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Abstract

:

The mechanical properties of frozen fissured rock masses are crucial considerations for engineering in frozen earth. However, there has been little research on the mechanical properties of frozen fissured sandstone, including its strength, deformation, and geometric parameters. In this study, sandstone samples with three open en echelon fissures were observed using high-speed photography and acoustic emissions during uniaxial compression tests. The aim was to investigate sandstone’s strength, deformability, and failure process in order to elucidate the effects of freezing on its mechanical properties. In the frozen-saturated and dried states, the uniaxial compression strength (UCS) initially decreases and then increases with an increase in fissure inclination angle. Conversely, the UCS of samples in the saturated state continuously increases. The UCS follows a decreasing trend, as follows: frozen-saturated state > dried state > saturated state. The initial crack angle decreases as the fissure inclination increases in all states, irrespective of temperature and moisture conditions. However, the initial crack stress and time show an increasing trend. The uniaxial compression strength (UCS) of frozen fissured sandstone is influenced by four mechanisms: (1) ice provides support to the rock under compression, (2) ice fills microcracks, (3) unfrozen water films act as a cementing agent under tension or shearing loads, and (4) frost damage leads to softening of the rock.
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1. Introduction


In high-altitude and high-latitude regions, the underground rock can be frozen to depths of several hundred meters [1]. The stability of frozen rock masses during excavation and mining poses challenges for engineering in such areas [2,3,4]. The natural rock mass contains numerous joints and fissures of various types, which directly influence its strength, deformability, and geometric parameters. Therefore, studying the mechanical properties of frozen fissure sandstone holds significant engineering value.



Most research on fissured rock masses has been conducted at room temperature. The characteristics of the rock and the geometric parameters of its fissures have a coupled effect on the strength of a fissured rock mass [5,6,7,8,9,10], which tends to decrease with increases in both fissure length and width [11]. Additionally, the number of fissures also influences the strength of the rock mass; a higher number of fissures leads to lower initial crack stress and failure strength compared to rocks with fewer fissures [12,13]. Moreover, as the inclination increases, the uniaxial compression strength (UCS) curve exhibits a decreasing trend followed by an increasing trend, reaching its minimum value at an inclination angle of 30° [14,15]. Furthermore, the fissure type also has an important influence on strength. The strength of a rock mass containing parallel fissures is influenced by the inclination and distribution of the fissures, as well as the length and angle of the rock bridge, which can lead to various modes of crack coalescence [16,17,18,19]. In fact, seven types of cracks have been defined for single-fissure-containing rock masses, while the types of crack coalescence are recognized to be combinations of these seven basic crack types [20,21,22,23,24]. Lastly, it is worth noting that experimental results may be influenced by factors such as filler type and volume within rock fissures; however, overall similarities exist between crack coalescence patterns observed in filled versus unfilled-rock-mass-containing fissures [25,26].



There has been extensive research conducted on rock mechanical properties at freezing temperature; however, limited studies have been carried out specifically on fissured rock masses. The mechanical properties of frozen rock are significantly influenced by factors such as freezing temperature, moisture content, and pore structure. The strength of frozen porous rock increases as the freezing temperature decreases [27]. The strength of frozen porous rock decreases initially with increasing moisture content, then increases, and finally decreases again [28]. Additionally, freeze–thaw cycling also impacts the mechanical properties of rock masses, with the strength decreasing as the number of cycles increases [29,30,31,32,33]. Research on frozen fissured rock masses has recently emerged as a focal point of investigation. The ultrasonic acoustic characteristics, local damage, and tip fractures in fissured rock masses during freeze–thaw cycling have been extensively studied [34,35]. However, there is still a need to investigate the mechanical properties of fissured rock masses at freezing temperatures. Furthermore, it is imperative to explore the mechanism behind the enhancement of freezing in frozen fissure rock mass.



The present research conducted experiments to investigate the mechanical properties of fissured rock masses at freezing temperature, specifically focusing on uniaxial compressive strength, strain, and elastic modulus. The failure process was observed using a high-speed camera and acoustic emissions in samples with fissures inclined at five different angles. The mechanism behind the enhancement of strength due to freezing is thoroughly explained. The objective of this research was to examine the mechanical properties and cracking behavior of frozen fissured sandstone, providing valuable insights for safe rock engineering in frozen underground environments. Section 2 will provide an overview of the basic physical characteristics of specimens and details regarding the experimental procedure; Section 3 will focus on presenting the uniaxial compression strength characteristics of fissured sandstone; Section 4 will showcase the acoustic emissions during the compression process; and Section 5 will illustrate the failure process of fissured sandstone under uniaxial compression.




2. Methodology


2.1. Specimens and Equipment


The experimental specimen was course-grained quartz sandstone with a porosity of 19.58%, a natural water content of 0.24%, a bulk density of 1.57 g/cm3, and a P-wave velocity of 2.67 km/s. The specimen was Cretaceous sandstone and classified as Lacustrine sediments. Its main mineral components were quartz (53.8%), feldspar (27.4%), calcite (11.2%), and dolomite (7.6%). The sandstone plates were precisely cut to dimensions of 160 mm × 120 mm × 20 mm with an accuracy of ±1 mm. They contained three open en echelon fissures with five different inclination angles (15°, 30°, 45°, 60°, and 75°). The length of the fissure, L, was measured at 22 mm, the width, W, was 1.30 mm, and the rock bridge length, H, was 20 mm with a stationary angle of 90°. The three parallel fissures were designated as Nos. 1, 2, and 3. The inclination was defined as the angle between the fissure and the horizontal direction (Figure 1).



A uniaxial compression experiment was conducted using an electro-hydraulic servo-system with a constant-temperature environmental chamber. The press ram employed in the electro-hydraulic servo-system was constructed using fiberglass, thereby exhibiting inadequate thermal conductivity. It was placed across the top of the chamber and made contact with the specimen installation equipment (Figure 2). Throughout the experiment, the chamber door remained closed, while the compression process was observed through a window in it. The specimen installation equipment was independently designed and consisted of three components: an upper plate, a bottom plate, and four guide columns.




2.2. Experimental Design


Specimens with fissure inclinations of 15°, 30°, 45°, 60°, or 75° were subjected to uniaxial compression tests under three different conditions: dried (25 °C), saturated (25 °C), and frozen-saturated (−20 °C). The objective was to gain insights into the failure characteristics of frozen fissure sandstone in relation to the inclination angle of the fissure and frost. The process was as follows:




	
Place the specimens in a drying oven set at 105 °C for a duration of 24 h.



	
Subject the specimens to a vacuum chamber with a negative pressure of −1 atmosphere for a period of 2 h, followed by immersion in water until their mass stabilizes.



	
Transfer the specimens to a cryogenic freezing box maintained at −20 °C for 6 h.



	
Introduce the specimens into an environmental chamber and maintain them at −20 °C for 2 h.



	
Begin the uniaxial compression experiment and observe the process using high-speed photography and acoustic emission monitoring. During this process, record the load and deformation using an electro-hydraulic servo-system, and then calculate the data for each specimen, presented as a stress–strain curve in Figure 3. The peak strength and strain values from Figure 3 are collected and displayed in Figure 4, along with the calculation of elastic modulus. The acoustic characteristics of specimens during the failure process are recorded using an acoustic emission device, with both acoustic emission events and axial strain exhibited in Figure 7. The cracking process of each specimen is captured by a high-speed camera, with initial cracks shown in Figure 10, while the failure process of three states is illustrated in Figures 11–13. The entire experiment is divided into two parts: pre-pressure (1 kN) stage and formal experiment (loading rate = 30 kN/min) stage; an environmental chamber is utilized to maintain a constant temperature for the specimens.










3. Uniaxial Compression Strength Characteristics of Fissured Sandstone


3.1. Stress-Stain Curves


The stress-stress curves of fissured sandstone are influenced by factors such as fissure inclination, temperature, and saturation. Figure 3 illustrates the stress–strain curves for the five samples in different states: dried (Figure 3a), saturated (Figure 3b), and frozen-saturated (Figure 3c). It is evident that the stress–strain curves exhibit three distinct stages: pore closure (A), elastic deformation (B), and crack propagation (C). Fissure inclination plays a critical role in determining both the UCS and failure strain of fissured sandstone.




3.2. Strength Characteristics with Fissures of Five Different Inclinations


The strength, failure strain, and elastic modulus of rock are influenced by the inclination of fissures. In the frozen-saturated and dried states, the UCS curve exhibits a decreasing trend followed by an increasing trend with increasing inclination; its minimum value is observed at an inclination of 30°. However, in the saturated state, the curve shows continuous growth (Figure 4a). The UCS values decrease in the following order: frozen saturated state > dried state > saturated state. The failure strain initially increases, then decreases, and finally increases again in both the dried and frozen-saturated states. However, in the saturated state, it first increases and then decreases (Figure 4b). Similar to the UCS values, the failure strains also follow a decreasing trend in the order of frozen-saturated state > dried state > saturated state. The elastic modulus experiences an initial drop followed by a rise in both the dried and frozen-saturated states, but demonstrates continuous growth in the saturated state.



Liu and Li reported a strong correlation between the initial crack stress and strength with the full-field strain evolution as inclination changed [6]. Figure 5 illustrates the strain localization area and its corresponding stress variation with changes in inclination, using digital image correlation (DIC). It can be observed that as inclination increases, the strain localization gradually shifts from the middle to the tip of the fissure. The stress σ at which strain localization occurs also increases with inclination and approaches the specimen’s strength σp, but only reaches 39.6% of σp at an inclination of 30°. This indicates that an inclination of 30° is most conducive to generating strain localization. As the inclination angle becomes higher, it becomes more challenging for strain localization to occur near the fissure, implying greater difficulty in deformation. Consequently, in both frozen-saturated and dried states, there is a downward–upward trend in UCS curve with increasing inclination, reaching its minimum value at an inclination angle of 30°.



The strength, failure strain, and elastic modulus are also influenced by temperature and saturation state. In the dried state, the UCS of fissured sandstone is higher than that in the saturated state at the same inclination angle, indicating a softening effect caused by water. However, in the frozen-saturated state, the UCS of fissured sandstone is stronger than that in the saturated state, suggesting an increase in UCS due to freezing (Figure 6a). The ranking of UCS can be described as follows: frozen-saturated state > dried state > saturated state. Similarly, the failure strain follows a similar trend: frozen-saturated state > dried state > saturated state (Figure 6b). On the other hand, for inclinations of 45° and 60°, there is a similarity between elastic modulus trends and UCS variations (Figure 6c).



Pore water has a softening effect on sandstone after it is saturated at room temperature. It not only dissolves soluble cementation among mineral grains, but also acts as a lubricant on the rock matrix. These two effects decrease the bonding strength and friction among sandstone mineral grains, leading to a lower UCS in saturated specimens compared to dried ones. Saturated sandstone exhibits increased UCS after freezing due to the changes in the phase composition of pore water, which reflects the relative amounts of unfrozen water and pore ice. Mechanical interactions among the water, ice, and rock matrix also occur. When subjected to a load, the mechanical properties of frozen rock are influenced by the composition of the pore water phase, as explained by Wang and Sun [36], which is demonstrated as follows:




	
Enhanced support from ice under compression: the sandstone pores tend to close when subjected to uniaxial compression, and the presence of pore ice imparts a supporting force that elevates the strength and modulus of the frozen sandstone.



	
Microcrack-filling effect of ice: the microcracks induced by uniaxial compression are filled with the ice, thereby reducing stress concentrations at the crack tips and enhancing the strength of the rock.



	
Cementing effect of unfrozen water film under tension or under shearing load: the unfrozen water film adheres to the pores, thereby enhancing their resistance against tensile and shear forces.



	
Frost damage effect: the freezing process leads to an expansion in the volume of pore water, which is attributed to the frost heave force exerted on the pores, resulting in the formation of new microcracks among the grains. In other words, the rock matrix undergoes damage due to the frost heave force, leading to a reduction in the strength of the frozen sandstone.
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Figure 6. Strength ((a) compressive strength; (b) failure strain; (c) elastic modulus) enhancement and softening effects on sandstone with fissures of different inclinations. 






Figure 6. Strength ((a) compressive strength; (b) failure strain; (c) elastic modulus) enhancement and softening effects on sandstone with fissures of different inclinations.
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The UCS of frozen fissure sandstone is controlled by four distinct effects. Three enhancement effects counteract the softening effect, resulting in an increase in the UCS of fissure sandstone between the saturated and frozen-saturated states.





4. Acoustic Emissions (AEs) of Fissured Sandstone during the Compression Process


4.1. AE Events


Acoustic emissions (AEs) are utilized for the observation of the acoustic characteristics exhibited by fissured sandstone during the process of failure under uniaxial compression. These acoustic signals effectively capture both micro and macro cracking behavior, which correspond to the deformation experienced by the specimens during uniaxial compression. The analysis focuses on studying the failure process of fissured sandstone through the examination of acoustic emission events in conjunction with axial strain measurements. Figure 7 illustrates the acoustic emission (AE) events during the failure process under conditions of saturated, dried, and frozen-saturated states. The AE event data were preprocessed because of the non-uniform faces of the specimens and adjustments were made to the experimental equipment utilized for generating the AE signal. The figure clearly illustrates that the AE event corresponds to axial strain during the compression process of fissured sandstone, indicating that the peak value of the AE event reflects sudden changes in axial strain. This effectively captures information regarding the initial crack tip, crack propagation, and failure process during the compression process. All of the time–strain curves exhibit similar trends: (1) strain increases over time but at a gradually decreasing rate, and (2) even when reaching the final peak of AE event, some residual strain remains until brittle fracture of the specimen occurs.



Under preliminary compression, the absence of an AE event count indicates the non-propagation of microcracks at this stage. The time of an AE event occurrence increases with the inclination angle in all three states, implying that higher inclination angles result in delayed microcrack appearance. In the dried and frozen-saturated states, there are three peaks of AE events during the compression process: The first peak corresponds to the initial crack formation and propagation between the three fissures near the inner tip; the second peak corresponds to the initial crack formation and propagation in fissures No. 1 and 3 near the outer tip; and the third peak represents specimen failure. However, in the saturated state, there are only two peaks of AE events during the compression process: one corresponding to initial crack formation and propagation between the three fissures near the inner tip, and another corresponding to specimen failure. The magnitude of the AE event peak is lower in the saturated state compared to in dried and frozen-saturated states due to deformation occurring during the compression process; pore water dissolves some mineral constituents, leading to the debonding of mineral grains, resulting in increased porosity. Consequently, continuous energy release occurs as a consequence of rock deformation throughout this process, causing a less significant increase in accumulated energy generating AE events.



The data presented in Figure 7 also demonstrate a clear trend wherein the occurrence time of AE events increases with the inclination angles across all three states. However, it is observed that the appearance time of AE events follows an increasing order for the saturated state, dry state, and freezing-saturated state, corresponding to the initial crack time, which will be further discussed in Section 4.2.





[image: Applsci 14 03427 g007] 





Figure 7. AE events and axial strain in dried, saturated, and frozen-saturated states. 






Figure 7. AE events and axial strain in dried, saturated, and frozen-saturated states.
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4.2. Initial Cracking during the Compression Process


The consideration of the initial crack stress and time is crucial for comprehending the phenomenon of initial cracking during the compression of fissured sandstone. When subjected to axial compression, the tip of the fissure fractures, giving rise to an initial crack. The stress sustained by the sandstone at this moment is defined as the initial crack stress, while the corresponding time is referred to as the initial crack time. The first peak in the AE event corresponds to both the initial crack stress and time during the compression process. Figure 8 illustrates that there is an increase in both initial crack stress and time with increasing inclination angle in all three states. In a dried state, there is a slight decrease followed by a gradual increase in initial crack stress as inclination angle rises; similarly, the curve for initial crack time exhibits a similar trend to that of initial crack stress. For both saturated and frozen-saturated states, there is a proportional increase in both initial crack stress and time with inclination angle. The ranking order for these parameters at a specific inclination angle can be stated as follows: frozen-saturated state > dried state > saturated state. This implies that the softening effect of pore water and the enhancement due to freezing temperature also influence the initiation of cracks in fissured sandstone.



The enhancement rate   F   is defined as the ratio of the initial crack stress to UCS. This parameter can aid in understanding the relationship between initial crack stress and inclination, and its equation is as follows:


  F =     R   i       R   p     × 100 %  



(1)




where     R   i     is the initial crack stress of the fissured sandstone and     R   p     is the UCS of fissured sandstone. The data presented in Figure 9 illustrate the relationship between F and inclination angle across three states. It is evident that F increases with rising inclination angle in both the saturated and frozen-saturated states, indicating a gradual approach between the initial crack stress and the UCS, and an increased difficulty in initial cracking as inclination rises. This can be attributed to the fact that higher inclination angles impede strain localization near fissures, resulting in a reduced deformation likelihood. Conversely, the enhancement rate F remains constant at 20% for the dried state regardless of changes in inclination angle. Furthermore, it should be noted that the pore water (ice) enhances the ductility of fissured sandstone while also improving its resistance against fractures.





5. Failure Process of Fissured Sandstone under Uniaxial Compression


5.1. Initial Crack Angle


The initial crack angle is defined as the angle between the fissure and the initial crack. Figure 10 illustrates the characteristics of the initial crack in the three states based on high-speed imagery. To facilitate convenient measurement, black lines were used to highlight the initial cracks in each specimen, and these data are presented in Figure 11. In most specimens, the initial crack exhibited a wing-crack pattern, except for the dried state sample with an inclination of 75°, which displayed an anti-wing-crack pattern. Figure 11 demonstrates how the initial crack angle varies with inclination. It can be observed that as inclination increases, there is a decrease in the angles of these cracks; however, neither temperature nor saturation has any influence on these angles. The reason behind this phenomenon lies in the generation of stress concentration at the tip of the fissure during the compression process. Once this stress concentration reaches an equilibrium with the tensile stress between the sandstone mineral grains, an initial crack emerges at the fissure tip and subsequently generates a wing crack. The direction of crack propagation is determined by the orientation of the major principal stress, which aligns itself with this orientation post-cracking and consequently leads to a reduction in initial crack angles with increasing inclination.




5.2. Failure Process


The failure process can be categorized into three stages: crack coalescence, initial cracking at the outer fissure tip, and final failure. High-speed photography is employed to observe the failure process in three states using a 45° inclined sample as an example, aiming to comprehend the compression failure process of fissured sandstone. Due to the time span between crack initiation and final failure exceeding the recording capacity of the high-speed camera, the analysis of the failure process is conducted after some time following crack coalescence.



	(1)

	
Dried state







Figure 12 illustrates the process of compression failure in dried fissured sandstone. Stage I: a rock bridge between fissures cracks and coalesces. Stage II: (i) the outer tips of fissures 1 and 3 crack, resulting in a wing crack (first crack); (ii) with an increase in axial load, a shear crack (second crack) and anti-wing crack appear in the outer tip of fissure 1. Stage III: The shear crack in the outer tip of fissure 1 propagates to the top-right direction of the specimen, causing exfoliation damage along with an anti-wing crack. The wing crack in the outer tip of fissure 3 propagates to the bottom of the specimen, causing a complete separation into two parts along the penetrating crack. Subsequently, fissure 1 undergoes nearly complete closure.



	(2)

	
Saturated state







Figure 13 illustrates the compression failure process of fissured sandstone in the saturated state. Stage I: a wing crack appears at the inner tip of fissure 1 and propagates towards the upper tip of fissure 2; simultaneously, a wing crack initiates at the bottom tip of fissure 2 and propagates to the upper tip of fissure 3; additionally, a wing crack appears at the inner tip of fissure 3 and propagates in the direction of fissure 2. Stage II: (i) Exfoliation damage occurs as cracks initiate at the outer tips of both fissures 1 and 3, and a tensile crack propagates in the direction of fissure 2; the rock bridge between fissures 2 and 3 is fractured. (ii) With an increase in axial load, a shear crack (second crack) appears at the outer tip of fissure 3, resulting in fracture within the rock bridge connecting fissures 1 and 2. Stage III: the exfoliated damage from fissure 1 extends towards the top-right direction on specimen; meanwhile the shear crack in the outer tip of fissure 3 propagates to the bottom of the specimen, ultimately causing a division into two parts with slip occurring along the penetrating cracks. As a result, almost complete closure is observed for both fissure 1 and fissure 3.



	(3)

	
Frozen-saturated state







Figure 14 illustrates the compression failure process of fissured sandstone in the frozen-saturated state. Stage I: the rock bridge between fissures undergoes cracking and coalescence. Stage II: (i) the outer tip of fissure 1 cracks and a shear crack appears; (ii) with an increase in axial load, the shear crack in the outer tip of fissure 1 propagates upward and a wing crack appears in the outer tip of Fissure 3 and propagates to the bottom of the specimen; (iii) a wing crack appears in the outer tip of fissure 3 and propagates in the direction of fissure 2. Stage III: the widths of the shear crack in the outer tip of fissure 1 and the tensile crack in the outer tip of fissure 3 increase; consequently, the entire specimen is divided into two parts that slip along a penetrating crack; fissures 1, 2, and 3 almost close.
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Figure 13. Failure process in the saturated state. 






Figure 13. Failure process in the saturated state.
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6. Conclusions


The objective of this research is to investigate the mechanical properties and cracking behavior of frozen fissured sandstone, aiming to provide valuable insights for conducting safe rock engineering in frozen underground rock. High-speed photography and acoustic emissions are employed to observe frozen fissured sandstone with three open en echelon fissures under uniaxial compression. The strength, deformability, and failure processes are thoroughly examined, revealing the influence of freezing on the mechanical properties. The main conclusions are as follows:




	
The mechanical properties are influenced by the inclination angle of fissures, saturation, and temperature. In the frozen-saturated and dried states, the UCS curve decreases first and then increases with an increase in inclination angle, reaching its minimum value at 30°. However, in the saturated state, the UCS shows a continuous increase. The ranking of UCS can be stated as follows: frozen-saturated state > dried state > saturated state.



	
The AE events in the dried and frozen-saturated states exhibit three peaks during the compression process. The first peak corresponds to the initiation of cracking and propagation between the three fissures, while the second peak corresponds to initial cracking and propagation at the outer tip within fissures 1 and 3; the third corresponds to specimen failure. However, in the saturated state, there are only two peaks observed during the compression process. The first peak represents initial cracking and propagation between all three fissures, whereas the second peak indicates specimen failure.



	
The initial crack angles decrease with a rise in fissure inclination, while temperature and saturation have no influence on the initial crack angle. However, the initial crack stress and time increase with fissure inclination in all three states. Furthermore, the ranking of the initial crack stress and time at a given inclination is as follows: frozen-saturated state > dried state > saturated state.



	
The strength of saturated sandstone increases when subjected to freezing, and this phenomenon can be attributed to four underlying mechanisms: (1) ice provides braced force under compression, (2) ice fills microcracks, and (3) an unfrozen water film provides a cementing effect under tension or shearing load, while (4) the frost damage effect causes softening. The first three mechanisms counteract the softening effect, resulting in an increase in the UCS of saturated fissured sandstone during freezing.



	
The mechanical properties and crack behavior of frozen fissured rock containing a single pre-existing flaw, as well as the influence of ice within the flaw on stress distributions at the fissure tip, remain unclear. These aspects require further investigation in future studies.
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Figure 1. Schematic of a fissured sandstone specimen. 
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Figure 2. Schematic of the experimental apparatus. 
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Figure 3. Stress–strain curves under (a) dried, (b) saturated, and (c) frozen-saturated conditions. 
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Figure 4. Compressive strength (a), failure strain (b), and elastic modulus (c) vs. inclination. 
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Figure 5. Strain localization areas at different fissure inclination angles in the rock materials. 
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Figure 8. Initial crack stress and time at different inclination angles. 
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Figure 9. Enhancement rate F vs. inclination angle in the three states. 
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Figure 10. High-speed images of initial cracks at various inclination angles under the three states. The numbers (1–3) represent fissure numbers, as illustrated in Figure 1. 
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Figure 11. Variation in initial crack angle with fissure inclination angle. 
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Figure 12. Failure process in the dried state. The numbers (1–3) represent fissure numbers, as illustrated in Figure 1. 
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Figure 14. Failure process in the frozen saturated state. 
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