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Slope stability is an important factor affecting safe production in large surface coal mines. Most traditional slope fixation methods adopt grouting and anchor reinforcement. However, cementing rock and soil using conventional methods is challenging in areas with high water content. This study innovatively proposes the application of artificial ground freezing technology to reinforce the slopes of large-scale open-pit coal mines and verifies the technical feasibility of this technique. Five conditions are investigated via sandbox tests and the development characteristics of the freezing temperature field are analyzed. The results show that different water contents, lithologies, and the presence or absence of seepage affect freezing. Specifically, when the water content is 7.3%, the freezing radius is 220 mm; when the water content is increased to 27.4%, the freezing radius extends to 300 mm. Sand has the fastest freezing rate at 0.072°C/h, while lignite has the slowest freezing rate at 0.061°C/h. The temperature drop rates are 0.068°C and 0.058°C/h for the impermeable and seepage conditions, respectively. Moreover, the fitting function y = A1e-x/A2+A3 adequately describes the temperature profile decrease. The results of the study provide a basis for the precise design of freezing programs to further realize green and low-carbon, large-scale slope stabilization.
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1 INTRODUCTION
Optimizing the energy mix of a region by strategically balancing and diversifying energy sources has become an important focus in addressing global climate change and achieving green and low-carbon development. While renewable energy has significant advantages in terms of energy savings and environmental protection, it is generally characterized by volatility and cyclicality, resulting in inadequate stability. Therefore, coal, as a relatively inexpensive and stable energy source, remains the main pillar of the energy mix, playing a key role in underwriting security (Zeng et al., 2023; Liu et al., 2024). Large-scale surface coal mining is a common method for mining coal resources (Yang et al., 2024) but is characterized by various challenges. As open-pit coal mining progresses, the risk of slope landslides increases owing to the accumulation of waste rock at the base of the slope (Jiang et al., 2022). Water infiltration, such as rainfall, can be considered one of the main triggering factors for slope failure (Feng et al., 2022), posing a considerable threat to worker lives.
Therefore, slope stability is an important factor affecting the safe production of large open-pit mines, and several slope-stabilization methods have been proposed. Installing rows of drilled holes to secure slopes has proven to be a reliable and effective method (He et al., 2015). Geosynthetics, geocells, and geogrids are also widely used in slope stabilization projects (Koerner, 2015; Jain et al., 2021; Alamshahi and Hataf, 2009; Bieliatynskyi et al., 2021). Micropiles and grouted structures have also been investigated (Sun et al., 2013; Aziz et al., 2017). Vegetation, as an environmentally friendly material (Cheng et al., 2024), can be used for slope stabilization, is easy to install on-site, and provides environmental protection. In soils with a high water content and loose structure, traditional reinforcement methods face significant challenges. Techniques such as drilled holes, micropiles, and grouting are often limited in their effectiveness, as high moisture can dilute reinforcement materials, resulting in insufficient structural strength, reduced stability, and potential failure (He et al., 2015; Sun et al., 2013; Aziz et al., 2017). Additionally, the high water content substantially reduces friction and adhesion between the soil and geosynthetics, geocells, and geogrids, further weakening the reinforcement effect (Koerner, 2015; Jain et al., 2021; Alamshahi and Hataf, 2009; Bieliatynskyi et al., 2021). Vegetation also has limitations due to its long growth cycle, and plant roots struggle to penetrate deeply in loose, high-moisture soils, restricting their stabilizing impact (Cheng et al., 2024; Bosco Niyomukiza et al., 2023). Therefore, more efficient and green solutions must be explored for the reinforcement of large, water-rich slopes to effectively address the challenges of slope stabilization in modern engineering practices.
In geotechnical practice, the artificial ground freezing (AGF) technique, as a ground improvement technique (Nikolaev et al., 2024), enables the freezing of geotechnical soils with a high water content. Artificially frozen rock and soil are collectively known as artificially frozen soil. In engineering construction, when facing technical difficulties, the physical and mechanical characteristics of permafrost, such as its high bearing capacity and low permeability (Zhang et al., 2023), are often utilized to establish favorable conditions, thus facilitating the construction process and ensuring personnel safety. British engineers in South Wales first used AGF to reinforce soil during building foundation construction in 1862 (Vitel et al., 2015). The first successful application of AGF was in 1883 in the shafts of a coal mine in Germany. Since then, AGF has been continuously applied and developed in many countries for underground works, such as coal mine shafts (Zhelnin et al., 2022; Semin et al., 2024), tunnels (Russo et al., 2015; Hu et al., 2018; Wang et al., 2022), subways (Liu et al., 2022), and foundation pits (Cui et al., 2023). AGF has also been utilized to study frost heave in roadbeds (Pei and Dong, 2023). However, AGF has not been widely used in slope stabilization projects in open-pit coal mines with high water content. Therefore, this study initiates an attempt in the field of artificial strata freezing technology applied to slope stabilization to solve the problem of stabilizing slopes in open-pit coal mines with high water content.
Sandbox testing, which involves creating small-scale models or prototypes to simulate real-world conditions and assess the performance of designs or systems before full-scale implementation, is traditionally used in the construction industry to identify potential issues, refine designs, and optimize processes, ultimately improving the reliability and efficiency of projects (Song et al., 2017). In this study, sandbox freezing tests are performed using an artificial ground-freezing method, with the development characteristics of the freezing temperature field of the geotechnical body analyzed. Novel ideas for slope stabilization are developed by investigating slope stabilization in large-scale open-pit coal mines. The results of this study provide a basis for the precise design of freezing programs and the safety and stability of freezing walls.
2 EXPERIMENTAL SET-UP
2.1 Experimental system
The sandbox laboratory bench is shown in Figure 1. The experimental system comprised three loops: cooling, freezing, and seepage. The cooling loop consists of an air-source heat pump and a titanium tube heat exchanger, which work together to cool the refrigeration fluid. The freezing loop consists mainly of a single U freezing tube, a high-level water tank, and a titanium tube heat exchanger. After exchanging heat with the refrigerant in the titanium tube heat exchanger, the refrigerant liquid enters the single U freezing tube and absorbs heat from the medium in the sandbox. The variable-frequency pump provides power to circulate the refrigeration fluid. During the seepage cycle, constant-temperature water is supplied from the seepage water tank to the sandbox. To ensure that the seepage water flows evenly in and out of the sandbox, two internal grooves are placed inside it. The insulation material is laid in both the sandbox and test piping section to prevent heat exchange from affecting the test results. The primary parameters of the sandbox test bench are listed in Table 1.
[image: Figure 1]FIGURE 1 | Sandbox test system.
TABLE 1 | Parameters of sandbox test bench.
[image: Table 1]Additionally, an experimental bench was set up using a data acquisition system. The system has 46 temperature and two flow measurement points. In the internal medium of the sandbox, T1-T40 temperature measurement points are arranged to monitor changes in the temperature field. Six temperature measurement points are arranged outside the sandbox. Thermocouples T41 and T42 measure the temperature of the refrigeration fluid inside and outside the freezing tube, respectively; T43 measures the temperature of the water in the seepage water tank; and T44 measures the ambient temperature. T45 and T46 are responsible for monitoring the seepage water temperature at the seepage inlet and outlet. Flowmeters V1 and V2 monitor the flow in the refrigerated circulation and seepage loops, respectively. Temperature measurement points and flow meters are used to collect data at 5 s intervals. Calibration of the thermocouples in the experimental chamber was performed before burial to ensure the accuracy of the monitoring data. The primary equipment parameters of the sandbox test bench are listed in Table 2.
TABLE 2 | Parameters of sandbox test equipment.
[image: Table 2]2.2 Experimental conditions and procedures
The sandbox test was divided into five test conditions, which were performed sequentially, with the water content, geotechnical filling of the sandbox, and seepage loops as variables. All experiments were conducted indoors, utilizing an air conditioning system to precisely regulate the ambient temperature. The experiment was considered to start when the temperature gradient inside the sandbox was less than 1°C to ensure that the initial temperature field was uniform for each condition.
The filling medium for Conditions I and II was sand, which was a mixture of four grain sizes. In Condition III, four types of geotechnical soil were filled in the sandbox in layers, replacing the sand. To accurately assess the feasibility of using artificial freezing technology to reinforce open-pit coal mine slopes in practical engineering applications, three types of rock samples were collected from the first section of the Tertiary Miocene Xiaolongtan Formation on the northern slope of the Pioneer Coal Mine in Kunming, Yunnan Province, China. The seepage loop was added to Condition IV, and the temperature of the water in the percolation tank was set to 15°C. The seepage flow rate was set to 2.5 m/d, and the initial hydraulic gradient was 0.0375. At the end of Condition IV, the refrigeration and cooling circulation loops were closed. Key experimental parameters, including the seepage flow rate, water temperature in the seepage loop, and moisture content of the rock and soil, were determined based on the actual groundwater flow rate, groundwater temperature, and moisture levels of the slope to ensure that the experimental conditions closely reflect real-world settings. Under Condition V, the seepage loop runs continuously, which simulates a freeze–thaw experiment in the presence of groundwater. The freezing duration was set to 360 h to ensure the stabilization of the temperature profile of the geotechnical soil. The detailed experimental conditions are listed in Table 3.
TABLE 3 | Experimental conditions.
[image: Table 3]2.3 Uncertainty analysis
The accuracy of the experimental results is affected by factors such as instrument configuration, instrument calibration, and environmental conditions. Uncertainty is the quantitative characterization of the degree of doubt regarding a measurement result (Sharqawy et al., 2009). When uncertainty is within reasonable limits, the data are considered plausible. In this study, the measured parameters included temperature and flow rate; Class A measurement uncertainty was used. The thermocouples used in the test were calibrated in a constant-temperature water bath to ensure that the error was less than ±0.1°C. The uncertainty [image: image] and relative uncertainty [image: image] of the measured parameters can be obtained using Equations 1, 2, where A is the upper limit of the measuring range and [image: image] is the accuracy grade. If parameter F is a function of a series of measured independent variables xi, the relative uncertainty [image: image] for F can be obtained from Equation 3 (Taylor and Kuyatt, 1994). The uncertainties of the main parameters are listed in Table 4.
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TABLE 4 | Uncertainties in the measured parameters.
[image: Table 4]3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Characteristics of temperature change under freezing conditions
Considering the overall temperature trend of the rock and soil in the sandbox for each condition, the measured temperature of point 8, located in the center, was used to create the freezing process curve (Figure 2). The figure indicates that although the rate of temperature drop is different for each condition, the downward trend of the curves is approximately the same. The freezing of rock and soil can be approximately divided into four stages: rapid cooling, precipitation of the latent heat of the icing, freezing, and stable freezing. The moments of commencement and duration of the phases are different for various conditions. In the rapid cooling phase, the internal temperature of the geotechnical soil decreased significantly in response to the initial temperature gradient. Notably, unlike the other conditions, Condition III involved a change in geotechnical media, displaying a fluctuating decreasing trend during the rapid cooling phase. This can be attributed to differences in the mineral composition or structural characteristics of the soil and rock, which affect thermal properties and result in non-uniform heat transfer within the sample, leading to an imbalanced thermal distribution.
[image: Figure 2]FIGURE 2 | Freezing temperature under different conditions.
Figure 3 shows a zoomed-in image of the latent heat of the icing phases for the four conditions shown in Figure 2. Condition IV had the longest latent heat with an icing duration of 14.3 h; Condition Ⅲ had the shortest duration of 0.6 h. Under Condition III, the temperature increase during the latent heat release in the freezing phase was brief and insignificant. The latent heat of the freezing phase is characterized by a significant increase in the soil and rock temperatures. This is because as the pore water starts to freeze during this phase, it releases a large amount of latent heat from freezing. When the soil temperature rises to its maximum value, the latent heat of ice precipitation is balanced by a decrease in the external temperature. This is followed by the freezing stage, in which the temperature of the soil body decreases further. The water in the pores of the soil body freezes, and the soil particles are cemented to form permafrost. During the stable freezing stage, the temperature of the geotechnical body is virtually stabilized, and the strength of the permafrost body is further enhanced.
[image: Figure 3]FIGURE 3 | Temperature change curves for the four conditions under study during the latent heat of the icing stage.
3.2 Influence of geotechnical water content on freezing
The water contents of Condition I and II were 7.3% and 27.4%, respectively. Comparing the cooling curves in Figure 2, in the first 25 h, the temperature decrease rates of conditions I and II were 1.069°C/h and 1.036°C/h, respectively. This revealed that the water content during the pre-freezing period had a minimal effect on the freezing rate. The rate of temperature decrease was 0.018°C and 0.022°C/h for Conditions II and I, respectively, during 25–360 h. In the later stages of freezing, the temperature gradient decreased; the higher the water content, the slower the temperature drop rate. During the entire freezing period of 360 h, the temperature drop rate was 0.089°C/h when operating in the full water condition of Condition Ⅱ, slower than 0.095°C/h in Condition I. The cloud and site diagrams at the end of freezing are shown in Figure 4, and the cloud diagram shows the plane where the diagonals of the sandbox are located, i.e., the plane ABCD shown in Figure 1. The freezing radii of Conditions I and II were 220 and 300 mm, respectively, and the expansion rates of the frozen walls were 0.611 mm/h and 0.833 mm/h, respectively. Therefore, the higher the water content of the rock and soil, the slower the rate of temperature drop, the faster the expansion of the freezing wall, and the better the freezing effect.
[image: Figure 4]FIGURE 4 | Conditions I and II freezing processes: 360 h cloud and physical diagrams (A) Condition I freeze: 360 h cloud map (B) Physical diagram of Condition I: frozen for 360 h (C) Condition II freeze: 360 h cloud map (D) Physical diagram of Condition II: frozen for 360 h.
As shown in the photograph of the Condition I field experiment in Figure 4B, the unfrozen rock and soil were partially loose. There was no sticky sensation when rubbed by hand, and the water content was 1.6%. The decrease in the water content in the unfrozen geotechnical zone indicated that the water film migrated with the freezing temperature gradient toward the cold end of the experiment, that is, the U-single freeze pipe. This phenomenon can test the theory of water film migration in the ice formation mechanism as a continuous process from high to low temperatures and from thick to thin film water. Notably, frost heave did not occur at the end of freezing under Condition I. The volume of the rock remained essentially unchanged. Li (Pei and Dong, 2023) demonstrated that not all water-bearing geotechnical bodies would produce frost heave. Three soil samples with water content of 10, 14, and 18% were prepared for artificial freezing. The 10% water content was lower than that required for starting frost heave in the rock and soil samples, and there was almost no frost heave. In this experiment, no frost heave was produced at 7.3% water content in the sand. Despite the internal moisture migration phenomenon, the pore space was relatively large owing to the low initial water content of the sand. The internal pore space can accommodate the ice content produced by freezing.
3.3 Influence of different geotechnical media on freezing
Owing to the temperature change in each rock and soil layer close to the wall of the frozen U-shaped pipe, to better analyze the development and change in the freezing temperature field, we analyzed measurement points 12, 13, 14, and 15 outside a certain distance from the frozen pipe. Figure 5 shows the temperature variations during the freezing period for the four-layered lithologies under Condition III. The initial temperatures were the same for each rock and soil layer, approximately 22°C. The rate of temperature change of lignite is 0.061°C/h, significantly slower than the other three lithologies. The rate of temperature decrease for the four lithologies decreased in the following descending order: sand, carbonaceous mudstone, siltstone, and lignite. Furthermore, the measured temperature data of the four geotechnical soils were fitted with the exponential function y = A1e-x/A2+A3, and the fitted correlation coefficients R2 of A1, A2, and A3 were greater than 0.927. Among them, lignite exhibited the highest linear fit accuracy, with an R2 value of 0.9969. This indicates that the exponential functions can satisfactorily fit the temperature changes in the various types of geotechnical soil layers over time. Therefore, this function can be utilized to derive the rate of change in freezing temperature, which facilitates the study of the permafrost temperature field.
[image: Figure 5]FIGURE 5 | Changes in the freezing temperatures of rock layers under Condition III.
Figure 5 presents the fitted function curve expressions for each lithology and the corresponding values of A1, A2, and A3. The A1 value represents the initial rate of temperature decrease, with higher values indicating a faster initial cooling in rock and soil samples, indicating rapid cooling. The A2 value is associated with the time constant for temperature decreases, where larger values suggest a slower temperature decay process, indicating higher thermal stability. The A3 value represents the final stable level of temperature change. The sand layer, with a high A1 and a greater cooling rate (V1), demonstrated better thermal conductivity and the fastest cooling rate. In contrast, lignite exhibited the lowest cooling rate, reflecting its lower thermal conductivity. Therefore, the thermal properties of different lithologies significantly impact the effectiveness of freezing and the development of the temperature field.
In the context of freezing-process design, high thermal conductivity layers reach the target freezing temperature more rapidly, which implies that the freezing time can be shortened, thus reducing energy consumption for cooling during construction. Conversely, for layers with lower thermal conductivity, extended freezing times and increased cooling energy input may be necessary to ensure the formation and stability of the frozen wall. By analyzing the temperature variation characteristics of different lithologies, the cooling strategy can be precisely tailored to match the thermal properties of each layer, ultimately achieving optimal construction efficiency and cost-effectiveness under diverse geological conditions, which is especially important for projects involving heterogeneous geotechnical materials.
To further compare the freezing effect between different strata, the temperature changes in the longitudinal direction of each stratum were analyzed for holes 1, 2, and 3 at different time periods. The selected holes were in the same orientation, and their distances from the U-shaped freezing tube were 0, 208, and 406 mm (Figure 6). In the same rock layer, the temperature measurement points gradually become denser with an increase in the temperature measurement time. This indicates that the temperature gradient inside the sandbox decreased with an increase in freezing time, and the temperature drop decreased gradually. The temperature field was centered on the U-shaped freezing tube, first affecting the surrounding geotechnical soil and then slowly spreading outward. In hole 1, the sand had already started to enter the negative temperature stage after 20 h of freezing, whereas the lignite entered this stage only after 240 h of freezing, which shows that there are significant differences between the different lithologies.
[image: Figure 6]FIGURE 6 | Temperature variations in different rock formations at different hole locations. (A) Hole 1, (B) Hole 2, (C) Hole 3.
Figure 7 shows the freezing conditions of the four types of geotechnical soil after 360 h of freezing. The cloud diagrams show the temperature distribution in the cross-section at the middle of each geotechnical layer. From the cloud diagram, the freezing radii of sand, siltstone, carbonaceous mudstone, and lignite are 400, 340, 380, and 240 mm, respectively, and the expansion rates of the freezing wall throughout the freezing period are 1.111, 0.944, 1.056, and 0.667 mm/h, respectively. The order of the rate of transfer wall expansion was consistent with the rate of temperature decrease, which was positively related.
[image: Figure 7]FIGURE 7 | Condition Ⅲ freezing: 360 h freezing wall condition of each geotechnical layer. (A) L1, (B) L2, (C) L3, (D) L4.
3.4 Influence of seepage on freezing
Figure 8 shows the temperature field for 50 and 360 h of seepage condition operation. The freezing curtain thicknesses before and after the MM’ section were 130 and 140 mm, respectively, when the system was operated for 50 h. After 360 h of operation, the thicknesses of the freezing curtain before and after the MM’ section were 220 and 260 mm, respectively. During the freezing period of 50–360 h, the expansion rate of the freezing curtain was 0.290 and 0.387 mm/h before and after the MM’ section, respectively. The rate of freezing wall expansion is greater on the front side of the MM’ section than on the back side of the section. This is because the relatively warm water flow brought by the seepage increases the thermal load in the freezing zone. The “heat influx effect” caused by seepage results in stronger heat conduction on the left side of MM’, which delays the formation of ice around the freezing pipes on this side. Meanwhile, the seepage carries the cold from the front of the MM’ crack to its back, accelerating the accumulation of cold at the back of this section, thereby facilitating the expansion of the frozen section. Over extended operating times, the frozen soil exhibits a progressively reduced frost-heave effect in the direction of the seepage, further intensifying the asymmetrical distribution.
[image: Figure 8]FIGURE 8 | Temperature cloud plots for condition IV at 50 and 360 h of operation. (A) 50 h, (B) 360 h.
The long-term stability of the freezing curtain under continuous seepage depends on a dynamic balance between the freezing rate and thermal influx from seepage. Excessive seepage can lead to insufficient freezing or partial thawing, which reduces the overall strength of the freezing curtain and may result in thawing failure. In such cases, the mechanical properties of the freezing curtain may degrade, compromising the stability of surrounding soil structures. To maintain stability under continuous seepage, increasing cooling capacity in seepage-dense regions and installing hydraulic isolation measures to control groundwater flow are advisable, preserving the integrity of the freezing curtain.
Overall, under the influence of the seepage effect, the temperature distribution of the surrounding soil centered on a single U freezing tube is not uniform during the freezing process. The freezing area was asymmetrically distributed, and the asymmetry was more evident along the seepage direction. The thermodynamic effects of seepage significantly alter the temperature distribution within the freezing curtain. Prolonged seepage could destabilize portions of the frozen region. To ensure system stability and slope safety, further quantification of thermal influx due to seepage and adjustments in the cooling system layout are necessary to optimize freezing performance.
Figure 9 illustrates the variations in the freezing radius, freezing rate, and Reynolds number of carbonaceous mudstone in the presence of seepage. Using 0°C as a reference point, the soil in the sandbox is considered frozen when the geotechnical temperature reaches 0°C. Consequently, the increase in the freezing radius over time can be determined. With an increase in freezing time, the freezing radius gradually increased and was centered on the U-shaped freezing tube. During 0–60 h of freezing, the freezing radius increased sharply to 145 mm, and the freezing rate decreased synchronously during this period. Within 60–360 h of freezing, the freezing radius increased slowly to 188 mm at the end of condition I, and the freezing rate fluctuated by 0.2. As the freezing radius increases, the seepage fluid must flow around the freezing column. Consider MM’ shown in Figure 8 as the boundary. Before the MM’ section, the flow velocity increased and the pressure decreased owing to the continuous contraction of the overflow section. By contrast, after the MM’ section, the fluid layer is a pressurized deceleration zone. The incoming seepage flow velocity was determined to be 2.5 m/d, and the freezing radius was positively correlated with the Reynolds number. When the freezing radius was maximized, the Reynolds number was 1.82.
[image: Figure 9]FIGURE 9 | Relationships among freezing radius, freezing rate, and reynolds number variation for condition IV carbonaceous mudstone.
The temperature changes in the geotechnical body with and without seepage are shown in Figure 10. Comparing the temperature drop curves for the seepage-free and seepage-flow conditions, the temperature drop rates for the seepage-free and seepage-flow conditions were 0.068°C and 0.0586°C/h, respectively, over the entire freezing period. An increase in seepage water slows the freezing rate. Furthermore, we compared the temperature changes before and after the MM’ section under seepage conditions. From the temperature drop curves before and after section MM’ in condition IV in Figure 10, the temperature distribution during the freezing process of the geotechnical soil is not uniform. The rate of temperature decrease on the front side of the MM’ section was 0.0586 °C/h, and the temperature dropped to 0°C and eventually stabilized at −4°C after 16 h of freezing. The rate of temperature decrease at the back side of the MM’ section was 0.0613°C/h, and after only 8 h of freezing, the temperature dropped to 0°C and finally stabilized at −7°C. The rate of the temperature decrease on the anterior side of the MM’ break was significantly higher than that on the posterior side. This was because the percolating water carried the cold from the front side of the MM’ to the back side, resulting in an increase in coldness on the back side of the cylinder and a rapid drop in temperature. After running for 68 h, both curves show consistent temperature trends and volatility. This indicates that the effect of seepage on freezing increases with time during the pre-freezing period. After equilibrium was reached, the temperatures on both sides did not change.
[image: Figure 10]FIGURE 10 | Temperature changes under seepage and non-seepage conditions.
3.5 Characteristics of geotechnical changes under freeze–thaw conditions
Figure 11 illustrates the recovery of the temperature field inside the sandbox under melting conditions. The temperature change curves of the four geotechnical layers show that the temperature recovery patterns of each geotechnical layer were similar. All of them underwent the following four phases: temperature stabilization, rapid temperature recovery, smooth temperature recovery, and steady temperature. As the external temperature begins to increase during the temperature stabilization phase, frozen, weakly bound water crystals absorb heat and start melting. Ice formed from free water during freezing then begins to steadily melt, causing an upward trend in the temperature curve. Once the ice resulting from free water in the pores has completely melted, the soil temperature becomes positive. During the steady recovery phase, all soil and rock layers exhibit similar recovery rates, reaching a heat-diffusion-dominated state. The temperature changes gradually stabilize, and each layer eventually reaches thermal equilibrium with the ambient temperature.
[image: Figure 11]FIGURE 11 | Temperature recovery of each lithosphere under melting conditions.
Within the first 28 h after the system stopped running, the freezing temperatures of the siltstone, charcoal mudstone, and lignite layers remained unchanged owing to the residual cooling of the refrigeration system. As per the curves of freezing radius change of the four geotechnical layers throughout the freeze–thaw process in Figure 12, sand has the fastest melting rate among the four geotechnical layers. At the beginning of the melting condition, the freezing radius of the sand is 130 mm, and the melting rate of the sand is 6.5 mm/h. After 20 h, the freezing radius becomes 0. Once the system stopped running after 6 h, the sand temperature returned to 3°C; between 6 and 28 h, the sand temperature was stable. The system stopped running for 28–70 h owing to a rapid temperature recovery phase. Siltstone had the fastest melting rate of 0.606°C/h, followed by carbonaceous mudstone, sand, and lignite—which had the slowest melting rate of 0.269°C/h.
[image: Figure 12]FIGURE 12 | Freezing radius with time for each geotechnical layer.
The freezing radii of siltstone, carbonaceous mudstone, and lignite were 0 at 35, 44, and 45 h, respectively, indicating a state of complete melting. In descending order, the freezing radius melting rates for the four lithologies were 6.50 mm/h for sand, 5.71 mm/h for siltstone, 4.32 mm/h for carbonaceous mudstone siltstone, and 3.36 mm/h for lignite. The temperature-smooth recovery phase occurs during the 70–126-h period when the system stops running, and the average recovery rates of the siltstone, carbonaceous mudstone, and lignite were not significantly different. The temperature recovery rate of the sand was 0.109°C/h, significantly lower than that of the other three lithologies. After the system stopped running for 126 h, the geotechnical soil was mainly affected by the ambient temperature and the temperature difference between the geotechnical layers.
During the temperature stabilization phase, all four types of geotechnical soils had different temperature trends. This is because an equilibrium state is reached between the various geotechnical layers inside the sandbox as well as with the environment. The temperatures of the geotechnical layers are expected to eventually reach the same level. Once the refrigeration system ceases to operate, the process of temperature recovery in the various geotechnical layers is extremely rapid. It can be observed that applying artificial stratum technology to reinforce large geotechnical slopes enables the rapid restoration of the natural groundwater flow field shortly after project construction concludes.
4 CONCLUSION
In this study, a novel system was investigated involving the application of artificial ground-freezing techniques to stabilize slopes in large-scale surface coal mines. The technical feasibility of this system was validated through indoor tests. Based on artificial-stratum-freezing technology, sandbox tests were conducted under five conditions: changing the water content, changing the filling mediums, and increasing the seepage loops. The development characteristics of the geotechnical freezing temperature field under different conditions were analyzed. The following conclusions were obtained:
(1) The freezing process of each type of geotechnical soil can be divided into four phases: rapid cooling, latent heat of ice precipitation, freezing, and stable freezing. Experimental data show that the decreased temperature rates of the four geotechnical layers, in descending order, are: sand 0.072°C/h, carbonaceous mudstone 0.068°C/h, siltstone 0.065°C/h, and lignite 0.061°C/h. The temperature decrease rates of the experimental geotechnical layers were fitted, and the exponential fitting function y = A1e-x/A2+A3 can well reflect the trend of temperature decrease with time.
(2) The higher the water content, the faster the expansion of the freezing curtain and the better the freezing effect. When the water content was 7.3%, the final freezing radius was 220 mm; when the water content was 27.4%, the final freezing radius was 300 mm. Not all water-containing geotechnical soils are subject to freezing and expansion. The sandy soil used in this experiment had an initial freezing water content greater than 7.3%, which avoids the deformation hazards of frozen slopes.
(3) The addition of seepage loops resulted in a decrease in the freezing rate and an asymmetric distribution of the frozen areas. The temperature drop rates under the no-seepage and seepage conditions were 0.068°C and 0.0586 °C/h, respectively. Under the seepage condition, the freezing radius is positively correlated with the Reynolds number—1.82 for a maximum freezing radius of 188 mm. The freezing curtain expands at 0.029 mm/h before the MM’ section and at 0.387 mm/h after the section.
(4) In the freeze–thaw condition, the temperature recovery of sand, siltstone, carbonaceous mudstone, and lignite all underwent the following four stages: stabilization, rapid recovery, smooth recovery, and equilibrium. The melt rates for the four lithologies at the freezing radius were, in descending order, 6.50 mm/h for sand, 5.71 mm/h for siltstone, 4.32 mm/h for carbonaceous mudstone, and 3.36 mm/h for lignite.
This research provides a new green system for efficient slope stabilization in large-scale open-pit coal mines. The results of the study can provide a basis for the precise design of freezing schemes and the safe stabilization of the freezing wall. Although the experimental setup effectively validates the proposed method in a laboratory environment, it is limited in its ability to replicate field-scale conditions and account for natural environmental variability. Future research should focus on overcoming these limitations by examining the impact of the freezing process under real-world conditions, including its influence on engineering safety, reinforcement efficacy, and construction costs. Such investigations will be crucial for optimizing the application of AGF technology in the stabilization of open-pit slopes.
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