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Abstract

:

Engineering rock mass in cold regions has obvious freeze–thaw damage as a result of extreme differences in temperature, rainfall, snow, and other factors, which is one of the main causes of frequent geological disasters. Therefore, it is important to investigate the deterioration mechanism and evolution laws of rock mass freeze–thaw damage. Considering a hydropower station’s left bank slope in a cold region, model testing and numerical testing of slope rock mass failure under freeze–thaw conditions are here carried out by developing a generalized model. The results reveal that heat is transmitted from the outside to the inside of the slope and that the rate of temperature change varies with depth; the frost-heave force causes tensile cracks in the rock mass, with crack propagation taking the form of a circular arc; the presence of an original structural plane influences the propagation direction of the frost-heave crack, whereas the freezing rate of the fissure water influences the amplitude and growth rate of the frost-heave force. Additionally, a novel method of measuring frost-heave force is proposed. The largest frost-heave force caused by water–ice phase change is 19.3 kPa, which is equivalent to 3.17 MPa of the actual slope.
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1. Introduction


In recent years, with the steady progress of China’s ‘western development’ strategy, a large number of water conservancy and hydropower projects, railways, highways, oil pipelines, and other engineering projects have been built in the western high-cold mountains. The frost damage to high and steep slopes, subgrades, tunnels, and building foundations poses a great challenge to the engineering construction and maintenance. The field of frozen soil mechanics has been studied for almost 70 years [1,2,3,4,5,6]. According to previous engineering experience, the formation of frozen soil is frequently accompanied by frozen rock issues, while the study of frozen rock is relatively new. Under the influence of periodic temperature changes for many years, the pore water in the rock mass has experienced repeated frost-heave and thaw-shrinkage processes. This also causes the original fractures inside the rock mass to continuously expand to a certain depth. Rock mass will be destroyed and degraded under varying temperatures and water content, resulting in geological disasters such as landslides [7,8,9,10,11,12]. According to the specific characteristics of rock slope engineering, it is necessary to carry out corresponding research on frozen rock mechanics. Here, the research status of freeze–thaw problems will be briefly introduced and analyzed. (1) In the investigation of the physical and mechanical properties of rock during the freeze–thaw cycle, Winkler et al. first pointed out that human research on frozen rocks began with the recognition of the frost heaving and thawing of ice in the 19th century. Frost heave, capillary water movement, and lithological variations are the main causes of freeze–thaw damage to rock masses [13]. Kostromitinov et al. analyzed the evolution law of the uniaxial compressive strength of rocks in different freeze–thaw temperature ranges [14]. Yamabe et al. conducted uniaxial and triaxial compression tests on sandstone under single freeze–thaw conditions at various temperatures, observing that frost-heave deformation in dry samples is elastic, whereas it is the opposite in saturated samples. Furthermore, freeze–thaw samples have a higher elastic modulus and higher compressive strength than unfrozen ones [15]. Yavuz et al. pointed out that the variation law of rock parameters after a freeze–thaw cycle is determined by the initial state and porosity of the rock [16]. Khanlari et al. assessed the long-term durability of Iranian red sandstone after 30 freeze–thaw cycles and proposed that the distribution law of pores plays a significant role in the degree of freeze–thaw damage in red sandstone [17]. Ghobadi et al. considered Brazilian tensile strength to be a critical criterion for determining the durability of freeze–thaw rocks [18]. Momeni et al. carried out 300 freeze–thaw cycles on granites from three different origins, compared and analyzed the evolution laws of various physical and mechanical parameters, and concluded that the longitudinal wave velocity is the best index for evaluating the physical and mechanical properties of freeze–thaw granite [19]. The impacts of freeze–thaw cycles on the physical and mechanical properties of some sedimentary rocks in Turkey were investigated by Sarici et al. The freeze–thaw cycle causes sample porosity to rise while decreasing point load strength, Schmidt hardness, and weight. The point load strength loss and the Schmidt hardness loss have a strong relationship after 20 cycles, which is highly useful for estimating the point load strength following freeze–thaw cycles [20]. In brief, the main trends in the research on the physical and mechanical properties of rock freeze–thaw are as follows: The freeze–thaw cycle treatment methods change from a single freeze–thaw cycle and a single temperature gradient to different cycles and different temperature gradients. The test method has progressed from the uniaxial compression test to the conventional triaxial compression test and then to the triaxial compression unloading and creep tests. The research content has developed from simple static characteristics to complex dynamic characteristics. (2) The mechanism of rock freeze–thaw damage, rock freeze–thaw damage is caused by the combined action of volume expansion caused by water–ice phase change and ice segregation caused by water migration. The mechanism is often studied by microscopic means. The effect of critical saturation and pore-size distribution in freezing injury was investigated by Al-Omari. The findings suggest that first and foremost, freeze–thaw failure will occur even after a few freeze–thaw cycles when the saturation of the two types of limestone investigated surpasses 80–85%. The freezing effect is quite quick if the water saturation is sufficient. The critical saturation of these rocks is the same, notwithstanding the differences in porosity. Finally, increasing the number of freeze–thaw cycles has no influence on critical saturation; rather, the pore-size distribution, rather than total porosity, controls the freezing damage. The critical saturation, it is stated, can be described as the fundamental features of stone [21]. Martínez-Martínez et al. studied the freeze–thaw resistance of rocks as well as their physical evolution during weathering. The crack initiation, propagation, and fracture processes during the freeze–thaw cycle were observed by microscopic observation. The spatial attenuation of ultrasonic waves was discovered to be the most sensitive parameter for detecting the critical attenuation threshold of rock and its imminent fracture. The standardized durability test cannot accurately reflect the reality of rock frost weathering. It is suggested that the number of freeze–thaw cycles be increased and that the weathering process of samples be monitored using ultrasonic measurement [22]. De Argandona et al. imaged the texture characteristics and internal void structure of dolomitic rocks using X-ray computed tomography. X-ray CT was used to study the evolution of pore structure during the freeze–thaw cycle test. The images obtained can be used to track the progressive decay and evaluate the internal depth of damage, and damage was observed primarily in the form of cracks [23]. Ruedrich et al. carried out a long-term experimental study of over 1400 freeze–thaw cycles on four selected rocks. The samples in the freeze–thaw test were affected by changes in temperature and moisture, indicating that different decay mechanisms may interfere with each other. Thermohygric and moisture expansion were mentioned as important damage processes [24]. (3) The numerical simulation of rock freezing and thawing: Davidson et al. prefabricated open single-fracture rock samples, injected water into the fractures, conducted frost-heave tests, and measured the frost-heave force. Based on this, a two-dimensional finite element model was established, and the numerical solution of the frost-heave force was calculated using the equivalent thermal expansion coefficient [25]. Rode et al. pointed out that the rock moisture in the freezing and thawing process is the key factor in frost weathering. They extrapolated the water content information for natural rock walls from other relevant knowledge and integrated it into the WUFI® software package to simulate the freezing–thawing and weathering mechanisms of natural rock walls related to water [26]. Yahaghi et al. used the in-house three-dimensional mixed finite element code to study the failure mechanism of Tasmanian sandstone subjected to different freeze–thaw cycles in UCS and BTS tests. The three-dimensional numerical simulation shows that for the model both with and without freeze–thaw cycles, the final failure occurs in the central part, but with the increase in the number of freeze–thaw cycles, the failure surface becomes more tortuous [27]. Neaupane et al. developed a numerical model of a thermal–mechanical–fluid flow coupling system and used it to simulate the freezing and thawing of rocks, taking into account pore water phase change during the freezing process. Temperature transfer and deformation behavior can be well predicted in the limit range of elastic deformation. However, irreversible and plastic effects cannot be taken into account [28]. Neaupane et al. further created a nonlinear elastoplastic simulation program for rock freezing and thawing. The Mohr–Coulomb failure criterion is assumed to be valid for yield locus and plastic potential. The program’s prediction of temperature transfer and deformation agrees well with the results of the freeze–thaw test [29].



Numerous investigations into physical and mechanical rock freeze–thaw testing at the sample level have been conducted, and various methods for measuring frost-heave force and distinguishing rock frost-heave phases have been proposed. Physical model experiments of medium and large-scale rock mass damage and failure under freeze–thaw conditions, on the other hand, are rarely conducted. In the aspect of numerical simulation, the study results generally focus on the solution of frost-heave force and the distribution of stress fields in the model, while the research on the initiation and propagation process of frost-heave crack is comparatively limited.



Relying on a water conservancy project in the cold region of China, the minimum temperature in the dam site area of the project for many years has been −45 °C, the maximum temperature is 36.6 °C, and the extreme temperature difference is more than 80 °C, which places high requirements on a freeze–thaw damage study of high and steep slopes with such an extreme temperature difference. Next, the physical model test and numerical simulation of the dam site slope will be carried out to explore the evolution law of frost-heave failure of slope rock mass under the freeze–thaw conditions. The main contents of the research are as follows: (a) Using the similarity theorem, the similarity criterion and similarity ratio of a freeze–thaw test of a rock mass are derived, and a physical model of a cracked slope rock mass is built. The freeze–thaw cycle test is then used to investigate the variation laws of the temperature field, fissure water pressure, and frost-heave deformation of the model slope. (b) The numerical model of the slope is established using RFPA2D-thermal software to analyze the frost-heave failure mode and crack propagation law of an ice-containing fractured slope.




2. Physical Model Testing of Freeze–Thaw Damage and the Deterioration Mechanism of Slope Rock Mass


Taking a slope on the left bank of the dam site of the aforementioned hydropower station as a prototype, we select appropriate similar materials, build an indoor scale model, carry out a large-scale physical model test of slope rock mass failure under freeze–thaw conditions, and conduct related research.



2.1. Design of Physical Model of Freeze–Thaw Slope


Shown in Figure 1 is the engineering geological map of the left bank slope of the power station. The slope’s shallow layer is composed of class IV rock mass, while the upper portion is composed of class III rock mass, and the deep portion is composed of class II rock mass. The elevation of the left bank slope is 800~980 m. In the upper and lower parts, two weak interlayers, f2 and f3, are developed. The BQ classification is used to classify the quality of the rock mass. In this case, the prototype slope is generalized as a right triangle slope with a height of 180 m and a bottom length of 200 m. The indoor scale model is established with a geometric similarity constant of 100. As shown in Figure 2, the scale model is 1.8 m high, 2.0 m long, and 0.40 m wide. Obviously, the connection between f2 and f3 under the condition of a freeze–thaw cycle will seriously affect the stability of the slope.




2.2. Determining Similar Materials


Because the weak interlayer is located in class III rock mass, determining the physical and mechanical properties of this rock mass will be crucial to the development of this physical model. The parameters of the class III rock mass are comprehensively determined according to the in situ field testing and the field rock mass quality classification carried out for the above-mentioned project.



In order to make the parameters of similar materials meet the similarity theory and reproduce the freeze–thaw failure process indoors, gypsum and water are selected as raw materials to simulate the rock mass. According to the above quasi rock mass physical and mechanical parameters, after many tests, the mixture ratio of model material is determined as gypsum:water = 1:0.7. Table 1 provides the main physical and mechanical parameters of model materials corresponding to this mixture ratio. Since the class II rock mass is mostly distributed below the fault and is less affected by the freeze–thaw cycle, the mixture ratio of class II rock mass model material is set as 1:0.6. As the texture of class IV rock mass is relatively loose, some stacked gypsum precast blocks with a mixture ratio of 1:0.6 are selected to represent it. The size of the precast block is 240 mm long, 115 mm wide, and 53 mm high. The material of the weak interlayer f2 is simulated by the high molecular water-absorbing resin, its cohesion is c = 1 kPa, and its internal friction angle is φ = 13°. The weak interlayer f3 is a prefabricated crack with a width of 1 cm, and the crack surface is pasted with polyethylene film for waterproofing. During the test, water is filled into the weak interlayer to simulate the water–ice phase change process when the water content is high.



To verify whether the physical and mechanical properties of the model materials meet the basic requirements of similar materials, the following similarity constant relationship is established in combination with similarity theory:


   {     C σ  =  C γ   C L       C ε  =  C f  =  C μ  = 1      C σ  =  C E  =  C c  =  C   R c         



(1)




where Cσ is the stress similarity constant; Cγ is the unit weight similarity constant; CL is the geometric similarity constant; Cε is the strain similarity constant; Cf is the similarity constant of the internal friction angle; Cμ is the Poisson’s ratio similarity constant; CE is the deformation modulus similarity constant; Cc is the cohesion similarity constant; and CRc is the compressive strength similarity constant.



Table 2 shows the actual and theoretical similarity constants. The physical and mechanical properties of the model material basically meet the similarity constant relationship, and the small deviation in the similarity relationship does not affect the qualitative analysis of the test results. The material can be used to simulate the prototype slope to preliminarily explore its freeze–thaw failure law.




2.3. Test System of the Freeze–Thaw Simulation


The test was carried out in the large cold storage unit of the geomechanical model laboratory of Changjiang River Scientific Research Institute, which includes two parts: the test system inside the storage unit and the monitoring system outside the storage unit. The size of the cold storage unit is 6 m × 3 m × 3.3 m, the adjustable temperature range is 30~−20 °C, and the design cooling rate is 20~30 °C/h, as shown in Figure 3a. The storage unit body is made of polyurethane double-sided colored steel plate and hard polyester foam plastic, which has stable thermal conductivity and good durability. Stiff foam polyurethane composite insulation board is used to build the insulation box, which isolates the model from the outside on all four sides. The joints are plugged with foaming agent to imitate the heat transmission from the slope’s surface to its inside. Figure 3b shows the insulation box.




2.4. Monitoring System for Temperature, Displacement and Frost-Heave Force


A total of 7 temperature sensors T1~T7 are set at depths 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, and 35 cm from the slope surface, as shown in Figure 4. Displacement sensors L1, L3, L5, and L7 measure the vertical displacement of the slope surface, whereas displacement sensors L2, L4, L6, and L8 measure the horizontal displacement of the slope surface. A micro-osmometer S1 is placed at the bottom of the simulated weak interlayer f3.




2.5. Procedures of Freeze–Thaw Test


The freeze–thaw test was performed in three steps: (a) trial produce and purchase similar materials; (b) fabricate the gypsum block mold and the model template; (c) pour the mold, remove the formwork, and embed the temperature sensors during pouring; (d) install and debug the osmometer, displacement sensor, and camera system; (e) assemble the insulation room and seal the joints; (f) and start the freeze–thaw test by injecting water into the f3. The data were then collected, recorded, and observed.



The data to be collected and recorded in the test process included temperature, deformation, pressure, crack opening width, crack development law, and slope failure process. Every minute, the temperature, deformation, and osmotic pressure were recorded; picture data were collected every 30 min; and the camera system captured the entire freeze–thaw test procedure. During this period, the acquisition frequency was modified as needed to match the current condition.





3. Analysis of Physical Model Test Results


The test experienced a freeze–thaw cycle that lasted 180 h. The evolution rules of temperature field, deformation, and frost-heave force in the slope were investigated in detail based on the test monitoring results.



3.1. Temperature Field Analysis of Freeze–Thaw Rock Mass


Figure 5 shows the law of temperature change at measuring points at different depths during the freeze–thaw cycle. During the cooling process, it was discovered that: (a) the temperature in the cold storage drops to around −13 °C within 20 h and then fluctuates slightly, with a fluctuation range of ±2 °C; (b) the temperature curves at different depths exhibit essentially the same drop law during the cooling process, showing that heat is uniformly transmitted to the outside; (c) the temperature evolution law at the slope surface and the slope buried depth of 8 cm is very similar to that in cold storage. However, the temperature of the measuring point at the buried depth of 24 cm decreases slowly, falling to just about 0 °C after 120 h. The temperature change of the measuring points with a buried sensor depth of 24~32 cm presents a smooth curve and is not sensitive to the fluctuation of indoor temperature. It can be seen that with the increase in buried depth, the influence of external temperature changes on the interior of the rock mass will be weaker, and the cooling rate will also slow down. (d) Affected by the latent heat of pore water in the model, when the slope surface temperature drops to 0 °C, the temperature curve will have a plateau period of about 25 h before continuing to decline. In the heating process, (a) the change rate of indoor temperature changes from fast to slow, and the slope of the corresponding time-varying curve changes from large to small; (b) the response of slope body temperature lags far behind, and slope body must be preheated for an extended period of time. Using the slope surface as an example, it takes approximately 28 h, and the interior of the slope body takes even longer; (c) the heating rate will accelerate after the slope has been preheated, and the trend will be linear.




3.2. The Progressive Failure Process of Freeze–Thaw Slope Rock Mass


Figure 6 shows the curves of temperature change, frost-heave force, and slope surface displacement of the model slope during the cooling process. The deformation experienced four stages: frost-heave incubation, frost-heave initiation, frost-heave development, and crack propagation. Frost-heave incubation stage: The temperature on the slope surface drops from 25 °C to −7 °C. The fissure water is still liquid at this point, and the stored latent heat is continuously released. As a result, the horizontal and vertical displacement of the slope surface remain constant after a period of fluctuation, and the frost-heaving phenomenon is not obvious. Frost-heave initiation stage: The temperature on the slope surface continues to fall, while the displacement of the L2 measuring point on its upper part increases steadily. The water in the upper section of the fracture freezes at this point, forming an ice plug. As the unfrozen water in the lower part is strictly sealed, the excess hydrostatic pressure is gradually generated under the continuous pressure of the ice plug. It reduces immediately when the osmometer value increases to 7.8 kPa. The reason for this is that after the frost-heave initiation, the frost-heave power is released owing to newly formed microscopic cracks in the weak areas of the rock mass, but the material as a whole retains its ability to bear the load. Frost-heave development stage: The slope surface temperature is maintained at −13 °C, the freezing rate of fissure water increases, and the unfrozen water content falls. Because the frost-heave force develops rapidly after the ice jam effect forms, the osmometer measurement quickly rises to 19.3 kPa. The frost-heave force, temperature field, and slope deformation all maintain a rather balanced state over time, increasing progressively until they reach their peak. Furthermore, the upper part of the slope surface’s horizontal displacement continues to rise, and the upper part’s frost-heave force compresses the lower masonry, resulting in two stepped increases in the slope bottom’s horizontal displacement. Crack propagation stage: The frost-heave force will squeeze the crack tip through the unfrozen water in the lower part. When the driving force of crack propagation is reached, the crack tip expands, and the frost-heave force is released instantly. According to the monitoring results, the maximum frost-heave force is 19.3 kPa. Because the model’s stress similarity constant is 164, the prototype slope’s frost heave force can be calculated to be 3.17 MPa. The class III rock mass has cohesion of 0.7 to 1.5 MPa, and the frost-heave force generated is sufficient to cause freeze–thaw damage.



Figure 7 shows the osmometer values, slope deformation, and temperature change curves during the heating process of the freeze–thaw cycle. As the temperature rises, the value of the osmometer decreases until it eventually fluctuates around the hydrostatic pressure of roughly 2.2 kPa. Meanwhile, the solid ice melts into liquid water, and the L2 and L7 measuring locations experience 0.2 mm and 0.4 mm of shrinkage deformation, respectively. Other measuring points do not seem to be deformed.



The deformation form of the model slope after one freeze–thaw cycle is shown in Figure 8. A crack was formed at the bottom of the weak interlayer f3 due to frost-heave force. The crack propagates to the lower right side first, then develops into an arc to the lower left side. The crack turns to the rock mass’s sliding direction under the influence of the rock mass’s self-weight. The crack propagation depth is approximately 6 cm, and the crack tip is close to the model boundary.



The second freeze–thaw cycle has yet to begin, and crack f3 extends and cuts through the entire upper rock mass. The rock mass staggered due to self-weight and pushed the lower rock mass to slide, resulting in a landslide. Figure 9 shows the slope shape after instability. It should be noted that the model test simulates the ideal state in which the crack f3 is completely filled with water and the crack penetration path is short, making the crack more prone to deformation under the action of frost-heave force. The actual environment of the slope rock mass is more complex and requires additional research.





4. Numerical Simulations of Frost-Heave Failure of the Slope Rock Mass


Because the physical model test cannot reveal the changes in the model’s internal stress state, the prototype slope is first simplified into a numerical model including a crack and a weak interlayer; then, the numerical simulation is used to study the distribution of the internal stress field, the evolution process of the frost-heave force, and the crack propagation of the slope rock mass, in order to reveal the damage and deterioration mechanism.



4.1. Foundations of RFPA2D-Thermal


The two-dimensional finite element software RFPA2D-Thermal uses elasticity for the stress analysis and establishes the element failure analysis system based on the theory of elastic damage mechanics and the modified Coulomb failure criterion. Its theoretical basis and software architecture were initially proposed by Professor Tang’s team and further developed by Mechsoft. RFPA2D-Thermal has been successfully applied to the study of the temperature effects of rock and concrete [30,31].



In the temperature–stress coupling problem, the total strain of the material is:


  ε =  ε e  +  ε T   



(2)




where εe is the strain caused by stress and εT is the strain caused by temperature.



Temperature strain εT is related to the temperature expansion of the material, which can be expressed as


   ε T  =  α T  ( T −  T 0  )  



(3)




where    α T    is the thermal expansion coefficient of the material; T is the current temperature; and T0 is the initial temperature.



The temperature–stress coupling constitutive relationship of the material is


  σ = λ I t ε + 2 μ ε − ( 3 λ + 2 μ )  ε T  I  



(4)




where  λ  and  μ  are Lame’s constants, and   λ = 2 ν μ / ( 1 − 2 ν )  ,   μ = E / 2 ( 1 + ν )  .




4.2. Numerical Model of a Slope with an Ice Crack


The numerical model of the slope, as shown in Figure 10, is 180 m high and 200 m wide, with 3,600,000 elements. The slope model’s left and lower sides are adiabatic boundaries that constrain displacement in the horizontal and vertical directions, respectively, and the slope surface is a free and heat-transfer boundary. The precast crack f3 is 40 m × 1 m in dimension and is filled with ice. The model’s initial temperature is 0 °C, with a temperature load increment of −1 °C at the heat transfer boundary. The numerical simulation is divided into 20 steps, each lasting 1 h. The thermodynamic and physical and mechanical parameters of the rock mass and ice are shown in Table 3 and Table 4, respectively. To study the stress distribution of a heterogeneous rock mass under the action of frost-heave force, the calculation element in RFPA2D-thermal is endowed with heterogeneous characteristics. The parameters of each calculation element are assumed to follow the Weibull distribution. The homogeneity parameter U controls the parameter’s nonuniformity; the smaller the U value, the stronger the material’s nonuniformity. After multiple trial calculations, the final crack growth is comparable with the actual scenario when the homogeneity is U = 3.




4.3. The Analysis of the Stress and Crack Propagation Law of the Slope Rock Mass under Negative Temperature


In view of the lack of relevant physical and mechanical parameters of class II rock mass and considering that the deep rock mass is less affected by temperature, class II and III temporarily take the same parameters shown in Table 1. The physical and mechanical parameters of quartz schist suffering 25 indoor freeze–thaw cycles are determined as the parameters for class IV. The physical and mechanical parameters of the filling medium in the weak interlayer f2 are obtained from the field test, as shown in Table 5.



Figure 11 shows the slice stress distribution curve and the minimum principal stress distribution diagram at each typical time. The slices are cut along the left, middle, and right sides of f3, with line A, line B, and line C as the corresponding cutting lines. Because the calculation elements behind element 70 are so far from f3 and the influence of frost expansion is so minor, each drawing only presents the distribution curve of the minimum principal stress σ3 for the first 70 elements. Figure 11b shows the distribution of the model’s minimum principal stress when a −5 °C temperature load is applied to the slope surface. Because each element is heterogeneous, the stress around f3 vibrates under the drive of frost-heave force, and the tensile stress of elements 30–40 at the bottom of f3 is concentrated. The model’s stress contour also shows that there is a tensile stress zone (shown in white) at the bottom of the ice-containing crack f3, and the element stress response of line C is earlier than those of line A and line B. When the temperature load on the slope surface is maintained at −10 °C, the frost-heave force begins to damage the rock mass around the crack f3, as illustrated in Figure 11c. At the bottom of the crack, some failure elements develop, and the crack progressively expands to the slope’s surface. The element tensile stress increases near the slope surface at the bottom of crack f3. Figure 11d shows that when the temperature drops, the oscillation amplitude of the minimum principal stress on both sides of f3 increases, and tensile stress zones develop in many locations. The frost-heave crack at the bottom continues to develop and gradually develops downward. It has a connecting trend with the weak interlayer f2, and the failure surface is initially formed. When the temperature drops further, the bottom of crack f3 extends downward, joins with f2 to form a linked crack, and then gradually expands along the weak interlayer f2, as shown in Figure 11e.



To summarize, the water stored in the cracks or weak interlayers of the rock slope undergoes a water–ice phase change under negative temperature conditions. The frost-heave force is generated at this point when the volume of the ice expands but is confined by the surrounding rock mass. The rock mass is microcracked when the frost-heave force exceeds the crack propagation threshold value. The nearby weak interlayer and fracture zone connect to each other when frost-heave damage accumulates, severely reducing the slope’s stability and resulting in geological disasters such as landslides and collapses.




4.4. Influence of Fissure Water Freezing Rate on Damage and Deterioration of Slope Rock Mass under Negative Temperature


The freezing rate of fissure water is a main factor affecting the frost-heave failure of fractured rock mass. Four slope models with various fissure water freezing rates have been constructed, which are 25%, 50%, 75%, and 100%, respectively; the equivalent thermal expansion coefficients are, respectively, −37.5, −75.0, −112.5, and −150.0. Figure 12 shows the distribution of the model’s minimum principal stress after 20 h of frost-heave expansion. The tensile stress zone is initiated at the bottom of the crack, accompanied by a small number of failure elements when the freezing rate of the fissure water is 25%. There is no further crack growth due to the small frost-heave force. The final crack propagation mode of the rock mass with 50%, 75%, and 100% fissure water freezing rates is essentially the same. However, as the freezing rate increases, the crack propagation length increases, and the model’s maximum tensile stress decreases.



In order to study the evolution process of the tensile stress at the bottom of the fracture, the minimum principal stress σ3 of the calculation element at the bottom of the crack f3 under different water freezing rates is extracted, as shown in Figure 13. The time it takes to generate tensile stress is not affected by the freezing rate of the fissure water, and it takes about 3 h. The time required for the tensile stress to reach their respective peaks decreases continuously as the freezing rate increases, and the corresponding peak stress increases.



It can be concluded that the water content of fractures or weak interlayers has a significant impact on the stability of a rock slope. When the water content of the fracture is low, as in the current study, cooling has no influence on slope stability. When the freezing rate of fissure water reaches a particular level, frost-heave forces demolish the weak component of the rock mass. The geometry of crack propagation changes little as the freezing rate rises, but it has a considerable impact on the magnitude of frost-heave force and its growth rate.





5. Conclusions


Model testing of the failure of steep fractured rock mass under freeze–thaw conditions is carried out using the left abutment slope of a hydropower station as the prototype. Under the freeze–thaw cycle, the evolution rules of the temperature field, slope deformation, frost-heave force, and macroscopic deformation features of the slope are investigated. Numerical simulations are used to investigate the rules of fracture propagation and the effects of freezing rates on slope deterioration. The following are the main conclusions.



The heat is transmitted from the outside to the inside of the slope. The rate of temperature change varies depending on depth; the closer to the surface, the faster the rate of change, and the shape of the temperature curve is closest to the air temperature. The temperature change rate is slower and the temperature curve is smoother farther away from the slope surface.



Within the cold storage unit’s temperature range, it is evident that unfrozen water is always present at the bottom of the crack during the cooling process; thus, a strategy for inserting an osmometer in the unfrozen water to measure the frost-heave force is designed. During the cooling process, the osmometer’s reading rises in a fluctuating manner. The water–ice phase change produces a small amount of frost-heave power. The osmometer’s maximum reading is 19.3 kPa, which is equal to 3.17 MPa for the prototype slope frost-heave force. This test also presents a new way to measure frost-heave force.



The steep fracture opens to the free side during the cooling process due to the frost-heave force induced by water–ice phase change. During the heating process, the cracks are subjected to shrinkage deformation due to solid ice melting. The crack tip expands when the frost-heave force reaches a certain value, and the crack propagation shape is mainly a circular arc. When the intact rock mass’s strength is insufficient to withstand the sliding force, the rock mass continues to expand along the potential sliding direction until an independent sliding body is formed.



The numerical simulation results reveal that under the action of frost-heave force, the tensile stress at the crack tip is concentrated, and crack initiation occurs when the tensile stress reaches the tensile strength of the rock mass. The crack grows further into the rock mass as the temperature drops, resulting in a connection between the original crack and the weak interlayer, forming a large sliding plane and eventually causing a landslide disaster.
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Figure 1. Geological map of the left bank slope. 
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Figure 2. Physical model diagram (cm). II: Class II rock mass. III: class III rock mass. IV: class IV rock mass. 
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Figure 3. The refrigeration and insulation equipment. (a) Large-scale test cold storage unit. (b) Incubator in the cold storage unit. 
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Figure 4. The installation of the indoor model testing equipment. (a) Design drawing (cm). (b) Completed installation. 
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Figure 5. The temperature change curves during the freeze–thaw processes: (a) cooling; (b) heating. 
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Figure 6. The variation curves of the measured variables during the cooling process. 
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Figure 7. The variation curves of the measured variables during the heating process. 
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Figure 8. Cracks caused by the freeze–thaw effect and their propagation paths. 
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Figure 9. The shape of the sliding slope caused by the freeze–thaw effect. 
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Figure 10. The numerical model for frost-heave deterioration of rock slope. II: Class II rock mass; III: class III rock mass: IV: class IV rock mass. 
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Figure 11. Evolution diagrams of the minimum principal stress σ3 for the slope model: (a) 1 h; (b) 5 h; (c) 10 h; (d) 15 h; (e) 20 h. 
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Figure 12. Minimum principal stress distributions under different freezing rates: (a) freezing rate = 25%, σ3 = −6.18~4.51 MPa; (b) freezing rate = 50%, σ3 = −8.27~5.98 MPa; (c) freezing rate = 75%, σ3 = −10.9~9.06 MPa; (d) freezing rate = 100%, σ3 = −13.6~10.08 MPa. 
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Figure 13. The evolution of the minimum principal stress of typical elements under different ice contents. 
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Table 1. The physical and mechanical parameters of the physical model materials.
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	Material Type
	Unit Weight/kg/m3
	Elastic Modulus/GPa
	Compressive Strength/MPa
	Poisson’s Ratio
	Cohesion/MPa





	Indoor rock
	2710
	38.83
	112.28
	0.35
	11.1



	Quasi rock mass (Class III)
	2710
	16.31
	47.16
	0.35
	4.7



	Model material
	1656
	0.13
	0.49
	0.25
	0.04
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Table 2. The similarity constants of the materials.
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	Similarity Constants
	CL
	Cγ
	CE
	CRc
	Cμ
	Cc





	Actual value
	100
	1.64
	125.5
	96.2
	1.4
	117.5



	Theoretical value
	100
	1.64
	164
	164
	1
	164
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Table 3. The thermodynamic parameters of the numerical model.
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	Materials
	Thermal Capacity/(m3·°C) × 106
	Thermal Conductivity/(m·°C)
	Coefficient of Thermal Expansion/°C × 10−5
	Ratio of Compression Strength to Tensile





	Rock mass
	2.3
	2.67
	0.54
	15



	Ice
	2.1
	2.2
	−150
	15
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Table 4. The physical and mechanical parameters of the numerical model.
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	Unit Weight/kN/m3
	Elastic Modulus/GPa
	Compressive Strength/MPa
	Poisson’s Ratio
	Internal Friction Angle/°





	Class II rock mass
	27.10
	16.31
	47.16
	0.35
	67.8



	Class III rock mass
	27.10
	16.31
	47.16
	0.35
	67.8



	Class IV rock mass
	27.00
	12.30
	39.13
	0.38
	65.7



	f2
	24.00
	1.5
	6
	0.4
	30



	Ice
	9.17
	0.6
	6
	0.35
	20
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Table 5. The physical and mechanical parameters of the slope numerical model.
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	Materials
	Unit Weight

kN/m3
	Elastic Modulus

E/GPa
	Compressive Strength

σ/MPa
	Poisson’s Ratio

ν
	Internal Friction Angle

φ/°





	Class II rock mass
	27.10
	16.31
	47.16
	0.35
	67.8



	Class III rock mass
	27.10
	16.31
	47.16
	0.35
	67.8



	Class IV rock mass
	27.00
	12.30
	39.13
	0.38
	65.7



	f2
	24.00
	1.5
	6
	0.4
	30
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