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The exploration of the hydro-thermal characteristics and deformation behaviors of cement-stabilized soils is important for the prevention and control of freeze–thaw damage in cold region engineering. This study used six groups of cement-stabilized soil samples with different cement contents (i.e., 3%, 6%, 9%, 12%, 15%, and 18%) to investigate the variations in soil temperature, volumetric unfrozen water content, deformation, freezing temperature, and dry density. The results showed that the temperatures of the cement-stabilized soil samples during the freezing and thawing processes can be categorized into three stages and that the freezing temperature decreased with increasing cement content. Moreover, the cement content and ambient temperature significantly affected the volumetric unfrozen water content of the cement-stabilized soil samples during the freeze–thaw cycles, and the soil temperatures corresponding to the peak hysteresis degree were relatively consistent with the freezing temperature. The residual volumetric unfrozen water content primarily depended not only on the cement content but also on the freezing condition. Although the variations in volumetric unfrozen water contents during the freezing and thawing processes were similar, the ranges in temperature change differed significantly, particularly in the drastic phase transition zone. Additionally, adding cement into soils effectively inhibited deformation, mainly due to the dual positive effects of the liquid water reduction owing to hydration reaction and structure compaction owing to the filling of hydration products.
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1 INTRODUCTION
Owing to the rapid development of civil engineering constructions, several engineering infrastructures have been constructed in cold regions and permafrost areas, including the Qinghai–Tibet railway and highway (Cheng et al., 2008; Lu et al., 2019a), Sichuan–Tibet railway (Xue et al., 2021), Harbin Dalian high-speed railway (Tai et al., 2017), and Gonghe-Yushu highway (Pei et al., 2022), as well as tunnels (Zhang et al., 2017), embankment dams (Zhang et al., 2021), and canals (Li et al., 2015) in cold regions. The geological challenges in cold region engineering are extremely complex, particularly the effect of frost heave and thaw settlement on engineering durability. Therefore, reinforcement measures to strengthen the engineering properties of weak soils must be investigated. As a mixed geotechnical material that features low cost, high strength, and simple preparation, cement-stabilized soil is widely used in many civil engineering applications, such as expansive soil foundation improvement (Madhyannapu and Puppala, 2014), underground liquid natural gas storage (Yu et al., 2022), fine-grained lateritic soil modification for pavement foundation layers (Mengue et al., 2018), slope stabilization in swelling soils (Daraei et al., 2018), and soft foundation reinforcement (Kang et al., 2017; Yi et al., 2018; Wang et al., 2022).
Generally, adding materials such as fibers (Tang et al., 2010; Malekzadeh and Bilsel, 2014; Wei et al., 2018; Akbari et al., 2021; Lu et al., 2022a), mineral admixtures (Chew et al., 2004; Consoli et al., 2011; Mardani-Aghabaglou et al., 2015; Behnood, 2018; Bunawan et al., 2018; Wei et al., 2018; Luis et al., 2019; Zhang et al., 2019; Lu et al., 2022a), and nano-materials (Taha, 2009; Taha and Taha, 2012; Meng et al., 2017; Behnood, 2018; Akbari et al., 2021; Wang et al., 2021) to soils is considered an effective measure to improve the durability of geotechnical materials in engineering applications. The overall performances of soils modified with additives have been investigated extensively. Various fibers, including plant (e.g., rice straw, wheat straw, palm fiber, bagasse fiber, bamboo fiber, sisal fiber, coir fiber, and jute fiber) and synthetic (e.g., nylon fiber, polyester fiber, polypropylene fiber, glass fiber, basalt fiber, alcohol fiber, and PVA fiber) fibers have been extensively used to improve the geotechnical parameters of soil by reducing crack propagation and mass loss, increasing shear and tensile strengths, and enhancing ductility (Tang et al., 2010; Malekzadeh and Bilsel, 2014; Wei et al., 2018; Akbari et al., 2021; Lu et al., 2022a). Additionally, mineral admixtures, including lime, cement, fly ash, slag, and metakaolin, have been widely applied to enhance soil properties. Among them, cement and lime are the two most typically used soil stabilization agents in engineering applications (Behnood, 2018). Adding cement and fly ash to soils can increase the setting time and decrease the viscosity. Moreover, fresh mixes show good homogeneity and stability, thus providing good performance (Chew et al., 2004; Bunawan et al., 2018). Factors including porosity, cement content, and volumetric water content significantly affect the mechanical properties of cement-stabilized soils (Consoli et al., 2011). Additionally, owing to their small particle size, high specific surface area, and reactivity, various nano-materials (e.g., nano-zeolite, nano-SiO2, nano-Al2O3, nano-TiO2, nano-CaCO3, nano-CuO, nano-clay, and carbon nanotubes) are typically used to enhance the properties of treated soils (Taha, 2009; Taha and Taha, 2012; Mardani-Aghabaglou et al., 2015; Meng et al., 2017; Behnood, 2018; Akbari et al., 2021; Wang et al., 2021). The overall performance of nanoparticle-treated soils shows significant improvement within the optimum range of nano-material content, including improved mechanical properties and decreased plasticity (Taha, 2009), reduced swelling and shrinkage strains (Taha and Taha, 2012), and enhanced corrosion resistance (Wang et al., 2021). Moreover, polymers, including various polymer precursors, emulsions, resins, and biopolymers, have been used to improve the mechanical properties, reduce hydraulic conductivity, and enhance the pore structures of treated soils (Al-Khanbashi and Abdalla, 2006; Mujah et al., 2015; Rezaeimalek et al., 2017). The findings of previous studies have suggested that adding materials to soils can significantly improve the bearing capacity and stability of geotechnical materials, particularly for cement-stabilized soils, although many of these studies primarily focused on the mechanical and hydraulic properties of treated soils. In cold regions, water migration and redistribution significantly affect the hydro-thermal characteristics and deformation behaviors (Lu et al., 2019a; Lu et al., 2019b; Lu et al., 2021), which might consequently affect the mechanical properties of soils (Lai et al., 2014).
Yu et al. (2022) studied the mechanical, physical, and thermal characteristics of cement-stabilized soil surrounding an underground LNG system exposed to freeze–thaw cycles, concluding that the deformation, thermal conductivity, and volume expansion of the cement-stabilized soil were superior to those of untreated soil; thus, cement-stabilized soil can be used to prevent potential damage to adjacent facilities. Lu et al. (2020) explored the mechanical properties and deformation behavior of cement-treated expansive soils and demonstrated that the cement-treated expansive soil was less sensitive to moisture. The addition of cement changes the freeze–thaw performance of expansive soils, by increasing their compressive strength and resilient modulus, reducing swelling and shrinkage deformations triggered by freeze–thaw cycles, and diminishing the strain at failure. Ding et al. (2018) investigated the mechanical properties of clay stabilized with cement and polypropylene fiber under freeze–thaw cycles and found that cement-stabilized soils showed volumetric shrinkage, whereas soil modified with cement and polypropylene fiber showed volumetric expansion. The unconfined compressive strength and stress-strain curves changed significantly in the first freeze–thaw cycle and then remained almost unchanged with additional freeze–thaw cycles. However, these studies primarily focused on the mechanical properties of cement-stabilized soils, and the variations in the hydro-thermal characteristics and deformation behaviors of cement-stabilized soils exposed to freeze–thaw cycles are rarely investigated. Permafrost areas and seasonally frozen ground constitute approximately 22.4% and 55.0% of the Earth’s land area, respectively, which is similar to the distribution in China (Qiu et al., 1994). Hence, geotechnical materials are inevitably exposed to freeze–thaw cycles, and the frost heave and thaw settlement of frozen soils significantly affect the construction and maintenance of geotechnical engineering. Freeze–thaw cycles significantly affect the hydro-thermal-deformation characteristics of soils, and some soil properties vary considerably during the freezing and thawing processes, including thermal conductivity (Zhang et al., 2018a; Bi et al., 2020; Lu et al., 2021), matric suction (Lu et al., 2018), volumetric unfrozen water content (Zhang et al., 2018b; Lu et al., 2022b), deformation, and dry density (Qi et al., 2006; Qi et al., 2008; Lu et al., 2018; Lu et al., 2022b). Therefore, the hydro-thermal-deformation characteristics of cement-stabilized soil exposed to freeze–thaw cycles must be investigated.
The present study conducted a series of experiments to investigate the hydro-thermal-deformation characteristics of cement-stabilized soil exposed to freeze–thaw cycles. Six groups of cement-stabilized soil samples with different cement contents (i.e., 3%, 6%, 9%, 12%, 15%, and 18%) were prepared and then subjected to freeze–thaw cycle tests. The temperature, volumetric unfrozen water content, and deformation of the cement-stabilized soil samples were monitored during the freezing and thawing processes. Subsequently, the relationships among soil temperature, volumetric unfrozen water content, and deformation were analyzed. These findings provide an improved understanding of the variations in the hydro-thermal characteristics and deformation behaviors of cement-stabilized soil to help prevent or control freeze–thaw damage in cold region engineering.
2 EXPERIMENTAL DESIGN
2.1 Experimental apparatus
Figure 1 shows a schematic illustration of the experimental apparatus, which comprised three components: a temperature control system, model test barrels, and a data acquisition system. The temperature control system consisted of a compressor, an evaporator, refrigerant circulation pipelines, and an automatic temperature controller that maintained the experimental ambient environment at the desired temperature. The model test barrels had inner diameters of 15 cm and heights of 30 cm. The bottoms of the barrels were insulated with 5-cm-thick rigid polyurethane sheets to freeze the samples from the top and radial directions.
[image: Figure 1]FIGURE 1 | Schematic illustration of the experimental apparatus and controlled ambient temperature.
The data acquisition system comprised a data logger and sensors (temperature, deformation, and volumetric unfrozen water content sensors). The temperature sensor was a thermistor temperature sensor with a temperature measurement ranging from −30°C to 30°C and a temperature accuracy of ±0.05°C. The temperature sensors were embedded at depths of 5 cm (T1) and 10 cm (T2) from the top. The deformation sensor was based on a linear displacement sensor with a precision of ±0.1 F.S. (full scale) and was arranged on the tops of the samples. The volumetric unfrozen water content sensor, which featured three 5.2-cm-long probes, was based on the principle of frequency domain reflection, with a sensor precision of ±0.03 m3/m3. The volumetric unfrozen water content of the soil was calculated based on its dielectric permittivity, which indirectly reflected the frequency of electromagnetic waves. The volumetric unfrozen water content sensor was placed in the middle of the samples. Based on the calibration of the volumetric unfrozen water content sensor for the soil, a third-order polynomial equation was used to calculate the volumetric unfrozen water content (Topp et al., 1980; Lu et al., 2022b), as follows:
[image: image]
where [image: image] and [image: image] are the volumetric unfrozen water content and dielectric permittivity of the soil, respectively.
All sensors were connected to a data logger connected to a computer. The data acquisition interval was 5.0 min.
2.2 Experimental procedure
Silty clay was derived from the soil from Gansu Province through a series of treatment procedures (drying, crushing, and sieving) to eliminate particles >2 mm. The physical properties and grain-size distributions of the silty clay are shown in Table 1 and Figure 2, respectively. Ordinary graded 42.5 Portland cement, produced by Lafarge Cement Co., Ltd. in Sichuan Province, was used as a stabilization agent. The main chemical composition of Portland cement is listed in Table 2. According to the Chinese national standard of specifications for the mix proportion design of cement soil (JGJ/T 233-2011, 2011), the cement content in cement-stabilized soil is defined as the ratio of dried cement mass to dried soil mass, as follows:
[image: image]
where [image: image] is the cement content, and mc and ms are the masses of dried cement and dried soil, respectively.
TABLE 1 | Physical properties of the soil.
[image: Table 1][image: Figure 2]FIGURE 2 | Grain-size distribution of silty clay.
TABLE 2 | Main chemical compositions of the Portland cement used in the experiments.
[image: Table 2]Six cement-stabilized soil samples with cement contents of 3%, 6%, 9%, 12%, 15%, and 18% were prepared, the mix proportions of which are listed in Table 3. The initial volumetric water content of the cement-stabilized soil sample with a cement content of 3% (N01) was 14.8%. The other samples (N02, N03, N04, N05, and N06) had an initial volumetric water content of 25.8%.
TABLE 3 | Mixture proportions of cement-stabilized soil samples (%).
[image: Table 3]The required cement, soil, and distilled water were weighed and the cement-stabilized soil samples were prepared as follows: first, the cement and soil were mixed to a uniform consistency. Next, water was added to the mixture, and the latter was stirred in a forced mixer for 30 s to create a homogeneous paste. The mixture was then compacted into a sample barrel using a hammer to achieve the target dry density. Next, the samples were sealed in a plastic bag for 24 h at an ambient temperature of 20 ± 2°C to ensure adequate moisture redistribution. Before the experiment, the prepared cement-stabilized soil samples were placed in a refrigerator at an ambient temperature of 20°C for 7 days to ensure even distribution of the moisture and soil temperature and full hydration reaction between the cement and water in the soil. Subsequently, freeze–thaw cycle tests were performed. Each freeze–thaw cycle lasted for 12 h, in which the ambient temperature was decreased from 20°C to −20°C for 1 h, maintained at −20°C for 5 h (cooling process), increased from −20°C to 20°C for 1 h, and maintained at 20°C for 5 h (warming process). A total of six freeze–thaw cycles were performed for the samples.
3 RESULTS AND DISCUSSIONS
3.1 Variations in soil temperature
Figure 3 shows the variations in soil temperature for the cement-stabilized soil samples during the freeze–thaw cycles. The soil temperatures during the freezing processes were categorized into three stages: rapid cooling, transient constant temperature, and cooling-freezing. The rapid cooling stage, i.e., the non-icing stage, occurred due to the rapid cooling of the samples. In this stage, no water phase change occurred and no ice crystals appeared in the samples. The transient constant temperature stage, i.e., the supercooling stage, was a metastable state during which the water in the cement-stabilized soil samples remained unfrozen even below the freezing temperature. The supercooling temperature of the cement-stabilized soil decreased with increasing initial cement content, except for the sample with a cement content of 12% (N04). As the freeze–thaw cycle progressed, the duration of the supercooling stage decreased, possibly due to the hydration reaction between the cement and water in the soil samples. During the cooling-freezing stage, the liquid water in the samples gradually froze. Similarly, the soil temperature during the warming processes was divided into three stages: rapid increase, relatively slow increase, and steady melting. The rapid increase stage of the soil temperature occurred due to a rapid increase in the ambient temperature. In the relatively slow increase stage, the ice in the samples rapidly melted, although the soil temperature gradually increased. Additionally, with increasing numbers of freeze–thaw cycles, the duration of the relatively slow increase stage decreased and the temperature range of soil samples in the thawing and freezing stages stabilized. This might have occurred due to the significant changes in the thermal parameters (primarily the volumetric heat capacity and thermal conductivity) and the pore structure of the cement-stabilized soil samples with increasing freeze–thaw cycles, owing to the hydration reaction between the cement and water and the effect of the freeze–thaw cycles on the pore structure of the samples.
[image: Figure 3]FIGURE 3 | Variations in soil temperature during the freeze–thaw cycles.
3.2 Freezing temperatures of cement-stabilized soil samples
The freezing temperature of geotechnical materials used in cold region engineering must be determined to verify whether the materials are in a frozen or thawed state. Figure 4 shows the freezing temperatures of cement-stabilized soil samples with different cement contents. Under the same initial volumetric water content (25.8%), the freezing temperature of the cement-stabilized soil samples decreased with increasing cement content. This may be due to the dual effects of hydration reaction and pore action; the clinker minerals in cement, such as tricalcium silicate, dicalcium silicate, and tricalcium aluminate, underwent hydration and hydrolysis reactions with liquid water in the soil. Thus, some of the free water in the soils was converted to bound water, resulting in decreased free water content in the soil. Consequently, when a water-ice phase transition occurred, less latent heat was released and the freezing temperature decreased. Meanwhile, as the cement content increased, the cementation effect of cement in the soil decreased the size of the soil pores; thus, the freezing temperature of the cement-stabilized soil decreased with increasing cement content because the freezing of soil originated from the larger pores (Figure 4). Based on the regression analysis of the experimental data, the relationship between the freezing temperature and the cement content of the cement-stabilized soil can be expressed as follows:
[image: image]
where [image: image] is the cement content of the cement-stabilized soil samples.
[image: Figure 4]FIGURE 4 | Freezing temperature of cement-stabilized soil samples with different cement contents.
3.3 Variations in volumetric unfrozen water content
3.3.1 Effect of cement content on volumetric unfrozen water content
Figure 5 shows the variations in volumetric unfrozen water content of the cement-stabilized soil samples with an initial water content of 25.8% during the freeze–thaw cycles. The cement content and ambient temperature significantly affected the volumetric unfrozen water contents of the cement-stabilized soil samples during the freeze–thaw cycles. Cement-stabilized soil samples with low cement contents showed higher liquid water contents before the freeze–thaw cycles compared to those in samples with high cement content. This occurred due to the hydration reaction between the cement and liquid water in the soil and the formation of hydration products (e.g., CH gels and C-S-H crystals) before the freeze–thaw cycles (7 days), which resulted in a relatively compact structure. Consequently, the liquid water in the soil was consumed and the liquid water content decreased. The liquid water content before the freeze–thaw cycles in the cement-stabilized soil samples with cement contents of 6% (N02), 9% (N03), 12% (N04), 15% (N05), and 18% (N06) decreased from 25.8% to 24.09%, 23.48%, 21.18%, 14.50%, and 11.73%, respectively (Figure 5).
[image: Figure 5]FIGURE 5 | Variations in the volumetric unfrozen water contents of cement-stabilized soil samples during the freeze–thaw cycles.
Figure 5 also shows that the volumetric unfrozen water content of the cement-stabilized soil samples decreases (increased) with decreased (increased) ambient temperature during the freezing and thawing processes. The residual volumetric unfrozen water content of the cement-stabilized soil samples, as an important index for evaluating the frost characteristics of geotechnical materials in cold regions, depends on both the cement content and its freezing conditions (Figure 5). Additionally, the freeze–thaw cycles slightly affected the total liquid water and residual volumetric unfrozen water contents of the cement-stabilized soil samples. The total liquid water content of the sample with a cement content of 15% changed from 14.5% (before the freeze–thaw test) to 14.29% (first freeze–thaw cycle), 14.08% (second freeze–thaw cycle), 13.63% (third freeze–thaw cycle), 13.51% (fourth freeze–thaw cycle), and 14.13% (fifth freeze–thaw cycle). Meanwhile, the residual volumetric unfrozen water content varied from 3.0% to 4.0% during the fifth freeze–thaw cycle (Figure 5). These findings indicated that a slight hydration reaction occurred during the freezing and thawing processes.
3.3.2 Hysteresis of the volumetric unfrozen water content
Figure 6 shows the hysteresis of the volumetric unfrozen water content for the cement-stabilized soil samples during the freezing and thawing processes. Obvious hysteresis was observed in the volumetric unfrozen water content between the freezing and thawing processes, with a higher volumetric unfrozen water content of the cement-stabilized soil samples during the freezing process compared to that during the thawing process. Generally, similar variations in volumetric unfrozen water content were observed during the freezing and thawing processes; i.e., the volumetric unfrozen water content first slowly decreased, then rapidly decreased, and slowly decreased again before stabilizing. However, the ranges of the temperature changes of the volumetric unfrozen water contents differed significantly. During the freezing process, the soil temperature corresponding to the drastic phase transition zone ranged from −1°C to −6°C, during which stage the clear transformation of the water-ice caused a rapid reduction of the volumetric unfrozen water content and significant variations in the soil structure. Compared to the phase transition zone of silty clay, the drastic phase transition zone of the cement-stabilized soil samples showed a wider temperature range and a lower initial temperature (Zhang et al., 2018a; Lu et al., 2022b), possibly because the hydration reaction between the cement and water in the soil reduced the amount of liquid water and the hydration products occupied the pores, thus resulting in a compacted structure of the cement-stabilized soil samples. Indeed, freezing originated from the macro-pores of the geotechnical materials, leading to a wider temperature range and lower initial temperature in the drastic phase transition zone. The soil temperature corresponding to the drastic phase transition zone during the thawing process ranged from −4°C to 0°C.
[image: Figure 6]FIGURE 6 | Hysteresis of the volumetric unfrozen water content of cement-stabilized soil samples in freezing and thawing processes.
In the drastic phase transition zone, the change slope of the volumetric unfrozen water content for the cement-stabilized soil samples with a lower cement content was greater than that for the cement-stabilized soil samples with a higher cement content owing to differences in the amount of liquid water and macro-pores in the samples (Figure 6). Additionally, as the cement content increased, the interval and difference in the volumetric unfrozen water content between the freezing and thawing processes decreased (Figure 6).
To quantitatively investigate the characteristics of the hysteresis of the volumetric unfrozen water content for the cement-stabilized soil samples, an important index; i.e., the hysteresis degree of the volumetric unfrozen water content, [image: image], was proposed,
[image: image]
where [image: image] and [image: image] are the volumetric unfrozen water content at the same time during the freezing and thawing processes, respectively.
Figure 7 shows the hysteresis degree of the volumetric unfrozen water content for the cement-stabilized soil samples with different cement contents. Regardless of the cement content, as the soil temperature decreased, the hysteresis degree of the volumetric unfrozen water content first increased, and then decreased from the peak value and approached zero. The peak value occurred within the range of the drastic phase transition zone. For cement-stabilized soil samples with cement contents of 6%, 9%, 12%, 15%, and 18%, the soil temperatures corresponding to the peak value were −2.53°C, −1.33°C, −1.85°C, −2.49°C, and −3.48°C, respectively, which were relatively consistent with the freezing temperatures (Figure 7). Moreover, under the same initial volumetric water content (25.8%), the peak values of the hysteresis degrees of the volumetric unfrozen water content decreased with increasing cement content; for instance, the peak hysteresis degrees for samples with cement contents of 6%, 9%, 12%, 15%, and 18% were 8.99%, 5.75%, 4.24%, 0.71%, and 0.71%, respectively (Figure 7). As the cement content increased, more liquid water was consumed owing to the hydration reaction, and the soil structures were compacted with more micro-pores, which resulted in a slight difference in volumetric unfrozen water content between the freezing and thawing processes.
[image: Figure 7]FIGURE 7 | Hysteresis degrees of volumetric unfrozen water content for cement-stabilized soil samples with different cement contents.
3.4 Variations in deformation
Figure 8 shows the variations in the deformation of the cement-stabilized soil samples with cement contents of 6%, 15%, and 18%. During the cooling processes, when the soil temperature was below the freezing temperature and the ambient temperature continuously decreased, frost heave occurred due to the water-ice phase transition. During the warming processes, owing to the immersion of heat energy, the frozen soil melted, and thaw settlement appeared. Under the same freeze–thaw cycles, cement-stabilized soil samples with high cement content showed less deformation compared to that in samples with low cement content. The deformation of the sample with a cement content of 18% was the lowest, followed by those with cement contents of 15% and 6%. This finding occurred because the soil samples with high cement content had less liquid water and featured compacted structures. Furthermore, after each freeze–thaw cycle, the samples showed a net deformation greater than zero, which indicated an increased volume of the cement-stabilized soil samples (Figure 8).
[image: Figure 8]FIGURE 8 | Variations in the deformation of cement-stabilized soil samples with different cement contents.
Additionally, the freeze–thaw cycles significantly affected the variation in deformation, particularly in the first freeze–thaw cycle. The maximum frost heave and net deformation increased and stabilized as the number of freeze–thaw cycles increased. After the fifth freeze–thaw cycle, the maximum frost heaves of the soil samples with cement contents of 6%, 15%, and 18% were 3.3 mm, 2.3 mm, and 1.7 mm, respectively, and the net deformations were 2.0 mm, 1.8 mm, and 1.3 mm, respectively (Figure 8). Furthermore, adding cement to the soil effectively inhibited the deformation, including frost heave and thaw settlement. For the same initial volumetric water content, the higher the cement content, the more effective the deformation inhibition. This might be due to the dual positive effects of the liquid water reduction owing to the hydration reaction and the compacted structure owing to the filling of hydration products, which resulted in lower swelling stresses during the freezing and thawing processes.
To further investigate the characteristics of the cement-stabilized soils exposed to freeze–thaw cycles, the dry density of the soil samples during the freezing and thawing processes was calculated by considering the frost heave and thaw settlement,
[image: image]
where ms is the mass of the dry materials including cement and soil; d is the diameter of the cement-stabilized soil samples; and h0 and Δh are the initial height and deformation of the cement-stabilized soil samples, respectively.
Figure 9 shows the variations in dry density for the cement-stabilized soil samples with different cement content. During the freezing processes, the dry densities decreased with decreasing ambient temperature and increased with increasing ambient temperature during the thawing processes. However, after each freeze–thaw cycle, the dry densities decreased compared to the initial dry density, which indicated a downward trend in the dry densities of the cement-stabilized soil samples with increasing numbers of freeze–thaw cycles (Figure 9). Moreover, the freeze–thaw cycles significantly affected the variations in dry densities, especially in the first freeze–thaw cycle. The dry densities of cement-stabilized soil samples with higher cement content decreased faster than those with lower cement content. After three freeze–thaw cycles, the effect of freeze–thaw cycles on the dry densities of the cement-stabilized soil samples weakened, and the dry densities gradually stabilized. For instance, the dry densities of the cement-stabilized soil samples with cement contents of 6%, 12%, and 18% decreased from 1.7 g/cm3 to 1.57 g/cm3, 1.58 g/cm3, and 1.62 g/cm3, respectively. Thus, freeze–thaw cycles may loosen dense soils, although the hydration products can effectively occupy the macro-pores.
[image: Figure 9]FIGURE 9 | Variations in the dry density of cement-stabilized soil samples with different cement contents.
4 CONCLUSION
This study experimentally investigated the hydro-thermal-deformation characteristics of cement-stabilized soil exposed to freeze–thaw cycles. The following conclusion can be drawn:
1) The temperatures of the cement-stabilized soil samples during the freezing and thawing processes can be categorized into three stages. The supercooling temperature decreased as the initial cement content increased, and the duration of the supercooling stage decreased with increasing numbers of freeze–thaw cycles. In addition, the freezing temperature of the cement-stabilized soil samples decreased with increasing cement content.
2) The cement content and ambient temperature significantly affected the volumetric unfrozen water content of the cement-stabilized soil samples during the freeze–thaw cycles. The residual volumetric unfrozen water content mainly depended on both the cement content and freezing conditions. Although the variations in volumetric unfrozen water content during the freezing and thawing processes were similar, the ranges of temperature change differed significantly, particularly in the drastic phase transition zone.
3) As the cement content increased, the interval of volumetric unfrozen water content between the freezing and thawing processes decreased. The peak hysteresis degree of the volumetric unfrozen water content decreased with increasing cement content. Additionally, the soil temperatures corresponding to the peak value of the hysteresis degree were relatively consistent with the freezing temperature.
4) The freeze–thaw cycles significantly affected the variations in deformation and dry density, especially in the first freeze–thaw cycle. Adding cement to soils can effectively inhibit deformation; for the same initial soil water content, the higher the cement content, the more effective the deformation inhibition. This occurred primarily due to the dual positive effects of liquid water reduction owing to the hydration reaction and the compacted structure owing to the filling of the hydration products.
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