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Abstract

:

This study investigated the effects of freezing temperature under freeze-thaw cycling conditions on the mechanical behavior of sandstone. First, the sandstone specimens were subjected to 10-time freeze-thaw cycling treatments at different freezing temperatures (−20, −40, −50, and −60 °C). Subsequently, a series of density, ultrasonic wave, and static and dynamic mechanical behavior tests were carried out. Finally, the effects of freezing temperature on the density, P-wave velocity, stress–strain curves, static and dynamic uniaxial compressive strength, static elastic modulus, and dynamic energy absorption of sandstone were discussed. The results show that the density slightly decreases as temperature decreases, approximately by 1.0% at −60 °C compared with that at 20 °C. The P-wave velocity, static and dynamic uniaxial compressive strength, static elastic modulus, and dynamic energy absorption obviously decrease. As freezing temperature decreases from 20 to −60 °C, the static uniaxial compressive strength, static elastic modulus, dynamic strength, and dynamic energy absorption of sandstone decrease by 16.8%, 21.2%, 30.8%, and 30.7%, respectively. The dynamic mechanical behavior is more sensitive to the freezing temperature during freeze-thawing cycling compared with the static mechanical behavior. In addition, a higher strain rate can induce a higher dynamic strength and energy absorption.
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1. Introduction


In cold regions, the rock generally suffers from freeze-thaw cycling action induced by the environment temperature change. Freeze-thaw cycling action induces the accumulation of damage in rock, which further causes the degradation of strength of rock and the decrease in the stability and safety of engineering [1,2,3]. The rock in different areas experiences different levels of freezing temperature in the freeze-thaw cycling process [4,5]. Therefore, investigation of the relationship between mechanical behaviors of rock and freezing temperature under repeated freezing and thawing conditions is necessary.



The relationship between the mechanical behavior of rock and freezing temperature under freezing conditions has been extensively studied. A series of physical and mechanical behavior tests have been conducted on the rock specimens under the freezing conditions, including the ultrasonic wave test [6], the uniaxial compression test [7], the indirect tensile test [8], the triaxial compression test [9], the fracture toughness test [10], the dynamic tensile test [11], and the dynamic compression test [12]. The result shows that the larger differences between the mechanical behavior of frozen rock specimens and original specimens exist. Under the freezing conditions, the mechanical strength, static elastic modulus, and P-wave velocity of rock specimens generally increase as freezing temperature decreases. In addition, some researchers found as freezing temperature decreases, the mechanical strength of rock specimen first shows an increasing trend and then shows a decreasing trend below a critical temperature [13,14]. Some researchers found that the mechanical strength of rock first decreases and then increases as the temperature decreases [15,16]. The effects of the freezing temperature under freezing conditions on the physical and mechanical behaviors of rock are complicated. The complicated mechanical responses may be related to the co-existence of the water and ice in the pores. The water has weakening effects [17]. The water content decreases as temperature decreases, and the ice content increases [18]. The increase in the content of the ice filling in the pores can induce an increase in the strength of rock to a certain extent [19]. In this case, the ice has strengthening effects. Water–ice phase transition approximately induces a 9% volume increase. When the frost heaving force induced by the volume expansion of the ice in pores exceeds the strength of the material, the micro-defects are generated and accumulated in rock [2]. In this case, the ice has weakening effects. Therefore, the complicated mechanical responses of the rock may depend on whether the ice-strengthening effects prevailed over the water-weakening effects and ice-weakening effects or not. In practice, the rock is subjected to not only the freezing action but also the freeze-thaw cycling action.



The relationship between the mechanical behavior of rock and cycling number under repeated freezing and thawing conditions has been also extensively studied. A series of physical and mechanical behavior tests have been conducted on the rock specimens after freeze-thaw cycling treatments [20,21,22]. Research shows P-wave velocity and mechanical strength show a decreasing trend with the increase in the cycling number [23,24,25]. In dynamic mechanics behavior tests, the dynamic energy absorption decreases as the freeze-thawing cycles increase [26,27]. Based on microscopic observation, the weakening of rock is related to the increase in micro defects and the propagation of original micro defects during freeze-thaw cycling [28,29,30]. Under the repeated freezing-thawing conditions, the volume expansion, due to the water–ice phase change, may induce a frost heave force in the freezing phase. When the frost heave force exceeds the strength of the material, the micro-defects are generated. In addition, the inconsistent contraction and expansion between mineral grains during freezing and thawing may also induce the generation of stress, which further may induce sub-critical crack growth or fatigue cracking, and cause the material properties to deteriorate [31,32,33,34].



Previous studies pay more attention to the effects of freezing temperature under the freezing condition and the effects of cycling number under the freeze-thaw cycling condition. However, the studies about the effect of freezing temperature under the freeze-thaw cycling conditions on mechanical behaviors of rock are relatively limited and concentrated on the static mechanical behavior [4,5,35]. The P-wave velocity and mechanical strength decrease as the freezing temperature during freeze-thaw cycling decreases [36]. In cold region engineering, the rock in different areas experiences different levels of freezing temperature in the freeze-thaw cycling process, and these rocks generally suffer from dynamic loading induced by drilling-induced vibration, underground explosion, and earthquake [37,38]. Therefore, further studying the variation of dynamic mechanical behaviors of rock with freezing temperature under repeated freezing and thawing conditions is necessary. Under the repeated freezing and thawing conditions, the influences of the freezing temperature on the dynamic mechanical behaviors, including P-wave velocity, dynamic compression strength, and dynamic energy absorption, need to be further studied.



This study aims to investigate the degradation of the mechanical behavior of sandstone with freeze temperature under freeze-thaw conditions in terms of stress–strain curves, static uniaxial compressive strength, static elastic modulus, dynamic strength, and dynamic energy absorption. This study is expected to provide a safe design and stability evaluation guidance in rock mass engineering in cold regions.




2. Materials and Methods


2.1. Specimen Preparation


Sandstone is a common rock in cold region engineering. The sandstone in the present study originated from Sichuan Province, China. The X-ray diffraction (XRD) test was conducted on the sandstone to obtain its mineralogical compositions, using the D8-ADVANCE X-ray diffractometer. Figure 1a shows the mineralogical compositions of sandstone. It is seen from Figure 1a that quartz and clay are the main mineral compositions of sandstone, and that the proportion of quartz mineral reaches 93.2% and the proportion of clay mineral is 6.8%.



The preparation process of specimens followed the procedures provided by the International Society of Rock Mechanics (ISRM), which is a suggested method for mechanical behavior tests [39,40]. Figure 1b shows sandstone specimens used in the present study. The cylindrical specimen was prepared for density, P-wave velocity, and static uniaxial compression test, and its diameter and length were 50.0 mm and 100.0 mm, respectively. The disc specimen was prepared for split Hopkinson pressure bar (SHPB) tests, and its diameter and thickness were 50.0 mm and 25.0 mm, respectively. Two end faces of the specimen were carefully polished for ensuring their parallelism, and the end face roughness was less than 0.02 mm. Sandstone specimens used in the experiment should be cored along the same direction in a huge rock block to avoid anisotropy influences [41,42].



Before freeze-thaw cycling treatments, dry treatments and water saturation treatments were conducted on all sandstone specimens, respectively [25,27]. First, dry treatments were performed on all specimens at 105 °C for 48 h. Next, under room temperature conditions, these specimens after drying treatments were completely submerged in water for 48 h. Finally, these specimens were saturated at −0.095 MPa for 8 h using the vacuum water saturation instrument.




2.2. Freeze-Thaw Cycling Treatments


Repeated freezing and thawing were performed on the saturated specimens. The GDW-100 low-temperature test chamber for freezing treatments was used in the freeze-thaw cycling processes, which can supply the temperature range from −70 to 50 °C. In the freezing processes of specimens, the freezing temperature level in a low-temperature test chamber can be controlled programmatically.



The ice content in the ice–water mixture increases as temperature decreases under the negative temperature environment, and the ice content can reach 90% at −50 °C [13]. Therefore, in the present study, the minimum freezing temperature was set as −60 °C. Four different freezing temperature levels (i.e., −20, −40, −50, and −60 °C) were considered in the present study. In addition, the room temperature level (20 °C), as a control group, was also considered. Both of the cylindrical specimens and the disc specimens were divided into five groups according to the freezing temperature level and the room temperature level. For the specimens subjected to freeze-thaw cycling treatments, each group of specimens was first kept at the corresponding freezing temperature for 8 h using the low-temperature test chamber and then were taken out from the low-temperature test chamber to be submerged in water for 16 h at room temperature. This is one complete freeze-thaw cycle, which lasted 24 h. Ten freeze-thaw cycles were conducted on each group of specimens. For the specimens in the control group without experiencing freeze-thaw cycling treatments, they were first dried naturally under the condition of room temperature for 8 h and then were submerged in water under the condition of room temperature for 16 h, which was one dry–wet cycle. The specimens in the control group were treated by 10 dry–wet cycles.



After freeze-thaw cycling treatments, firstly, dry treatments at 105 °C for 48 h were performed on all specimens to avoid the influence of the different moisture content on experimental results. Subsequently, the quality and volume measurements were conducted on the cylindrical specimens to calculate the density of the specimen, and the effect of freezing temperature on density was studied. After the density test, ultrasonic wave tests were carried out. The damage degree of specimens can be reflected by the change in ultrasonic wave velocity [43]. After density and P-wave velocity tests, the static uniaxial compression and SHPB tests were carried out, respectively.




2.3. Static Uniaxial Compression Tests


Figure 2a shows the SHT4605 uniaxial compressive testing device with a maximum loading of 600 kN in Beijing University of Technology, China. Based on this mechanical testing machine, the static uniaxial compressive behaviors of sandstone after freeze-thaw cycling treatments with different freezing temperatures were tested. The displacement loading mode was used in the present study. The loading rate was 0.50 mm/min.




2.4. SHPB Tests


The SHPB tests were conducted on the disc specimens after freeze-thaw cycling treatments with different freezing temperatures. Figure 2b shows the sketch map of the SHPB system, which includes a gas gun, a striker bar, an incident bar, a transmitted bar, an absorbed bar, a damper, strain gauges, a strainmeter, and a data-processing unit. Both of the diameters of the incident bar and transmitted bar were 100 mm. The lengths of the incident bar and transmitted bar were 4000 mm and 3000 mm, respectively. The elastic modulus of the bar is 190 GPa. During the SHPB tests, the strain gauge on the incident bar was used to record incident waves and reflected waves. The transmitted wave was recorded by the strain gauge on the transmitted bar.



After the SHPB tests, the strain rate    ε ˙  ( t )  , strain   ε  ( t )   , and stress   σ  ( t )    of specimens can be derived, according to the methods suggested by ISRM [40,44].


   {     ε ˙  ( t ) = −   2  C 0   L   ε r  ( t )     ε ( t ) = −   2  C 0   L     ∫ 0 t    ε r  ( t ) d t        σ ( t ) =  A   A S    E  ε t  ( t )      



(1)




where L and AS are the length and cross-sectional area of the specimen, respectively. A, C0, and E are the cross-sectional area, elastic wave velocity, and Young’s modulus of the bar, respectively.    ε r  ( t )   and    ε t  ( t )   are the strain of reflected wave and transmitted wave, respectively.



The velocity of the striker bar can be changed by charging different levels of pressures in the gas gun, which further vary the strain rate on the specimen [45]. The impact pressure in each group of experiments was set to 0.055 MPa, and then the variation of dynamic mechanical behavior of sandstone specimens with freezing temperature was studied. In addition, different impact pressures were applied on the specimens subjected to 10-times freeze-thaw cycling treatments with a freezing temperature of −40 °C. The variation of mechanical behavior of sandstone specimens after freeze-thaw cycling treatments with strain rate was also studied. The impact pressures applied on the specimens were 0.050, 0.055, and 0.060 MPa, respectively.





3. Results


3.1. Effects of Freezing Temperature on Density and P-Wave Velocity


The relationship between the density and freezing temperature under the same number of freezing-thawing cycles is shown in Figure 3. The density slightly decreases with decreasing temperature from 20 to −60 °C, and the decreasing extent of density approximately reaches 1.0% at −60 °C.



Figure 4 shows the effects of freezing temperature on P-wave velocity. The P-wave velocity first slightly decreases with the decrease in freezing temperature, and then the rate of decrease in P-wave velocity rapidly increases below −20 °C. Compared with the P-wave velocity at 20 °C, the P-wave velocity at the freezing temperature of −40, −50, and −60 °C decreases by 7.7%, 12.8%, and 14.5%, respectively.




3.2. Effects of Freezing Temperature and Impact Pressure on the Stress–Strain Curve


The stress–strain response of rock gives a fundamental understanding of the mechanical behavior of rock. Figure 5 shows the static and dynamic stress–strain curves of the specimen after freeze-thaw cycling treatments.



Figure 5a shows the effects of freezing temperatures during the freeze-thaw cycling process on the static stress–strain curves. The static stress–strain curves mainly experience four stages: compaction, elastic deformation, yielding deformation, and failure at different freezing temperatures. In the compression stage, the stress increases non-linearly as the strain increases, and the stress–strain shape is approximately concave. The compaction stage during loading may be induced by the closure of pre-existing micro-pores and micro-defects [46]. In the elastic stage, the stress increases almost linearly as the strain increases. In the yield stage, the stress increases non-linearly as the strain increases and reaches a peak, and the stress–strain curve shape is approximately convex. The peak stress is used as the uniaxial compressive strength of the sandstone. The peak stress in these static stress–strain curves decreases as the freezing temperature decreases. In the failure stage, the specimen is quickly destroyed after the peak stress is reached.



Figure 5b shows the effects of freezing temperatures during freeze-thaw cycling on the dynamic stress–strain curves. The dynamic stress–strain curves mainly experience three stages: elastic deformation, yielding deformation, and failure at different freezing temperatures. The compaction stage in the dynamic stress–strain curve is not obvious compared with the static stress–strain curve, which may be because the pores in the sandstone are too late to close under the dynamic load conditions, and the resistance to deformation is improved [47]. In the elastic stage, the stress increases almost linearly as the strain increases. In the yield yielding stage, the stress increases non-linearly as the strain increases and reaches a peak. The peak stress in the dynamic stress–strain curve is used as the dynamic compressive strength of the sandstone. The peak stress decreases as freezing temperature decreases. In the failure stage, the stress decreases as the strain further increases, and the rock breaks in this stage.



Figure 5c shows the effects of impact pressures on dynamic stress–strain curves of specimens experiencing 10-times freezing and thawing cycles with freezing temperature of −40 °C. The stress–strain curves mainly experience three stages: elastic deformation, yielding deformation, and failure at different impact pressures. The compaction stages in the dynamic stress–strain curves are not obvious at the three different impact pressures. In the elastic stage, the stress increases almost linearly as the strain increases, and the slope of the line is used as the dynamic elastic modulus. The dynamic elastic modulus increases as the impact pressure increases. In the yielding stage, the stress increases non-linearly as the strain increases and reaches the peak, and the peak stress increases as the impact pressure increases. In the failure stage, the stress decreases as the strain further increases, and the rock breaks in this stage. The total strain increases as the impact pressure increases.




3.3. Effects of Freezing Temperature on Static Uniaxial Compressive Strength and Static Elastic Modulus


The relationship between the static uniaxial compressive strength and freezing temperature during the freeze-thaw cycling process is shown in Figure 6. It is seen from Figure 6 that, as the temperature decreases, the uniaxial compressive strength decreases. Compared with the uniaxial compressive strength at 20 °C, the uniaxial compressive strength at the freezing temperature of −20, −40, −50, and −60 °C decreases by 6.7%, 7.4%, 12.6%, and 16.8%, respectively.



The relationship between the static elastic modulus and freezing temperature during the freeze-thaw cycling process is shown in Figure 7. The static elastic modulus first slightly decreases as the freezing temperature decreases, and the rate of decrease in the elastic modulus rapidly increases after −20 °C. Compared with the static elastic modulus at 20 °C, the static elastic modulus at the freezing temperature of −40, −50, and −60 °C decreases by 10.6%, 16.2%, and 21.3%, respectively.




3.4. Effects of Freezing Temperature and Strain Rate on Dynamic Strength


Figure 8 shows the relationship between the dynamic strength of sandstone specimens and freezing temperature under the same freeze-thaw cycling number. As the freezing temperature decreases, the dynamic strength decreases. Compared with the dynamic strength at 20 °C, the dynamic strength at the freezing temperature of −20, −40, −50, and −60 °C decreases by 12.4%, 23.1%, 27.4%, and 30.8%, respectively. The dynamic mechanical behavior is more sensitive to the freezing temperature during freeze-thawing cycling compared with the static mechanical behavior.



Corresponding to the impact pressure of 0.050, 0.055, and 0.060 MPa, the strain rates on specimens are approximately 38.97, 69.62, and 89.02 s−1. Figure 9 shows the effect of strain rate on dynamic strength of specimen experiencing 10-times freeze-thaw cycling treatments with a freezing temperature of −40 °C. It is seen that a higher strain rate can induce a higher dynamic strength. Compared with the dynamic strength at the strain rate of 38.97 s−1, the dynamic strengths at the strain rates of 69.62 and 89.02 s−1 increase by 23.4% and 42.1%, respectively.




3.5. Effects of Freezing Temperature and Strain Rate on Dynamic Energy Absorption


The relationship between the dynamic energy absorption and freezing temperature during the freeze-thaw cycling process is shown in Figure 10. As the freezing temperature decreases, dynamic energy absorption decreases. Compared with the dynamic energy absorption of sandstone specimens at 20 °C, the dynamic energy absorption of sandstone specimens at the freezing temperature of −20, −40, −50 °C, and −60 °C decreases by 12.5%, 24.2%, 26.3%, and 30.7%, respectively. This phenomenon indicates that the energy consumed per unit volume of the sample decreases as the temperature decreases.



Figure 11 shows the effect of strain rate on dynamic energy absorption of specimens experiencing 10-times freeze-thaw cycling treatments with the freezing temperature of −40 °C. It is seen from Figure 11 that as strain rate increases, dynamic energy absorption of sandstone specimens increases. Compared with the dynamic energy absorption at the strain rate of 38.97 s−1, the dynamic energy absorption of sandstone specimens at the strain rates of 69.62 and 89.02 s−1 increases by 76.3% and 126.3%, respectively.



The decrease in the density, P-wave velocity, and mechanical strength of sandstone may be closely related to the generation and accumulation of micro-defects. Water weakening effects, inconsistent shrinkage and expansion between mineral grains and frost heave effects may induce the generation and accumulation of micro-defects. For the saturated specimens, the chemical and physical reactions between the water and clay minerals may occur, which may weaken the connection between mineral grains [17]. During freeze-thaw cycling, the decrease and increase in the temperature induce the shrinkage and expansion of mineral grains. The inconsistent shrinkage and expansion between mineral grains induce the generation of stress [48]. The repeated shrinkage and expansion of the mineral grains may induce the generation and accumulation of the micro-defects during freeze-thaw cycling [13]. During freezing, water in pores turns into ice, and the volume expansion due to the water–ice phase transition may induce the generation of the frost heave force. When the frost heave force exceeds the strength of the material, cracking occurs [2].



The generation and accumulation of the micro-defects may induce the shedding of mineral grains due to a decrease in cohesion between the mineral grains, which further induces a decrease in the mass of the specimen [4]. Therefore, the density is calculated by the mass decreases.



When ultrasonic waves propagate in rock with micro-defects, the micro-defects can filter the harmonic components of waves with higher frequencies. The dominant frequency of the incident wave decreases, which further decreases the velocity [49,50,51]. The existence of the micro-defects decreases the mechanical strength of rock, increases the displacement deformation space during loading, and decreases the static elastic modulus [33,52]. In addition, the existence of the micro-defects decreases the energy required for fracturing a specimen. The micro-defects induced by the inconsistent deformation between mineral grains may increase as the freezing temperature during freeze-thaw cycling decreases. In addition, the damage induced by the frost heave effect increases as the freezing temperature decreases below a certain critical temperature [19]. Moreover, during thawing, water immersion may increase the deterioration. These factors may induce the decrease in the P-wave velocity, static uniaxial strength, static elastic modulus, dynamic strength, and dynamic energy absorption with the decrease in the freezing temperature.



The dynamic strength and dynamic energy absorption increase monotonically as the strain rate increases. During dynamic loading, the material may not have enough time to absorb energy because of the instantaneity of the impact, and the external energy can only be offset by increasing the stress. Therefore, the dynamic strength increases as the strain rate increases. The failure of the sandstone specimen is mainly caused by the initiation and propagation of cracks. As the strain rate increases, more cracks are generated, and the required energy correspondingly increases. Therefore, the dynamic energy absorption increases as the strain rate increases [53].





4. Conclusions


In the present study, the degradation of mechanical behaviors of sandstone with freezing temperature under repeated freezing and thawing conditions was investigated. Under the same freeze-thaw cycling number (10 times), the effects of freezing temperature (−20, −40, −50, and −60 °C) on the density, P-wave velocity, static and dynamic uniaxial compressive strength, static elastic modulus, and dynamic energy absorption were discussed. The conclusions obtained are as follows.




	(1)

	
The density of sandstone decreases as the freezing temperature decreases from 20 to −60 °C, and the decreasing extent of density approximately reaches 1.0% at −60 °C. The P-wave velocity first shows a slightly decreasing trend as the freezing temperature decreases, and then rapidly decreases after −20 °C.




	(2)

	
Under the same freeze-thaw cycling number, the static uniaxial compressive strength, static elastic modulus, dynamic strength, and dynamic energy absorption of sandstone all decrease non-linearly as the freezing temperature decreases from 20 to −60 °C. However, the dynamic mechanical behavior is more sensitive to the freezing temperature during freeze-thawing cycling compared with the static mechanical behavior.




	(3)

	
The strain rate significantly influences the dynamic mechanical responses of sandstone after low-temperature treatments. The dynamic strength and dynamic energy absorption increase monotonically as the strain rate increases.









The present study is mainly focused on the macroscopic mechanical behaviors of sandstone. Further research shall be conducted on the micro-scale to show its microscopic mechanisms.
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Figure 1. Specimen preparation. (a) Mineralogical compositions of sandstone. (b) Sandstone specimens. 
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Figure 2. Experimental devices. (a) Uniaxial compressive testing machine. (b) Schematic diagram of SHPB apparatus. 
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Figure 3. Variation of density with freezing temperature. 
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Figure 4. Variation of P-wave velocity with freezing temperature. 
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Figure 5. Stress–strain curves. (a) Static stress–strain curves at different freezing temperature. (b) Dynamic stress–strain curves at different freezing temperature. (c) Dynamic stress–strain curves at different impact pressures. 
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Figure 6. Variation of static uniaxial compressive strength with freezing temperature. 
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Figure 7. Variation of static elastic modulus with freezing temperature. 
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Figure 8. Variation of dynamic strength with freezing temperature. 
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Figure 9. Variation of dynamic strength with strain rate. 
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Figure 10. Variation of dynamic energy absorption with freezing temperature. 
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Figure 11. Variation of dynamic energy absorption with strain rate. 
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