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This study delves into the mechanical properties of steep and rocky slopes subjected to long-term freeze-thaw actions. Considering the unique climatic conditions in cold regions, especially the significant impact of seasonal and diurnal temperature variations on slope excavation, the research focuses on a high-cold region iron ore mine. Four types of rocks commonly found in the mining area are thoroughly examined, taking into account the hydrogeological conditions of the mining area. The study systematically analyzes the mechanisms of various factors such as weathering, freeze-thaw cycles, and ice-water phase changes on the stability of cold region fractured rock masses. The research reveals that under prolonged freeze-thaw actions, crack water within the rock continuously undergoes ice-water phase changes, generating substantial freeze expansion forces that result in structural damage to the rock mass. This damage is evident not only in the development of existing microcracks but also leads to the generation of new fractures, ultimately causing deterioration in the rock mass structure. The study of the evolution patterns of freeze-thaw forces contributes to a better understanding of slope stability issues in cold region mineral resource extraction, offering crucial insights for the design, construction, and operation of related engineering projects.
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1 INTRODUCTION
In the domain of cold region mineral resource exploitation, open-pit mining faces a significant impact from environmental climate conditions, particularly with respect to the pronounced effects of freeze-thaw cycles on steep and rocky slopes (Koide et al., 2016; Timofejeva et al., 2017; Wang et al., 2017). Over an extended period of freeze-thaw action, the rock mass strength diminishes, and structural weathering intensifies, especially in the case of steep rocky slopes composed of high-grade rocks (Wang et al., 2017). Furthermore, the cumulative influence of mining disturbances and seismic events contributes to an increased frequency and scale of disasters such as collapse, land-slides, and rockfalls, thereby heightening the challenges associated with prevention and mitigation (Kia et al., 2016; Yang et al., 2016; Yang et al., 2017; Li et al., 2023).
Jointed fracture rock formations are widely encountered in mining engineering, encompassing slopes, bedrock, underground projects, coal seams, and oil and gas developments (Wang et al., 2019; Dianursanti and Hafidzah, 2021; Profido et al., 2021; Sun et al., 2022). Within these formations, microcracks and joint planes directly influence the stability of the rock mass (Le Gallo et al., 2018). In the destabilization and failure process of fractured rock formations, various factors interact, including weathering, freeze-thaw cycles, ice-water phase changes, atmospheric precipitation, acid rain, engineering excavation, mining explosions, and seismic events (Hong, 2017; Yang et al., 2017; Le Gallo et al., 2018; Nittayacharn et al., 2019). Under external loading, the deformation of the rock mass and the stability of surrounding rocks exhibit complex and variable states, promoting the development of pre-existing micro-cracks within the rock mass (Ramazanov et al., 2016; Yang et al., 2016; Yevdokimov et al., 2016; Josset et al., 2017). This directly affects the design, construction, implementation, and operation of rock engineering projects and may even lead to engineering accidents. Particularly in the fractured rock formations of high-cold regions, due to the unique environmental conditions, they face prolonged and intricate challenges associated with freeze-thaw disasters (Yu et al., 2018). Under the long-term influence of freeze-thaw actions, water within the rock fractures undergoes continuous ice-water phase changes, generating substantial freeze-thaw forces that persistently drive the expansion of fractures or the formation of new cracks. As micro-cracks gradually widen and propagate, the strength of the rock diminishes, deformation increases, leading to the deterioration of the rock mass structure, ultimately exerting a significant and unavoidable impact on the stability of the entire engineered rock mass.
At present, the academic community primarily focuses on studying the characteristics of rocks under freeze-thaw conditions, centering around factors influencing their freeze-thaw damage. These factors can be broadly categorized into two types: firstly, the internal intrinsic factors of rocks, which directly determine the mechanical properties of the rock mass; secondly, external environmental factors, encompassing the complex and variable conditions that promote alterations in the mechanical properties of rocks (Ou et al., 2017). Typically, these studies aim to reflect the freeze-thaw damage to rocks by analyzing their physical properties, chemical status, mechanical characteristics, and degree of weathering. As freeze-thaw cycles progress and damage accumulates, there is a transformative shift in the rock’s characteristics, eventually leading to its failure. This process of deterioration represents a complex and nuanced evolution that warrants in-depth research to unveil its underlying mechanisms.
Yamabe conducted mechanical tests under freezing conditions on rock samples subjected to saturated and dry states. The study results indicate that the loading-unloading process of dry specimens exhibits linear behavior similar to that of elastic materials, with minimal strain deformation. However, for saturated specimens, the induced deformation is larger and not fully recoverable, implying that frozen rocks are not purely elastic mate-rials (Yu et al., 2017). Additionally, the Young’s modulus and uniaxial compressive strength values of dry specimens are significantly greater than those of wet samples. Mutluturk et al. per-formed freeze-thaw tests on various rocks, noting that the integrity of rock mass gradually diminishes with an increasing number of freeze-thaw cycles. Furthermore, there are variations in the mechanical properties of rocks (or saturated frozen rocks) under different temperature conditions (Zhang et al., 2018; Guo et al., 2021). Yamabe further investigated the uniaxial compressive strength of dry and saturated samples of Sirahama sandstone at five temperatures: 20°C, −5°C, −7°C, −10°C, and −20°C. The results show that the uniaxial compressive strength of dry samples is significantly greater than that of wet samples, and the strength increases progressively with decreasing temperature.
Xu et al. conducted compressive strength tests on saturated and dry red sandstone and shale within the temperature range of −20°C to 20°C (Adjonu et al., 2023). They found that as the temperature decreases, the compressive strength and elastic modulus of the rocks gradually increase. Particularly in the temperature range of −5°C to −20°C, there is a significant increase in compressive strength and elastic modulus. Argandofta et al. utilized X-ray tomography to observe changes in pore structure characteristics of limestone under freezing-thawing conditions from −15°C to −10°C (Wang et al., 2022). They observed that the rock samples produced granular fragments after seven freeze-thaw cycles, and through-going cracks after 12 freeze-thaw cycles. Mutlütürk et al. conducted freeze-thaw integrity tests on 10 different types of rocks, indicating significant differences in the progressive breakdown rates of different types of rocks under the same number of freeze-thaw cycles (Li et al., 2021). Tan carried out damage deterioration characteristic tests on muscovite granite from Tibet for 0 to 150 freeze-thaw cycles (temperature cycling from +40°C to −40°C) (Zhang et al., 2022). The research findings reveal that with an increase in the number of freeze-thaw cycles, compressive strength, elastic modulus, and cohesion exhibit exponential decay, while axial peak strain gradually increases. It is noteworthy that the internal friction angle remains relatively stable during the freeze-thaw cycles.
Numerous studies have been dedicated to measuring freeze-thaw forces within rock fractures, but most of these investigations have focused on individual influencing factors. A comprehensive and in-depth understanding of how multiple factors collectively influence the evolution of freeze-thaw forces is still lacking in the current academic literature. This study, set against the engineering backdrop of an iron ore mine in a high-cold region, selects four common rock types prevalent in the mining area as the subject of investigation. Considering the hydrogeological conditions, seasonal temperature fluctuations, and diurnal temperature variations at the mining site, the aim is to explore in-depth the changing patterns of freeze-thaw forces under the combined influence of multiple factors. The goal is to provide a more accurate and comprehensive theoretical basis for relevant engineering practices.
2 METHODS
2.1 Geological overview
This study focuses on the Beizhan openpit iron ore mine located in a high-cold region, as shown in Figure 1. The specific geographic coordinates of the mining area range from 85°32′52″ to 85°33′46″ east longitude and 43°14′44″ to 43°15′04″ north latitude, covering a total area of 0.72 square kilometers. To facilitate transportation, a 17-km gravel-hardened road has been constructed between the mining area and the Beizhan iron ore living area.
[image: Figure 1]FIGURE 1 | Preparation for iron ore remote sensing geographic location map.
In the vicinity of the mining area, the Tianshan mountain ridge is clearly visible, characterized by steep slopes and perennial glacier coverage. Distinctive features of glacial topography, such as sharp-edged iceeroded cliffs and glacier Ushaped valleys, are widespread. The Beizhan mining area falls within a continental temperate semiarid climate zone, surrounded by permanent glaciers of the Quaternary period, resulting in a cold climate with year-round snow accumulation. The climate is characterized by frequent rain and snow throughout the year, long and extremely cold winters with strong winds. Temperature fluctuations are significant, ranging from a minimum of −40°C to a maximum of 20°C.
The mining area has well-developed water systems, with the surrounding rivers classified as alpine juvenile rivers. These rivers flow year-round, rarely freezing, and their primary sources include snowmelt and atmospheric precipitation, ensuring abundant water supply due to the convergence in the mountain valleys.
In terms of engineering geology, the rock formations in the mining area are categorized into three major types based on stratigraphic characteristics: Quaternary loose soil layers, Carboniferous stratified rock layers, and blocky rock layers. The rock structures surrounding the magnetite ore body exhibit significant development of structural surfaces, leading to poor rock mass integrity. The internal cohesion of the roof and floor rocks is relatively weak, with interlayer bonding forces also being comparatively low.
In the context of engineering geology in the mining area, the division of lithological units is based on a detailed analysis of their stratigraphic characteristics. According to the geological characteristics of the strata, the engineering geological lithological units within the mining area can be classified into three major categories: Quaternary loose soil units, Carboniferous layered rock units, and block rock units. To describe the engineering geological characteristics of each lithological unit more accurately, we further subdivide the lithological units into five specific units based on geological epoch types, stratigraphic divisions, and the engineering geological characteristics of the surrounding rocks, and assign corresponding codes:
(1) Quaternary loose layer lithological unit (Code A): This unit is mainly composed of Quaternary loose sediments, with low density and high porosity. Its engineering geological properties mainly manifest as looseness and susceptibility to deformation.
(2) Lower Carboniferous layered rock lithological unit (Code B): This unit consists of layered rocks formed in the early Carboniferous period, characterized by well-developed bedding and relatively homogeneous rock properties. Its engineering geological properties manifest as stable layered structures.
(3) Block rock lithological unit (Code C): This unit is composed of rock with blocky structures, lacking distinct bedding or layered structures. Its engineering geological properties typically manifest as overall stability, but local discontinuities such as fractures or faults may exist.
(4) Siliceous schist lithological unit at the top and bottom of the magnetite orebody (Code D): This unit specifically refers to the siliceous schist located at the top and bottom of the magnetite orebody. Its engineering geological properties are influenced by the magnetite orebody, typically exhibiting high hardness and brittleness, and may be accompanied by geological phenomena such as hydrothermal alteration.
(5) Magnetite ore block rock lithological unit (Code E): This unit is composed of blocky rocks within the magnetite orebody. Its engineering geological properties mainly manifest as high hardness, high density, and good overall stability. However, attention should be paid to its potential magnetic characteristics and corresponding magnetic effects.
For a detailed engineering geological classification and stability assessment of each lithological unit, refer to Table 1. This table systematically summarizes and evaluates the engineering geological characteristics of each lithological unit based on field surveys and laboratory analyses, providing important reference data for engineering design and construction in the mining area.
TABLE 1 | Stratigraphic subdivision data.
[image: Table 1]Additionally, the terrain in the mining area is steep with significant slope gradients, and the rocks are fragmented with distinct joint development, accompanied by small-scale rock layer fractures. Due to insufficient vegetation, the overall geological features of the mining area present a morphology of two slopes enclosing a valley: the east and west slopes forming the mining area’s excavation slopes, while the north and south slopes constitute the spoil disposal area.
2.2 Specimen preparation
In the open-pit slope area of the Beizhan iron ore mine, rock core collection and statistical work were carried out. During this process, several large rock blocks with a diameter of 0.5 m were obtained, as shown in Figure 2. To ensure the integrity of the rock samples and the accuracy of subsequent experiments, the rock blocks were deeply marked, briefly described, and wrapped in plastic foam for preservation.
[image: Figure 2]FIGURE 2 | Rock collected at the mine.
Following the relevant requirements of the “Code for Rock Testing in Hydraulic and Hydroelectric Engineering,” we conducted detailed processing of the large rock samples collected on-site. Through drilling, cutting, and grinding steps, we processed the rock samples into standard cylindrical specimens with dimensions of [image: image] millimeters (diameter × height), as shown in Figure 3. To ensure the precision of the specimens, their dimensions were al-lowed to deviate within a range of ±0.3 mm. Simultaneously, we smoothed the side surfaces of the specimens, ensuring their verticality, with a maximum vertical deviation angle of ±0.25°. Additionally, the roughness of the two end faces of the rock samples was strictly controlled within 0.02 mm.
[image: Figure 3]FIGURE 3 | Prepared rock specimens.
For an in-depth study of the strength evolution of different open-type cracks under freeze-thaw action, we employed high-pressure water jet technology to treat standard cylindrical granite specimens, as shown in Figure 4. By using high-pressure nozzles with diameters of 0.75, 1.5, and 2 mm, we successfully cut through the rock samples to create cracks of different size specifications. Specifically, we generated prefabricated cracks with widths of 1, 2, and 3 mm, and under the same crack width conditions, further cut cracks with lengths of 12, 24, and 36 mm. This precise processing method provided a reliable experimental foundation for subsequent freeze-thaw strength research.
[image: Figure 4]FIGURE 4 | Preparation of rock specimen cracks by cutting.
2.3 Experiment
Following the preparation of rock specimens containing prefabricated cracks, we subjected the rock samples to a 24-hour vacuum saturation treatment using a vacuum saturator, followed by freeze-thaw cycling experiments. To accurately monitor the evolution of freeze-thaw forces during the water-ice phase transition, we employed an 8-channel freeze-thaw measurement system for real-time measurements, as shown in Figure 5. The system consisted of an ultra-low temperature freezer, real-time freeze-thaw force monitoring software, FSR400 thin-film pressure sensors (sized 38 mm in length × 6 mm in width), and temperature sensors as core components.
[image: Figure 5]FIGURE 5 | Freeze-thaw strength testing machine.
The FSR400 thin-film pressure sensor served as a crucial component of this system, constructed from flexible nano-functional materials, providing both waterproof and pressure-sensitive capabilities. Its operating principle involved the conversion of pressure to resistance through the thin-film pressure pad, enabling high-sensitivity pressure measurements. As the pressure on the thin-film pressure pad increased, the resistance value of the pressure pad gradually decreased. The sensor’s driving force was 0.2 N, with a sensitivity range from 0.2 N to 20 N, and an operating temperature range from −50°C to 85°C. During the testing process, the data acquisition frequency for freeze-thaw forces was set to 5 Hz, while the temperature sensor utilized a waterproof metal probe with an accuracy of ±0.2°C, a recording range of −200°C to 80°C, and a data acquisition frequency of 5 Hz as well.
In the design and selection of pressure measurement systems, the FSR400 thin film pressure sensor has become a critical component due to its unique advantages. This sensor is meticulously crafted from flexible nanomaterials, offering not only outstanding waterproof performance but also pressure-sensitive capabilities, allowing it to operate stably and reliably in various environments. Particularly in applications requiring highly sensitive and durable pressure detection, the FSR400 thin film pressure sensor is the preferred choice. The operating principle of the FSR400 thin film pressure sensor is based on the piezoresistive effect. When external pressure acts on the thin film pressure pad on the sensor surface, the film undergoes slight deformation. This deformation causes a change in the resistance network structure within the film, resulting in a change in resistance value. Specifically, as the pressure on the thin film pressure pad increases, the resistance value decreases, and this change can be precisely measured by the circuit. Through this method, the FSR400 thin film pressure sensor achieves high-sensitivity pressure measurement and finds extensive applications in various scenarios requiring precise pressure control.
The driving force and sensitivity range of the sensor are among its key performance parameters. To ensure the accuracy of the FSR400 thin film pressure sensor in testing, the driving force of the FSR400 thin film pressure sensor is 0.2 N, with a sensitivity range from 0.2 N to 20 N, meaning it can provide accurate measurements across a wide pressure range. To monitor the real-time impact of environmental temperature on sensor performance, we employ a waterproof metal probe as a temperature sensor. This temperature sensor boasts high precision (±0.2°C) and a wide recording range (−200°C to 80°C), ensuring accurate understanding of temperature variations in the sensor’s operating environment. During testing, we set the data acquisition frequency of the temperature sensor to 5 Hz, matching the data acquisition frequency of the FSR400 thin film pressure sensor, to ensure simultaneous acquisition of pressure and temperature data for comprehensive analysis.
To ensure the precision of the experiments, we connected all testing instruments to a computer and continuously collected freeze-thaw force and temperature data during the freezing and thawing processes of crack water. The specific experimental steps are outlined below:
Firstly, the rock samples underwent water saturation treatment. The rock specimens with prefabricated cracks were immersed in water naturally for 48 h to achieve water saturation. Subsequently, high-viscosity waterproof tape was applied to seal and water-proof one end of the through cracks. The FSR400 thin-film pressure sensors were also waterproofed.
Secondly, pressure calibration for freeze-thaw forces was conducted. Prior to freeze-thaw force testing, channels 1 to 8 were sequentially connected to the sensors, and a known standard pressure of 100 N was applied to each sensor. The software system displayed a specific pressure value. By inputting the pressure calibration coefficient, the system desktop showed the calibrated 100 N pressure. Saving the calibration coefficients completed the mechanical conversion relationship calibration for the software.
Next, the rock specimens underwent freezing treatment. The test samples were placed in an ultra-low-temperature environmental chamber, and water was injected into the cracks of the specimens. After water injection, the natural state of water-filled cracks in natural conditions was simulated. Subsequently, the waterproofed thin-film pressure sensors and temperature sensor probes were placed in the middle of the crack in the specimen. The freeze-thaw force acquisition software and temperature recorder were activated to record and observe the freeze-thaw force curve and temperature trend during the freezing process. When the freeze-thaw force acquisition system displayed a gradual decrease from high values to a low stable value, it indicated that the water had completely condensed into ice.
Afterward, the rock specimens underwent thawing treatment. The frozen rock samples were taken out and placed at room temperature for natural thawing. Simultaneously, the freeze-thaw force curve and temperature curve were recorded and observed during the melting process, representing the complete melting of ice into water. After completing the experiment, data collection was stopped, and the data were saved.
Finally, by iteratively conducting the third and fourth steps outlined above, we obtained freeze-thaw force and temperature data for crack water under multiple freeze-thaw cycles. These steps collectively constituted the entire process of freezing and melting of crack water, achieving freeze-thaw force testing for one freeze-thaw cycle.
3 RESULTS AND DISCUSSION
3.1 Effect of single freeze-thaw cycle on freeze-thaw forces
After conducting the freeze-thaw cycle tests, we obtained the typical freeze-thaw force evolution curve for rock prefabricated cracks during a single freeze-thaw process as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Single frost heave force and temperature evolution curve.
Based on the illustrated Figure 6, the evolution of freeze-thaw forces in crack water can be divided into five typical stages, each characterized by specific freeze-thaw evolution features and corresponding freezing mechanisms as described below:
(1) Freeze-thaw Incubation Stage: In this stage, the temperature gradually decreases from 20°C to zero. During this process, crack water begins to transform into a mixture of ice and water, undergoing initial freezing. However, no freeze-thaw force is generated in the prefabricated crack during this stage.
(2) Rapid Increase in Freeze-thaw Force Stage: As the temperature continues to drop, the degree of freezing of the specimen gradually increases. The water-ice phase transition within the crack leads to the generation of significant freeze-thaw forces. In particular, when the temperature drops to approximately −5°C, freeze-thaw forces start to increase significantly. For granite crack water (gap width = 2 mm, gap length = 24 mm), the maximum freeze-thaw force reaches 5.78 MPa.
(3) Steady Decline Stage: In this stage, as the temperature continues to decrease, freeze-thaw forces gradually decrease and tend to stabilize. This is mainly due to two rea-sons: firstly, the density of ice changes with temperature, and during the process where crack ice decreases from 0°C to −40°C, the crystal structure of ice changes, resulting in in-creased density and reduced volume, causing freeze-thaw forces to slowly decrease. Secondly, freeze-thaw leads to cracking of the rock wall, continuous expansion of rock microcracks, causing freeze-thaw forces to gradually disperse and disappear.
(4) Temperature Rise Freeze-thaw Stage: After freeze-thaw forces stabilize, the specimen is removed from the low-temperature chamber and allowed to melt at room temperature. With increasing temperature, secondary freeze-thaw forces are generated within the crack ice, and for granite cracks, the freeze-thaw forces generated during temperature rise reach 5.26 MPa. The mechanism of temperature rise freeze-thaw consists of two parts: the change in ice density as crack ice changes from −40°C to 0°C, and the regelation theory. The latter involves the gradual melting of crack ice during the melting process, migrating towards the rock wall and ice interface under the influence of gravity and hydrostatic pressure, generating secondary freeze-thaw when encountering internally supercooled ice. It is noteworthy that due to the continuous occurrence of regelation, the duration of temperature rise freeze-thaw (approximately 30 min) is significantly longer than the duration of freeze-thaw caused by water-ice phase transition (approximately 1–2 min). However, temperature rise freeze-thaw forces are usually smaller than the initial peak freeze-thaw forces, which is related to the damage generated on the rock wall during the initial freeze-thaw process.
Figure 7 present the linear expansion coefficients of ice. From the Figure, it can be observed that solid ice exhibits thermal expansion and contraction phenomena below zero degrees. Specifically, the linear expansion coefficient of 0°C ice is 111.2% of that of −40°C ice. Therefore, as the temperature increases, the volume of ice gradually increases, leading to the phenomenon of temperature rise freeze-thaw in crack ice.
(5) Melting Stage: In this stage, the ice in the crack gradually melts, and the freeze-thaw damage phenomenon disappears, with freeze-thaw forces rapidly decreasing to zero. The aforementioned stages collectively constitute the complete evolution process of freeze-thaw forces in crack water, lasting approximately 4 h.
[image: Figure 7]FIGURE 7 | The coefficient of linear expansion of ice.
3.2 Effect of crack length on freeze-thaw forces
The study selected prefabricated crack specimens with a constant gap width (2 mm) but varying gap lengths (12, 24, 36 mm) as experimental subjects. Through a care-fully designed experimental procedure, we plotted the curves showing the variation of freeze-thaw forces over time for different crack lengths. Each specimen underwent six rigorous freeze-thaw cycles, and the results are presented in Figures 8–10.
[image: Figure 8]FIGURE 8 | Crack length 12 mm frost heave force duration curve.
[image: Figure 9]FIGURE 9 | Crack length 24 mm frost heave force duration curve.
[image: Figure 10]FIGURE 10 | Crack length 36 mm frost heave force duration curve.
Observing the Figures 8–10, it is evident that there are significant differences in the peak freeze-thaw forces experienced by each specimen during the first freeze-thaw cycle. Specifically, when the gap length is 12 mm, the peak freeze-thaw force is 6.84 MPa; as the gap length increases to 24 mm, the peak freeze-thaw force reaches 7.09 MPa; and when the gap length further extends to 36 mm, the peak freeze-thaw force reaches 7.31 MPa. This trend clearly indicates that with an increase in crack length, the corresponding crack volume increases, allowing for the accommodation of more crack water, resulting in the accumulation of larger freeze-thaw forces.
3.3 Effect of crack width on freeze-thaw forces
The study selected prefabricated crack specimens with a crack length of 24 mm and crack widths of 1, 2, and 3 mm as experimental subjects. Through six freeze-thaw cycles on these specimens, we plotted the freeze-thaw force-duration curves under different crack widths, as shown in Figures 11–13.
[image: Figure 11]FIGURE 11 | Crack width 1 mm frost heave force duration curve.
[image: Figure 12]FIGURE 12 | Crack width 2 mm frost heave force duration curve.
[image: Figure 13]FIGURE 13 | Crack width 3 mm frost heave force duration curve.
Observing the Figures 11–13, it can be observed that the multi-cycle freeze-thaw force evolution patterns of specimens with different crack widths exhibit similar trends to the freeze-thaw force decay patterns of specimens with different crack lengths in previous studies. During the first freeze-thaw cycle, the peak freeze-thaw forces produced by each specimen were 6.21 MPa (width 1 mm), 7.09 MPa (width 2 mm), and 8.45 MPa (width 3 mm). This result indicates that changes in crack width significantly affect the crack volume, thereby influencing the freeze-thaw forces generated by stored crack water. Specifically, the wider the crack width, the greater the peak freeze-thaw force generated by the specimen.
Meanwhile, it can be observed that, under constant gap width conditions, there is no significant trend in the variation of peak freeze-thaw forces with increasing gap length. However, when the gap length remains constant, an evident increasing trend in peak freeze-thaw forces is observed with increasing gap width. Upon further investigation, it is found that the increase in gap width significantly promotes the enlargement of the crack ice volume, a magnitude far surpassing the effect of increased gap length. Consequently, this facilitates the accumulation of larger freeze-thaw forces within the crack.
With an increase in the number of freeze-thaw cycles, the freeze-thaw force decay rates under each width gradually accelerate. Particularly, it is evident from Figures 11–13 that the specimen with a width of 3 mm exhibits the highest peak freeze-thaw force decay rate, indicating a greater susceptibility to freeze-thaw damage for this specimen.
4 CONCLUSION
This study revealed five typical stages in the evolution of freeze-thaw forces and identified temperature and crack dimensions as the primary factors influencing the magnitude of freeze-thaw forces, with temperature playing a decisive role. As temperature de-creases and increases, crack water produces peak freeze-thaw forces and secondary warming freeze-thaw forces, respectively. Furthermore, an increase in the water content within cracks enlarges the frozen ice volume, accumulating greater freeze-thaw forces. In this process, the influence of temperature is most significant, followed by crack width and length. Larger freeze-thaw forces promote the expansion of microscopic cracks in rock walls, intensifying damage to large-scale fractured rock masses after multiple freeze-thaw cycles, with a noticeable decline in freeze-thaw forces. This study deepens the under-standing of the freeze-thaw force mechanism in cracks, providing crucial insights for assessing rock mass freeze-thaw damage.
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Identification number

A

Lithology

Sands, gravels, and associated soils

Purple-red conglomerate, agglomerate, Arenaceous
greywacke, metamorphic marble, bedded limestone
and yinganite, dolomitic limestone

Stability

Distributed at the forefront of quaternary glaciation,
valley bottoms, slopes, exhibiting fragmented
shoulders, extremely loose, unconsolidated, mixed
particle deposits, prone to subsidence, susceptible to
slope collapse, belonging to extremely unstable solid
formations

Distributed in the northern part of the mining area,
with a relatively wide range, it belongs to the sub-hard
rock category. Within the weathering zone, rocks are
extensively weathered and fragmented, with
well-developed joint fissures, presenting a fragmented
appearance, and exhibiting relatively poor stability.
Conversely, within the slightly weathered zone, the
rocks demonstrate stronger weathering resistance and
better stability

Diorite, gabbro, diorite, and monzonite

Chlorite-epidote-quartz schist, sericite-quartz schist
and chlorite-quartz schist

Massive magnetite, magnetite, angular gravel-like and
impregnated

In the southern and central parts of the mining area,
the rocks are dense and hard, exhibiting good integrity
and stability

In the central and southern parts of the mining area,
there is significant variation in the integrity of the top
and bottom plates of the magnetite bodies

Similarly situated in the central and southern parts of
the mining area, the rocks are dense, with relatively
few fractures, resulting in relatively good rock quality
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