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Abstract

:

In this study, the dynamic compressive strength and dissipated energy of rocks were investigated under hydrostatic pressure after different freeze–thaw cycles (FTCs). A split Hopkinson pressure bar (SHPB) with a lateral confining pressure chamber was used for the dynamic testing of sandstone specimens. The results indicated that under a certain loading rate and hydrostatic pressure, both the dissipative energy and dynamic compression strength of rocks decreased with the increase in the number of FTCs. The hydrostatic pressure significantly increased the dissipated energy and dynamic compression strength of rocks, and the enhancement became more pronounced as the number of FTCs increased. By analyzing the energy and damage characteristics of the specimens, after 40 FTCs, the internal damage of the specimens became critical and desensitized the dissipated energy to the loading rate. Based on the testing results, an empirical function was proposed to describe how the dissipated energy was related to the number of FTCs, hydrostatic pressure, and loading rate. It was demonstrated that the dissipated energy had a negative linear relation with FTC, which was enhanced by confinement. The dissipated energy of the specimen corresponded to the dynamic compression strength according to a quadratic function.
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1. Introduction


Freeze–thaw cycling (FTC) refers to the alternating phenomenon of the freezing and thawing of water contained in the surface and interior of a structural member and is the result of the phase transition between water and ice in the material caused by temperature change [1]. Studies indicated that freeze–thaw weathering has a significant influence on rock degradation and rock engineering stability in cold regions [2,3,4,5,6]. FTC weathering leads to the initiation of internal cracks in the rock, causing the reduction in rock strength, and eventually leads to the damage of the rock mass [2,3,7].



The effect of FTC on the petrophysical properties of rocks has been extensively studied. It was indicated that the number of FTCs had a certain influence on the change in rock porosity and that the P-wave velocity also showed a decreasing trend with the increase in the FTC number [8,9,10]. Park et al. [11] studied the petrophysical and mechanical properties of granite and sandstone under the effect of FTC and indicated that the specific heat capacity and Poisson’s ratio of rock tended to decrease with the decrease in the freezing temperature. Thomachot and Matsuoka [12] found that the water content and the number of FTCs were the most important in the dilation of the materials. Tan et al. [13] obtained the effect of FTC on the mechanical properties of granite, including strength, deformation characteristics, elastic modulus, cohesive strength, and internal friction angle. Some studies indicated that the rock wave velocity decreased with the increase in the FTC number and that the decreasing trend was related to lithology [14,15].



Under the effect of FTC, the physical properties of rocks are weakened, so the mechanical properties of rocks also change greatly. Numerous studies showed that water content, loading rate, temperature, and the number of FTCs had important effects on the uniaxial compressive strength, P-wave velocity, and fracture of rocks [10,16,17,18,19,20,21]. Chen et al. [22] indicated that different initial water contents had an effect on the uniaxial compressive strength of rock after FTC. When the initial water content was above 70%, the compressive strength of the rock decreased sharply with the increase in the water content. Bayram [23] developed a statistical model to predict the degradation of uniaxial compression strength using intact tests of impact strength, modulus of elasticity, and water absorption. Amin Jamshidi [24] indicated a new petro-mechanical predictor parameter to predict the strength of granitic stones after FTC. Ren et al. [25] indicated that the damage caused by FTC was mainly concentrated on the side and edge area of rock specimens.



The above-mentioned studies mainly focused on the effect of FTC on the mechanical properties of rocks under static loading conditions. In practical engineering, rock masses are subjected to dynamic loads such as explosions and earthquakes. In recent years, the split Hopkinson pressure bar (SHPB) was widely used in the study of rock dynamic mechanics. Xia and Yao [26] gave a detailed introduction to the history of SHPB, working principle, wave shaping technology, and its application in rock dynamic tests. Some scholars used the SHPB system to systematically study various mechanical properties of rock materials, such as dynamic tensile properties, compressive properties, and fracture properties [26,27]. Numerous studies showed that the dynamic compression strength, dynamic tensile strength, and elastic modulus of rock decreased with the increase in the FTC number [28,29,30,31,32].



Material damage is a state instability phenomenon driven by energy, and energy dissipation is the fundamental cause of rock deformation and damage. Studying the energy dissipation laws of rocks in cold regions under different working conditions can effectively reveal the dynamic failure mechanism of rocks. Xie et al. [33] indicated that rock damage was associated with energy dissipation and release; therefore, the dissipated energy is often used to evaluate damage accumulation in rock materials [34]. Wang et al. [35] analyzed the stress–strain curve and energy evolution curve of the specimen, as well as the dynamic mechanical properties and energy index. A precise FTC rock damage model was established by Feng et al. [36]. Lundberg [37] performed dynamic compression tests on granite and limestone to evaluate the energy absorption of the specimens during crushing and indicated that the absorbed energy increased significantly when the load exceeded a certain level. Zhou et al. [32] established an increasing model of the relationship among porosity, absorbed energy, and the number of FTCs. Li et al. [38] applied dynamic loads to granite and measured the energy absorption; the results indicated that the size distribution of the fragments was determined by the energy absorption of the specimens. Deng et al. [39] further analyzed the effect of FTC on sandstone damage from the perspective of energy and found that the energy required to damage the specimen under dynamic impact load increased with the increase in the FTC number.



Recently, numerous studies were carried out on the effect of dynamic rock properties under FTC, but few researchers focused on the effect of hydrostatic confining pressure. However, in cold regions, deeply buried rock structures are also affected by FTC. Some studies showed that the physical and mechanical properties of rocks under the effect of hydrostatic pressure were quite different from those without hydrostatic pressure [40,41]. It is of great significance to study the dynamic mechanical properties and the energy dissipation of rock subjected to hydrostatic pressure.



In order to fill the gap, in this study, the dynamic compressive properties and energy dissipation of green sandstone specimens under the combined effects of freeze–thaw cycling, hydrostatic pressure, and loading rate were studied.




2. Specimen Preparation


2.1. Specimen Configuration and Basic Properties


Sedimentary rock is widely distributed on the surface of the Earth and is an important area for human activities such as resources and energy development, and underground engineering construction. In the current study, the rock specimens were made of green sandstone from Dazhou, Sichuan of China. The mineral composition of this rock was measured [42]; as shown in Figure 1, quartz and plagioclase were the main components of green sandstone. With reference to the dynamic test requirements of International Society for Rock Mechanics (ISRM), the specimens were made into discs with a nominal diameter of 50 mm and a thickness of 25 mm. The specimen end surfaces were polished to straightness of ±0.02 mm and a roughness of 0.5% over the full thickness [43], as shown in Figure 2. The mechanical and physical properties of green sandstone were measured in the previous study [44]. The density of green sandstone was 2.44 g/cm3; the P-wave velocity and the static compressive strength were 3674 m/s and 62.97 MPa, respectively. The elastic modulus and Poisson’s ratio were 7.83 GPa and 0.22, respectively.




2.2. Freeze–Thaw Cycling Weathering


The green sandstone specimens were divided into six groups and prepared with 0, 10, 20, 30, 40, and 50 FTCs, respectively. At first, all specimens were dried for 48 h until the mass no longer changed and then cooled to room temperature naturally. All specimens were immersed in distilled water in a vacuum container for 48 h, and the surface of the water was at least 20 mm higher than the specimens. According to Chinese Standard for test methods of engineering rock mass (GB/T 50266-2013), the temperature range of the FTC process was set at −20–20 °C. The temperature control curve of the FTC process is shown in Figure 3. The fully saturated specimens were placed in the freeze–thaw box for 4 h under the condition of −20 °C; then, the frozen specimens were immersed in warm distilled water at 20 °C for 4 h. Altogether, this was one freeze–thaw cycle.





3. Experimental Techniques


3.1. Loading System


A split Hopkinson pressure bar (SHPB) with a lateral confining pressure chamber and an axial pressure cylinder was used for the dynamic testing of green sandstone specimens. The material of the bar was martensitic steel with Young’s modulus of 211 GPa and a P-wave velocity of 5270 m/s. As the schematic diagram shows in Figure 4, the SHPB system could be divided into four parts: the bullet (impact bar), the incident bar, the transmission bar, and the absorption bar. The lengths of the bullet, incident bar, transmitted bar, and absorption bar were 0.35 m, 3.0 m, 1.8 m, and 0.5 m, respectively [44].



The confining pressure device could provide axial pressure and hydrostatic confining pressure, and the maximum confining pressure that the device could provide was 60 MPa. The working principle of the system was detailed in earlier studies. The strain gauges were attached on the surfaces of the incident bar and transmitted bar to measure the incident strain (   ε I   ), the reflected strain (   ε R   ), and the transmitted strain (   ε T   ).



According to the dynamic mechanic test method for rock proposed by ISRM, an effective test should satisfy the dynamic stress balance conditions:


   σ 1  =  σ 2   



(1)




where    σ 1    and    σ 2    are the loading stresses on the two ends of the rock specimen. In other words, all parts inside the specimen should satisfy the following formula:


   ε I   t  +  ε R   t  =  ε T   t   



(2)




where    ε I   t    is the incidence strain,    ε R   t    is the reflected strain, and    ε T   t    is the transmitted strain. Moreover, the typical dynamic stress balance curve is shown in Figure 5.



On this basis, the dynamic compressive strength and strain of the specimens could be calculated using the three-wave method, and the calculation formula is as follows:


   σ s  =    P 1  +  P 2    2  A s    =   A E   2  A s       ε I  +  ε R  +  ε T    =   A E    A s     ε T   



(3)






  ε =    C 0     L 0      ∫  0 t  (  ε I  −  ε R  −  ε T  ) d t = −   2  C 0     L 0      ∫  0 t   ε R  d t  



(4)






   ε ˙  =    C 0     L 0       ε I  −  ε R  −  ε T    = −   2  C 0     L 0     ε R   



(5)




where    σ s    is the stress of the material,    A s    is the cross-sectional area of the specimen, and    L 0    is the length of the specimen. Along with the above equations, the stress–strain curve of the specimen material at the strain rate of   ε ˙   could be obtained.



Figure 6 shows the relationship between the dynamic compressive stress and loading time. The linear slope of the fitting in the rising phase was defined as the loading rate. Then, the variation law of the compressive strength of the specimens with the loading rate under the effects of different freeze–thaw cycles and confining pressure could be obtained.



In this study, three groups of different hydrostatic pressures (0 MPa, 2 MPa, and 4 MPa) were set. Among them, 0 MPa was the control test. Under each hydrostatic pressure, six groups of freeze–thaw cycle conditions (0 FTC, 10 FTC, 20 FTC, 30 FTC, 40 FTC, and 50 FTC) were set. Under each working condition, at least five tests with different loading rates were performed.




3.2. Single-Loading Technology


For a traditional split Hopkinson pressure bar, the reflected tensile wave can be reflected again at the impinging end of the incident bar to form a compression wave, causing the secondary loading or even multiple loading of the specimen, which is not conducive to the energy analysis of a specimen. To solve this problem, a single-loading technique was used in the current study, as shown in Figure 7. By setting the length of the prepared slit between the flange and the mass block, the prepared slit was closed when the reflected tension wave reached the impacting end of the incident bar. Due to the limitation of the mass block, the wave impedance at this end was much greater than the wave impedance of the incident bar, and the reflected tension wave remained a tension wave after reflection at this end [45]. The wave did not load the specimen in secondary compression or even multiple times, so the single loading of the specimen was achieved. The calculation of the prepared slit is shown below [46]:


  S =   ∫  0   T 0     ε i   c 0  d t  



(6)




where    ε i    is the strain in the incident bar and the integration region,    T 0   , is the loading pulse width.





4. Results and Discussions


4.1. Stress–Strain Curve


Based on the information of the incident wave, reflected wave, and transmitted wave collected during the test, the stress–strain curve of each green sandstone specimen subjected to dynamic shock compression failure was obtained with the three-wave method. Figure 8 shows the dynamic compressive stress–strain curves of the specimens under the hydrostatic pressures of 0 MPa and 2 MPa, respectively, before FTC treatment. Under the same working conditions, the peak point of the stress–strain curve increased with the increase in the loading rate.



The stress–strain curves could be roughly divided into four stages: (I) compression of fissures, (II) linear deformation of rock, (III) yield of rock, and (IV) failure of rock. Typical schematic diagrams of different macroscopic failure stages of the specimens are also shown in Figure 9. The compression of fissures was the initial stage of the specimen loading process. Judging from the microstructural characteristics of the material, the green sandstone specimen had certain primary disconnected micro-cracks, and these micro-cracks were closed under pressure in this stage. In the stage of the linear deformation of rock, the stress–strain curve rose approximately linearly. The slope of the curve was defined as the elastic modulus of the specimen under this working condition. In the stage of the the yield of rock, with the increase in the stress, the slope of the curve decreased, and the local failure inside the specimen gradually developed; then, the crack ruptured through, which led to the generation of new cracks and the expansion of the original cracks.



After the specimens reached the peak point, the stress decreased rapidly. At this time, the stress–strain curve was closely related to the loading rate. As is shown in Figure 8a,b, the green sandstone specimens under confining pressure had an obvious strain-softening trend until reaching the residual strength point after the failure stage; then, they showed a significant rebound.



Under the condition of no confining pressure, the strain continued to increase after the specimens entered the failure stage, and there was no rebound stage, which indicated that the specimen was completely broken. When the loading rate was low (661 GPa/s in Figure 8a, 969 GPa/s in Figure 8b), the specimens remained intact after being impacted, and the stress–strain curve showed a rebound trend immediately after the peak point. When the loading rate was high, the stress–strain curve continued to decrease with the increase in the strain after the peak point. At this time, the specimens still had a certain residual strength. Under the action of a large loading rate, the reduction rate of residual strength after the peaks decreased with the increase in the loading rate and appeared as a relatively gentle stage; then, the curve rebounded. Under the effect of hydrostatic pressure, the higher the loading rate was, the more obvious this stage was (2463 GPa/s and 2920 GPa/s in Figure 8b).




4.2. Dynamic Compressive Strength


Dynamic compressive strength is an important parameter to measure the mechanical properties of rock. Figure 10 shows the variation in dynamic compressive strength with the loading rate in green sandstone specimens under different hydrostatic pressure and FTCs. It could be seen that under the condition of a certain hydrostatic pressure, the dynamic compressive strength of the specimens increased approximately linearly with the loading rate. Under the condition of a constant loading rate, the dynamic compressive strength decreased with the increase in FTCs. The reason was that under the influence of FTC, the defects of the specimens continued to accumulate, and the impact resistance decreased.



Figure 11 shows the variation in dynamic compressive strength with the number of FTCs for two loading rates (1000 GPa/s and 2000 GPa/s) and different hydrostatic pressures. Under the conditions of the same loading rate and FTCs, the dynamic compressive strength of the specimen under the effect of hydrostatic pressure was significantly higher than that of the specimen without hydrostatic pressure, and the greater the hydrostatic pressure was, the greater the strength was. Under the conditions of 0 FTC and 1000 GPa/s, the strength of the specimen under 2 MPa hydrostatic pressure increased by 39.81% compared with that under 0 MP hydrostatic pressure, and the growth rate increased with the increase in FTCs. After 50 FTCs, the growth rate reached 70.47%. Under the conditions of 0 FTC and 2000 GPa/s, the strength of the specimen under 2 MPa hydrostatic pressure increased by 27.66% compared with that under 0 MPa hydrostatic pressure; after 50 FTCs, the growth rate reached 62.89%. The same trend could be found from the 2 MPa curve to the 4 MPa curve. It showed that the effect of hydrostatic pressure could significantly improve the dynamic compressive strength of the specimens, and the improvement effect was more obvious with more FTCs.



A linear fit analysis was performed on the data points, and the fitting parameters and coefficient of determination are shown in Table 1:


  σ = k N + b  



(7)




where  N  is the number of FTCs,  σ  is the dynamic compressive strength, and  k  and  b  are the fitting parameters. The slope,  k , represents the rate of change in dynamic compression strength with  N , and  b  represents the dynamic compression strength when the number of FTCs is 0.



The dynamic compression strength decreased with the increase in FTCs, and the rate of reduction decreased with the increase in hydrostatic pressure, which indicated that the hydrostatic pressure constraint could reduce the weathering damage to the specimen caused by FTC.




4.3. Dissipated Energy


In dynamic experiments, the entire experimental system satisfies the law of conservation of energy. The energy in the whole SHPB system is divided into four parts: incident energy (   U I   ), transmission energy (   U T   ), reflection energy (   U R   ), and energy input on the specimen, which is also called absorption energy of specimen (   U S   ):


   U I   t  =    A 0   C 0   E  ∫  σ I 2   t  d t =  A 0   C 0  E ∫  ε I 2   t  d t  



(8)






   U R   t  =    A 0   C 0   E  ∫  σ R 2   t  d t =  A 0   C 0  E ∫  ε R 2   t  d t  



(9)






   U T   t  =    A 0   C 0   E  ∫  σ T 2   t  d t =  A 0   C 0  E ∫  ε T 2   t  d t  



(10)




where  E ,      C 0   , and    A 0    represent the elastic modulus, longitudinal wave velocity, and cross-sectional area of the incident bar (transmission bar), respectively. According to the law of conservation of energy, the energy (   U S   ) absorbed by the specimen is:


   U S  =  U I  −    U R  +  U T     



(11)







Previous studies indicated that the dissipated energy of the specimen accounts for about 95% of the energy input to the entire specimen [47]. Therefore, the energy absorbed by the specimen was used to approximate the dissipated energy (   U d   ):


   U d  =  U S   



(12)







Figure 12 shows the variation in the dissipated energy of the specimen with the loading rate under different hydrostatic pressures and FTCs. It could be seen that under the same working conditions, the dissipated energy of the specimen showed an approximately linear increasing trend with the loading rate. When the number of FTCs was certain, the internal damage of the specimen could be considered to be approximately the same, and the increase in the loading rate made the specimen more severely damaged, so the energy required was greater.



An empirical formula was proposed to fit the dissipated energy of rock related to the loading rate, the number of freeze–thaw cycles, and the confining pressure:


   U c d  =  U 0 d    1 − α  N   N 0        1 + β ln   1 +  P   P 0                σ ˙     σ ˙  0       μ     



(13)




where   σ ˙   is the loading rate;  N  is the number of freeze–thaw cycles;  P  is the hydrostatic confining pressure;    U c d    is the dissipated energy of the specimen when the strain rate is   σ ˙  ;    P 0    and    N 0    are the reference hydrostatic pressure and reference freeze–thaw cycles, where the values are both 1; and    U 0 d    is the dissipated energy of the specimen when the strain rate is     σ ˙  0   . In this study, the value of the dissipated energy of the specimen under the loading rate of 500 GPa/s without hydrostatic pressure and freeze–thaw cycles was taken as    U 0 d   . α, β, and μ are the fitting parameters related to the number of freeze–thaw cycles, hydrostatic pressure, and loading rate, respectively. Table 2 shows the fitting parameters (α, β, μ) and coefficient of determination (   R 2   ). It could be seen that the coefficients of determination were all greater than 90%, so the fitting was reasonable, and the fitting curve is shown in Figure 12.



It should be noted here that when the hydrostatic pressure was 0 MPa, the change rate of dissipated energy under the conditions of 40 FTCs and 50 FTCs was obviously lower than that for other FTC numbers. It indicated that the internal damage of the specimens reached a large value after 40 FTCs, which desensitized the energy required for specimens to break. It could be analyzed from Table 2 that when the hydrostatic pressure was 0 MPa, parameter μ of the loading rate corresponding to 40 FTCs and 50 FTCs (0.835 and 0.922) was smaller than the correlation coefficient for 0 FTC (1.006). However, when the hydrostatic pressure was 2 MPa and 4 MPa, this pattern did not manifest. The reason was that the effect of hydrostatic pressure could offset a part of the damage to the specimens, so that the effect of loading rate on the dissipation energy of the specimen did not decrease. Under the effect of hydrostatic pressure, as the number of FTCs increased, the fitting parameter (β) of hydrostatic pressure decreased, indicating that FT weathering reduced the effect of hydrostatic pressure on dissipated energy.



Figure 13 shows the variation law of the dissipated energy with the number of FTCs when the loading rate was about 1000 GPa/s and 2000 GPa/s. At a certain loading rate, the dissipated energy decreased with the increase in FTCs. As FTC progressed, the specimen was subjected to the frost heave effect of pore water, and the internal damage gradually increased, which was reflected in the increase in pores and the development of cracks. It could be seen from the experimental results that this damage was close to linear. Under the same conditions, the specimen needed to absorb less energy to break. A linear fit was performed on the data, and the fitting results are displayed in Table 3:


   U d  = η N + γ  



(14)




where  N  is the number of FTCs,    U d    is the dissipated energy, and  η  and  γ  are the fitting parameters. The slope,  η , represents the rate of change of dissipated energy with  N , and  γ  represents the dissipated energy when the number of FTC is 0.



Under the two loading rates, with the increase in hydrostatic pressure, the absolute value of the correlation coefficient (η) of FTC increased, which indicated that the hydrostatic pressure enhanced the effect of FTC on the dissipated energy of the specimen. The dissipated energy of the specimens subjected to hydrostatic pressure was higher than that of the specimen not subjected to hydrostatic pressure under the same conditions. Hydrostatic pressure can enhance the dynamic mechanical properties of rock, limit the deformation of rock, and reduce the damage of rock caused by the load, so that more energy can be stored in the rock. Therefore, the rock specimens needed to absorb more energy to break. It is worth noting that under the conditions of 0 FTCs and 1000 GPa/s, the hydrostatic pressure was increased from 0 MPa to 2 MPa, and the dissipated energy increment was 210.7%. Under the condition of 50 FTCs, the dissipated energy increment was 400.1%. The same trend could also be seen under the hydrostatic pressure of 2000 GPa/s. The dissipated energy increment showed an increasing trend with the increase in FTCs. It showed that the effect of hydrostatic pressure could effectively improve the dissipation energy of the specimen, and the improvement effect was more obvious for the specimen subjected to more freeze–thaw cycles.




4.4. Dissipated Energy vs. Dynamic Compression Strength


Dynamic compression strength is an important parameter to describe the rock properties and is a key indicator of rock damage; rock fragmentation also directly effects the dissipation of energy. Therefore, the dynamic compression strength can be used to describe the energy dissipation of rock materials. As can be seen from Figure 14, the dissipated energy increased with the increase in dynamic compression strength and showed a certain trend. The following equation was obtained by fitting the data:


   U d  = 3.192 ×   10   − 4    σ 2  − 0.0292 σ + 0.852  



(15)




where    U d    is the dissipated energy and  σ  is dynamic compression strength.



The dissipated energy varied as a quadratic function of the dynamic compression strength, and the trend was almost independent of the number of FTCs, hydrostatic pressure, and loading rate. During the destruction process, the rock needs to continuously absorb energy for the formation and development of internal cracks. When the absorbed energy reaches a certain value, the fracture throughs, and the rock is damaged, the energy dissipated; at this time, the rock reaches dynamic compression strength. For rock with certain internal damage and external force, the energy required to achieve damage was determined, so there was a correspondence between the energy and dynamic compression strength of rock.




4.5. Damage Characteristics Analysis


Studying the characteristics of a specimen after damage is important for the analysis of specimens subjected to FTC and external loading. For the specimens that were not subjected to hydrostatic pressure, the degree of damage was severe after loading, and the block sizes of the damaged specimens were well defined, so the average fragment size could be used as a relevant parameter to quantify the damage characteristics of the specimens. In the case of specimens subjected to hydrostatic pressure, the appearance of the damaged specimen remained intact due to the constraints of hydrostatic pressure, and the CT value could be used to quantify the internal damage of the specimens.



4.5.1. Average Fragment Size


A fragmentation analysis was carried out by sieving the fragmented rocks. The sieving device included nine sieves of 40 mm, 20 mm, 10 mm, 5 mm, 2 mm, 1 mm, 0.5 mm, 0.25 mm, and 0.075 mm. The average fragment size of the specimens after damage was indicated as  δ , and the equation used is as follows:


  δ =   ∑  1 i   δ i  =   ∑  1 i   η i   d i   



(16)




where i is the number of the sieve (i = 1, 2, 3, …,10),    η i    is the ratio of the mass of fragments to the initial mass of rock for each sieve, and    d i    is the average value of the maximum and minimum particle sizes for each sieve.



The average fragment size reflected the size level of the specimen blocks after damage. A larger average fragment size indicated a larger proportion of large fragments of the specimen and a more complete specimen after damage. A smaller average fragment size indicated a larger proportion of small fragments of the specimen and a greater degree of damage to the specimen.



The calculated statistics for the average fragment size of specimens subjected to different FTCs and certain loading rates (1000 GPa/s and 2000 GPa/s) are shown in Figure 15. It could be seen that the average fragment size of specimens decreased with the increase in the number of FTCs under the same approximate loading rate conditions. After 40 FTCs, the average fragment size decreased rapidly, indicating that after 40 FTCs, the internal damage of the specimen increased dramatically, leading to a greater degree of fragmentation. As the loading rate increased, the average fragment size tended to decrease, which indicated that the sensitivity of the fragment size of sandstone specimens to the number of FTCs after damage was stronger at lower loading rates and relatively weaker at higher loading rates.




4.5.2. CT Value


CT (Computed Tomography) scanning is a technique that can realize the analysis of the internal construction of a specimen without damaging it. The principle is to reconstruct the internal construction according to the different transmission rates of different densities of matter to X-rays. In this paper, the CT value was used to characterize the relative value of the attenuation coefficient of the specimen to X-rays and was calculated as follows:


  C T =    μ c  −  μ w     μ w    × 1000  



(17)




where CT is the CT value of the specimen;    μ c    is the attenuation coefficient of the specimen to X-rays, which can be measured using CT scanning; and    μ w    is the attenuation coefficient of distilled water to X-rays.



The specimens that were not loaded were subjected to FTC and the CT values were measured as a control group. Figure 16 shows the CT value of the specimen subjected to different FTCs and the decay rate of the CT value vs. FTCs for the same approximate loading rate (1000 GPa/s). The CT value of the specimen decreased as the number of FTCs increased, indicating that the ability of the specimen to transmit X-rays was diminished. This is because the attenuation capacity of air for X-rays is lower than that of rock materials, and the more fractures are in the rock, the smaller the CT value is. With the increase in the number of FTCs under the effect of a similar loading rate, the volume of pores and fractures inside the rock specimen increased, and the degree of damage became more intense. It could be seen that the decay rate of the CT value was almost constant after 40 FTCs, indicating that the internal damage of the specimen reached a large value after 40 FTCs, which was consistent with the dissipated energy analysis reported above. The decay rate of the CT value for the specimens at 4 MPa was lower than that at 2 MPa, indicating that the effect of hydrostatic pressure could eliminate a part of the internal damage of the specimen and helped to improve the mechanical properties of the specimen.






5. Conclusions


In this study, the dynamic compression strength and energy changes of saturated sandstone after FTC were systematically studied under different hydrostatic confining stresses. First, 0, 10, 20, 30, 40, and 50 FTC processing was performed on green sandstone specimens. Then, dynamic compression tests on the specimens were performed with different loading rates under the hydrostatic pressures of 0 MPa, 2 MPa, and 4 MPa. By analyzing the stress–strain curve, dynamic compression strength, dispersion energy, and damage characteristics, the main conclusions were as follows:




	(1)

	
The dynamic failure process after FTC had obvious stages, and its stress–strain curve could be roughly divided into four stages: compression of fissures, linear deformation of rock, yield of rock, and failure of rock. Under different working conditions, the rock destruction phases were different. Under the effect of high loading rate and hydrostatic pressure, the stress–strain curve rebounded after a relatively gentle stage. This phenomenon became more obvious as the loading rate increased;




	(2)

	
The dynamic compression strength of rock increased linearly with the increase in the loading rate and decreased with the increase in FTCs. Under the same conditions of loading rate and FTC, the hydrostatic pressure could enhance dynamic compression strength, and this enhancement effect increased with the increase in the number of FTCs;




	(3)

	
The dissipated energy of sandstone specimens was affected significantly by FTC, hydrostatic pressure, and loading rate. The dissipated energy of sandstone specimens was negatively related to the number of FTCs, positively related to hydrostatic pressure, and positively related to the loading rate. An empirical equation of dissipated energy with freeze–thaw cycling, hydrostatic pressure, and loading rate was proposed, and the fitting parameters were provided. After 40 FT cycles, the internal damage of the specimens reached a larger value, which desensitized the energy required for specimens to reach breakage to the loading rate, but the sensitivity did not decrease under the effect of hydrostatic pressure. Freeze–thaw weathering reduced the effect of hydrostatic pressure on dissipated energy, and hydrostatic pressure enhanced the effect of FTC on the dissipated energy of the specimens;




	(4)

	
The dissipated energy of the specimen corresponded to the dynamic compression strength according to a quadratic function, and the correspondence was almost independent of the FTCs, loading rate, and hydrostatic pressure;




	(5)

	
The average fragment size after damage decreased with the increase in FTCs for specimens that were not subjected to hydrostatic pressure. For the specimens subjected to hydrostatic pressure, the appearance remained intact after loading, and the CT value decreased with the increase in the number of FTCs. Both phenomena indicated that FTC exacerbated the internal damage of rock. It was also found that 40 FTCs was an important number of FTCs for green sandstone whereby the internal damage reached a large value, which was consistent with the result given by the energy analysis.
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Figure 1. Schematic diagram of the mineral composition of green sandstone. 
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Figure 2. Photograph of disc specimens. 
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Figure 3. Temperature control curve of the freeze–thaw cycling process. 
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Figure 4. Schematic diagram of SHPB. 
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Figure 5. Stress balance verification. 






Figure 5. Stress balance verification.
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Figure 6. Calculation principle of loading rate. 
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Figure 7. Schematic diagram of single-loading technology. 
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Figure 8. Dynamic compressive stress–strain curves of the specimen under different working conditions: (a) 0 FTC and 0 MPa; (b) 0 FTC and 2 MPa. 
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Figure 9. Schematic diagram of stress–strain curve and schematic diagrams of different macroscopic failure stages of the specimens. 
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Figure 10. Dynamic compressive strength of FT cycling-treated specimens subjected to different hydrostatic pressures: (a) 0 MPa; (b) 2 MPa; and (c) 4 MPa. 






Figure 10. Dynamic compressive strength of FT cycling-treated specimens subjected to different hydrostatic pressures: (a) 0 MPa; (b) 2 MPa; and (c) 4 MPa.



[image: Minerals 12 01331 g010]







[image: Minerals 12 01331 g011 550] 





Figure 11. Dynamic compressive strength varied with freeze–thaw cycling under a certain loading rate (1000 GPa/s and 2000 GPa/s) and different hydrostatic pressures. 
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Figure 12. Dissipated energy of specimen and fitting curves of FT cycling-treated specimen subjected to different hydrostatic pressures: (a) 0 MPa; (b) 2 MPa; and (c) 4 MPa. 
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Figure 13. Dissipated energy varied with freeze–thaw cycling under a certain loading rate (1000 GPa/s and 2000 GPa/s) and different hydrostatic pressures. 
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Figure 14. Dissipated energy vs. dynamic compression strength. 
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Figure 15. Dissipated energy vs. dynamic compression strength. 
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Figure 16. The CT value of specimen and decay rate of the CT value vs. different FTCs. 
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Table 1. Fitting parameters (k, b) and coefficient of determination (R2).
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Loading Rate

(GP/s)

	
Hydrostatic

Pressure (MPa)

	
   k   

	
   b   

	
     R 2     






	
1000 ± 50

	
0

	
−0.485

	
89.4

	
0.956




	
2

	
−0.322

	
123.2

	
0.984




	
4

	
−0.254

	
135.9

	
0.966




	
2000 ± 50

	
0

	
−0.613

	
111.1

	
0.955




	
2

	
−0.346

	
143.8

	
0.973




	
4

	
−0.284

	
153.4

	
0.915
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Table 2. Fitting parameters (α, β, and μ) and coefficient of determination (R2).
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Confining

Pressure (MPa)

	
FT Cycles

	
   α   

	
   β   

	
   μ   

	
     R 2     






	
0

	
0

	
0.00050

	
2.0

	
1.006

	
0.994




	
10

	
0.00061

	
2.0

	
0.937

	
0.997




	
20

	
0.00654

	
2.0

	
0.966

	
0.999




	
30

	
0.00765

	
2.0

	
0.995

	
0.998




	
40

	
0.00561

	
2.0

	
0.835

	
0.991




	
50

	
0.00903

	
2.0

	
0.922

	
0.974




	
2

	
0

	
0.00170

	
1.561

	
0.950

	
0.949




	
10

	
0.00169

	
1.553

	
0.920

	
0.956




	
20

	
0.00162

	
1.560

	
0.896

	
0.983




	
30

	
0.00153

	
1.552

	
0.881

	
0.989




	
40

	
0.00141

	
1.561

	
0.865

	
0.992




	
50

	
0.00124

	
1.556

	
0.832

	
0.994




	
4

	
0

	
0.00250

	
1.029

	
1.025

	
0.911




	
10

	
0.00243

	
1.012

	
0.975

	
0.962




	
20

	
0.00231

	
0.992

	
0.954

	
0.971




	
30

	
0.00234

	
0.995

	
0.937

	
0.977




	
40

	
0.00212

	
0.982

	
0.914

	
0.986




	
50

	
0.00176

	
0.997

	
0.883

	
0.995
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Table 3. Fitting parameters (η, γ) and coefficient of determination (R2).
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Loading Rate

(GP/s)

	
Hydrostatic Pressure (MPa)

	
   η   

	
   γ   

	
     R 2     






	
1000 ± 50

	
0

	
−0.006

	
0.65

	
0.922




	
2

	
−0.008

	
1.97

	
0.981




	
4

	
−0.013

	
2.11

	
0.996




	
2000 ± 50

	
0

	
−0.014

	
1.39

	
0.955




	
2

	
−0.017

	
3.52

	
0.973




	
4

	
−0.019

	
3.70

	
0.915
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