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a b s t r a c t

For the effect of thermal treatment on the mode-I fracture toughness (FT), three crystalline rocks (two

basalts and one tonalite) were experimentally investigated. Semi-circular bend specimens of the rocks

were prepared following the method suggested by the International Society for Rock Mechanics (ISRM)

and were treated at various temperatures ranging from room temperature (25 �C) to 600 �C. Mode-I FT

was correlated with tensile strength (TS), ultrasonic velocities, and Young’s modulus (YM). Additionally,

petrographic and X-ray diffraction analyses were carried out to find the chemical changes resulting from

the heat treatment. Further, scanning electron microscopy (SEM) was conducted to observe the micro

structural changes when subjected to high temperatures. These experiments demonstrate that heat

treatment has a strong negative impact on the FT and mechanical properties of the rocks. From room

temperature to 600 �C, mode-I FT values of massive basalt, giant plagioclase basalt, and tonalite were

reduced by nearly 52%, 68%, and 64%, respectively. Also, at all temperature levels, FT and mechanical

properties are found to be exponentially correlated. However, the exact nature of the relationship mainly

depends on rock type. Besides, TS was found to be a better indicator of degradation degree than the

mode-I FT. SEM images show that micro crack density and structural disintegration of the mineral grains

increase with temperature. These physical changes confirm the observed reduction in the stiffness of

heat-treated crystalline rocks.

� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Climate change and energy security are the hot topics in the

world. Rising economies like China and India are among the biggest

consumers of energy in the present era. But concerns regarding the

global warming have led to general consensus that greenhouse gas

sources such as thermal power plants, cement factories, refineries,

and hydrocarbon fuelled transports must be reduced substantially.

Therefore, conventional energy must be replaced with renewable

energy. In India, coal-based thermal power plant is still the major

source of electricity. And the development of multiple renewable

energies is the basis of the switch from coal-based power to

alternative clean energy sources. Among these clean energy sour-

ces, geothermal energy holds a prominent position in India.

India has seven geothermal provinces with various lithological

and tectonic settings. Among them, the Deccan Volcanic Province

(DVP), which covers 50,000 km2 of area in central and western

India, is particularly interesting. Here, 18 geothermal springs with

temperatures varying from 47 �C to 72 �C have already been

investigated by Varun et al. (2012). Additionally, peninsular gneiss

of South India has recently been identified as a new potential

geothermal energy source (Singh et al., 2014). These two areas are

shown in Fig. 1.

Development of any geothermal energy project needs an in-

depth understanding of the geochemical and mechanical proper-

ties of the host rock. Fracture toughness (FT) and mechanical

properties are particularly essential for designing the hydraulic

fractures in enhanced geothermal systems. Additionally, these

properties have tremendous implications in tunnelling, under-

ground excavation, waste disposal site selection, and various

problems in reservoir geomechanics. Therefore, it is required to

have a good understanding of the effect of ambient geological

conditions on FT and mechanical properties of crystalline rocks.

One important geological parameter is the subsurface temperature.
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It is well documented that in geothermal systems, temperature can

rise up to 200 �C; in underground nuclear disposal sites, temper-

ature varies from 100 �C to 300 �C, if not properly sealed; and in

drilling operations down-hole, temperature can be as high as

1000 �C (Paquet and François, 1980; Heuze, 1983; Maheshwar et al.,

2015; Shao et al., 2015; Verma et al., 2015; Zhao, 2016).

Several researchers have investigated the temperature-

dependent mechanical properties and FT of sedimentary and

crystalline rocks (Funatsu et al., 2004, 2014; Nasseri et al., 2007;

Kim and Kemeny, 2008; Meier et al., 2009; Vishal et al., 2011; Yin

et al., 2012; Ranjith et al., 2012; Liu and Xu, 2014; Guha Roy and

Singh, 2016). Meredith and Atkinson (1985) measured the FT

Fig. 1. (a) Geological map of Maharashtra (modified after Geological Survey of India, 2018a), and (b) Geological map of Karnataka (modified after Geological Survey of India, 2018b).
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value of the double torsion specimens ofWesterly granite and Black

gabbro. They reported that in both the rocks, FT increased slightly at

the beginning, and then decreased steadily at temperature above

200 �C. Duclos and Paquet (1991) reported a similar decreasing

trend of mode-I FT of basalt with increasing temperature. Nasseri

et al. (2007) suggested that the FT of Westerly granite decreased

by more than 90% from room temperature to 800 �C. Such pattern

was also observed by Yin et al. (2015) for Laurentian granite at

several loading rates. Investigation on the temperature-dependent

strength of crystalline rocks also revealed similar pattern. Bauer

and Johnson (1979), Homand-Etienne and Houpert (1989), Dwi-

vedi et al. (2008), and Vishal et al. (2011) conducted experiments on

different types of crystalline rocks and they all reported that the

strength of rock decreased with increasing ambient temperature.

Dwivedi et al. (2008) showed that the tensile strength (TS) of Indian

granite decreased by nearly 27% from room temperature to 150 �C,
whereas Vishal et al. (2011) reported that TS of khondalite initially

increased till 100 �C, and then declined steadily. Similar reduction

in Young’s modulus (YM) and ultrasonic velocities (P- and S-wave)

has also been reported by other researchers for various kinds of

rock (Heuze, 1983; Rao et al., 2007; Wu et al., 2013; Zhang et al.,

2015).

In spite of great progress made in the laboratory studies con-

cerning the temperature-dependent behaviours of rock properties,

major limitations exist in terms of practical and field-scale appli-

cations. Sometimes rock cores cannot be retrieved from geothermal

wells due to adverse drilling, geological, or economic situations.

Even in the cases where rock cores are available, the measurement

of FT could be very complex and time-consuming. Additionally,

preparation of specimens as per the standard is extremely difficult

in fragile and low-strength rocks. Therefore, it is essential to

develop indirect prediction method, by which the mechanical

properties measured from the traditional well-log data can be used

to predict the FT. Past research shows that empirical correlations

can be developed between FT and mechanical properties for dry

rocks at room temperature (Guha Roy et al., 2017). But no investi-

gation has been done so far to evaluate whether such relationship

still exists at elevated temperatures. This issue will be investigated

in this work with crystalline rock as a sample.

In this paper, three different types of crystalline rocks, i.e.

massive basalt and giant plagioclase basalt (GPB) collected from

DVP, as well as tonalite collected from the peninsular gneiss, have

been experimentally investigated at temperatures varying from

room temperature (25 �C) to 600 �C. The measurement of FT and

mechanical properties as per the International Society for Rock

Mechanics (ISRM) standards were conducted at each temperature

level. This investigation tries to understand the extent of damage,

degradation of stiffness, and change in FT value with temperature.

Also, the correlation between FT and other mechanical properties

have been established to develop prediction models.

2. Laboratory investigation

2.1. Petrography

The petrographic study was conducted under a Leica micro-

scopewith representative samples of the rocks prepared into 30 mm

thick slides. Minerals were identified based on their optical prop-

erties under plane- and cross-polarized light (see Fig. 2). Based on

the observations, the mineralogical contents in the specimens were

calculated. Results show that GPB consists of plagioclase, pyroxene,

olivine, biotite, clay and opaque minerals; tonalite contains

plagioclase (Plag), micro-cline (Mic), opaque minerals, biotite (Bt),

and muscovite; and massive basalt is composed of plagioclase,

pyroxene, biotite, olivine and opaque minerals (OM), in decreasing

order. GPB samples have conspicuous euhedral plagioclase laths in

Fig. 2. Micro-graphs of (a) GPB, (b) tonalite, and (c) massive basalt.

M. Talukdar et al. / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 91e101 93



a fine-grained groundmass of olivine and pyroxene called

porphyritic texture. Tonalite samples are enriched in microcline

with formation of triple junctions at the boundaries. Basalt samples

are very fine grained where plagioclase laths enclose mainly py-

roxene with some traces of olivine, biotite, and opaque.

2.2. Preparation of specimens

The semi-circular bend (SCB) specimens for FT testing were

prepared following the ISRM standard (Kuruppu et al., 2014) and

are shown in Fig. 3. First, cores were retrieved from the homoge-

nous rock blocks and checked for the damage. Then, undamaged

specimens were dried for 72 h. These undamaged specimens were

further cut into halves and notched as per dimensions recom-

mended in the standard. Following the recommendations of both

ISRM and American Society for Testing and Materials (ASTM),

mechanical properties, including TS (ASTM D2845-08, 2008), ul-

trasonic velocities, and YM (ASTM D3967-08, 2008), were tested.

The specimen dimensions used for the experiments are shown in

Table 1. The average mechanical properties of the untreated rocks

are shown in Table 2. At each temperature level, specimens were

treated for 30 d. A constant heating rate of 5 �C/min and cooling

rate of 5.3 �C/min were maintained for all the temperature levels.

The treated specimens were air-cooled to room temperature for

24 h before testing. Slow rates of heating and cooling help in

avoiding thermal shock and making the temperature distribution

uniform. For each data point, at least three specimens were tested

and the average value was used.

2.3. Mode-I FT calculation

FT represents the resistance of any material against crack

propagation. It helps to define the stress distribution in front of a

crack tip (Liu, 1983; Kanninen and Popelar, 1985). Therefore, FT is

considered as a material property. Many kinds of specimens with

different geometries and test configurations have been proposed to

correctly calculate different modes of FT, such as cracked chevron

notched Brazilian disc (Fowell, 1995; Khan and Al-Shayea, 2000;

Chang et al., 2002), short rod specimen (Matsuki et al., 1991),

chevron bend specimen (Ouchterlony, 1990), and SCB specimen

(Kuruppu et al., 2014). Among them, SCB specimen has beenwidely

used to measure the mode-I FT of different rocks due to its easier

specimen preparation, simple instrumental configuration, and

convenient experimental set-up (Funatsu et al., 2004, 2014;

Ayatollahi and Aliha, 2006; Kuruppu and Chong, 2012; Ayatollahi

et al., 2016).

For mode-I FT testing, SCB specimens are prepared with a notch

maintaining 0� angle with loading direction. These specimens are

then placed in a three-point bend set-up, loaded in a universal

testing machine and compressed up to failure. Schematic diagram

of the loading unit and a SCB specimen is shown in Fig. 4. A slow

and steady displacement rate of 0.2 mm/min was maintained to

avoid the effect of impact. The calculation of FT for such specimens

is based on the work of Kuruppu et al. (2014). Here, mode-I FT is

calculated as

KIC ¼ Y 0Pmax
ffiffiffiffiffiffi

pa
p

2RB
(1)

where KIC is the fracture toughness, Y 0 is the dimensionless stress

intensity factor, a is the notch length, R is the radius of the spec-

imen, and B is the thickness of the specimen.

For mode-I FT calculation, Y 0 is calculated as

Y 0 ¼ �1:297þ 9:516
s

2R
�
�

0:47þ 16:457
s

2R

�

b

þ
�

1:071þ 34:401
s

2R

�

b2 (2)

where b ¼ a=R and s is the span between the bottom two rollers.

Table 1

Geometry specification for the specimens.

Specimen type Diameter,

D (mm)

Thickness,

B (mm)

Length,

l (mm)

Crack length,

a (mm)

Span,

s (mm)

SCB specimens >10 times grain size or ¼ 76 >0.4D or ¼ 30 e 0.4� a
R ðbÞ�0.6 0.5� s

2R�0.8

Tensile disc 54.7 38.3 e e e

Ultrasonic velocity specimens 54.7 e 110 e e

Young’s modulus specimens 54.7 e 110 e e

Table 2

Average mechanical properties of untreated rocks.

Rock type Tensile strength (MPa) Density (kg/m3) P-wave velocity (m/s) S-wave velocity (m/s) Young’s modulus (GPa)

Massive basalt 24.5 2.91 5978 3803 90.06

GPB 15.29 2.64 5196 3780 71.83

Tonalite 19.36 2.78 5922 3700 80.67

Fig. 3. Semi-circular bend specimens of (a) massive basalt, (b) giant plagioclase basalt, and (c) tonalite.
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3. Results and discussion

3.1. Effect of temperature on FT

Effects of heat treatment on mode-I FT of massive basalt, GPB

and tonalite are shown in Fig. 5, where the dimensionless FT has

been plotted as a function of the treatment temperature. Here, the

dimensionless FT was calculated by dividing the FT at any tem-

perature with the FT at room temperature. The results suggest that

the temperature increase has an overall negative effect on FT.

Mode-I FT values of GPB and tonalite decreased continuously as

temperature increased from room temperature to 200 �C, remained

almost constant at temperature between 200 �C and 400
�C�500 �C, and then continued to decrease until temperature up to

600 �C. From room temperature to 200 �C, the FT values of GPB and

tonalite decreased by nearly 45% and 64%, respectively, whereas FT

values of massive basalt increased by 29%. FT values of massive

basalt decreased rapidly at temperature above 200 �C, and the

decrease rate was higher at temperature between 200 �C and

400 �C than that between 400 �C and 600 �C. Similar to the present

three rocks, degrading values of FT have been reported for gabbro,

basalt, and Westerly granite (Meredith and Atkinson, 1985; Duclos

and Paquet, 1991). Such decreasing trend indicates that the size of

thermal damage zone in rocks is increasing gradually (Balme et al.,

2004; Yin et al., 2012). Similar to the behaviour of massive basalt,

Meredith and Atkinson (1985), Funatsu et al. (2004), and Rao et al.

(2007) also reported an initial increase in toughness till 100
�C�200 �C and a subsequent reduction in higher temperatures.

Various researchers have attributed the initial increasing trend to

the increase in rock stiffness due to thermal expansion of minerals,

and absence of pore water. Balme et al. (2004) explained that

thermal expansion ofminerals leads tomicro crack closure, and this

suppression in micro crack linkage causes the increase in tough-

ness. The continuous reduction of toughness in GPB and tonalite

and the reduction of toughness in massive basalt above tempera-

ture 200 �C are likely due to the development of numerous micro

Fig. 4. (a) Universal testing machine and (b) Three-point bend set-up.

Fig. 5. Change in dimensionless FT with temperature.
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cracks throughout the specimens. Increase in treatment tempera-

ture causes the development of differential stress at the grain

boundaries. And if the differential stress is greater than the TS, new

cracks initiate. As explained by Meredith and Atkinson (1985) and

Funatsu et al. (2014), generation of a large number of thermal micro

cracks reduces the shear resistance and effective stress intensity

factor of rocks. As the treatment temperature increases, micro crack

density increases and pre-existing cracks become wider. In many

cases, these cracksmay expand andmergewith each other, creating

irreversible thermal damage to the material, and leading to a

drastic reduction in stiffness (Somerton, 1992; Tian et al., 2012).

3.2. Relationship between FT and TS

TS parameter is one of the most easily determined properties in

the laboratory and log analysis. Moreover, both FT and TS indicate

resistance against material failure. Previous researches showed that

TS was strongly affected by temperature, andmost rocks showed an

overall decreasing trend (Bauer and Johnson, 1979; Homand-

Etienne and Houpert, 1989; Vishal et al., 2011; Liu and Xu, 2014).

Also, at room temperature, TS and FT were determined to be

strongly linearly correlated with each other (Zhang, 2002; Jin et al.,

2011). But no work explores whether such relationship holds true

in crystalline rocks at elevated temperatures. In this paper, mode-I

FT values of the three rocks have been plotted along with TS in

Fig. 6. The results suggest that, FT is exponentially correlated with

TS in all the rocks. And the exact trend is strongly controlled by the

rock type. The relationships can be expressed as below:

KIC

KIC0
¼ 0:4152e

1:192
st
st0

�

Massive basalt; R2 ¼ 0:68
�

(3)

KIC

KIC0
¼ 0:1948e

1:3678
st
st0

�

GPB; R2 ¼ 0:8
�

(4)

KIC

KIC0
¼ 0:2482e

1:1211
st
st0

�

Tonalite; R2 ¼ 0:73
�

(5)

Subsequently, results from Duclos and Paquet (1991) and Yin

et al. (2012, 2015) on glassy basalt and Laurentian granite have

also been plotted along with present data for comparison purpose.

The plots suggest that both of them confirm the exponential rela-

tionship between the mode-I FT and TS at elevated temperatures.

3.3. Relationship between FT and ultrasonic velocities

Dimensionless ultrasonic velocities (P- and S-waves) of the

heat-treated specimens as measured by the PUNDIT (portable ul-

trasonic non-destructive imaging tester) instrument have been

plotted along with the dimensionless FT in Fig. 7. Similar to the TS,

ultrasonic velocities also maintain exponential relationship with

the mode-I FT of crystalline rocks. As the figure suggests, compared

tomassive basalt, the relationships between FT and P-wave velocity

are more obvious in GPB and tonalite. Also, the dispersion of data

points suggests that across different temperatures, S-wave veloc-

ities vary more than P-wave velocities. The relationships between

FT and P-wave velocity of the three crystalline rocks are expressed

as below:

KIC

KIC0
¼ 0:2521e

1:5863
Vpt
Vp0

�

Massive basalt; R2 ¼ 0:6
�

(6)

KIC

KIC0
¼ 0:0721e

2:6213
Vpt
Vp0

�

GPB; R2 ¼ 0:9
�

(7)

KIC

KIC0
¼ 0:0794e

2:2887
Vpt
Vp0

�

Tonalite; R2 ¼ 0:73
�

(8)

The relationship between themode-I FT and S-wave velocity can

be expressed as

KIC

KIC0
¼ 0:2525e

1:5
Vst
Vs0

�

Massive basalt; R2 ¼ 0:73
�

(9)

KIC

KIC0
¼ 0:1682e

1:8
Vst
Vs0

�

GPB; R2 ¼ 0:91
�

(10)

KIC

KIC0
¼ 0:153e

1:56
Vst
Vs0

�

Tonalite; R2 ¼ 0:63
�

(11)

Fig. 6. Relationship between dimensionless FT and dimensionless TS at elevated temperatures.
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The results suggest that P-wave velocity is more sensitive than

S-wave velocity, and can well represent simultaneous changes in

mechanical properties. This explained why the relationship be-

tween S-wave velocity and FT is less obvious in massive basalt and

tonalite.

3.4. Relationship between FT and YM

YM represents the stiffness of a material and the ability to

deform under axial stress applied. As discussed previously, thermal

damage causes initiation of numerous micro-fractures. With

continuous exposure, these cracks expand and merge with each

other, reducing the stiffness of the rocks. Therefore, heat-treatment

temperature has an immense effect on this parameter. In Fig. 8, the

relationship between the mode-I FT and YM of the heat-treated

crystalline rocks has been plotted. Across all the temperature

levels, these two rock parameters maintain an exponential rela-

tionship. Among the three rocks, the relationship in GPB is most

obvious, followed by massive basalt and tonalite. The relationships

can be expressed as follows:

KIC

KIC0
¼ 0:4746e

0:9412
YMt
YM0

�

Massive basalt; R2 ¼ 0:75
�

(12)

KIC

KIC0
¼ 0:2589e

1:3662
YMt
YM0

�

GPB; R2 ¼ 0:91
�

(13)

KIC

KIC0
¼ 0:2468e

1:1008
YMt
YM0

�

Tonalite; R2 ¼ 0:63
�

(14)

3.5. Degradation degree (DD)

Thermal damage of any material due to prolonged exposure to

high temperature can be expressed as a change in ‘degradation

degree’ (DD). DD indicates the change in the material stiffness and

strength. The YM, TS and mode-I FT based on DD have been used in

the past to measure the changes in rock strength due to wetting-

drying cyclic, freeze-thaw cyclic, and thermal treatment (Li et al.,

2012; Jia et al., 2015; Hua et al., 2015, 2016; Gautam et al., 2016).

Among them, YM-based method is considered as a standard, and

the other two methods have been used sporadically as an attempt

to replace it. Here, these three methods are compared to see if TS-

and FT-based methods can accurately predict the DD calculated by

the YM-based method. These are calculated as

DYM ¼ 100

�

1� YMt

YM0

�

(15)

DTS ¼ 100

�

1� st
st0

�

(16)

DFT ¼ 100

�

1� KICt

KIC0

�

(17)

where DYM, DFT and DTS are the DDs of YM, FT, and TS, respectively;

YMt, st and KICt are the YM, TS and mode-I FT at a certain temper-

ature, respectively; YM0, st0 and KIC0 are the YM, TS, and mode-I FT

at room temperature, respectively.

Fig. 7. Dimensionless fracture toughness versus (a) dimensionless P-wave velocity and

(b) dimensionless S-wave velocity.

Fig. 8. Relationship between dimensionless FT and dimensionless YM.
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The evolution of the DD, as displayed in Fig. 9a, indicates that all

the three rocks have undergone continuous but different degrees of

degradation when subjected to high temperatures. As explained

before, although the GPB and tonalite samples have undergone

continuous degradation, massive basalt sample showed an increase

in stiffness initially. This behaviour of massive basalt is also re-

flected in DD calculation by all the methods, albeit to different

extents. In all the three methods, there is a drop in DD values for

massive basalt from room temperature to 300 �C. While TS and YM

have computed low but positive DD values for this temperature

range, mode-I FT gave calculated negative values. Fig. 9b shows

that, according to the YM-based method, the DD values of massive

basalt, GPB, and tonalite are 74%, 69.3%, and 82.7%, respectively,

when subjected to temperatures from room temperature to 600 �C.
TS-based method made a closer estimate to DD than FT-based

method. Therefore, TS can be considered a suitable candidate for

DD calculation.

3.6. X-ray diffraction (XRD) and scanning electron microscopy

(SEM)

Besides the mechanical properties, chemical composition and

rock texture are also affected by high temperature, which is

confirmed by XRD analyses of untreated rock and heat-treated rock

(at 600 �C). At temperature of 600 �C, some phases of mica in

massive basalt, such as muscovite, phologopite, and biotite, dis-

appeared. Such changes led to higher volumetric fraction of Fe and

Ti oxide minerals like magnetite and ilmenite. Similar changes have

also been reported by other researchers (Poshusta et al., 1999;

Ranjith et al., 2012). Similarly, at high temperature, phyllosilicates

and hornblende in tonalite also broke down by releasing the hy-

droxyl ion. At room temperature, zeolite in tonalite has a chemical

formula of Al92(Cs,Li)66O384Si100, whereas at 600 �C, zeolite’s

chemical formula is H0.44Al0.8Cs0.78Li0.02O12.22Si5.2, which suggests

that zeolite is a good absorbent exposed to hydroxyl ions (Xu et al.,

2007). These chemical and mineralogical changes also lead to the

changes in the appearance of the minerals and rock grains and

textures. SEM images of the untreated and heat-treated rocks are

shown in Fig. 10. As shown in Fig. 10a, e and i, the crystalline rock

specimens at the room temperature are smooth and crystals are

intact, without any holes, inter- or intra-grain cracks. As the

treatment temperature is raised to 200 �C, crystal structure remains

undisturbed, but surfaces become slightly rough. From 200 �C to

600 �C, numerous cracks appear in the samples, and mineral sur-

faces become rougher and more irregular. These cracks initially

appear at the grain boundaries. At higher temperature, cracking

and pulverization of the whole grains are visible. Especially in GPB,

intra- and trans-granular cracks are clearly visible at 600 �C. Pre-
vious SEM studies of the heat-treated rocks have also revealed the

appearance of micro cracks at elevated temperatures (Yin et al.,

2012; Zhang et al., 2015). These micro cracks begin at the grain

boundaries due to the differential thermal expansion of the adja-

cent minerals. As the treatment temperature increases, both micro

crack density and crack length increase (David et al., 2012; Ranjith

et al., 2012). Mahanta et al. (2016) reported highly dense micro

cracks in multiple Indian rocks at 500 �Ce600 �C. Fig. 10 shows

similar observations in the present cases. It is observed that, above

200 �C, massive basalt undergoes more cracking compared to GPB

and tonalite, which can explain the steep drop in the mode-I FT of

massive basalt above 200 �C. Additionally, the higher FT value of

massive basalt compared to GPB and tonalite can also be explained

with the generation and propagation of micro cracks. In fine-

grained rocks, such as massive basalts, cracks encounter grains

frequently, leading to the crack diversion in multiple directions,

therefore forming relatively curvilinear or irregular fractures (Wu

et al., 1978; Kranz, 1983). This crack pattern maximises the strain

energy release rate, which explains the higher FT of massive basalt

relative to GPB and tonalite. At temperature of 600 �C, extreme

micro cracking, aided by the structural disintegration, can cause

pulverization of the minerals. Such changes are the main reasons

accounting for the irreversible thermal damage of the rocks.

4. Conclusions

In this context, an attempt has been made to evaluate the

temperature-dependent mode-I FT of three crystalline rocks with

respect to their relationship with key mechanical properties. Rock

specimens were treated at temperatures ranging from room tem-

perature (25 �C) to 600 �C. The key conclusions drawn from this

experimental study are:

(1) Temperature has an overall negative effect on the mode-I FT

of the rocks, which is strongly controlled by the lithology and

grain size.

(2) As the heat-treatment temperature increases, stiffness of the

massive basalt increases until temperature up to 200 �C.

Beyond 200 �C, a continuous and steep decline is observed.

Whereas, both GPB and tonalite display continuous degra-

dation with increasing temperature.
Fig. 9. (a) Evolution of degradation degree with temperature, and (b) Ultimate

degradation degree.
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(3) At elevated temperatures, regardless of rock lithology, all key

mechanical properties, such as TS, P-wave velocity, S-wave

velocity, and YM are exponentially related with FT. Besides,

P-wave velocity is a better predictive indicator than the S-

wave.

(4) The reduction in stiffness and the extent of thermal damage

can be quantified using the ‘degradation degree’. Along with

the YM, TS is also found to provide reasonably accurate

degradation prediction in these three kinds of crystalline

rocks.

(5) XRD and SEM studies identify both the chemical and physical

changes responsible for the observed changes in FT. At

elevated temperatures, water-bearing minerals (i.e. mica)

become unstable and break down by releasing the structural

water. Such reaction leads to the pulverization of the min-

erals. In addition, differential thermal expansion of the

minerals grains causes the generation and expansion of

numerous micro cracks. The increasing micro crack density

and pulverization of the minerals are the main two mecha-

nisms accounting for the reduced stiffness and toughness of

the rocks.
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List of symbols

KIC Fracture toughness at a certain temperature

KIC0 Fracture toughness at room temperature

Y 0 Dimensionless stress intensity factor

a Notch length

R Radius of the specimen

B Thickness of the specimen

s Span, the distance between the bottom two rollers

st Tensile strength at a certain temperature

st0 Tensile strength at room temperature

Vpt P-wave velocity at a certain temperature

Vp0 P-wave velocity at room temperature

Vst S-wave velocity at a certain temperature

Fig. 10. SEM images of untreated and heat-treated rocks: (aed) GPB, (eeh) tonalite, and (iel) massive basalt.
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Vs0 S-wave velocity at room temperature

YMt Young’s modulus at a certain temperature

YM0 Young’s modulus at a room temperature

DYM Degradation degree by YM method

DFT Degradation degree by FT method

DTS Degradation degree by TS method
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