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Abstract:



Thermally induced damage has an important influence on rock mechanics and engineering, especially for high-level radioactive waste repositories, geological carbon storage, underground coal gasification, and hydrothermal systems. Additionally, the wide application of geothermal heat requires knowledge of the geothermal conditions of reservoir rocks at elevated temperature. However, few methods to date have been reported for investigating the micro-mechanics of specimens at elevated temperatures. Therefore, this paper uses a cluster model in particle flow code in two dimensions (PFC2D) to simulate the uniaxial compressive testing of Australian Strathbogie granite at various elevated temperatures. The peak strength and ultimate failure mode of the granite specimens at different elevated temperatures obtained by the numerical methods are consistent with those obtained by experimentation. Since the tensile force is always concentrated around the boundary of the crystal, cracks easily occur at the intergranular contacts, especially between the b-b and b-k boundaries where less intragranular contact is observed. The intergranular and intragranular cracking of the specimens is almost constant with increasing temperature at low temperature, and then it rapidly and linearly increases. However, the inflection point of intergranular micro-cracking is less than that of intragranular cracking. Intergranular cracking is more easily induced by a high temperature than intragranular cracking. At an elevated temperature, the cumulative micro-crack counts curve propagates in a stable way during the active period, and it has no unstable crack propagation stage. The micro-cracks and parallel bond forces in the specimens with elevated temperature evolution and axial strain have different characteristics than those at lower temperature. More branch fractures and isolated wider micro-cracks are generated with increasing temperature when the temperature is over 400 °C. Therefore, the total number of cracks is almost constant when the temperature is below 400 °C; next, it linearly increases when the temperature is over 400 °C. This trend is the same as that observed by experimentation.
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1. Introduction


When rock is subjected to thermal load, thermal damage and thermal cracking usually occur, which may affect underground engineering and geological projects, such as enhanced geothermal systems, high-level radioactive waste repositories, geological carbon storage, underground coal gasification, and hydrothermal systems [1,2,3,4]. Additionally, geothermal heat has now been identified as an effective renewable energy, but its wide application has been limited due to the lack of knowledge about geothermal conditions of reservoir rocks at elevated temperature [5].



To date, substantial research has been performed to better understand thermal damage and thermal cracking. Compression testing, coupled with scanning electron microscope (SEM), stereological analysis, mercury injection tests, P-wave velocity, Acoustic Emission (AE) tests, and X-ray Diffraction (XRD) tests have been used to investigate the characteristics of thermally induced cracks in rock [4,6,7,8]. The first explanation for the variation in rock mechanics under thermal treatment is that the thermal stress within rocks subjected to a thermal load is induced due to the different expansion rates of mineral grains, resulting in the initiation of new intergranular and intragranular cracking and failure at elevated temperatures [9,10,11]. The other explanation is that rock minerals experience a process of dehydration, lattice recombination, mineral shrinkage, and increased crack connectivity at high temperatures [4,7,8].



Homand-Etienne and Houpert [10] used SEM and compressibility tests to study the mechanical behavior of thermally cracked granites, and showed that the cracking density increases with the intensity of thermal treatment. Jansen et al. [12] investigated the development of thermal cracks by continuously monitoring AE generated during thermal cycles in granite specimens, and showed that micro-cracks open at temperatures above 80 °C, and micro-cracks can coalesce to form a macroscopic fracture. Menéndez et al. [13] demonstrated the influence of thermal cracking on several physical properties (porosity, acoustic velocity, attenuation, electrical conductivity, and permeability) of granite, and good correlations were found between the evolution of the physical properties and the amount of damage induced, and no significant anisotropy was observed in thermally cracked granite samples where most observed cracks were located at the boundaries between adjacent minerals. Ferrero et al. [11] performed a study on the mechanical effects of temperature on two marbles (black marble and white marble) that involved uniaxial compressive (UCS) testing and polarizing optical microscopy at temperatures between 230 °C and 600 °C. The results indicated that the average and maximum crack lengths were not significantly affected by the heating temperature, while the crack densities at various temperatures always showed an increase with the temperature of heating. Chaki et al. [14] studied the influence of thermal damage on some physical properties such as porosity, permeability, and ultrasonic wave propagation in granite rocks, and found that the three techniques were complementary and similarly describe the rock behavior at each stage of heat treatment.



Xu et al. [7,8] used SEM, AE, and XRD to analyze granite after temperature treatment ranging from 25 °C to 1200 °C under uniaxial compression, and indicated that the phase transition from crystalline to noncrystalline is a key factor that causes sudden change in the rock mechanical properties under a high temperature. Ranjith et al. [4] explained the thermally-induced plasticity of sandstone with the process of transformation of plasticity on rock mineralogy, and considered that the origin of the thermally induced strengthening observed for temperatures less than 500 °C may be related to strain hardening by localized plasticity development.



The widely accepted mechanism explaining thermal cracking is that the minerals in continually heated rocks expand at different rates, inducing strain at the grain boundaries and then inter-granular cracking [9,10,13,15]. Based on this theory, Yu et al. [9] and Zhao [16] used rock failure process analysis (RFPA) and particle flow code in two dimensions (PFC2D) to simulate the effect of thermal expansion on granite, but they were not able to simulate the intragranular cracks induced by thermal expansion. Therefore, the cluster element (a cluster is defined as a set of particles that are adjacent to one another and can be used to model geometry-dependent properties such as dilation and interlocking reaction) that Potyondy and Cundall [17] and Cho et al. [18] used in PFC2D is used in the present study to investigate the process of thermally induced intergranular and intragranular cracks in granite. First, the micro-parameters of granite were calibrated from the experimental results of Strathbogie granite at room temperature. Next, the thermal expansion coefficients were assigned to different mineral types. Finally, the specimens were subjected to an elevated temperature and loaded by uniaxial compression. According to the simulation results, the distribution of micro-cracks and parallel bond forces in the granite specimen at different elevated temperatures, the micro-crack numbers with temperature, the crack evolution process, and the parallel bond force fields were analyzed in detail.




2. Discrete Element Modeling Method


In the present research, PFC2D was adopted to simulate the mechanical behavior of Strathogie granite at different temperatures under uniaxial compression. PFC2D can reduce the computation time, which is more clear for the failure process that has been adopted by many researchers to simulate the uniaxial compression tests [18,19].The overall constitutive behavior of a material is simulated in PFC2D by associating a simple constitutive model with each contact. The constitutive model that acts at a particular contact consists of three parts: a stiffness model, a slip model, and a bonding model. A parallel-bond model, a type of bonding model, can transmit both forces and moments between particles, which can better simulate the crack coalescence behavior of rock material.



The grain-based models (GBMs) [20], clumped particle model [17], and cluster model [18] were used to simulate the mechanical behavior of crystalline rocks. GBMs are constructed by overlaying a polygonal grain structure on a bonded-particle model and representing the interfaces via smooth-joint contacts. However, the thermally induced strains are produced by particle radii and the force carried in each parallel bond, and the clumped particle model cannot simulate the intragranular cracking induced by the thermal load. Therefore, the cluster model was chosen to simulate the process of thermally induced intergranular and intragranular cracks in granite.



2.1. Thermal Simulation Methodology


PFC2D allows for the simulation of transient heat conduction and storage in materials consisting of particles as well as the development of thermally induced displacements and forces. The thermal material is represented as a network of heat reservoirs associated with each particle and thermal pipes (associated with the contacts). Heat flow occurs via conduction in the active pipes that connect the reservoirs. Thermal strains are produced in the PFC2D material by accounting for the thermal expansion of the particles and the bonding material that joins them. The thermal expansion is applied as follows.



Given a temperature change of ∆T, we change each particle radius, R, such that:


[image: there is no content]



(1)




where [image: there is no content] is the coefficient of linear thermal expansion associated with the particle, and R is the radius of the particle.



If a parallel bond is present at the contact associated with a pipe, we account for the expansion of the bond material by assuming that only the normal components of the force vector carried by the bond [image: there is no content] will be affected by the temperature change. We envision an isotropic expansion of the bond material, which effectively changes the bond length [image: there is no content]. This phenomenon is modeled by changing the normal component of the bond force vector as:
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(2)




where, [image: there is no content] is the bond normal stiffness, A is the area of the bond cross section, [image: there is no content] is the expansion coefficient of the bond material (taken as equal to the average of the expansion coefficients of the particles at the two ends of the pipe associated with the bond), [image: there is no content] is the bond length (taken as equal to the distance between the centroids of the two particle at the ends of the pipe associated with the bond), and ∆T is the temperature increment (taken as equal to the average temperature change of the two particles at the ends of the pipe associated with the bond) [21].




2.2. Verification in Uniform Elastic Material


Figure 1 illustrates the temperature and stress field distribution induced by the thermal gradient of the specimens to verify the feasibility of PFC2D. The annular sample (uniform material) has internal and external radii of a = 12 mm and b = 38 mm for the temperature and stress field distribution induced by thermal gradient. The mechanical parameters such as the Young’s modulus (E = 30.88 GPa), Poison’s ratio (μ = 0.16), thermal conductivity coefficient (k = 3.5 W/m°C), coefficient of linear thermal expansion (αt = 3.0 × 10−6 K−1), and heat at constant volume (Cv = 1015J/kg°C) are defined, and then constant temperatures are applied on both the internal (Ta = 100 °C) and external (Tb = 0 °C) boundaries. Assuming a steady-state thermal problem, the temperature profile for an annular sample is [9]:


[image: there is no content]



(3)






Figure 1. Comparison of numerical results and theoretical results for the annular sample: (a) temperature field in the specimen; (b) parallel bond forces field in the specimen; (c) temperature distributed along the radius; (d) radial stress; and (e) tangential stress.
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According to the classical theory of thermo-elasticity [22,23], the radial and tangential stresses induced by the thermal gradient are:


[image: there is no content]



(4)
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(5)







Figure 1a shows the temperature distribution in the annular specimen. In Figure 1a, the radius of the red point represents the magnitude of the temperature. The temperature decreases rapidly at first and then slowly with increased radius. Figure 1b illustrates the parallel bond forces in the specimen. The black and blue segments represent the compressive and tensile force in the parallel bond. In Figure 1b, the compressive force concentrates near the internal radius of the hollow specimen, and tensile force concentrates near the external radius of the hollow specimen.



Figure 1c–e show the temperature, radial stress, and tangential stress variation with increasing radius, respectively. The radial and tangential stresses are obtained by the measurement circle (the radius is 4 mm, and the interval is set as 2 mm). These figures show that the temperature, radial stress, and tangential stress are consistent with the analytical solutions.




2.3. Modelling the Specimen with Clusters


First, a numerical intact specimen was generated by PFC2D, and the scale of the numeric specimen was the same as that of the experimental specimen, i.e., 22.5 mm in width and 45 mm in height. Since the particle size followed a uniform distribution ranging from 0.1 mm to 0.2 mm, each numerical specimen was discretized into 12,032 particles with 29,663 parallel bonds. After generating the intact specimen, the development of a cluster model began. A particle was randomly chosen as a parent and was then looped through the particles that contacted the parent particle and it was added to the cluster until the set number was reached. If the number of balls in each cluster was not reached, the traversing particle continually contacted the cluster, until the maximum number of balls in each cluster was reached. The maximum number of balls in each cluster was set as 5, and 3184 clusters were generated in the box.



Strathbogie granite is a high-level, discordant, composite granite intrusion in south-eastern Australia, which has been studied by some researchers as a geothermal reservoir rock [5,24,25]. It is fine-grained and white gray and dark brown in color with a tested porosity of 0.463% [25,26]. The tested granite mainly consists of alpha quartz (50%), plagioclase (16%), biotite (15%), and K-feldspar (13%), as shown in Table 1 [5]. Based on individual cluster identification codes, each cluster was randomly specified to a type of mineral, and the number of clusters correspond to the mineral content, and eventually four mineral groups were formed (Figure 2). Then 1785 clusters were defined as alpha quartz, 509 clusters as plagioclase, 477 clusters as biotite, and 413 clusters as K-feldspar. Correspondingly, 3374 contacts were defined between quartz and plagioclase, 3141 between quartz and biotite, 2637 between quartz and K-feldspar, 1092 between plagioclase and biotite, 940 between plagioclase and K-feldspar, 857 between biotite and K-feldspar, 4367 between two quartz grains, 590 between two plagioclase grains, 549 between biotite grains, 378 between K-feldspar grains, and 13,760 contacts were defined as intergranular.


Figure 2. Numerical specimen of Strathbogie granite built in particle flow code in two dimensions (PFC2D).
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Table 1. Contents and thermal expansion coefficients of minerals in the Strathbogie granite specimen [5].







	
Type of Mineral

	
Content in Experimental Specimen, %

	
Content in Numerical Specimen, %

	
Thermal Expansion Coefficients, 10−6 K−1






	
Quartz

	
50

	
56

	
24.3




	
Plagioclase

	
16

	
16

	
14.1




	
Biotite

	
15

	
15

	
3.0




	
K-feldspar

	
13

	
13

	
8.7










To accurately reflect the thermal behavior of rock specimens containing different minerals, the thermal expansion coefficients assigned to the minerals were as follows: quartz, 24.3 × 10−6 K−1; plagioclase, 14.1 × 10−6 K−1; biotite, 3.0 × 10−6 K−1; and K-feldspar, 8.7 × 10−6 K−1 [27].





3. Confirmation of Micro-Parameters of Strathbogie Granite


The determination of micro-parameters in PFC2D via experiments is known to be difficult. However, to validate the particle properties used in the numerical modeling, it is essential to establish a correlation between the macro-behavior (i.e., the axial stress-strain curve, uniaxial peak strength, ultimate failure mode, and crack coalescence process) and the micro-parameters. During the calibration process, the micro-parameters were confirmed by “trial and error”. The macroscopic behavior of a granite specimen at room temperature (T = 23 °C) under uniaxial compression obtained by experimentation was used in this study to calibrate the micro-parameters. The macroscopic results obtained by numerical simulation after each trial were used to check the micro-parameters [21]. This process was repeated until the numerical results achieved good agreement with the experimental results. Table 2 lists the micro-parameters used in the cluster model for Strathboge granite. The effective Young’s modulus of the particle and parallel bond are 20 GPa, and the ratio of normal to shear stiffness of the particle and parallel bond are both 2.5. The values of the intracluster parallel-bond normal strength and shear strength are 220 ± 30 MPa and 320 ± 60 MPa, respectively. The value of the intercluster parallel-bond normal strength and shear strength are 110 ± 20 MPa and 160 ± 30 MPa, respectively.



Table 2. Micro-parameters of the cluster model in PFC2D.







	
Micro-Parameters

	
Values

	
Micro-Parameters

	
Values






	
Minimum radius, Rl (mm)

	
0.1

	
Effective modulus of the parallel bond, [image: there is no content](GPa)

	
20




	
Maximum radius, Ru (mm)

	
0.2

	
Ratio of normal to shear stiffness of the parallel bond, [image: there is no content]

	
2.5




	
Effective modulus of the particle, Ec (GPa)

	
20

	
Parallel bond normal strength of intracluster, σn (MPa)

	
220 ± 30




	
Ratio of normal to shear stiffness of the particle, kn/ks

	
2.5

	
Parallel bond shear strength of intracluster, σs (MPa)

	
320 ± 60




	
Particle friction coefficient, μ

	
0.3

	
Parallel bond normal strength of intercluater σbn/MPa

	
110 ± 20




	
Parallel-bond radius multiplier, λ

	
1.0

	
Parallel bond shear strength of intercluater σbs /MPa

	
160 ± 30










Figure 3 illustrates a comparison of the experimental and numerical failure mode for Strathbogie granite at room temperature under uniaxial compression. The peak strength of the numerical study was 210.41 MPa, which was approximately equal to that obtained by experimentation (215.98 MPa). For the numerical failure mode shown in Figure 3, the red and blue segments represent the micro-cracks that formed as a result of tensile and shear contact forces exceeding the prescribed parallel-bond normal strength and shear strength, respectively. The failure pattern for the numerical specimen is approximately diagonal and shows more brittle characteristics, which approximate the experimental failure mode [25].


Figure 3. Comparison of (a) numerical and (b) experimental failure modes for the Strathbogie granite at room temperature under uniaxial compression [25].
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4. Crack Distribution in the Specimen after Heat Treatment


After the mechanical micro-properties of the particle and parallel bonds were assigned, the thermal properties of mineral grains were assigned according to their mineral type. The four walls around the specimen were deleted before heating the specimen. To minimize thermal shock and the development of stress fractures, the temperature of the granite specimens was assumed to change uniformly and in a sufficiently short time. The temperature of the granite specimen uniformly changed by 10 °C every step and the cycle of the model until a static equilibrium state was reached (the ratio of the maximum unbalanced magnitude over all the particles divided by the average applied force magnitude over all the particles was equal to 0.05). Then 10,000 cycles were run after reaching the target temperature.



The thermal stresses induced by the different thermal expansions of the four minerals increase as the temperature continuously increases. Once the force of contact reaches the strength criterion, thermally induced cracks initiate and grow. The distribution of micro-cracks and parallel bond forces in granite specimens at different temperatures are illustrated in Figure 4 (The enlarged portion is the same as Figure 2) in which the first row represents the crack distribution, and the second row represents the parallel bond forces. In the first row, red segments between balls represent the tensile cracking, and no shear cracking (blue segment) is observed in granite specimens at different temperatures. In the second row, the red and black segments represent tensile and compressive parallel bond forces, respectively, and the magnitude of the force is represented by the width of the segment. When the temperature is below 200 °C, no cracking is observed in the specimens, and the tensile forces mainly concentrate between the mineral boundaries, especially the biotite boundaries. When T = 400 °C, less tensile cracking is observed between the biotite and other minerals, tensile forces concentrate at the plagioclase and K-feldspar boundaries, but they mainly concentrate at the biotite boundaries. When T = 600 °C, more tensile cracks are observed at the biotite, plagioclase, and K-feldspar boundaries, and some cracks coalescence with each other. The tensile force concentrations at the biotite boundaries are somewhat reduced, due to crack initiation at the biotite boundaries. When the temperature is over 600 °C, increasing tensile cracking is observed in the specimens with increasing temperature, and the tensile forces also concentrate at the boundaries of the minerals.


Figure 4. Distribution of micro-cracks and parallel bond forces at different temperatures: (a) 100 °C; (b) 200 °C; (c) 400 °C; (d) 600 °C; (e) 800 °C; (f) 900 °C; (g) 1000 °C; and (h) 1100 °C.
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To investigate the distribution of different micro-cracking types in the heated granite specimen, the ratio of broken contacts (cracks) to corresponding total contacts was analyzed at temperatures of 400 °C and 900 °C. In Figure 5, the letters q, p, b, and k represent quartz, plagioclase, biotite, and K-feldspar, respectively, while q-p represents micro-cracking between quartz and plagioclase, and intra represents the intragranular cracking. When T = 400 °C, the contacts between biotite and between biotite and K-feldspar are easily broken. This can be explained by the greater difference in the coefficient of linear thermal expansion between the biotite and other minerals, which easily induces tensile stress between the biotite and other minerals, as shown in Figure 4. Less cracking is found between quartz, plagioclase, and K-feldspar, due to the minor differences in the coefficients of linear thermal expansion between the minerals. No p-p and intragranular cracks were observed.


Figure 5. The ratio of the crack number to the corresponding contact number of granite specimens at different temperatures.
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When T = 900 °C, the ratio between the number of cracks and the corresponding total number of contacts increases with increasing temperature, and the difference between the ratio of different minerals also decreases with increasing temperature. However, the ratios of b-b and b-k are greater than those of the other minerals. The p-p and intragranular cracking are found in the specimens, but their ratio is minor.



Figure 6 presents the variation of micro-cracking numbers with temperature. The crack number is almost zero at lower temperatures and rapidly and linearly increases thereafter. Figure 6a shows that the number of intergranular cracks is almost constant when the temperature is below 300 °C, then, it rapidly increases in a linear manner when the temperature is over 300 °C. The variation of the intragranular crack numbers with temperature is illustrated in Figure 6b. As for the trend of grain boundary cracking, the number of intragranular cracks is first constant and then rapidly increases with increasing temperature. However, the inflection point occurs for T = 400 °C. This result is the same as that obtained by Nasseri [28]. Figure 7 presents the evolution of the intergranular micro-cracks and intragranular micro-crack densities as a function of the temperature. Intergranular crack densities continue to increase with temperature. However, intragranular crack densities are almost constant when the temperature is below 400 °C, and then they rapidly increase linearly with increasing temperature. From the above analysis, we conclude that grain boundary cracking is more easily induced by high temperatures than by intragranular cracking.


Figure 6. Micro-crack number varies with temperature: (a) intergranular; and (b) intragranular.
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Figure 7. Evolution of granite boundary micro-cracks and intragranular micro-crack densities as a function of the temperature treatment [28]: (a) intergranular; and (b) intragranular.
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5. Failure Process of the Granite Specimen under Uniaxial Compression


First, 0.1 MPa pre-pressure was applied to the heating treatment specimen, and then uniaxial compression testing was adopted. Figure 8 depicts the variation of the cumulative crack number against the axial stress for specimens tested at temperatures of 100 °C and 1000 °C. When T = 100 °C as shown in Figure 8a, the cumulative crack number curve can be divided into two typical periods, i.e., a quiet period and an active period. In the quiet period, the crack numbers are almost zero. The quiet period corresponds to the stage of elastic deformation. In the active period, the cumulative crack number undergoes two different stages, that is, stable and unstable crack propagation. In the stable crack propagation stage, cracking initiates and propagates in a stable way, the crack numbers slowly increase, and the number of cracks is lower compared to the stage of unstable crack propagation. In the unstable crack propagation stage, the crack numbers rapidly increase in an exponential way. The unstable crack propagation stage corresponds to a sudden drop in the axial stress near peak strength. The characteristics of the cumulative crack number curve obtained by numerical analysis are similar to those observed by Shao et al. [25], Ranjith et al. [29], and Yang et al. [30].


Figure 8. Cumulative micro-crack counts vs. axial stress for granite specimens: (a) T = 100 °C; and (b) T = 1000 °C.
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When T = 1000 °C as shown in Figure 8b, the cumulative crack (not containing the crack induced by thermal stress) count curve also has a quiet period and an active period, but the active period cannot be divided into a stable crack propagation stage and an unstable crack propagation stage, and the crack initiation stress is also less than that at T = 100 °C. This phenomenon can be explained as follows: the structure of a specimen at elevated temperature is somewhat damaged, and cracking easily initiates and propagates when axial stress is applied. In addition, since a flawed specimen cannot regain more elastic strain energy with that of an intact specimen, violent destruction cannot be observed after the peak strength, and the crack numbers increase and axial stress drops steadily.



In a general sense, the higher the rock strength, the more micro-cracks will be generated during loading. However, the results show the opposite trend. In our opinion, on the one hand, cracks will easily be generated at an elevated temperature, and less energy will be dissipated due to the induced crack. On the other hand, more strain energy has been stored in the specimen, due to the mineral expansion at the elevated temperature.



Corresponding to the letters in Figure 8a, the crack evolution process and parallel force field of the granite specimens at 100 °C are shown in Figure 9. As shown in Figure 4, the first row represents the crack distribution, and the second row represents the parallel bond force. In the first row, the red segment represents tensile cracking, and the blue segment represents shear cracking. In the second row, the red segment represents the tensile parallel bond force, the black segment represents the compressive parallel bond force, and the magnitude of the force is represented by the width of the segment.


Figure 9. Crack evolution process and parallel bond force field of the granite specimen at 100 °C: (a) ε1 = 1.25 × 10−2, σ1 = 112.07 MPa; (b) ε1 = 2.18 × 10−2, σ1 = 192.81 MPa; (c) ε1 = 2.36 × 10−2, σ1 = 205.63 MPa; and (d) ε1 = 2.56 × 10−2, σ1 = 1.75 MPa.
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When the axial stress is loaded to point a (ε1 = 1.25 × 10−2, σ1 = 112.07 MPa), the maximum parallel bond force (PFm) equals 2.21 × 104 N, and the number of micro-cracks begins to increase slowly with axial loading. Micro-cracks are randomly distributed in the specimens, and the parallel bond force is evenly distributed. After point a, the axial stress and number of micro-cracks steadily increase with the axial strain. When the stress reaches point b (ε1 = 2.18 × 10−2, σ1 = 192.81 MPa), and the PFm is 4.47 × 104 N, the stress slightly drops, and the number of micro-cracks sharply increases with increasing axial strain. Some micro-cracks coalesce with each other, and the parallel bond force is also evenly distributed overall, but the parallel bond force concentrates in a particular area, as shown in Figure 9b. When the axial stress load reaches the peak strength (ε1 = 2.36 × 10−2, σ1 = 205.63 MPa), the PFm is 6.19 × 104 N and the micro-crack numbers increase sharply with the axial strain. More micro-crack coalescence is observed, and parallel bond force concentration is found at the tips of the macro-crack. After peak strength, the axial stress suddenly drops with the axial strain. The axial stress is almost zero when it drops to point d (ε1 = 2.56 × 10−2, σ1 = 1.75 MPa), and the PFm decreases from 6.19 × 104 N to 1.47 × 104 N. A macro shear zone appears in the specimen, and the force concentration is released.



Corresponding to the letters in Figure 8b, the crack evolution process and parallel force field of a granite specimen at 1000 °C are shown in Figure 10. When the axial stress is loaded to point a (ε1 = 3.39 × 10−3, σ1 = 8.44 MPa), the PFm is 3.34 × 104 N, and the number of micro-cracks begins to slowly increase with axial loading. The micro-cracks coalesce with each other, and many macro-cracks along the mineral boundaries are observed. The tensile force concentration along the mineral boundaries is also found, due to the differential thermal expansion of mineral granite. After point a, the number of micro-cracks increases in a stable way. When the specimen is loaded to point b (ε1 = 1.88 × 10−2, σ1 = 71.87 MPa), the PFm increases to 4.75 × 104 N. The macro cracks propagate at some distance along the mineral boundaries. The compressive force is mainly concentrated in the grains, and the tensile force is mainly concentrated at the mineral boundaries, as shown in a partial enlarged drawing in Figure 10b. When the axial stress increases to the peak strength (ε1 = 2.10 × 10−2, σ1 = 75.31 MPa), the PFm equals 5.01 × 104 N. More macro-cracks along the mineral boundaries coalesce with each other, the tensile parallel bond force concentrates at the mineral boundaries, and the compressive parallel bond force also concentrates along the line that is almost parallel to the loading direction. After the peak strength, the axial stress gradually decreases with the axial strain. When the axial strain is loaded to point d (ε1 = 2.58 × 10−2, σ1 = 11.93 MPa), the axial stress and the number of micro-cracks are almost constant. The PFm slightly decreases from 5.01 × 104 N to 4.67 × 104 N, meaning that the specimens also have carrying capacity.


Figure 10. Crack evolution process and parallel bond force field of the granite specimen at 1000 °C (a) ε1 = 3.39 × 10−3, σ1 = 8.44 MPa; (b) ε1 = 1.88 × 10−2, σ1 = 71.87 MPa; (c) ε1 = 2.10 × 10−2, σ1 = 75.31 MPa; and (d) ε1 = 2.58 × 10−2, σ1 = 11.93 MPa.
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By comparing Figure 9 and Figure 10, we can see that the micro-crack distribution in the specimen moves from random to coalescing at a local region, and then the specimens emanates macro shear cracks with the loading process at a lower temperature (T = 100 °C). However, micro-cracks mainly propagate along mineral boundaries and then form macro-cracks in the specimen at an elevated temperature (T = 1000 °C). The parallel bond force is evenly distributed at the initiation of the loading phase, and then concentrates at local areas and finally releases to a low level at a lower temperature (T = 100 °C). However, the tensile parallel bond force mainly concentrates at the mineral boundaries, the compressive parallel force concentrates along a line almost parallel to the loading direction while no force concentrates at local areas, and the PFm shows only a slight decrease. This phenomenon explains why the specimens have residual strength at an elevated temperature.




6. Mechanical Behavior of the Granite Specimens under Uniaxial Compression


Figure 11 presents a comparison of the experimental and numerical stress-strain curves for Strathbogie granite at different temperatures under uniaxial compression. According to Figure 11a, the experimental stress-strain curves from 23 °C to 1100 °C show two different behaviors. The stress-strain curves from 23 °C to 600 °C display an initial elastic increase in the stress with increasing strain until the peak strength is reached, which is then followed by a sudden drop of stress. On the other hand, the curves with a temperature over 800 °C display a more gradual decrease in the stress after the peak strength with increasing strain at failure [25]. According to Figure 11b, similar behavior appears with increasing temperature, except for the stress-strain curve of 1100 °C. The reason for this phenomenon is that the PFC cannot simulate the partial melting of the Strathbogie granite at or above 1100 °C. However, the peak strain of the numerical results after 600 °C is underestimated, because of the failure to consider the plastic deformation and thermal transition of quartz.


Figure 11. Comparison of the experimental and numerical stress-strain curves of Strathbogie granite at different temperatures under uniaxial compression: (a) experimental results [25]; and (b) numerical results.
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Figure 12 presents a comparison of the experimental and numerical peak strength for Strathbogie granite at different temperatures under uniaxial compression. In Figure 12, the peak strength of heated granite simulated by PFC2D shows a similar trend to that obtained from the experiments with increasing temperature, except for 1100 °C. When the temperature is below 400 °C, the peak strength is almost constant, and a sudden drop in the peak strength can be observed when the temperature increases from 400 °C to 900 °C.


Figure 12. Comparison of the experimental and numerical uniaxial compressive strength of Strathbogie granite at different temperatures [25].
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The ultimate failure modes at different temperatures are depicted in Figure 13. Under uniaxial compression, the specimens at temperature from 100 °C to 400 °C show typical brittle failure with a diagonal shear fracture plane, which is the same as that at room temperature. As the temperature increases, the fracture pattern of the specimens transitions to a single shear fracture plane, and the width is increased at T = 600 °C. The shear fracture planes become more indistinct when the temperature is higher than 800 °C. Moreover, the specimens show cataclastic failure when the thermal damage is sufficiently intense (Figure 13e–h). The variation of ultimate failure with temperature is the same as that obtained in the experiments [25], as shown in Figure 14.


Figure 13. Numerical simulated results of ultimate failure mode of the numerical specimens after the heating treatment: (a) T = 100 °C; (b) T = 200 °C; (c) T = 400 °C; (d) T = 600 °C; (e) T = 800 °C; (f) T = 900 °C; (g) T = 1000 °C; and (h) T = 1100 °C.
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Figure 14. Experimental results of ultimate failure mode of the granite specimens after the heating treatment [25]: (a) T = 100 °C; (b) T = 200 °C; (c) T = 400 °C; (d) T = 600 °C; (e) T = 800 °C; (f) T = 900 °C; (g) T = 1000 °C; and (h) T = 1100 °C.



[image: Energies 10 00756 g014]






Figure 15 illustrates the variation in the total crack length of the specimens after loading with increasing temperature. In Figure 15, the length of the crack is almost constant when the temperature is below 400 °C; then, the crack length shows a linear increase when the temperature is over 400 °C. This trend is the same as that observed by Nasseri [28], as shown in Figure 16. In Figure 16, for both the room temperature and T = 250 °C specimens, the total length is 14 mm. The fracture propagation path is characterized by a lack of branching, consisting of a few short grain boundary cracks that are parallel to the main fracture. For a higher temperature, the total fracture length increases to 19.5, 33, and 40.7 mm at 450, 650, and 850 °C, respectively. This corresponds to increased fracture branching and the appearance of isolated wider micro-cracks within the damage zone. This phenomenon also appears in Figure 13, where more fracture branching and isolated wider micro-cracks are observed with increasing temperature when the temperature is over 400 °C.


Figure 15. Total crack length of the specimens after loading varies with temperature.
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Figure 16. Total length of the propagation fracture varies with temperature [28].
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7. Conclusions


Based on previous experimental results for Australian Strathbogie granite, a systematic numerical simulation by the particle flow code was performed to analyze the strength, deformation, and micro-mechanical behavior of granite specimens at different elevated temperatures under uniaxial compression. Based on the simulation results, the following conclusions can be drawn:

	(1)

	
The macro-mechanical behavior of granite variations with temperature can be simulated by the cluster model in particle flow code, and the results obtained by the numerical simulation are similar to those obtained by experimentation. The axial stress-strain curve, the peak strength, and ultimate failure mode are proposed to discriminate the rightness and reasonability of the numerical simulated method.




	(2)

	
Because the tensile force always concentrates around the boundaries of crystals, cracks easily occur at intergranular contacts, and at b-b and b-k boundaries. Less intragranular cracking is observed.




	(3)

	
The intergranular and intraganular cracking of specimens are almost zero with increasing temperature at a low temperature; then they rapidly and linearly increase. However, the inflection point of intergranular micro-cracking is at a lower temperature than that of the intragranular crack. Hence, intergranular cracking is more easily induced by higher temperatures than intragranular cracking.




	(4)

	
At elevated temperatures, the cumulative micro-crack count curves propagate in a stable way in the active period, and they do not have an unstable crack propagation stage. The evolution of micro-cracking and parallel bond forces in the specimens at elevated temperature with axial strain have different characteristics than those at lower temperature.




	(5)

	
More branch fractures and isolated wider micro-cracks are generated with increasing temperature when the temperature is over 400 °C. Therefore, the number of cracks is almost constant when the temperature is below 400 °C, and the number of cracks has a linear increase when the temperature is over 400 °C. This trend is the same as that observed by experimentation.









This paper reports a simulation of the cluster model for Strathbogie granite under elevated temperature and uniaxial compression. However, the plastic deformation and the thermal transition of quartz at 573 °C are not taken into account, and will be investigated in the future.
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