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Abstract:



The aim of this study is to characterise the changes in mechanical properties and to provide a comprehensive micro-structural analysis of Harcourt granite over different pre-heating temperatures under two cooling treatments (1) rapid and (2) slow cooling. A series of uniaxial compression tests was conducted to evaluate the mechanical properties of granite specimens subjected to pre-heating to temperatures ranging from 25–1000 °C under both cooling conditions. An acoustic emission (AE) system was incorporated to identify the fracture propagation stress thresholds. Furthermore, the effect of loading and unloading behaviour on the elastic properties of Harcourt granite was evaluated at two locations prior to failure: (1) crack initiation and (2) crack damage. Scanning electron microscopy (SEM) analyses were conducted on heat-treated thin rock slices to observe the crack/fracture patterns and to quantify the extent of micro-cracking during intense heating followed by cooling. The results revealed that the thermal field induced in the Harcourt granite pore structure during heating up to 100 °C followed by cooling causes cracks to close, resulting in increased mechanical characteristics, in particular, material stiffness and strength. Thereafter, a decline in mechanical properties occurs with the increase of pre-heating temperatures from 100 °C to 800 °C. However, the thermal deterioration under rapid cooling is much higher than that under slow cooling, because rapid cooling appears to produce a significant amount of micro-cracking due to the irreversible thermal shock induced. Multiple stages of loading and unloading prior to failure degrade the elastic properties of Harcourt granite due to the damage accumulated through the coalescence of micro-cracks induced during compression loading. However, this degradation is insignificant for pre-heating temperatures over 400 °C, since the specimens are already damaged due to excessive thermal deterioration. Moreover, unloading after crack initiation tends to cause insignificant irreversible strains, whereas significant permanent strains occur during unloading after crack damage, and this appears to increase with the increase of pre-heating temperature over 400 °C.
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1. Introduction


The statistical review of world energy by the International Energy Agency (IEA) in 2017 shows that the global energy market is being affected by the emerging energy demand from developing countries, particularly in Asia, and this resulted in an increase of 1% in global primary energy consumption in 2016. Interestingly, to overcome this emerging demand, world energy production from renewable energy resources, basically from geothermal energy and nuclear power is expanding at faster rates [1,2]. Figure 1 gives an overview of global average change in energy production by different means according to the statistics provide by the IEA. The figure further indicates that the world is tending to meet energy demands in more sustainable ways from renewable resources with no or minimum environmental impacts. Therefore, most Asian countries are increasing their reliance on geothermal energy, creating pathways to large-scale projects and addressing challenges in geothermal energy production [3,4,5,6], including a process of extracting heat via a fluid circulated through an underground fracture network (3–5 km deep) with high temperatures up to 400 °C [5]. Recently, a number of studies have been conducted in the field of geothermal energy exploitation, and optimum conditions with enhanced energy extraction and reduced cost of investment were identified for geothermal reservoirs [7,8].


Figure 1. Global annual average change in energy production by fuel [1].
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Generally, nuclear fission makes a significant contribution to the world energy system by reducing CO2 emissions, as well as cutting atmospheric greenhouse gases like methane [9]. However, this results in the production of high-level radioactive waste (HLW), which needs careful handling and isolation, and one of the preferred primary alternatives is permanent disposal deep underground. Crystalline rock formations and clay soils with negligible permeability and low porosity are selected as likely geological conditions for the construction of repositories [9,10]. In the case of direct burial of nuclear waste, rock formations are subject to very high temperatures from thermal loading during the hydration of radioactive waste with water drained from the surrounding rock structure, sometimes reaching the melting points of rocks [11,12,13].



Detailed understanding of the thermo-mechanical behaviour of crystalline rocks when heating and cooling under fluid injection over time is vital in addressing the technical challenges involved in engineering applications such as conventional and enhanced geothermal energy extraction and deep underground disposal of radioactive nuclear waste. This is because the generation of either inter-granular or intra-granular extensive macro- and micro-cracking during thermal processes modify the mechanical strength, elastic moduli, permeability and other thermal properties of rock [14].



Crystalline rock formations with multiple sub-minerals undergo thermal expansion with temperature increase, and this behaviour is heterogeneous among individual mineral types [15]. Therefore, the mismatch in thermal expansion coefficients in these minerals leads to micro-cracking in crystalline rocks. Studies of this thermo-elastic behaviour of crystalline rock formations and the subsequent micro-cracking under the effect of temperature increase have revealed that the decay of poly-mineral crystalline rocks is dependent upon preliminary parameters such as mineral composition, grain size distribution and the thermal properties of individual minerals [15]. Furthermore, the accompanying α to β transition of quartz at 573 °C and β to cristobalite transition at 870 °C have a significant influence on the crystalline deformation of rocks [16]. Here, α-β transition defines the irreversible change in trigonal crystal structure of quartz (α-quartz) at room temperature to hexagonal crystal structure (β-quartz) at 573 °C and β-cristobalite transition defines the conversation of β-quartz crystal structure into tridymite hexagonal crystal structure (cristobalite quartz) at 870 °C [17]. Overall, past studies have revealed that the induced thermal stresses are confined within grains through existing crack closure with temperature increase up to a threshold temperature, and the development of micro-cracks starts with subsequent heating beyond this temperature [18]. The deep underground geothermal reservoirs and nuclear waste disposal sites with hot rock formations generally undergo rapid cooling close to the injection point upon exposure of injection fluid, especially during the injection of cold fluids. This rapid cooling process alters the reservoir porosity and permeability by inducing micro-cracks due to the release of compressive stresses restrained in grains under high temperatures [19]. Therefore, it is important to investigate the induced micro-cracking during heating followed by cooling processes which finally alters the long-term performance of geothermal reservoirs and nuclear waste disposal sites in terms of reservoir permeability and porosity.



Recent studies investigating the thermal damage on mechanical properties of different granite types reveal that the uniaxial compressive strength (UCS) and Young’s modulus decrease while increasing Poisson’s ratio due to thermal deterioration [15,16,17]. The statistical models developed to simulate the damage mechanisms of granite under extreme temperatures also reveal that the thermal damage has a significant influence on the compressive strength, elastic modulus, Poisson’s ratio and other mechanical properties of granite [20,21,22,23]. Moreover, the loading and unloading behaviour of crystalline rocks before failure alters the mechanical characteristics by micro-cracking induced structural damage during the loading process [24].



Recently, a number of studies have been conducted on crystalline rocks to investigate the alteration of mechanical properties upon exposure to extreme temperatures (50–800 °C) [15,16,17,20,25,26,27,28]. An interesting study has been performed to evaluate the influence of thermal effect on the dynamic behaviour of crystalline rocks [29]. However, only a few studies [30,31] address the mechanical behaviour of hot crystalline rocks subjected to heating followed by different cooling mechanisms, which are applicable to high-temperature applications like geothermal energy extraction and nuclear waste disposal. However, none of these studies have set out to evaluate the influence of the loading and unloading behaviour of crystalline rocks subjected to heating followed by different cooling treatments (both rapid and slow cooling) which is critical under changing loading conditions. This is a serious gap in our knowledge. The impact on mechanical properties in extreme temperature environments can be only appreciated by the combined investigation of both monotonic and loading/unloading testing.



Therefore, the aim of this paper is to explore the influence of extreme temperatures (from 25 to 1000 °C) followed by two cooling methods (both rapid and slow) on the mechanical and microstructural behaviours of Harcourt granite under uniaxial conditions. In addition, a separate set of samples was tested under loading and unloading stress environment to understand the rock behaviour under changing loading conditions, which is crucial for safety assessments during underground geological applications.




2. Methodology


2.1. Rock Specimen Preparation and Heat Treatment Process


Harcourt granite, which is a Victorian grey granite sourced from Mount Alexander near Harcourt, Victoria (see Figure 2) was selected as a representation of crystalline rock formations, and the grain size ranges from 0.3 to 1.5 mm. The composition of each sub-mineral was identified through an X-ray powder diffraction (XRD) analysis, and the mineralogical composition is indicated in Table 1. Harcourt granite was selected as a representative sample for the granodiorite formations present in deep under the earth in geothermal sites and nuclear waste disposal sites. The composition of Harcourt granite is nearly matched with the granite sourced from actual enhanced geothermal site in Cooper basin, South Australia, and that has a composition of 50% quartz, 24% plagioclase, 21% K-feldspar and 5% other minerals.


Figure 2. Location of Harcourt granite quarry near Mount Alexander [32].
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Table 1. Mineralogical composition of Harcourt granite.





	Mineral Type
	Composition (% by Mass)





	Quartz
	46



	Plagioclase
	21



	Biotite
	17



	K-feldspar
	8



	Other minerals in minor percentages
	8









Cylindrical rock specimens 22.5 mm in diameter and 45 mm high were cored from a single rock block following the American Standard Test Method (ASTM D7012, 2004). During specimen preparation, a low coring rate was adopted to avoid microcracking and the two ends were ground to ensure flat regular surfaces. Thin slices of granite of the same diameter were also prepared for microscopic observations, and surfaces were polished using sandpaper. The granite specimens had an intact compressive strength of 149.48 MPa, a density of 2630 kg/m−3 and Young’s modulus of 16.2 GPa at room temperature (25 °C). The value for the Young’s modulus of Harcourt granite is well agreed with the values obtained by Kumari et al. [31] and Yu et al. [33] for a different Australian granite types. In addition, the observed lower values can be due to the coarse grained properties of both granite types [34].



Initially, the granite specimens were pre-heated up to the desired temperature at a rate of 5 °C/min using the high-temperature furnace in the Deep Earth Energy Research Laboratory at Monash University. A low heating rate was selected to avoid the surface cracking of granite samples by the rapid thermal gradient created across the sample [35]. Samples were allowed to stabilize at the desired temperature for 24 h, after which two cooling mechanisms (rapid cooling and slow cooling) were adopted. Under rapid cooling, heated samples were removed from the oven and placed in a water bath at room temperature (25 °C) for 3 h until the specimens were cooled to room temperature and, for slow cooling, the furnace was allowed to cool to room temperature at a rate of 5 °C/min. These two cooling processes were applied to simulate the cooling of hot geological formations subjected to cold fluid injection. The same procedure was adopted for the thin slices used for microstructural analysis. Temperatures of 100 °C, 200 °C, 300 °C, 400 °C, 600 °C, 800 °C and 1000 °C were selected to simulate high-temperature applications like geothermal energy production and nuclear waste disposal. Heat-treated samples were then put in a desiccator to avoid contamination until testing. The flow of the experiments conducted for heat-treated granite specimens is shown in Figure 3b.


Figure 3. (a) Schematic diagram of a hot rock mass which undergoes cooling during fluid injection and (b) the flow of the experimental work covered by the study.
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2.2. Identification of Alteration of Mechanical Properties of Harcourt Granite upon Thermal Treatment


It is important to have a detailed understanding of the influence of heating followed by different cooling treatments (rapid and slow cooling) on the alteration of mechanical properties of rocks, since the hot rock mass close to injection point undergoes rapid cooling upon cold fluid injection while the peripheral rock mass undergoes slow cooling (see Figure 3a). Thus, as the first step of the experimental series, the mechanical properties of heated and cooled specimens were evaluated through a series of uniaxial compressive strength (UCS) tests.



Uniaxial Compressive Strength (UCS) Testing


A series of uniaxial compressive strength tests were conducted on the cooled preheated specimens under uniaxial conditions, following ASTM standards, using a Shimadzu compression machine with the loading capacity of 300 kN available in the Deep Earth Energy Research Laboratory at Monash University. Loading was applied at a constant displacement rate of 0.1 mm/min. The applied vertical loads and the corresponding vertical displacements were monitored using a data acquisition system connected to the Shimadzu machine. In addition, the horizontal displacement of the specimen during loading was monitored through image analysis using the ARAMIS photogrammetry technique (3D camera technology), which uses two high-resolution cameras (5 megapixels 3.45 micron pitch) with 5 Hz to detect 3-D deformation of points at every 2 s (with 5 Hz frequency). For that purpose, isolated points were created on the cylindrical surface of the sample by spraying paint (Refer Figure 4).


Figure 4. Uniaxial compressive strength (UCS) testing set-up (Shimadzu compression machine) with acoustic emission (AE) system and ARAMIS system (a), the sample instrumentation (b), and a tested rock specimen with paint spayed on the 3-D surface to detect the deformation by tracking co-ordinates (c).
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2.3. Identification of Crack Initiation and Crack Damage Thresholds during Loading


According to Bieniawski [36], the fracturing process in brittle rocks occurs in several stages during loading. The initial stage is crack closure, which occurs in a rock material with existing natural cracks, and further loading causes crack initiation. Crack initiation is followed by stable and unstable crack propagation with subsequent loading. Identification of this threshold value for rocks is important in monitoring the loading and unloading processes in deep geological formations in geothermal reservoirs and nuclear waste disposal sites, which undergo loading and unloading during changing of fluid injection pressures and also seasonal changes of the water table. Different methods, including volumetric stiffness-strain curves, axial stiffness and stress-strain curves, and acoustic emission technology are used to identify the stress thresholds at these failure stages of brittle materials [31,36,37,38]. For this study, acoustic emission technology was incorporated.



Acoustic Emission (AE) Technique


For this study, the acoustic emission (AE) technique, which detects the AE counts and the absolute energy via transient elastic waves generated during loading, was incorporated to identify the crack propagation thresholds in the specimen by attaching three sensors to each specimen during UCS testing (the AE testing was carried out simultaneously with the uniaxial compression loading). During loading, AE signals originate due to the release of stored strain energy during the dislocation of grains, movements in grain boundaries, or during the initiation and propagation of micro-cracks [39]. The sensors were set to detect signals higher than 40 dB to avoid background noise, which were then amplified using amplifiers.





2.4. Identification of the Influence of Loading and Unloading after Crack Initiation and Crack Damage on Mechanical Alteration of Harcourt Granite


Hot rock formations in geothermal reservoirs and nuclear waste disposal sites undergo loading and unloading behaviour due to the change in fluid injection pressures and stress relaxation during fluid pumping and, integrated damage during multiple loading and unloading cycle results in reduction of mechanical properties of crystalline rocks. Therefore, this study aimed to evaluate the effect of loading and unloading at two stages, crack initiation stage and crack damage stage, on the permanent deformation of Harcourt granite rock specimens. Furthermore, the changes in mechanical properties such as Young’s modulus and Poisson’s ratio due to multiple loading and unloading steps were evaluated.



Loading and Unloading Testing under Uniaxial Compression


The average crack initiation and crack damage stress thresholds of Harcourt granite specimens subjected to heating followed by two cooling treatments (rapid and slow cooling) at different temperatures were identified during UCS testing through AE technique as discussed in Acoustic Emission (AE) Technique section. Then, loading and unloading tests were conducted for heat-treated specimens in two stages in which each specimen was initially loaded up to the crack initiation threshold and unloaded, and again loaded up to the crack damage stress threshold and unloaded and, followed by final loading up to ultimate failure. A Shimadzu compression test machine was used for testing with a loading rate of 0.1 mm/min and the vertical displacement and load were recorded using the data acquisition system.





2.5. Identification of Extent of Micro-Cracking during Thermal Treatments


It is important to investigate the extent of induced micro-cracking during heating followed by thermal treatments of crystalline rock formations and to identify the manner it influences the mechanical properties of rocks. Therefore, scanning electron microscopy (SEM) analysis was incorporated in this study to investigate the micro-cracks induced during heating followed by cooling treatments.



Scanning Electron Microscopy (SEM) Analysis


Thin slices subjected to heat treatment followed by two cooling mechanisms were used to observe the micro-structural changes in rock specimens subjected to heating followed by cooling treatments through the propagation of inter-granular and intra-granular cracks in the rock matrix. High-resolution images of the thin slices were captured using the JEOL JSM-7001F FEGSEM (Monash Center of Electron Microscope (MCEM), Melbourne, Australia) under a low vacuum mode. Micro-cracks inside grains and through grain boundaries were observed by SEM imaging, and the identification of mineral grains was done through energy-dispersive X-ray (EDX) analysis. Operating conditions of 15 kV with a working distance of 10 mm were used during the imaging process. To minimise the charging effect, a thin layer of carbon was coated on the surface of each slice and a magnification up to 1500 was selected since granite is medium-grained, and larger magnifications were not required to observe the micro-cracks.






3. Results and Discussion


3.1. Identification of Thermally-Induced Micro-Cracking in Granite during Heating and Cooling


The micro-cracking in granite specimens is induced due to the anisotropy between the thermal expansion/contraction coefficients of different mineral types and the disorientation of grains during heating and cooling. Moreover, internal residual stresses are created as a result of the mis-match in strains among different minerals during both heating and cooling, which ultimately result in micro-cracking. Micro-cracking in thin slices subjected to heating followed by cooling treatments was observed from SEM imaging, and no propagation of thermal cracking was observed in slices pre-heated up to 200 °C followed by either slow or rapid cooling. In addition, no visible surface cracking was found in cylindrical specimens subjected to heat treatments up to 200 °C.



Interestingly, significant micro-cracking was observed in the thin slices which were heated beyond 200 °C followed by either rapid or slow cooling. Furthermore, tiny hair-like cracking was observed in the cylindrical specimens. SEM images of heat-treated specimens are shown in Figure 5. The propagation of both inter-granular and intra-granular micro-cracks among different mineral types during cooling was observed. The distribution of the apertures of micro-cracks (both inter-granular and intra-granular) are shown in Figure 6 for the temperature increase for thin slices subjected to rapid cooling. According to Figure 5 and Figure 6, the propagation of cracks through grain boundaries increases significantly with the increase of pre-heating temperature and the induced crack densities and apertures are higher under rapid cooling compared to slow cooling. The fracture densities (fracture opening area expressed as a percentage of total area within an image) of the thin slices subjected to heat treatment up to 400 °C, 600 °C and 800 °C temperatures followed by rapid cooling are 3.58%, 8.78% and 15.31%, respectively. Likewise, the fracture densities of the slices heat-treated up to 400 °C, 600 °C and 800 °C followed by slow cooling are 1.79%, 6.58% and 8.33%, respectively. It is also clear that higher fracture densities are induced during rapid cooling treatment in terms of both inter-granular and intra-granular cracks.


Figure 5. SEM images of heat-treated rock slices (a) 100 °C RC, (b) 100 °C SC, (c) 200 °C RC, (d) 200 °C SC, (e) 400 °C RC, (f) 400 °C SC, (g) 600 °C RC, (h) 600 °C SC, (i) 800 °C RC and (j) 800 °C SC where RC denotes Rapid cooling and SC denotes: Slow cooling) Note: SEM image (j) under 800 °C SC was taken under low magnification compared to 800 °C RC (i) to capture a large area as shown in the scale bar.
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Figure 6. Distribution of inter-granular and intra-granular crack apertures over pre-heating temperature or specimens subjected to rapid cooling treatment.
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The granite specimens used for this study consisted of quartz, feldspar and biotite minerals. EDX analysis of these specimens showed that biotite grains are characterised by elongated shapes while quartz grains show sharply defined grain boundaries. At 400 °C, cracks along grain boundaries were observed and with further increase of temperature, the apertures of inter-granular cracks increased, and intra-granular cracks started to be induced. According to Gomez-Heras [40], this occurs first at triple junctions of grains since lower stress is needed to open up the boundaries due to high anisotropy. This is consistent with the present study (Figure 5e,g–i). At 600 °C, inter-granular cracks were observed in quartz and feldspar crystals while opening up of cleavages in biotite was also observed.



Deformation was observed in biotite crystals with the opening up of cleavages, but no intra-granular cracks were observed in biotite grains. Moreover, cracks along biotite boundaries were insignificant, while significant cracks were observed in adjacent grains. This is due to the fact that mica crystal boundaries concentrate induced stresses, while cracks propagate towards other surrounding grains. Ultimately, this results in significant cracks in surrounding grains (intra-granular and inter-granular cracks in quartz and feldspar grains). Greater deformations in mica boundaries indicate that higher stresses are confined in mica boundaries. Vázquez et al. [15] found that the stresses generated to create micro-cracking in mono-mineralic feldspar are much lower than the case when feldspar is in combination with quartz and biotite. Furthermore, the study showed that the presence of biotite influences the creation of intra-granular cracks in both quartz and feldspar crystals and dominates the system since its thermal expansion coefficient is much higher than that of both quartz and feldspar (refer to Table 2). The results of the present study confirm the above argument, and the numbers of cracks and crack apertures in feldspar crystals are greater than in the other two minerals.


Table 2. Thermal expansion coefficients of minerals [12].





	Mineral Type
	Feldspar
	Quartz
	Biotite





	Coefficient of linear thermal expansion (10−6/K) (60–100 °C)
	4.5
	9–14
	12–16.5










3.2. Effect of Heating Followed by Cooling on Mechanical Properties of Granite


3.2.1. Stress-Strain Behaviour


The understanding of rock fracturing and failure mechanisms is important in the mining industry and other civil engineering applications. The stress-strain response of a rock mass until failure gives a fundamental understanding of the mechanical behaviour of rocks under compression loading. Figure 6 illustrates the stress-strain response of heat-treated samples followed by rapid cooling and slow cooling. Table 3 summarises the failure strength (UCS), Young’s modulus and Poisson’s ratio of each specimen with their average values for each condition tested.


Table 3. UCS, Young’s modulus (E) and Poisson’s ratio of tested samples.





	
Specimen

	
UCS (MPa)

	
Average UCS (MPa)

	
Maximum Duration of the Test

(Minutes)

	
Maximum Displacement at Failure

(mm)

	
Young’s Modulus (GPa)

	
Average E

	
Average Poisson’s Ratio






	
25 °C

	
143.894

	
144.81

	
6.5

	
0.654

	
15.758

	
16.20

	
0.218




	
144.526

	
15.805




	
146.01

	
17.037




	
100 °C RC

	
151.024

	
151.57

	
5.9

	
0.598

	
16.135

	
15.37

	
0.215




	
152.111

	
15.475




	
152.575

	
15.674




	
100 °C SC

	
153.871

	
152.22

	
6.5

	
0.632

	
15.252

	
16.51

	
0.201




	
152.910

	
15.508




	
149.879

	
16.88




	
200 °C RC

	
143.068

	
141.97

	
6.0

	
0.598

	
15.691

	
15.71

	
0.209




	
140.863

	
15.911




	
141.979

	
15.501




	
200 °C SC

	
142.561

	
142.66

	
5.9

	
0.582

	
15.812

	
15.53

	
0.186




	
142.503

	
15.262




	
142.916

	
15.519




	
300 °C RC

	
120.721

	
125.82

	
5.41

	
0.536

	
14.532

	
14.92

	
0.183




	
128.914

	
15.367




	
127.825

	
14.861




	
300 °C SC

	
140.350

	
141.56

	
5.1

	
0.510

	
16.196

	
15.40

	
0.203




	
142.566

	
15.783




	
141.758

	
14.221




	
400 °C RC

	
91.747

	
91.64

	
4.5

	
0.450

	
12.81

	
13.02

	
0.234




	
94.881

	
13.581




	
88.292

	
12.654




	
400 °C SC

	
115.894

	
115.36

	
5.0

	
0.494

	
15.312

	
14.68

	
0.223




	
114.046

	
14.158




	
11.140

	
14.571




	
600 °C RC

	
52.808

	
57.59

	
8.4

	
0.844

	
5.803

	
6.49

	
0.299




	
63.374

	
7.138




	
56.588

	
6.529




	
600 °C SC

	
78.702

	
75.23

	
7.63

	
0.764

	
0.282

	
8.09

	
0.271




	
70.764

	
0.249




	
76.236

	
0.279




	
800 °C RC

	
19.174

	
18.96

	
16.2

	
1.634

	
3.641

	
3.55

	
0.403




	
18.969

	
3.462




	
18.736

	
3.547




	
800 °C SC

	
20.850

	
21.56

	
13.9

	
1.398

	
1.569

	
1.62

	
0.389




	
21.358

	
1.676




	
22.466

	
1.615




	
1000 °C RC

	
15.913

	
15.35

	
14.8

	
1.482

	
0.791

	
0.802

	
0.430




	
14.887

	
0.751




	
15.251

	
0.864




	
1000 °C SC

	
15.915

	
15.72

	
13.9

	
1.384

	
0.928

	
0.948

	
0.411




	
15.233

	
0.964




	
16.004

	
0.952










According to Bieniawski [36], the initial non-linear behaviour of the stress-strain curve of brittle materials is due to the initial crack closure process in the rock matrix during loading. As Figure 7 indicates, this non-linear region is very small for specimens pre-heated up to 400 °C, and beyond this temperature, the non-linearity continues for more than half of the failure strain. This indicates that the initial crack density of specimens pre-heated beyond 400 °C is significant compared to specimens pre-heated to lower temperatures. In addition, over 400 °C, the rock characteristics deviate from brittle to quasi-brittle behaviour. The specimens with pre-heated temperatures up to 400 °C exhibit shear failure with diagonal cracks or cracks in a curved path along a direction parallel to the major principal axis, following a brittle failure mechanism. However, with the increase of pre-heating temperature over 400 °C, this behaviour deviates from brittle, more likely to ductile behaviour, with multiple failure plains distributed all over the sample. This may be due to the existing micro-cracks which rearrange and deform during loading, resulting in more complex behaviour at failure. Furthermore, the post-failure stress response during loading explains this deviation of brittle characteristics into the ductile behaviour of samples pre-heated over 400 °C, indicating a gradual reduction of stress associated with necking and deformation. In contrast, a sudden release of stress after failure was observed in rock specimens with pre-heating temperatures below 400 °C, which indicates a brittle failure mode (Figure 7). Moreover, the strain of failure increases with the increase of pre-heating temperature, further depicting the transfer of the brittleness of rock specimens to ductile behaviour.


Figure 7. Stress-strain curves during loading for heat-treated specimens (a) for rapidly cooled specimens (b) for slowly cooled specimens.
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The stress-strain response of rock specimens subjected to heating followed by rapid cooling and slow cooling treatments show certain dissimilarities explaining the effect of cooling on the mechanical properties of granite. According to Figure 7, the failure strains of rapidly cooled specimens are higher than those of slowly cooled rock specimens, and rapidly cooled samples show more non-linear characteristics during loading than slow cooled samples. In addition, rapidly cooled specimens show more ductile characteristics compared to slowly cooled specimens. This may be due to the greater number of thermally-induced micro-cracks in rapidly cooled samples than in slowly cooled samples, which contributes to more deformation before failure.




3.2.2. Uniaxial Compressive Strength (UCS)


Figure 8a shows the variation of the compressive strength values of Harcourt granite with increasing pre-heated temperatures under both slow cooling and rapid cooling treatments. Under both cooling treatments, an increasing trend of UCS values is observed with the increase of temperature up to 100 °C from room temperature (25 °C). The average increase of UCS value is 4.67% under the rapid cooling condition and 5.11% under the slow cooling condition. Many authors [41,42], have stated that the stresses induced during the thermal expansion and contraction processes involved with heating and cooling are confined up to a certain micro-cracking threshold, and this threshold lies around 130 °C for granite. Heating and cooling under this threshold temperature lead to gradual closure of existing cracks and pores due to the accompanying thermal expansion in rock mineral grains [31]. Therefore, this phenomenon influences increasing UCS values and Young’s modulus values at 100 °C (Figure 8) compared to the intact values at room temperature, which is clear from the present study. However, a decreasing trend in UCS values was observed with the increase of pre-heated temperature beyond 100 °C. The average rates of decrease in UCS values up to 400 °C were 39.54% and 24.21% under rapid and slow cooling, respectively, while from 400 to 1000 °C the UCS values exhibited faster reduction rates which were attributed to the thermal degradation of granite specimens. Thermal expansion and contraction during heating and cooling result in micro-cracking in granite specimens, inducing permanent matrix damage. Vázquez et al., [15] found that micro-cracking in granite creates visible damage when heating temperatures are above 400 °C and the SEM results of the present study further support the conclusion by Vázquez et al. [15]. Moreover, the temperature variation causes phase changes in individual minerals, such as the α to β transition of quartz at approximately 573 °C [43], which results in changes in the mechanical behaviour of quartz. In addition, the gradients of thermal expansion and the contraction coefficients of individual minerals in crystalline rocks like granite result in the opening of mineral boundaries and micro-cracking along grain boundaries, which jeopardises the strong contact among mineral grains. The micro-cracking may be due to both inter-granular and intra-granular cracks, and thin section analysis revealed that inter-granular cracking is the first to occur, and with increasing temperature, cracks appear to extend through the grains. This ultimately results in decreasing the strength characteristics of the rock specimens.


Figure 8. (a) Variation of UCS, (b) Young’s modulus, (c) strain at failure, (d) Poisson’s ratio and shear modulus with increasing pre-heated temperature.
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Importantly, the rate of decrease in UCS values is higher under rapid cooling than slow cooling for pre-heating temperatures over 300 °C, and up to 300 °C the changes in UCS values are insignificant. The strength reductions under rapid cooling treatment at pre-heating temperatures of 300 °C, 400 °C, 600 °C and 800 °C compared to the intact UCS value are 13.11%, 36.72%, 60.23% and 86.91%, respectively, whereas under slow cooling, these reduction rates are 2.24%, 20.36%, 48.05% and 85.11%, respectively. Rapid cooling induces sudden thermal shocks which create more micro-cracking in granite and this may be the reason for the significant strength reduction observed in rapidly cooled specimens. The thin section analysis also revealed that the crack densities of specimens subjected to rapid cooling are higher than those under slow cooling conditions. More thermal stresses induced during thermal shocking under rapid cooling create significant matrix damage to granite specimens, ultimately decreasing the strength properties at faster rates compared to slow cooling. According to the results, it is clear that the different cooling treatments have considerable effects on the strength properties of granite. As stated by Kumari et al. [31], rapid cooling decreases the UCS values for Strathbogie granite, even at temperatures below 300 °C, compared to slow cooling. Importantly, matrix damage during both heating and cooling treatments seems to accelerate with the increase of grain size in granite, since Strathbogie granite has larger grains (>3 mm) [32], whereas the grain size of Harcourt granite lies within the range of 0.3–1.5 mm. Small grains show a comparatively stable behaviour for thermal shocks compared to large size grains since the change in volume is small in smaller grains under thermal expansion and contraction. This phenomenon is the probable reason for not finding significant differences in UCS values for pre-heating temperatures up to 300 °C.




3.2.3. Elasticity Properties of Harcourt Granite


The elastic properties, including Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio, of rock materials demonstrate the resistance of rock mass to deformation in terms of volume or shape. The Young’s modulus of Harcourt granite specimens was calculated considering the linear regions of the stress-strain curves. The Young’s modulus values over the increase of pre-heating temperature under both rapid and slow cooled conditions are illustrated in Figure 8b. According to the results, a slight increase of Young’s modulus was observed at 100 °C compared to room temperature under both cooling treatments (1.05% increase for slow cooling and 1.91% increase for rapid cooling). This further verifies that hardening of rock specimens occurs at this stage due to crack closure during thermal expansion. Moreover, the increase of Young’s modulus improves the rock’s compressive strength by bonding grains together, ultimately making a harder rock matrix.



With the increase of pre-heating temperature over 100 °C, Young’s modulus shows a decreasing trend similar to the trend observed in compressive strength. Furthermore, the rate of reduction of Young’s modulus under rapid cooling and slow cooling conditions are 19.63% and 9.38%, respectively up to the pre-heating temperature of 400 °C. Thereafter, a rapid decline in Young’s modulus was observed under both cooling treatments. Interestingly, the rate of reduction of Young’s modulus under rapid cooling is approximately twice that under slow cooling. This further confirms the occurrence of high thermal shocks during rapid cooling, which enhances micro-cracking in granite in terms of inter-granular or intra-granular cracks, ultimately resulting in reduced mechanical properties.



Strain values at failure are plotted in Figure 8c. As can be seen in the figure, failure strains at initial temperatures up to 400 °C are within the range of 1.1–1.3%, which shows brittle characteristics. However, with the increase of pre-heating temperatures beyond 400 °C, failure strains start to increase up to a range of 3.0–3.5%. This characterises the change of brittle behaviour to a quasi-brittle behaviour [44,45]. Importantly, the transition is achieved at a faster rate under rapid cooling than slow cooling. In addition, the shear modulus for each specimen was calculated using Young’s modulus values and Poisson’s ratios, and Figure 8d shows the variation of shear modulus. According to the results, considerably lower shear modulus can be seen in rapidly cooled specimens compared with slowly cooled specimens, and the divergence is negligible up to the pre-heated temperature of 400 °C. However, this difference is considerable for Harcourt granite specimens at pre-heated temperatures over 400 °C with the change of brittle behaviour more likely to ductile behaviour.



In conclusion, Harcourt granite specimens subjected to heating up to 400 °C followed by rapid cooling or slow cooling exhibit brittle characteristics during loading, and with the increase of pre-heating temperatures over 400 °C, rock specimens become less brittle, and show more ductile characteristics. Moreover, the rapid cooling process accelerates this phenomenon by inducing significant matrix damage.




3.2.4. Poisson’s Ratio


The Poisson’s ratio was calculated considering the linear region of the vertical and lateral stress-strain curves. The progression of Poisson’s ratio over the increase of pre-heating temperature for both rapid and slow cooling treatments is shown in Figure 8d. For initial pre-heating temperatures up to 400 °C, Poisson’s ratio values vary around 0.2, and over 400 °C, a substantial increase in Poisson’s ratio is observed under both rapid and slow cooling treatments. This observation further interprets the change of shear failure mechanism observed in brittle materials as buckling behaviour prevalent in ductile materials over pre-heating temperatures of 400 °C. However, the specimens which experienced slow cooling treatment showed lower Poisson’s ratio values than rapidly cooled specimens. As observed for the other elastic properties (e.g., Young’s modulus, shear modulus), the alteration of Poisson’s ratio also confirmed the transition of brittle characteristics with the increase of pre-heating temperature over 400 °C, and this occurs early in rapidly cooled specimens.




3.2.5. Crack Initiation and Crack Damage Thresholds


Failure of granite specimens under uniaxial loading occurs through a progressive process of micro-fracturing. Therefore, it is important to have an understanding of the stages of this micro-cracking process when studying the failure mechanisms in rock specimens. Bieniawski [36] explained the stages of micro-cracking during compression loading until failure as initial crack closure, linear elastic deformation, and fracture initiation followed by stable and unstable fracture propagation. Initially, the closure of pre-existing cracks inclined to the direction of loading occurs by re-arranging the grain boundaries. Thereafter, linear elastic deformation occurs with subsequent loading, which results in a constant modulus of elasticity. During this process, sliding of crack interfaces occurs, which results in the growth of stable brittle cracks in a direction parallel to the direction of large compressive stress (in the vertical direction) along the initial crack length [36,46]. With the increase of applied load, shear movement occurs along the fracture surfaces overcoming frictional resistance at the interlocking points. This results in the initiation of new fractures and the extension of existing cracks at the tips of initial cracks. Crack initiation is followed by crack propagation in a curved path along a direction parallel to the major principal axis. This mechanism of fracture propagation is influenced by the induced array of fractures, and it extends by connecting individual cracks or crack arrays.



For the present study, acoustic emission (AE) counts were plotted on the stress-strain curves for each sample to understand the crack initiation and crack damage thresholds. Figure 9 illustrates the plot of stress-strain responses with cumulative AE counts for a Harcourt granite specimen subjected to heating up to 100 °C followed by slow cooling. In the curve, crack initiation can be identified as the point where initial AE counts begin to rise, and AE counts emerge at increasing rates with crack propagation. Continuous propagation of cracks during subsequent loading creates crack damage in specimens. The identification of stresses at crack initiation and damage points was done for each rock specimen, and average values are given in Table 4 for each test condition. Furthermore, Figure 10 shows the variation of crack initiation thresholds and crack damage thresholds with increasing pre-heating temperatures. The crack initiation threshold expresses the ratio of the stress at crack initiation to the peak strength, and similarly, the crack damage threshold indicates the ratio of the stress at the crack damage to the peak strength. Under both rapid and slow cooling conditions, crack initiation occurs at around 20% of the peak strength and crack damage points show an interesting trend with temperature. Crack damage occurs at 92.2%, 85.7%, 78.8%, 68.8%, 49.4% and 36.1% of the failure strength for pre-heating temperatures of 25 °C, 100 °C, 200 °C, 300 °C, 400 °C and 600 °C, respectively under rapid cooling. For slow cooling, crack damage occurs at 84.1%, 79.2%, 69.8%, 63.2% and 56.5%, respectively for the same pre-heating temperatures. It is clear that crack damage occurs early with increased pre-heating temperatures under both rapid and slow cooling treatments. The micro-cracks induced in treated specimens by heating and cooling are connected and extended during loading, and ultimately result in early crack damage. This is enhanced by rapid cooling treatment. High thermal shocks under rapid cooling create more micro-cracks in Harcourt granite specimens.


Figure 9. Stress-strain response accompanied by AE data for a specimen pre-heated up to 100 °C and subjected to slow cooling treatment.
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Figure 10. Change of crack initiation and crack damage thresholds over increase of pre-heating temperature under rapid cooling treatment and slow cooling treatment.
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Table 4. Average values for stresses at crack initiation and crack damage points.





	Specimen
	Average Crack Initiation Stress (MPa)
	Average Crack Damage Stress (MPa)
	Crack Initiation Threshold
	Crack Damage Threshold





	25 °C
	43.01
	133.47
	0.298
	0.922



	100 °C RC
	10.43
	129.49
	0.174
	0.857



	100 °C SC
	34.91
	110.68
	0.224
	0.841



	200 °C RC
	29.59
	111.52
	0.206
	0.788



	200 °C SC
	48.78
	87.34
	0.343
	0.792



	300 °C RC
	21.68
	80.33
	0.186
	0.688



	300 °C SC
	31.26
	86.91
	0.223
	0.698



	400 °C RC
	19.46
	43.66
	0.205
	0.494



	400 °C SC
	17.66
	72.94
	0.153
	0.632



	600 °C RC
	10.04
	18.34
	0.201
	0.361



	600 °C SC
	15.67
	40.35
	0.211
	0.565



	800 °C RC
	3.32
	7.91
	0.172
	0.412



	800 °C SC
	4.28
	8.45
	0.205
	0.405



	1000 °C RC
	2.26
	5.96
	0.152
	0.400



	1000 °C SC
	3.05
	6.08
	0.191
	0.380











3.3. Effect of Loading and Unloading on Mechanical Properties of Harcourt Granite


The understanding of rock behaviour under changing loading conditions is important for safety assessments during underground geological applications, such as geothermal energy extraction and nuclear waste disposal. Loading followed by unloading prior to failure induce micro-fracturing in crystalline rocks, and ultimately change the mechanical properties by lowering the material stiffness [36]. Therefore, the changes in compressive strength values, Young’s modulus values and irreversible deformations under loading and unloading behaviour were evaluated using stress-strain curves. The graphs of stress-strain curves plotted with corresponding AE counts are illustrated in Figure 11 for each test specimen under each test condition. For UCS values, a reduction was observed for specimens subjected to loading and unloading behaviour up to a pre-heating temperature of 400 °C compared with the values of specimens subjected to monotonic loading, and thereafter a slight increase was observed for rapid cooling treatment (Figure 12a). For pre-heating temperatures of 25 °C, 100 °C, 200 °C, 300 °C and 400 °C, the percentages of reductions are within the 8–15% range for both rapid and slow cooling treatments. Under slow cooling, no change was observed for pre-heating temperatures over 400 °C (Figure 12b). Moreover, the Young’s modulus was calculated for each specimen under each test condition and compared with the values obtained during monotonic loading (Figure 12c,d). Similar to the trend in compressive strength, Young’s modulus exhibits a reduction under temperatures up to 400 °C and, thereafter, an increase under rapid cooling, but under slow cooling, this increment is insignificant.


Figure 11. Stress-strain curves plotted with AE counts originated during loading and unloading cycles under each test condition, (a) 25 °C; (b) 100 °C RC; (c) 100 °C SC; (d) 200 °C RC; (e) 200 °C SC; (f) 300 °C RC; (g) 300 °C SC; (h) 400 °C RC; (i) 400 °C SC; (j) 600 °C RC; (k) 600 °C SC; (l) 800 °C RC; (m) 800 °C SC; (n) 1000 °C RC; (o) 1000 °C SC where RC denotes rapid cooling and SC denotes slow cooling.
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Figure 12. Comparison of UCS values and Young’s modulus values during direct loading and after loading and unloading cycles for specimens treated with rapid and slow cooling. (a) Peak strength under rapid cooling; (b) Peak strength under slow cooling; (c) Young’s modulus under rapid cooling; (d) Young’s modulus under slow cooling.
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Reductions of UCS values and Young’s modulus values under initial pre-heating temperatures during loading and unloading occur due to the integrated stress-induced fracture damage in brittle materials in crystalline rock formations. When the applied load during the loading stage reaches the crack initiation threshold, the progressive development in cracks induces the extension of the micro-fracture network. However, the induced cracks do not seem to recover during the unloading stage and create irreversible deformations in the rock matrix. Moreover, multiple stages of loading and unloading prior to failure make the rock matrix weaker in strength properties through the continuous accumulation of fracture damage [24,47,48]. The irreversible strains resulting during loading cycle 1 and loading cycle 2 are plotted in Figure 13 for both cooling treatments. Loading up to crack initiation and unloading leaves small irreversible strains, initiating new cracks during the first cycle of loading. During the second cycle of loading, these initiated cracks reactivate and propagate until unloading. The coalescence of small individual cracks into larger cracks through bridging happens during loading cycle 2, and it increases the crack density and crack size, reducing material stiffness. Figure 14 illustrates the mechanism of coalescence which prevails during loading and unloading, where plastic strains are induced due to the collapse and weakening of the bridging material [49]. When this process continues with progressive accumulation in plastic strains during subsequent loading and unloading cycles, a decline in strength properties occurs in brittle materials.


Figure 13. Irreversible strain experienced in rock specimens after cycle 1 and cycle 2.
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Figure 14. Conceptual model for crack coalescence results for permanent axial strains and crack damage. Modified after Eberhardt [49].
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However, the above behaviour is insignificant with the increase of pre-heating temperatures over 600° under both rapid and slow cooling treatments, as shown in Figure 13 and Figure 14. Due to the initial thermal damage in rock specimens during heating followed by cooling treatments for pre-heating temperatures above 400 °C, a small load increment is sufficient to create coalescence and bridging of materials, which can be achieved even within the first cycle of loading. The observed higher plastic strains even during first cycle of loading further explain this. However, rearrangement of already formed cracks can happen during loading and unloading, which does not significantly affect the strength properties of rock specimens.



According to the results, the loading and unloading processes that can prevail in underground geological formations up to 400 °C significantly affect the reduction of strength properties such as compressive strength and Young’s modulus. With the increase of temperature over 400 °C, a change of brittle characteristics, most likely to ductile behaviour, makes this loading and unloading behaviour insignificant in terms of strength properties. Furthermore, the different mechanisms of cooling do not seem to influence the behaviour of strength properties, and specimens under both treatments show a similar tendency of change.





4. Conclusions


In this study, different experimental approaches were carried out to evaluate the thermo-mechanical behaviour of Harcourt granite subjected to extreme heating followed by slow cooling and rapid cooling treatments. According to the results, the following conclusions can be drawn:

	
The stress-strain response under uniaxial loading reveals that Harcourt granite deviates from brittle behaviour to a quasi-brittle behaviour with the increase of pre-heating temperature over 400 °C, and this seems significant under rapid cooling treatment due to the larger thermal shocks induced by high cooling rates. An increase in elastic properties (uniaxial compressive strength and Young’s modulus) resulted with pre-heating up to a threshold temperature (for Harcourt granite, the threshold temperature lies at around 100 °C) for both cooling treatments, due to the closure of existing fractures through thermal expansion processes. Beyond that threshold temperature, a significant decline in strength properties occured due to the rock matrix damage created by thermally-induced micro-cracking. Furthermore, the strength reduction was greater under rapid cooling, revealing that the cooling effect is crucial for the elastic properties of Harcourt granite, especially over 300 °C. Interestingly, the results revealed that the increasing temperature causes the brittle-quasi brittle transition at 600 °C.



	
AE results showed that the crack initiation occurs at around 20% of the peak compressive strength of the specimens, irrespective of the pre-heating temperatures and cooling treatments, and the crack damage thresholds seem to vary with the pre-heating temperature. Early crack damage occurred with the increase of pre-heating temperature and was increased for specimens subjected to rapid cooling. Loading and unloading before failure were found to be significant for the deterioration of mechanical properties of Harcourt granite, and for pre-heating temperatures up to 400 °C, a reduction in strength properties was found in specimens subjected to loading and unloading cycles. This is probably due to rock matrix damage through the coalescence of micro-cracks. However, over 400 °C this effect seems to reduce.



	
According to this study, greater thermal shocks created during rapid cooling in hot dry rocks near the injection point of geothermal reservoirs and nuclear waste disposal sites seem to cause significant matrix damage to the reservoir rock through thermally-induced micro-cracking and this effect increases with the increase of temperature. In addition, micro-cracking in adjacent regions close to the injection point which undergo slow cooling is not as critical as that in rapidly cooled areas. However, the effect of slow cooling areas also needs to be considered when planning and designing deep reservoirs for geothermal energy and nuclear waste-disposal sites. Therefore, the results of this study are important for accurately modelling the behaviour of underground geological formations; geothermal reservoirs and nuclear waste disposal sites.
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