches a critical value, cracks begin to propagate (Figure 1). 

There are three main stress modes for applying stress on the 

cracks including opening (Mode I), shearing and sliding (Mode II) 

and sliding and tearing (Mode III). Figure 2 schematically shows 

different fracture modes. Any combination of the three main modes 

is known as mixed mode. 
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Figure 1. Polar coordinates of the crack tip and two main modes of 

crack propagation [2] 

 
Figure 2. The main fracture modes [3] 

Fracture toughness is used in many areas including hydraulic 

fracturing, rock explosion, rock cutting, design of underground 

spaces and rock fracture in mineral processing. Therefore, accurate 

determination of fracture toughness is of utmost importance. Fracture 

toughness is dependent on temperature, rate of loading, material 

composition and microstructure as well as geometric effects. All 

rocks are weak in tension. For this reason, Mode I (tensile mode) is 

the most critical loading mode. In cases such as explosion, fire, deep 

drilling and geothermal energy extraction, rocks are exposed to high 

temperatures influencing the rock toughness. Thus, the aim of this 

study is to investigate the effect of temperature on the fracture 
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toughness of rocks. In this study, the effect of temperature on the 

mode I fracture toughness is investigated. 

To determine the mode I fracture toughness, four tests have been 

standardized by the International Society for Rock Mechanics including 

short rod specimens [4], [5], chevron notched bend rod specimen, 

chevron notched Brazilian disk [6], [7] and three-point bending test on 

semicircle specimens [8], [9]. 

Many studies have been conducted on the effect of temperature on 

the rock properties. But there are few studies on the effect of 

temperature on mode I fracture toughness (Table 1). According to 

literature, the results of experiments do not depend only on the 

temperature, but the heating rate, the number of heating-cooling 

cycles and the concentration of micro-cracks also affect the test 

results [10]. 

Compared to the previous studies, the distinct features of this 

research are: 

a) The first study on the the effect of the heating-cooling process on 

the mode I fracture toughness in Iran. 

b) Use CT scan images to calculate the damage caused by heating-

cooling process.  

c) Type of rock studied.  

d) Type of the test.  

From the type of rock perspective, In addition to the natural 

specimens (includin sand stone, tuff, limestone and andesite), the 
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concrete specimens used in the tunnel lining were also studied. While 

most of the past research has been done on sandstone. 

From the type of the test perspective, this research has been 

investigated the effect of the heating-cooling process on the mode I 

fracture toughness, and in addition to the low temperatures, the effect 

of high temperature in the heating process and then the cooling of the 

specimen has been also studied on this mode. While most of the past 

researchs have only investigated the effect of low tempereture 

(during only the heating process, but not during the heating- cooling 

process) on the mode I fracture toughness. The effect of fire on the 

mode I fracture toughness was investigated. For this purpose, the 

specimens were heated to 700 
°
C with the same heating rate in fire 

accidents. To determine the mode I fracture toughness, the three-

point bending tests were performed on semicircular specimens. The 

test was conducted at six different temperatures (ambient temperature, 

100, 200, 300, 500 and 700 
°
C). To this end, the rock specimens were 

first heated and then naturally cooled to reach the ambient temperature. 

After cooling the semicircular specimens, an artificial notch was 

created and then the three-point bending tests were performed. 

 

Specimen characteristics 

1. Microscopic studies 

The sandstone samples have been taken from Lalun formation in 

Loshan area and the Tuff from Karaj formation on Chalous Road and 

the limestone from the Abyek area, located 50 kilometers west of the  
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Table 1. Studies on the effect of temperature on the mode I fracture toughness 

References Rock type Test method Main findings 

[11] limestone Straight noched 
Brazilian disk 

specimen under 

diametrical 
compression 

 

Up to a temperature range of 
100 °C, the fracture toughness 

Increased the fracture 

toughness up to 100 °C and 
above 100 °C, the fracture 

toughness decreased. 

[12] Kimachi 

sandstone 
Tage tuff 

single edge-notched 

round bar in bending 
(SENRBB) and three-

point bending tests on 

semi-circular bend 

(SCB) specimens 

No significant change was 

observed in the fracture 
toughness of Kimachi 

sandstone up to 125 °C. At 

higher temperatures, the 

fracture toughness increased 

with increasing temperature 
The fracture toughness of tuff 

decreased with temperature up 

to 75°C, whereas it increased 
above 100°C. 

[13] Laurentin Granite Notched semi-circular 

bend, the dynamic 

load exerted by a 
modified split 

Hopkinson pressure 

bar (SHPB) system 

The dynamic fracture toughness 

decreases with the treatment 

temperature when the 
temperature is higher than 

250 °C. 

[14] Coconino 

sandstone 

edge notched disc 

(END) tests 

The fracture toughness 

decreases from an unheated 

value of about 0.7 to about 0.6 
MPa√m when heated to 300 °C. 

[15] Manoharpur 

sandstone Bellary 

dolerite, Dholpur 
sandstone 

three-point bending 

tests on semi-circular 

(SCB) specimens 

Up to a temperature range of 

100 °C, the fracture toughness 

of Manoharpur sandstone, 
Bellary dolerite and holpur 

sandstone increased by 40%, 

25% and 65%, respectively, 
when compared to the ambient 

condition, and thereafter 

decreased with a gradual 
increase of temperature. At 600 

°C, when compared to the 
ambient condition, the fracture 

toughness of these rock types 

decreased by 59%, 36% and 
30% for Manoharpur sandstone, 

Bellary dolerite and Dholpur 

sandstone, respectively. 

[16] Concrete The notched semi-
circular bend 

specimens, the 

dynamic load exerted 
by a modified split 

Hopkinson pressure 

bar (SHPB) system 

The dynamic fracture toughness 
deceases with the heat-

treatment temperatures. 
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city of Karaj, are located near the Tehran highway in Qazvin, Alborz 

province and the andesite from dikes in Qazvin province and 

southwest of the city of Buin Zahra. 

For microscopic studies, thin sections were prepared from the 

rock specimens to take microscopic images shown in Figure 3. 

 

 
Figure 3. Microscopic images of four rock specimens, a) sandstone, b) 

tuff, c) limestone and d) andesite 

The Figure 3 (a) is a section of sedimentary rock (sandstone). 

Shaped and semi-shaped quartz together with calcite are the main 

components of this rock. Primary and secondary minerals forming 

this rock are calcite, alkaline feldspar, quartz, and opaque minerals. 

The Figure 3(b) is a cross-section of an andesitic tuff that has been 

strongly silicified. Shaped and semi-shaped Cerrusite and calcified 

plagioclase in a silicified field are the main components of this rock. 
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Minor minerals forming the rock include alkali feldspar, quartz, and 

opaque minerals. The Figure 3 (c) is limestone with a partially 

recrystallized microcrystalline calcite texture. The major mineral in 

this type of rock is calcite. The Figure 3 (d) is a section of andesite. 

Plagioclase makes up more than 50% of the rock crystals. 

Plagioclase crystals are usually shaped or semi-shaped, and can be 

zoned. The size of these crystals could reach 5.1 mm. The quartz and 

opaque minerals are of the most important minor minerals in the 

studied rocks.  

2. X-ray diffraction (XRD) analysis  

X-ray diffraction (XRD) analysis was used to identify the 

composition of the rocks. X-ray pattern was recorded from 2θ=10 to 

80
°
 with a step size of 0.02. The XRD data were analyzed with the 

help of EXPERT. Figure 4 shows the XRD patterns for four rock 

samples (sandstone, tuff, andesite and limestone). 

 

 
Figure 4. XRD patterns of for four rock samples, a) sandstone, b) tuff, 

c) limestone and d) andesite 
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The phases in the sandstone sample include quartz (SiO2), 

hatrurite (Ca3SiO5), anorthite (Ca [Al2Si2O8]), pyroxene ([Ca-Na-Fe-

Mg] Si2O6) and larnite (Ca2Si2O4). The tuff rock sample contains 

quartz (SiO2), albite (NaAlSi3O8) and clinoptilolite. The limestone 

sample contains calcite (CaCO3). The phases in the andesite rock 

sample include quartz (SiO2), labradorite ((Ca, Na) (Al, Si) 4O8) and 

albite (NaAlSi3O8). 

3. Physical and mechanical properties  

Porosity is one of the most important physical properties of the 

rock with a significant influence on the mechanical parameters. In 

this research work, the density and porosity were determined based 

on the [17] standards. In order to better identify and understand the 

behavior of rocks, the mechanical properties of the rocks were 

determined according to American Society for Standard Testing and 

Materials (ASTM) and the International Society for Rock Mechanics 

(ISRM). These properties include uniaxial compressive strength [18] 

and indirect tensile strength [19]. Uniaxial compressive strength test 

was performed on all rock specimens to determine the uniaxial 

compressive strength and other elastic properties such as Young's 

modulus and Poisson's ratio. Table 2 shows the physical and 

mechanical properties of the specimens. 

Table 2. The physical and mechanical properties of the specimens 

Effective 

Porosity  

(%) 

Density 

(gr/cm3) 

Poisson's 

ratio 

Young's 

modulus 

(GPa) 

Indirect 

tensile 

strength 

(MPa) 

Uniaxial 

Compressive 

Strength (MPa) 

Specimen 

9.84 2.38 0.25 17.77 8.34 77.62 Sandstone 

0.23 2.69 0.27 55.37 10.29 145.45 Limestone 

3.6 2.23 0.2 34.55 10.69 143.63 Andesite 

6.72 2.5 0.19 33.97 12.04 117.85 Tuff 

Specimen preparation 
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The rock cores with a diameter of 73 mm were prepared from four rock 

blocks including andesite, tuff, limestone and sandstone from mines 

around Qazvin. The standard cores were prepared by slow drilling 

with caution. Water was used for cooling during drilling to prevent 

damages to the specimens and the device. A series of concrete 

specimens with a diameter of 71 mm and a water-cement ratio of 0.5 

and equal amount of sand and cement was also prepared. 

To prepare circular discs for the three-point bending tests on 

semicircular specimens, standard cores with a thickness of 30 mm 

were cut using a diamond cutting blade with high precision. In the 

cutting process, the plate from cutting the discs should not have an 

angle more than 0.5 perpendicular to the axis of the core [9]. 

The circular disks should be divided into two equal disks. The 

final stage is to create a notch in the specimens. To prevent the effect 

of heat on the notch, the specimens were first heat treated and then 

the notches were created. 

The notches were created with a thin cutting blade. First, the 

semicircular specimens were fixed in a mold. To ensure vertical 

notches, the specimens were balanced. A crack of 15 mm length was 

created considering the cut portion (Figure 5). The notch length is 

selected so that the dimensionless ratio of the notch length to the 

radius of the specimen ranges from 0.4 to 0.6 (0.4≤a / R≤0.6). 
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Figure 5. Notching the rock specimens 

Figure 6 schematically shows the preparation steps. Table 3 shows 

the dimensions of the standard specimens. 

 
Figure 6. Preparation of the SCB specimen 

Table 3. Suggested geometric dimensions of SCB [9] 

Range 
Dimensions 

Larger than 10 times the average size of grains or at 

least 76 mm 
Diameter (D) 

Larger than 0.4D or 30 mm Thickness (B) 

0.4≤a/R(=β)≤0.6 Notch length (a) 

0.5≤s/2R≤0.8 Support length (s) 

 

Test methods 

The tests on the semicircular specimens includes two steps: 1) 

heat treatment and 2) three-point bending tests 

1. Heating-cooling cycle on natural and concrete specimens 

The tests were performed on the prepared rock specimens. The 

experiments were conducted on a series of rock and concrete 
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specimens heated to 100, 200, 300, 500 and 700 
°
C. A series of 

experiments was performed on unheated specimens. A programmable 

electric furnace was used for heat treatment. The heating rate 

(
°
C/min) and the residence time at a certain temperature can be 

adjusted. The heating rate in the electrical furnace was 15 
°
C to 

simulate fire and the rock behavior in accordance with a study by 

Mohtadi et al. on fire in Sadaf Commercial Complex in Qeshm [20]. 

After placing the specimens at a certain temperature, heating was 

stopped and the specimens were removed from the furnace to be 

naturally cooled to the ambient temperature. Thereafter, a notch was 

created on the specimens to be prepared for the tests. Figure 7 shows 

the placement of the specimens in the electric furnace. 

 
Figure 7. The placement of the specimens in the electric furnace 

2. The three-point bending test on the semicircular specimens 

In this study, a hydraulic servo-control testing machine was used 

to perform the three point bending test on the specimens. Figure 8 

shows the loading equipment on the SCB. 
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Figure 8. a) Loading machine b) Loading equipment on SCB 

The mode I fracture toughness (KIc) is calculated from equation 

(1) using the peak load obtained in the experiment [9]. 

      
       

                                           (1) 

Y’ is obtained from equation (2). 

                
 

  
               

 

  
  β         (2) 

                       

  
 

 
                                                       (3) 

Equation (2) is used to determine the dimensionless stress intensity 

factor. This equation is obtained using the finite element method 

assuming plane strain condition. 

5. Results and Discussion 

Figure 9 shows the failure pattern of rock specimens used in the 

tests. 
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Figure 9. The rock specimens used in the tests (from top to bottom: 

concrete, limestone, tuff, sandstone and andesite) 

The mode I fracture toughness for tuff, limestone, sandstone and 

andesite specimens was determined at 25 
°
C (ambient temperature) 

and at 100, 200, 300, 500 and 700 
°
C. The mode I fracture toughness 

for the tuff, limestone, sandstone and andesite specimens heated at 

100 
°
C respectively decreased by 22, 13, 8.6 and 2.3% compared with 

unheated specimens. The mode I fracture toughness for the tuff, 

limestone, sandstone and andesite specimens heated at 200 
°
C 

respectively decreased by 11.5, 7.5, 14.6 and 3% compared with 

those heated at 100 
°
C. Table 4 shows the results of the mode I 

fracture toughness test, effective porosity and weight loss for the 

specimens after a heating-cooling cycle. 
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Table 4. The results of the mode I fracture toughness test, effective 

porosity and weight loss for the specimens after a heating-cooling cycle 

Fracture toughness 

(MPa m1/2) 

Weight Loss 

 (%) 

 

Effective 

Porosity  

(%) 

Temperature 

(°C) 
Specimen 

0.928 0 9.84 25 Sandstone1 

0.848 0.318 11.12 100 Sandstone2 
0.724 0.559 11.17 200 Sandstone3 

0.761 1.532 11.01 300 Sandstone4 

0.671 2.256 11.34 500 Sandstone5 
0.506 3.245 13.33 700 Sandstone6 

1.811  - -25 Andesite1 

1.768 - - 100 Andesite2 

1.715 - - 200 Andesite3 

1.850 - - 300 Andesite4 
1.611 - - 500 Andesite5 

1.638 - - 700 Andesite6 

0.953 0 0.23 25 Limestone1 
0.876 0 0.25 100 Limestone2 

0.810 0.014 0.26 200 Limestone3 

1.002 0.023 0.22 300 Limestone4 
0.912 0.059 1.34 500 Limestone5 

0.561 0.176 4.01 700 Limestone6 

1.649 0 6.72 25 Tuff1 
1.282 0.372 7.84 100 Tuff2 

1.134 0.432 8.21 200 Tuff3 

1.526 1.482 8.15 300 Tuff4 
1.573 1.593 7.19 500 Tuff5 

1.369 2.288 8.46 700 Tuff6 

0.226  - -25 Concrete1 
0.244 - - 100 Concrete2 

0.284 - - 200 Concrete3 

0.204 - - 300 Concrete4 
0.164 - - 500 Concrete5 

0.141  - -700 Concrete6 

Figure 10 shows the mode I fracture toughness for andesite, tuff, 

limestone, and sandstone at different temperatures. 

The mode I fracture toughness changes because the cracks density 

changes. The changes in the effective porosity and weight loss confirm  
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Figure 10. The mode I fracture toughness of andesite stone, tuff, 

limestone and sandstone at different temperatures 

changes in the crack density. The variations of the cracks density are 

due to different thermal expansion coefficient of minerals. This 

coefficient is dependent to the mineralogy composition. Only in high 

temperature the physical and the mineralogical changes occur in the 

rock. 

The more explanations are presented in the following paragraphs. 

Toughness reduction at 100 °C or more generally in the range of 

25 to 200 
°
C is inversely proportional to the grain size. This means 

that fracture toughness further decreases in fine-grained rock 

specimens. 

This Temperature rise causes thermal stress in the rocks. Given 

different thermal expansion coefficients of different minerals, the 

stress is concentrated on the boundary of different minerals. If the 

stress exceeds the shear or tensile strength of the rocks, new cracks 
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are formed or previous cracks increase. This is consistent with the 

results of Zhao et al. [21]. Furthermore, new cracks are formed 

especially at the grain boundaries of different minerals during 

cooling process due to contraction of the specimens. Thus, the crack 

density increases leading to a decrease in the mode I toughness 

fracture of the rock specimens. The grain size is related to the grain 

boundary cracks so that more cracks are observed in fine-grained 

rock specimens. For comparing the grain size of rock specimen, 

Figure 11 shows the images of the cross sections of coarse-grained 

and fine-grained rock specimens (from left to right). 

 

 
Figure 11. Thin sections of four rock specimens (from left to right: a) 

andesite, b) sandstone, c) limestone, and d) tuff) 

The fracture toughness increases from 200 to 300 
°
C compared to 

200 
°
C. The increase in the fracture toughness of the tuff, limestone, 

and sandstone and andesite rock specimen is 35, 24, 5 and 8 percent, 

respectively. The increased fracture toughness can be attributed to 

closure of pre-existing cracks in the rock specimens. Because of the 

closure of the pre-existing cracks in the rock specimens, the porosity 

decreases from 200 to 300 
°
C. At temperatures above 300 

°
C, the 

thermal expansion coefficient of the rock-forming minerals and 

mineralogical changes in some rocks influence the mode I fracture 

toughness of rock specimens. The fracture toughness of limestone 

and sandstone decreases at 500 and 700 
°
C. The fracture toughness of 
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andesite decreases from 300 to 500 
°
C. The fracture toughness slightly 

changes up to 700 
°
C and remains almost constant during the process. 

The fracture toughness of the tuff specimen slightly increases up to 

500 
°
C and then decreases up to 700 

°
C. 

For a better analysis of the rock behavior, the effective porosity, 

weight loss and changes in the fracture toughness of sandstone, 

limestone and tuff were examined at 25, 100, 200, 300, 500 and 700 
°
C. 

To better understand the behavior of rocks and to examine the 

relationship between the effective porosity, weight loss and fracture 

toughness, the rock specimens were individually examined. As seen 

in Figure 12, heating and cooling of the three types of rocks 

including sandstone, limestone and tuff result in changes in the 

effective porosity. The increase in the effective porosity is due to an 

increase in the number of micro-cracks with increasing temperature 

[22].   

The fracture toughness decreases at 100 and 200 
°
C. The effective 

porosity increases in this range due to an increase in the number of 

cracks caused by thermal stress on the boundary of different 

minerals. The fracture toughness increases at 300 
°
C. As a result, the 

effective porosity decreases at 300 

°
C compared with 200 

°
C. The 

cracks created in the previous steps are closed and density of cracks 

in the rock specimens decreases. The increase in effective porosity 

and weigh loss from 300 to 700 
°
C indicates an increase in the number 

of micro-cracks resulting in a decrease in the fracture toughness. At 

temperatures above and below the melting point, significant 

microstructural changes occur in the rocks. For this reason, the 
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weight loss will rise sharply at these temperatures. This is consistent 

with the results of Dwivedi et al.[23]. At these temperatures, new 

micro-cracks are formed and the pre-existing cracks in the rock 

propagate. At the same time, physical and mineralogical changes 

occur in the rock. Heat causes changes in the rocks including rock 

appearance such as increased brightness, delamination or darkening 

as well as damages to micro-crystals including micro-cracks. This is 

in good agreement with the results of previous studies [22], [24]. 

Figure 13 shows the changes in the sandstone appearance at 500 
°
C. 

The influence of the damage induced by the heat-treatment ( at of 

25 
°
C , 200 

°
C and 500 

°
C) on the mode I fracture toughness of 

sandstone specimens were investigated by using the X-ray micro-CT 

technique.  

The typical CT images of sandstone specimens under different 

heat-treatment temperatures are shown in Figure 14. The darker zone 

illustrates low-density minerals and the lighter zone indicates high-

density minerals [25]. There is no visible difference between these 

images. Therefore, a proper parameter to quantify the state of the 

sample is needed. This parameter is the CT value. The CT value 

(Hounsfield radiological density) is calculated from the gray-level 

data and scaled with the standard materials (-1000 Hu for air and 0 

Hu for pure water) [26]. Thus, the CT value of the sample reflects the 

composition and micro-structure in the material.  

The damage variable (D) is used to describe the damage induced 

by the heat-treatment based on the average CT values [27]: 

  
    

  
                                                         (4) 
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Figure 12. The changes in the fracture toughness, weight loss and 

effective porosity of sandstone, tuff and limestone at different 

temperatures 

 
Figure 13. The cross-section of the sandstone specimen, a) at ambient 

temperature b) at 500 
°
C 

Where H is the average CT value of heat-treated sample and H0 is 

the average CT value of room temperature sample. 
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Figure 14. Typical CT images of sandstone samples under various 

heat-treatment temperatures 

The calculated values of damage variable (D) are given in Table 

5. It is shown that the values of damage variable of sandstone increase 

with the heat-treatment temperatures. These results are consistent 

with those obtained by Huang et al. (2015) and Yao et al. (2017).  

Table 5. Average CT value and damage variable of sandstone samples 

under various heat-treatment temperatures 

Heat-treatment temperature 

(°C) 

Average CT value (Hu) Damage variable (%) 

 25 1770 0 

200 1739 1.75 

500 1687 4.68 

The tests conducted on the concrete specimens indicated an 

increase in the fracture toughness at 100 and 200 
°
C. This increase 
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can be attributed to the reduced moisture content of the rock as well 

as micro-crack closure as a result of thermal expansion of the 

constituent particles of the concrete specimens. The fracture 

toughness of the concrete specimen decreased at 300, 500, and 700  

°
C 

due to increased expansion of the constituent particles and different 

coefficient of thermal expansion causing non-uniform contraction of 

the particles and formation of new micro-cracks in the concrete 

specimen. These micro-cracks reduce the fracture toughness at these 

temperatures. Figure 15 shows the mode I fracture toughness of the 

concrete specimen at different temperatures. 

 
Figure 15. The fracture toughness of the concrete specimen at different 

temperatures  

 

Conclusion 

The effect of temperature on the mode I fracture toughness of four 

types of rocks including sandstone, limestone, tuff and andesite was 

investigated. For this purpose, the rock specimens were heated to 
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100, 200, 300, 500 and 700 
°
C and then were cooled to ambient 

temperature. Comparison of the results showed that the constituent 

minerals affect the impact of heat on the mode I fracture toughness. 

The rocks and constituent minerals undergo changes when exposed 

to heat. These changes also affect the fracture toughness.  

The second parameter is the grain size and different thermal 

expansion coefficient of minerals. Thus, more grain-boundary micro-

cracks are formed in fine-grained rocks by applying heat due to 

different thermal expansion coefficient of the minerals. The number 

of micro-cracks is inversely correlated with the fracture toughness. 

As a result, the fracture toughness of fine-grained rocks is more 

significantly changed with temperature.  

The main factor that causes changes in the mode I fracture 

toughness is the changes in the cracks density. The cracks desity 

changes occur because of different thermal expansion coefficient of 

minerals, grain size and mineralogy composition. For considering the 

variations of the cracks density, effective porosity and weight loss 

were determined in this research. The changes in the effective 

porosity and fracture toughness showed that these two parameters are 

inversely correlated. So reducing the effective porosity increased the 

fracture toughness. In contrast, the fracture toughness decreased with 

increasing the effective porosity.  

Weight loss occurs in the heating-cooling process due to 

decomposition, removal of volatiles and structural water evaporation. 
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According to the results, the fracture toughness decreased with 

increasing weight loss.  

In this paper, the damage variable for sandstone specimens at each 

temperature was calculated using the average CT value to describe 

the damage due to heat-treatment. The results indicate the CT value 

decreases with the increase of the heat-treatment temperature. These 

can be explained by the evolution of micro-structures, i.e. the 

increase of micro-cracks and the undesirable chemical changes in the 

sandstone specimens. 
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