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Abstract

:

The deterioration of concrete microstructures in freeze–thaw (F–T) cycles is the primary reason for the reduction in the service life of concrete. This paper reviews recent progress in the theory of damage mechanisms and damage models of concrete in F–T cycles. It is a detailed review of the salt-freeze coupling condition, microstructure testing, and models for the evolution of concrete properties that are subjected to F–T damage. Summarized in this paper are the deterioration theory of water phase transition; the mechanism of chloride-F–T and sulfate-F–T damage; the microstructure testing of hydration products, pore structure, microcracks, and interfacial transition zones (ITZ). Furthermore, F–T damage models for the macrostructure are presented. Finally, the issues that are existing in the research and outlook of concrete F–T damage are highlighted and discussed. This paper is helpful in understanding the evolution of F–T damage, and also provides a comprehensive insight into possible future challenges for the sustainable design and specifications of concrete in cold environments.
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1. Introduction


The destructive effect of freeze–thaw (F–T) cycles on concrete is the primary cause of concrete failure in cold areas [1,2]. The F–T damage of concrete is a complex physical and chemical phenomenon [3,4] that begins with the internal microstructure of concrete. For example, in the F–T cycle, the pore structure of concrete deteriorates; thus, the permeability of concrete increases, and the F–T damage is accelerated by the entry of an external water and erosion medium [3]. The surface shedding and scaling of concrete is caused by the F–T cycle, and the risk of steel bar corrosion is increased [4]. The precondition for improving the frost resistance and service life of concrete is to understand the damage mechanism and performance evolution model in an F–T environment.



Therefore, many studies on the deterioration of concrete under F–T cycle erosion have been reported. The damage mechanism of concrete in an F–T environment has been expounded by many researchers. The hydraulic pressure theory [5] and osmotic pressure theory [6,7] were subjects of early research that was related to F–T damage mechanisms. The migration of solution in pores is the cause of F–T damage in concrete in these two theories; however, the direction of migration is different in both. In addition, the saturation theory [8], crystallization pressure theory [9], micro-ice lens theory [10,11], glue spall theory [12], and pore mechanics [13] have also been used to explain the F–T concrete deterioration mechanism. Based on previous F–T theoretical studies, the latest research [14,15,16] suggests that F–T damage is caused by the combined action of crystallization pressure, ice expansion pressure, and low-temperature suction, rather than a single factor. For the damage resulting from the coupling of ion erosion and F–T cycles, researchers believe that the combined effects of F–T damage, salt crystallization, salt chemical corrosion, and calcium loss lead to the deterioration of the pore structure [17].



There have been many achievements in the performance evolution and micromorphology of concrete during F–T cycles, which are categorized into macro, meso, and micro damage from different research scales. Macroscopic research [18,19] has mainly discriminated the damage of concrete based on experimental indexes such as material surface state, mechanical property test, ultrasonic, acoustic emission, and resistivity. In mesoscopic research [20,21,22,23], nuclear magnetic resonance (NMR) and computed tomography (CT) techniques were primarily used to identify the crack propagation and pore parameter evolution of concrete. The evolution of microcracks and pores in the specimen was discussed using a parameterized damage model. At the micro level [24,25,26], most of the studies analyzed the microscopic pore structure of cement-based materials using scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP). The changes in the chemical components, microcracks, and micropores in the damage process were revealed. In addition, thermal analysis and X-ray diffraction (XRD) techniques were often used to quantitatively analyze the hydration process and deteriorated products of cementitious materials that were under F–T erosion [27,28,29].



The deterioration of concrete under a F–T cycle can be characterized by establishing a specific model. The parameters of the F–T damage model have gradually changed from a macro index to a micro index in recent studies. The F–T damage mechanism is discussed by comparing the evolution process of the concrete microstructures with the macroscopic damage. The performance data are needed to establish a concrete damage model include the mass loss rate [30], RDEM [31], compressive strength [32], resistivity, and micro-reference quantity [33,34]. For the evolution of the microstructure, the changes in the pore structure distribution, microcrack density, and fractal dimension have also become an important part of the F–T damage model. Classical functions such as the parabola [35], power function [36], exponential function [37], logistics function [38], Boltzmann function [39], and Weibull distribution function [40] are used in common damage equation forms.



The F–T damage mechanism of concrete is significant for improving the durability of concrete in cold areas. The prediction and evaluation of concrete service life are guided by models of the F–T damage of concrete. To review the latest progress in the research on F–T damage of concrete, the theoretical analyses and microscopic tests of the concrete damage mechanism in F–T cycles are introduced in detail in this paper. A review of the F–T damage theory, damage mechanism of salt-freezing coupling, and the quantitative analysis of the microstructure are also presented. The F–T damage evolution models of macro index and micro index are discussed. The theory and issue of the concrete F–T damage model, especially combined with the application of advanced detection methods, are reviewed. In conclusion, the scope of this paper is to provide a systematic review of concrete F–T damage and future challenges for the sustainable design and specifications of concrete in cold environments.




2. Damage Mechanism


2.1. Deterioration Theory


2.1.1. Hydraulic Pressure Theory and Osmotic Pressure Theory


According to the pore size, concrete pores are divided into gel pores, capillary pores, and voids. Various pores are not isolated, and the types of water in the corresponding pores are also different: bulk water, capillary water, gel pore structure water, and gel pore adsorption water [41]. Bulk water and capillary water can freeze in the natural environment [42], while saturated gel pore water can freeze at −30 °C to −80 °C. These two theories suggest that the difference in the freezing point between pores is the initial factor of concrete frost damage.



These two theories were first proposed by Powers and were based on Darcy’s law. According to the hydraulic pressure theory, when concrete is affected by an external low temperature, its effect occurs from the outside to the inside. First, the pore water on the surface of the concrete is frozen, and the volume difference between ice and water leads to the migration of liquid water through the capillaries. If the temperature continues to decrease, the volume of ice increases to compress the liquid water continuously, resulting in compressive stress in the pores and tensile stress in the concrete (Figure 1a). The capillary water flow is proportional to the stress that is produced in the concrete. With a continuous increase in tensile stress, microcracks occur inside the concrete when it reaches its ultimate tensile strength [43]. The hydrostatic pressure is related to pore length, viscosity coefficient, permeability coefficient, icing amount, and cooling rate. The greater the icing rate is, then the smaller the permeability is, and the longer the pore size is, then the more vulnerable the concrete is to F–T damage [44]. Reducing the pore spacing in a material can reduce the hydrostatic pressure, which provides theoretical support for the air-entraining agent [45]. Because of its high w/c ratio and porosity, ordinary concrete will gradually expand at low temperature due to the pressure that is caused by the continuous freezing of water; for air-entraining concrete, ice is formed in the micropores that is formed by the air-entraining agent, and the cement paste gradually shrinks. Hydrostatic pressure theory cannot explain the expansion of ordinary concrete and the freezing of non-expansive liquids [36,46].



In an experimental and practical environment, the damage to concrete that is caused by the F–T of the salt solution is more severe than that of pure water. Powers et al. proposed the osmotic pressure theory in 1953 [6]. The theory holds that there are certain salt ions in concrete. The freezing of the macropores and capillaries first leads to an increase in the solution concentration in the unfrozen pores, which causes the supercooled water in the gel pores to begin to migrate. Owing to the complexity of the pore structure, the migration permeability rate is different, resulting in an osmotic pressure that damages the interior of the material. In addition, the saturated vapor pressure of water is higher than that of ice, resulting in osmotic pressure when unfrozen water moves to the ice (Figure 1b). The osmotic pressure is directly proportional to the solution concentration, but the icing amount is inversely proportional to the solution concentration. It can be seen that at a certain concentration, the coupling of the two pressures will produce the maximum value [47].
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Figure 1. Hydrostatic pressure and osmotic pressure model. (a) Hydrostatic pressure principle [36]; (b) Osmotic pressure model [48]. 
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2.1.2. Critical Saturation Theory


F–T damage may occur only when the moisture content reaches a certain condition, and the external temperature alternates between positive and negative. Based on the above conditions, Fagerlund [8,49] proposed the critical saturation theory, which holds that the critical saturation of concrete is an important condition for determining its deterioration. The gas content in the pores only affects the concrete at the time of which the material water reaches the critical value, and the damage to the concrete is slow when the water saturation is below the critical saturation. However, concrete deteriorates rapidly when it exceeds the critical saturation, and it is generally believed that the critical saturation is in the range of 78–91% (Figure 2). Subsequently, Fagerlund [50] determined that the diffusion of gas in concrete is limited by multiple factors. A theory of gas dissolution and diffusion in concrete is established, which can be used to evaluate the effects of the void structure parameters, material diffusivity, and time on the spacing factor. After entering the new century, owing to the development of experimental technology, multi-medium water filling dynamics that are based on critical saturation theory [51] have been proposed. Water filling dynamics divide the water absorption of concrete into two stages. The first stage is affected by the properties of gel pores and capillaries; these pores have a strong water absorption capacity owing to the influence of negative pressure. The second stage is caused by the air in pores that are dissolved in the solution and diffused to larger pores or surfaces. Through the pore elastic–plastic model that was established [52], it was verified that concrete shrinks when the water saturation is lower than the critical value and it expands when it is higher than the critical value.




2.1.3. Crystallization Pressure Theory


Scherer [9] proposed that crystallization pressure is one of the main causes of frost damage in concrete. The magnitude and direction of the crystallization pressure depend on various factors, such as the pore shape, the environmental temperature, the initial conditions, and the icing degree. The ice crystals that are inside the concrete tend to grow from the high-pressure area to the low-pressure direction, which ensures the stability of the ice crystal pressure [53]. Owing to the difference in curvature between the crystal surface and the end, the cylindrical crystal that is in the void attempts to increase in the direction of reducing the pressure difference (pore wall), and the pore wall produces radial compressive stress to resist the pressure difference. When the corresponding circumferential tensile load in the pores exceeds the material threshold value, the pores inside the material are destroyed (Figure 3a). For irregular ink-bottle pores, ice crystals are formed in the large cavity in the capillary pore. When the ice crystal grows, the net circumferential stress in the capillary cavity is compressed regardless of whether the ice is full of pores (Figure 3b). This explains the instant shrinkage of concrete at the end of the freezing process. The researchers found that the maximum crystallization pressure can be up to 10.9 MPa, which greatly exceeds the failure stress of 0.374 MPa [54]. When the temperature is below the critical point, the concrete will crack and destroy; when the temperature rises, the ice will melt, and the concrete crack will close [55]. The fatigue damage leads to the damage of the concrete, and the repeated cracking that is caused by periodic crystallization pressure leads to the gradual expansion and connection of concrete microcracks and the nonlinear failure of concrete.




2.1.4. Micro-Ice Lens Theory


Setzer [10,11,56] established the theory of micro-ice lenses that was based on non-equilibrium thermodynamics and the three-phase equilibrium theory of porous media. This theory holds that concrete cannot reach complete saturation, and water, ice, and steam coexist in the pores. During the cooling process, the chemical potential of ice in the macropores is smaller than that of water in the gel pores. The compression of the concrete matrix causes supercooled water to flow to the macropores and become trapped in the micro-ice lens, so the gel pore saturation decreases and the concrete shrinks. In the heating process, the water in the large pores cannot flow back to the gel pores freely under the action of the ice front that is produced by different pore interfaces and because the micro-ice lens is still in the frozen state. If there is water situated outside, the gel pore absorbs it, which leads to an increase in the total saturation and expansion of concrete. The F–T cycle is like a low-temperature pump, which is powered by the change of temperature and migration of supercooled water. The micro-ice lens prevents the return of the water during the heating process and absorbs the water continuously during cooling, resulting in the expansion of concrete during heating and the shrinkage of it during cooling. The saturation of concrete increases with an increase in the number of cycles, and when the ultimate saturation is reached, the concrete fails (Figure 4). In addition, the migration of water also provides conditions for the growth of ice. In the early stage of freezing and thawing, the water rate of the concrete is faster, the macroscopic micro-ice lens grows, and the state of the concrete is similar to that of saturated soil; in the later stage, the ice stress is greater than the critical value, and the micro-crack propagates. F–T damage occurs in concrete under the combined action of the formation of the capillary ice lens and the movement of water in gel pores, so reducing the capillary pores and increasing the gel pores can effectively prevent F–T damage, which can be obtained by reducing the water–cement ratio and using an air entraining agent [57].




2.1.5. Glue Spall Theory


Aiming at understanding the spalling phenomenon of concrete surfaces under the condition of F–T cycles, Valenza et al. [12,58,59] established the theory of adhesive spalling. The theory holds that when concrete is damaged by the F–T process, a composite mechanism is formed between the ice shell that is formed by the freezing of water and the concrete surface, owing to the existence of the salt solution. The shrinkage of the ice body produces tensile stress on the surface of the concrete when it is shrinking in the external environment [60] because the linear expansion coefficients of the two are different (at −10 °C, 10 × 10−6 K−1 on the surface of the concrete and 50 × 10−6 K−1 in ice). When the temperature reaches −20 °C, it will produce 2.6 MPa of stress on the concrete, which exceeds the critical value of concrete strength and causes concrete failure (Figure 5). Valenza et al. also proposed that fracture mechanics can be used to judge whether ice cracks will penetrate the crack surface and they considered that the damage to the concrete surface is relatively constant for each cycle.




2.1.6. Theory of Unsaturated Porous Elasticity


The theory of unsaturated porous elasticity was developed by Coussy [13] and it was based on continuum thermodynamics and water-phase transition kinetics. It was originally used to study the deformation that is caused by freezing water. The stress of porous materials can be divided into matrix stress, thermal stress, and internal stress according to the source of the force, in which thermal stress can be ignored. There are two different phases in the pores: solid crystal and liquid solution. When the concrete is saturated, the main reason for concrete expansion is the hydraulic pressure that is caused by water condensation. In contrast to the hydrostatic pressure theory, the stress that is produced in the freezing process of saturated non-air-entrained slurries is limited, owing to the action of the matrix stress. The ice crystal pressure in the concrete becomes the only expansion source when a bubble is introduced because the existence of the bubble suppresses the hydrostatic pressure. Moreover, the concrete shrinks when the thermal shrinkage is dominant to it [61].



The theory of unsaturated porous elasticity, considering thermodynamic equilibrium, mechanical equilibrium, and the conservation of pore water mass, provides sufficient theoretical support for the analysis of the F–T mechanism of concrete, and the experimental results of the model are highly correlated with the actual situation. Relevant scholars have found that there is a significant correlation between pore pressure and freezing rate, and regardless of the degree of supercooling, the volume of ice in the melting stage is significantly larger than that in the cooling stage, so it can be considered that the ice is not discharged in the melting process [52,58]. Using this theory, the freeze–thaw durability of concrete can be predicted and the effects of air content, curing time, saturation, and water–cement ratio on the F–T damage of concrete can be studied [62,63]. For different damage models, the theoretical basis varies, such as in Darcy’s law, porous media mechanics, phase transition theory, and thermodynamics (Table 1). For example, for the deformation performance of concrete, the hydraulic pressure theory explains the expansion phenomenon of concrete after cycles, but it cannot explain the concrete deterioration caused by the volume non-expansion of some solutions after freezing. The theory of micro-ice lenses qualitatively describes the phenomenon of the alternating shrinkage and expansion of concrete caused by water migration and phase transformation. The glue spall theory explains the spalling phenomenon of concrete surfaces by using an analogy. The relationship between the macroscopic damage degree and microcosmic performance evolution of concrete is established using the unsaturated porous elasticity theory. Each theory has its scope of application, and the study of F–T damage should not be limited to a specific theory. Recently, based on previous F–T theory, researchers [14,15,64] believed that F–T damage is not caused by a single factor, but by the combined action of crystallization pressure, the water pressure caused by ice expansion, and low-temperature suction caused by the surface tension of water. However, this is currently difficult to express quantitatively.



In recent years, damage mechanics has become a prominent topic in the theoretical study of F–T damage; the original defects in concrete can be regarded as initial damage variables, and concrete microcracks gradually expand and lead to concrete deterioration failure with the deepening of the F–T degree, which is consistent with the law of the damage accumulation process. The study of F–T damage mainly involves studying the interaction mechanism between water and concrete, and not just the influence of stress that is caused by water phase transformation on concrete. Most classical theories focus on the influence of the water phase transition and pay less attention to changes in the local water–concrete pore structure. It is suggested that the multi-scale evolution equation of damage to concrete can be formulated by combining pore mechanics with concrete damage mechanics in the future, and the coupling relationship between pore structure characteristics, liquid phase transition, matrix deformation, and damage variable characterization can be completed. The establishment and development of the F–T damage constitutive equation for porous materials are analyzed based on the temperature–humidity–force field of concrete.





2.2. Salt-Freeze Coupling


2.2.1. Mechanism of Chloride-F–T Damage


In the actual service environment of concrete, it is eroded by various salt ions. Chloride is widely used in cold areas as a de-icing salt to remove snow from concrete pavements and other outdoor platforms, and there is also a large amount of chloride in seawater [27,65]. The existence of chloride salts reduces the various properties of concrete F–T cycles. Some scholars in the United States have found that the concrete at pavement joints in cold areas deteriorates prematurely. The study found that this is due to the accumulation of de-icing salt solution, owing to the failure of waterproof material at the joint, which leads to the continuous entry of the solution into concrete to increase local water saturation. According to the critical saturation theory, this leads to the rapid deterioration of concrete [66,67].



The chemical corrosion effects of different chlorides on concrete are significantly different [68]. When chloride salt penetrates the concrete, it produces Friedel’s salt [18,69,70], such as that in the main chemical reactions between NaCl and cementitious materials, as shown in Equations (1) and (2), respectively. The damage caused by NaCl to concrete and the volume expansion of concrete when in a NaCl salt solution is caused by the crystallization of Friedel’s salt. This type of crystallization pressure causes little damage to concrete, and NaCl has a limited effect on the durability and safety of plain concrete during long-term action.
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(1)






  C  a 4  A  l 2     (  O H  )    12   S  O 4  · 6  H 2  O + 2 N a C l → C  a 4  A  l 2     (  O H  )    12   C  l 2  · 4  H 2  O + N  a 2  S  O 4  + 2  H 2  O  



(2)







CaCl2 produces Friedel’s salt when it is with cementitious materials and reacts with CH to form calcium oxychloride [71], as shown in Equation (3). Calcium oxychloride can cause serious damage to concrete in the absence of air-entraining agents or auxiliary cementitious materials [32]. The volume of calcium oxychloride is 203% larger than that of unreacted Ca(OH)2 (CH), which may cause concrete to be damaged by excessive tensile stress [72].


  C a C  l 2  + 3 C a    (  O H  )   2  + 12  H 2  O → 3 C a    (  O H  )   2  · C a C  l 2  · 12  H 2  O  



(3)







The reaction of MgCl2 is similar to that of NaCl. It also reacts with Ca(OH)2 and calcium silicate hydrate gel (C-S-H) to produce magnesium silicate hydrate (M-S-H) and Mg(OH)2 without a cementing ability, which leads to the rapid failure of concrete. Simultaneously, MgCl2 and Mg(OH)2 also produce magnesium oxychloride under certain conditions [73,74], as shown in Equations (4)–(6). A study has found that when concrete is exposed to different chloride solutions in an F–T environment, the corrosion of concrete in CaCl2 is more serious. The authors believe that this is caused by expansive calcium oxychloride, which causes cracks in the concrete [75].
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(6)







Due to the different expansion properties of solutions and concrete during freezing, concrete surface spalling and concrete cracks [76,77] are caused, which is called surface scaling. This makes it easier for the solution to invade into the concrete (Figure 6a). When the concentration of NaCl is 3%, the damage of the concrete reaches its maximum. This is the result of the comprehensive action of osmotic pressure and hydrostatic pressure. When the concentration of ions increases due to the freezing or evaporation of the solution when it is entering the pores of the concrete, the ions may crystallize. For the crystallization that appears on the surface of concrete, we call it ‘efflorescence’. As for the crystallization phenomenon that occurs inside the pores, we call it ‘subflorescence’, which is an important cause of concrete microcracks (Figure 6b). When the volume of ice increases, ions gather due to osmotic pressure, and NaCl or sulfate crystals precipitate. In contrast, crystallization has not been found in most studies because the concentration of salt ions that are used in the experiment is not supersaturated. However, Xiao [37] et al. and Li [78] et al. found the phenomenon of ion crystallization in their experiments.



The existence of chloride salt in F–T conditions will also cause the following hazards [17,58,59,65]: the water retention and moisture absorption function of salt itself speeds up the water absorption rate of concrete and shortens the time for it to reach the critical water retention degree; the concentration difference occurs when the salt permeates from the outside to the inside, and the difference in the icing rate of salt solution at different concentrations simultaneously leads to a stress difference and a greater osmotic pressure; the main function of de-icing salt is to eliminate snow, which causes snow to absorb a lot of heat, which rapidly decreases the surface temperature of the concrete, accelerates the freezing rate of supercooled water that is in the capillaries, increases the hydrostatic pressure, and makes surface spalling more serious; in the process of constant circulation, the expansion pressure that is caused by the repeated crystallization of salt in concrete due to supersaturation leads to frost heave damage.



Accordingly, the F–T environment also has a negative effect on the resistance of concrete to chloride-ion penetration. Some studies [29,79,80] have found that the permeability of concrete increases after F–T cycles, and the level of damage is proportional to the number of F–T cycles, which is caused by the degradation of the concrete surface pore structure. The salt solution enters the concrete through the capillaries, and the large osmotic pressure and crystallization pressure inside the concrete lead to new microcracks. Moreover, water and chloride ions accelerate the erosion that occurs [81]. The coupling effect of chloride and F–T cycles also has some advantages: the existence of chloride salt increases the compressibility of ice and the freezing point of the water drops, which reduces the damage degree incurred by the concrete [82].



Currently, the damage mechanism of the chloride-F–T process is still in the qualitative research stage [79]. Some scholars [83,84,85] do not agree with the above research results, for example, some scholars have found that the spalling of concrete surfaces has little to do with the existence of salt. F–T damage does not always occur at 3% concentration, and even the presence of salt can delay the failure time of concrete. The deformation of concrete at low concentrations is mainly due to the action of water, and the effect of salt is gradually strengthened only when the concentration is more than 15%. These disputes show that salt freezing is not only the result of a single factor, but also the result of the joint action of the salt solution, types of concrete, and environmental conditions, which cannot be fully revealed by an exact model.




2.2.2. Mechanism of Sulfate-F–T Damage


Concrete also suffers from sulfate erosion when it is affected by F–T cycles in winter and early spring [86,87,88]. Sulfate erosion is divided into physical and chemical types [68,89,90]. In terms of physical erosion, the external sulfate enters the concrete through the microcracks of the concrete, and the diffusion rate is accelerated if the external concentration is greater than the internal concentration. Crystallization occurs when the solution concentration in the pores reaches a supersaturated state. The crystallization expansion rates of Na2SO4 and MgSO4 in a supersaturated solution are 311% and 11%, respectively [91,92,93]. Salt crystallization will make the concrete fill the void and make the concrete dense, but the concrete will be destroyed when the expansion pressure caused by continuous crystallization exceeds the critical value of the concrete [94]. The chemical erosion of concrete by sulfate can be divided into two aspects. Sulfate reacts with the internal hydration products of concrete. On the one hand, it produces expansive insoluble substances such as ettringite and gypsum, as shown in Equations (7) and (8), respectively, which fills the interior of the concrete in the early stage but leads to concrete deterioration when it exceeds a certain amount. On the other hand, the decomposition of C-S-H and CH under sulfate erosion leads to a gradual loss of the cement shape, as shown in Equation (9). At low temperatures [95,96,97], gypsum may form tobermorite (CaCO3·CaSO4·CaSiO2·15H2O) with compounds such as CH, silica, and calcium carbonate. The volume of the reaction product expands, and cracks appear in the concrete to reduce its strength. In addition, when the temperature is less than 15 °C, it may be attributed to the reaction of sulfate with C-S-H and carbonate under the condition of exposure to sufficient water, which may lead to the formation of white carbothiosilicate (CaSiO3·CaCO3·CaSO4·15H2O, TSA) without a cementation ability. TSA itself does not cause the expansion. However, the TSA crystal nucleus continues to form and consume C-S-H. This causes the concrete to lose its cementation ability, and the structure gradually deteriorates and fails.
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The interaction mechanism between sulfate and F–T cycles is complicated [28,37,98]; the sulfate diffusion rate decreases at low temperatures, whereas the large pores created by F–T cycles lead to increased sulfate permeability. Sulfate increases the compressibility of ice, and the freezing point of water inside the concrete decreases; however, the crystallization pressure that is produced by the supersaturated solution promotes the F–T damage of the concrete. Sulfate crystal expansion, chemical corrosion, and a water frost heaving force lead to sulfate-F–T coupling damage [24,35,99]. When the coupling erosion begins, the F–T cycles cause microcracks on the concrete surface, and SO42− is quickly transferred to the interior. The surface voids that are filled by ettringite and gypsum which are produced by the reaction of SO42− with concrete decrease the porosity of concrete, and concrete becomes dense, which restricts the effect of the cycles. With the deepening of the F–T erosion, the growing micro-cracks accelerate sulfate erosion, while C-S-H and CH continue to decrease. Finally, the crystallization pressure that is produced by sulfate, frost heave pressure, and the expansion pressure of ettringite and gypsum acts on the pores of the concrete. Wang et al. [38] proposed a united damage model and found that the corrosion products that were produced by sulfate in the early stage protected the concrete, and that the cycles caused damage. In the later stage, the physical and chemical actions of salt ions are the first causes of concrete deterioration, while the F–T damage effect is weakened owing to the loose internal structure of the concrete. For a low-concentration (3%) sodium sulfate solution, owing to the slow production rate of corrosion products, its reinforcement effect on concrete lasts longer [35]. Li et al. [24] analyzed the effect of sulfate types on F–T concrete and found that magnesium sulfate produces corrosion products and converts CH into gypsum, which reduces the alkalinity of concrete and further promotes the decomposition of C-S-H. Therefore, the magnesium sulfate solution had a stronger corrosion effect than the sodium sulfate solution did.



Generally speaking, salt freezing damage mainly leads to the surface spalling and the internal deterioration of concrete, which is the result of salt crystallization, phase transformation, and chemical corrosion [17,100]. Figure 7 reveals this process. Firstly, CH is unstable during concrete freezing, resulting in a frost heave pressure and an osmotic pressure. The increase in the ion concentration of unfrozen water in macropores causes CH to migrate to macropores when it is under osmotic pressure. Salt ions react with CH to form expansion products. At the same time, ice crystals gradually increase and squeeze the pore wall. Subsequently, due to the increase in the crystallization pressure and osmotic pressure in the large pore, the unfrozen water flows to the small hole, and micro-cracks also appear in the small hole under the action of hydrostatic pressure. In the process of melting, some of the erosion products decompose instantly (such as Friedel’s salt), ice crystals melt, and CH from decomposition begins to precipitate, which may block the channel between macropores and small pores. With each cycle, the more the internal crack space expands, then the more serious the concrete deterioration is.



In the case of the coupling erosion of chloride salt and sulfate, they have a certain inhibitory effect [23,68]. The diffusion rate of sulfate is slower than that of chloride salt, but it can produce expansion products such as ettringite and gypsum to make the surface of the concrete compact and delay the corrosion of chloride salt. However, when chloride ion has penetrated into the concrete, sulfate has little effect on the corrosion rate of chloride ions [101]. On the other hand, the existence of chloride ion also delays sulfate corrosion. The reason is that chloride ions permeate into the concrete to fill the void with Friedel’s salt, and chloride leads to the increase of the solubility of sulfate corrosion products and the decrease of pore pressure [102,103]. Up to now, the research on the coupling effect of chloride-sulfate-F–T cycle is still very limited [104].





2.3. Microstructure Testing


2.3.1. SEM Observation


SEM observes the changes in concrete morphology and the process of microstructure deterioration at the micro level to explain the mechanism of performance degradation [24,25,26,79]. As shown in Figure 8, SEM images of concrete in the initial conditions without visible microcracks show that the concrete is dense. After F–T cycles, the expansion of the corrosion products and ice in the pores causes the nanostructure of the concrete to deteriorate [105]; pores and microcracks grow and expand, and the structure becomes loose [36,80,106]. Wen et al. [107] reported a large amount of fibrous and coral-like C-S-H gels at the beginning of the F–T erosion. With the extension of the F–T experiment, ettringite began to appear. The expansion, caused by excessive ettringite, caused concrete cracking, and visible pores and so, cracks appeared in concrete.



When concrete is subject to the coupling action of chloride-F–T cycles, SEM shows that the void expands, microcracks develop into cracks, the concrete becomes loose and porous, and the degree of the internal microdamage of the concrete when it is subject to the coupling action is much more serious than a single erosion factor is [29,108]. For the concrete that is under the condition of the F–T cycles in 4% NaCl solution (see Figure 9), it was found that at the initial stage, there were a few micropores and microcracks; after 20 F–T cycles, the internal pores expanded and C-S-H was consumed; after 40 F–T cycles, the C-S-H was flocculent, and the microcracks expanded; after 60 F–T cycles, the cracks were connected with each other, the pore expanded, the C-S-H decreased, and the concrete lost its bond property [109].



The SEM images of concrete that was frozen and thawed with different sulfate ions have great differences in micro-morphology [88]. After F–T cycles in water (Figure 10), the pore structure is loose and there is a small amount of acicular ettringite crystals in the pores. Hydrated calcium silicate covers the surface of the spherical particles that are not completely hydrated; the F–Ted concrete in 10% Na2SO4 solution produces massive amounts of acicular ettringite and parts of the C-S-H gel, which form a complex network structure. It surrounds the cement-based surface, and the unhydrated particles basically disappear, indicating that sodium sulfate causes deep erosion on cement-based materials; the concrete in the 10% MgSO4 solution is similar to that in the sodium sulfate solution, but the ettringite content is significantly reduced, and there are massive C-S-H gels.



From the results of the SEM testing, under the action of F–T cycles, the pores of the concrete increased and the microcracks expanded, leading to loosening of the concrete microstructure [110]. Pores and microcracks appeared in the concrete after chloride ion infiltration. After salt freezing cycles, a large number of large pore holes and cracks appeared. For the sulfate-F–T cycle, the researchers found that in the early stage of the cycle, a large number of columnar or acicular ettringite crystals were formed at the edge of the macropore, and ettringite played a filling role. After 200 cycles, ettringite filled the channel and the concrete began to produce new microcracks. At the same time, it was found that in the low concentration (2%) Na2SO4 solution, the morphology of the concrete changed little after the cycle, while the high concentration of Na2SO4 (5%) had an important effect on the morphology of the concrete. Hence, under the action of an F–T cycle and ion coupling, due to the increase in the pore size and the cracks, the deterioration of the concrete structure when it was under the coupling action was more serious than that which was under the single action [111,112].




2.3.2. Composition


TG-DSC, XRD, and EDS are commonly used testing methods for the quantitative analysis of corrosion products in concrete [28,113]. Low-density C-S-H, high-density C-S-H, and CH are the main hydration products, and their contents are closely related to the concrete performance. Xie et al. [114] tested the content of three types of hydration products of UHPC in F–T cycles using the statistical nanoindentation method and deconvolution technique. It was found that after 1500 F–T cycles, the low-density C-S-H, high-density C-S-H, and CH decreased by 10.58%, 14.56%, and 3.3%, respectively. Liu et al. [115] analyzed the volume fraction of the components under different cycles using micro-CT and nanoindentation technology and found that the initial C-S-H and pore volume fractions were 71.8% and 5.6%, respectively. After 600 F–T cycles, the initial C-S-H and pore volume fractions were 63.0% and 18%, respectively. The increase in the pore structure was the main factor for the decline in the RDEM of the specimen.



Through the analysis of the composition of concrete under different sulfate-F–T conditions [25], it is found that regardless of the type of sulfate solution, the contents of ettringite and gypsum increased, whereas the concentration of silicate decreased. The amount of corrosion products in a MgSO4 solution was higher than that in a Na2SO4 solution. Brucite, which caused by the reaction between MgSO4 and silicate, was also observed. These results indicate that the erosion of MgSO4 is more severe under F–T conditions. The diffraction peak of ettringite is positively correlated with Na2SO4 in the sulfate-F–T cycle test, and the occurrence time of the diffraction peak of gypsum is negatively correlated with the sulfate concentration. This proves that the sulfate concentration is beneficial for the corrosion of concrete [110]. The acicular crystals were mainly composed of ettringite after the 200th F–T cycle, while columnar gypsum crystals began to appear after 300 F–T cycles. XRD analysis revealed that after 300 cycles, the diffraction peak of CH disappeared and CH disappeared completely, while the diffraction peaks of ettringite and gypsum reached their highest points [35,37]. Wang et al. [17] used XRD and thermal analysis to determine that the amount of CH was inversely proportional to the number of F–T cycles in NaCl. Qiao et al. [65] carried out the thermal separation of F–T damaged and undamaged mortars using a de-icing salt (Figure 11). At 400–500 °C, the CH content of the damaged mortar was 1/12 that of the undamaged mortar. Combined thermal analysis, EDS, and XRD and found that although the microcracks that were produced in the chloride-F–T environment could provide sufficient water, the amount of CH and C-S-H that were produced by volcanic ash was not high, and the gel was loose owing to a low temperature, ion erosion, crystallization pressure, and other factors [116]. The analysis of the phase composition in the F–T cycles shows that C-S-H is constantly decomposed and new pores appear. The existence of salt erosion leads to the further consumption of C-S-H, significantly reducing the content of cement hydration products and accelerating the deterioration of the microstructure of concrete. The existence of chloride and sulfate leads to the accelerated decomposition of C-S-H and CH in concrete, forming ettringite, gypsum, and unstable Friedel’s salt. For each cycle, more corrosion products are formed, and to a certain extent, the expansion pressure that causes cracks in the concrete is increased, and this accelerates the entry of the solution, and as a result, the concrete fails [117,118].




2.3.3. Pore Structure


The pore structure is the main factor affecting the durability and safety of concrete. The pores of concrete are generally distributed in the range of 3–100,000 nm, and the pores that are smaller than 50 nm are considered to have little effect on the F–T properties [119,120]. The experimental methods also differed according to the pore size. Methods for testing the pore structure include optical microscopy, MIP, CT, NMR, and nitrogen adsorption [121,122,123].



Zhang et al. [124] explored the change in porosity of concrete with different water–cement ratios (w/c) before and after F–T cycles using the MIP technique. The porosity with a w/c of 0.4 was increased by 2.7% after 50 cycles, whereas that of concrete with 0.6 w/c increased by 7% after 25 cycles. It can be observed that the lower the w/c, then the smaller the change in the concrete pore structure after cycling is (Figure 12). There was a linear correlation between porosity and the number of cycles, and the correlation between the two linear fitting curves was excellent. The peak diameters of the pore size distributions of concrete that was mixed with nano-silica, nano-TiO2, and polypropylene fiber are 30 nm, 40 nm, and 50 nm, respectively, whereas ordinary concrete has two peak diameters of 80 nm and 3000 nm [99]. Other scholars [33] used MIP to test the pore structure of concrete with different auxiliary cementitious materials; the shape of the pore structure curves of the concrete did not change after the F–T cycles, i.e., the macropores (>1000 nm) increased, the transitional pores (10–100 nm) decreased, and other pores changed slightly. These results indicate that some transition pores deteriorated seriously under F–T cycles and were torn into macropores, and thus, the pore structure became loose. However, other scholars have expressed different opinions. Sun et al. [125] used the NAM method to test the MIP of concrete with a different diatomite content after F–T. The F–T damage was most apparent in the pore structure of small concrete pores (≤100 nm).



CT [20,21,22,122] technology is often used to detect changes in concrete porosity. The X-ray absorption coefficients of the different concrete component densities were different. The internal damage incurred by the concrete can be analyzed according to its CT grey value, and the pores are extracted according to the three-dimensional reconstruction technique to calculate the pore characteristic parameters.



Liu et al. [115] analyzed the internal pores of shotcrete using micro-CT technology and performed a 3D reconstruction (Figure 13). The cracks are shown in red, and the micropores are shown in blue. The micropores in the concrete mainly appeared near the initial defects in concrete that did not undergo F–T cycles. With the deepening of the F–T deterioration, the micropores began to appear far away from the cracks, some pores began to connect, and the cracks began to expand. Finally, the size of the micropores increased, and most of the micropores penetrated each other. The expansion of microcracks and micropores were the key factors for the F–T deterioration of concrete.



Zheng et al. [126] used CT technology and 3D reconstruction to integrate pores into small pores (V < 0.1 mm³), mesopores (0.1 ≤ V ≤ 1 mm³), and macropores (V > 1 mm³), according to their pore volume. The proportions of small, medium, and large pores were 47.3%, 39.8%, and 12.9%, respectively, before the F–T cycles, and 35.8%, 45.7%, and 18.5%, respectively, after 50 cycles. The proportion of small pores was decreased, whereas that of large and middle pores was increased. Li et al. [20] found a linear relationship between the increment in porosity and the number of F–T cycles using the CT scanning of mortar in 4% NaCl. In addition, it is found that the shape factor of pores is less than 1 (between 0.2 and 0.4), which shows that these pores are not spherical. The application of F–T cycles cause concrete pores to be torn, making them more irregular [21]. Through the reconstruction of the concrete pore structure that was scanned using CT, it was found that the concrete porosity (>0.1 mm) increased slowly at first, then increased rapidly, and finally slowed down gradually [127]. After 25 cycles, the porosity only increased by 0.18% after 50, 75, and 100 cycles. Small pores (0–0.5 mm2) had increased at first, then they decreased slightly, and finally they increased rapidly. This may be because larger pores were cut by cracks to form smaller pores, while mesopores (0.5–5 mm2) were increasing. In addition, it was found that 3DP technology can simulate the actual axial compression behavior of a concrete well. Chen et al. [128] supported this result.



NMR has the advantages of being nondestructive, fast, and accurate; therefore, it is often used to obtain the pore structure parameters of concrete [24,129,130]. Liu et al. [131] investigated the effect of F–T damage on the pore size distribution of cement mortar for the first time, using NMR. The first spectral peak (approximately 1 ms) was a small pore, whereas the second spectral peak (approximately 40–60 ms) was a large pore. The F–T cycles caused the spectral curve to expand outward as a pore, and the spectral peak increased by approximately 25% after 100 cycles, whereas the macropore peak increased by 100%. The F–T cycles caused the micropores in the mortar to change to large pores and the emergence of many new micropores. Wang et al. [129] carried out more detailed NMR tests of mortar pore structures and divided the pores into micropores (<5 nm), small pores (5 nm < r < 20 nm), mesopores (20 nm < r < 100 nm), and macropores (>100 nm), and they considered that the degree of harm had increased. Figure 14a shows the pore size distribution trend of mortar with 0.45 w/c, that underwent F–T cycles. The macropore porosity increased rapidly. However, the other pores did not change significantly, indicating that F–T cycles mainly lead to the upgrading of mesopore pore cracking to macropores, but it had little effect on small pores. In a study [132], it was also found by using low-frequency NMR, that after 200 cycles, the porosity of concrete increased by 53.49%, and the number of harmless pores (<20 nm), medium pores (20–200 nm), and macropores (>200 nm) had increased (Figure 14b). The proportion of harmless pores decreased from 84.9% to approximately 50%, whereas the proportion of medium and large pores increased rapidly from 15.1% to 50%. The deterioration that was caused by the F–T cycles mainly caused the micropores to gradually become medium-sized pores and large pores. Shen et al. [133] investigated the effect of F–T cycles on concrete porosity by using NMR and found that there was an abrupt change in the changing trend of concrete porosity in 10 cycles; the porosity of concrete increased by 12% in the first 10 cycles and 22% after 10–20 cycles. The pores were divided into micropores (<10 nm), mesopores (10–100 nm), and macropores (>100 nm). After 20 F–T cycles, the micropores and mesopores were increased by 62% and 155%, respectively, while the macropore increase had exceeded 100%. The F–T cycles mainly affected the mesopores and macropores of the concrete.
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Figure 12. Variation of porosity after F–T cycles under different water–cement ratios [20,127,131]. 
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Figure 13. 3D reconstruction model of cracks and pores in shotcrete that underwent different F–T cycles [115]. 
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Figure 14. Change of pore structure after F–T cycles. (a) NMR test results of mortar [129]; (b) NMR test results of concrete [133]. 
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The degree of F–T damage mainly depends on the pore structure, and the pore size of concrete varies from 0.5 nm to centimeter [134]. The size of the pores has a decisive effect on the role of water freezing. First of all, the surface adsorption force between the water and the pore wall increases with the decrease of the pore size, so the pore diameter is inversely proportional to the freezing point. Secondly, the smaller the pore size is, then the lower the humidity requirement of the pore is, and the easier it is for it to absorb water. It is found that when the pore is 0.01 mm, the freezing temperature of water is less than −20 °C when the relative humidity is 90% to 99%. When the pore is greater than 0.1 mm and the relative humidity is more than 99%, it can be frozen at −4~0 °C [135]. On the other hand, the value of the w/c has a great influence on the pores because the hydration reaction consumes the water of the pores and fills the pores, resulting in an increase in the number of gel pores. The pores almost disappear when the w/c is less than 0.36 [136].



MIP, CT scanning, NMR, and other techniques were used to analyze the changes in the concrete pore structure [137]. During cycling, concrete porosity is proportional to the number of cycles. Many researchers have explored the changing trend of characteristic parameters, such as pore size distribution and pore shape, with F–T cycles. First, the proportion of mesopores and macropores increased, micropores continued to expand, micropores developed into microcracks, and microcracks expanded into macroscopic cracks and pores. Second, the pore structure deteriorated slowly during the early cycles. With the expansion of the pores, water entered completely, and the porosity of the concrete increased rapidly. After 200 F–T cycles, the pore structure deteriorated significantly [132], and the growth slowed after the basic failure of the concrete. The pores in the concrete were round when they were not frozen or thawed. The pores of the concrete were torn under the action of F–T, and the pore shape evolved in an irregular direction. Hence, it is necessary to optimize the w/c and material ratio in order to obtain the best pore structure.




2.3.4. Microcracks


The F–T cycles no longer solely deteriorated the pore shape of concrete; however, they also expanded the preliminary microcracks of concrete and had produced new microcracks [138]. There were some micropores and a small number of microcracks in the concrete itself, and the width of the microcracks was approximately 5–10 μm. With an increase in the number of cycles, microcracks had started to develop. When a massive range of microcracks increased, the mechanical properties of concrete was decreased, and the transmission performance was increased [139].



The propagation of microcracks was quantitatively analyzed using a scanning electron microscope and image processing technology [140]. After 300 cycles, the maximum crack length (MCL) and maximum crack width (MCW) increased by 114.8% and 72.3%, respectively. F–T damage led to a rapid increase in microcracks in the concrete, and the width was also increased. Liu et al. [141] used convolution neural network technology to segment CT scan images and performed a three-dimensional reconstruction. It was discovered that after 0, 300, and 600 cycles, the length of the micro-cracks in the concrete was 172.5 μm, 323.9 μm, 532.0 μm, respectively, and the number of micro-cracks per unit area was 84,112,214. Every 300 cycles, the number of microcracks was increased by 34% and 91%. The F–T cycles lead to the enlargement and initiation of concrete microcracks. As shown in Figure 15, Li et al. [34] extracted the distribution characteristics of concrete microcracks in the cycles using a fluorescence microscope; when the RDEM was from 1 to 0.4, the length density and volume density of microcracks were increased by 0.175 mm/mm2 and 0.295%, respectively. Both are linearly related to the RDEM, indicating that the formation and development of microcracks are closely related to the degree of the F–T damage of the concrete. The microcracks of abnormal saturated specimens after cycling were analyzed by means of three-dimensional X-ray and an acoustic emission technique. It was found that the volume of microcracks expanded with the increase in the F–T cycle, and the formation of microcracks was closely related to saturation. Concrete microcracks with 95% saturation were distributed in all components, whereas the 75% saturation of concrete only found microcracks in the ITZ. The critical saturation value of concrete was 85% [142].



Liu [143] and Dong [144,145] used CT technology to find that the increase in microcracks after F–T cycles changes the bending degree and macroscopic crack length of the concrete, which causes the fracture path to change from a straight line to a bending path, and therefore, the crack resistance of concrete decreases. Luo et al. [146], through nano-CT scanning, found that under the initial conditions, the surface of the concrete was intact, and the overall defects were few. After 500 cycles, many microcracks appeared around the aggregate and extended into the cement paste. After 700 F–T cycles, microcracks were found in all components, indicating that the F–T cycles destroy the matrix and the aggregate. In a study [147], it was found that there were also microcracks in the surface and interior of the macropores in concrete, which may also be due to concrete pore tearing which was precipitated by applying a hydrostatic stress and a freezing pressure.



F–T cycles accelerate the growth and propagation of microcracks in concrete, which inevitably influences the macroscopic properties of concrete. In the existing research, the microcrack information of concrete during F–T cycles is extracted by microscopy and CT reconstruction technology; the evolution process of concrete microcracks is analyzed qualitatively or quantitatively, and the relationship is established between the processes of change undergone by the concrete’s macroscopic properties, and the deterioration mechanism of the concrete during these cycles is revealed. In addition, the w/c also has an effect on the microcracks of concrete. With the increase of w/c, there are more initial defects in concrete and the crack width increases. The microcracks expand under the action of F–T, and different pores (10~50 μm) are connected, which leads to the deterioration of pores. Therefore, low water–cement ratio concrete can have better freeze–thaw resistance [119,133].




2.3.5. Interfacial Transition Zone


Concrete is a composite phase composed of different engineering materials, namely, aggregate, paste, and ITZ. Owing to the micro-zone bleeding effect in the formation process of concrete, the porosity of this area is high, which is the weak link in the concrete strength chain [148,149], and is usually the site of the beginning of pores and microcracks in concrete after F–T damage [150]. The microcracks in the ITZ can account for more than 70% of the total matrix microcracks [34], and can be used as a channel to make it easier for external solutions to invade the interior and accelerate the deterioration of concrete under the action of F–T [151,152]. In the initial state (Figure 16a), the ITZ produced many pores and microcracks because of its initial defects. In the process of F–T cycles, the ITZ produces many new microcracks (Figure 16b), microstructure deterioration, ITZ thickness increases, and strength decreases [153]. Qiao et al. [27] quantified the microcracks in concrete under different conditions of deicing salts-F–T erosion using an optical microscope (OM) and found that the ITZ is the main zone of microcracks.



Microhardness testing and nanoindentation technology are the main methods that are used to characterize the thickness of the ITZ. Yang et al. [140] found that after 0 cycles, 225 cycles, and 300 cycles, the ITZ thickness of concrete was 20 μm, 40 μm, and 50 μm, respectively, and the hardness was decreased significantly. After cycling, microcracks had first appeared around the aggregate [146]. Xie et al. [107] used nanoindentation to analyze the performance evolution of the ITZ after the F–T cycles. After 0 and 1500 cycles, the concrete ITZ thicknesses were 22 μm and 60 μm, respectively. Lyu et al. [116] explored the performance evolution of a concrete ITZ under chloride-F–T conditions. After 140 F–T cycles, the aggregate and mortar gradually separated, and the ITZ width increased from 42 to 76 μm. In a study [113], after 200 F–T cycles, the ITZ thickness of cement models 32.5, 42.5 and 52.5 increased by 25%, 20%, and 18%, respectively, which may be related to differences in the cement hydration process. As shown in Figure 17, the ITZ indentation modulus of shotcrete was 30% lower than that of cement slurry when using nanoindentation and CT technology. At 0–300 cycles and 300–600 cycles, the ITZ width increased by 20% and 27.7%, respectively. After 600 cycles, a portion of the aggregate was detached from the paste. The permeability of the ITZ was positively correlated with the number of F–T cycles [115,133,141].



Hao et al. [154] studied the performance of the new vs. old ITZ of recycled concrete under the conditions of chloride-F–T erosion and found that the old ITZ has higher porosity and more cracks after erosion, and the new transition zone mortar has a higher strength and a stronger corrosion resistance. Zou et al. [147] analyzed the ITZ porosity of silane-modified recycled concrete after F–T cycles using backscattering electron microscopy and found that the surface-modified concrete had the lowest ITZ porosity. The ITZ of concrete changed after adding steel fiber during the cycles, and the difference in thermal expansion between the steel fiber and matrix caused the surrounding ITZ to crack and produce micropores [155]. Pang et al. [156] explored the effects of different types of aggregates on the F–T resistance of a concrete ITZ. Using EDS and nanoindentation, it was found that the width of ITZ in NA, SSA, and CSA concrete was 42.6 μm, 37.6 μm, and 45 μm, respectively, and the Vickers hardness was 27.59, 31.65, and 43 respectively. After 60 cycles, the RDEM of NA, SSA, and CSA concrete were 80%, 52%, and 19%, respectively. Sicat et al. [157] examined the deformation behavior of the ITZ during F–T cycles by preparing artificial ITZ specimens, as shown in Figure 18. The results show that the mortars and aggregates are undeformed, while the deformation of the ITZ increases significantly during the cycles. The microscopic observation results reveal that the deformation behavior of the ITZ is closely related to the occurrence and development of microcracks. With the increase in the number of cycles, the proportion of pores in the ITZ increases gradually. The coalescence and expansion of pores increase the thickness of the ITZ. The F–T cycles will widen the overall thickness of the weak band ITZ, resulting in a decrease in the interfacial bonding performance between the aggregate and the cement paste. Therefore, the macroscopic mechanical properties of the concrete deteriorate [116].






3. Modeling for Concrete in F–T Environments


Different characterization indices can be obtained by testing the deterioration performance of F–T concrete. A damage evolution model of concrete under F–T cycles was established by quantifying these data. It plays a key role in evaluating the frost resistance and predicting the deterioration process of concrete [158].



3.1. Damage Model for RDEM


Mass loss, relative strength, and RDEM are common damage indices used when evaluating the degree of F–T damage of concrete. RDEM is the most common nondestructive real-time testing technique for analyzing the degree of internal damage of the coagulation [159]. Combined with the change in the RDEM and material damage theory, many scholars have established the damage evolution equation of concrete under F–T cycles (Table 2).



Theoretical equations that are related to the F–T damage model of concrete involve many types of material damage theories, such as the material mechanical fatigue equation, macroscopic phenomenological damage mechanics, and meso-statistical damage mechanics. The specific establishment process is not repeated in this study, but the above model inevitably has a certain scope of application in the process of establishment. Wang et al. [4,38] regarded concrete that was subjected to salt erosion and F–T cycles to be in different damage states and established a nonlinear superposition model of the double damage state; however, the model ignores the effect of salt solution concentration and needs to be tested separately in practical applications. The RDEM index is difficult to characterize for the spalling phenomenon of the surface after many cycles. Wang et al. [129] proposed a coupling model that considered the mass loss rate and RDEM. Nili et al. [160] believed that the deterioration of concrete under F–T conditions can be divided into two parts, and there is no apparent direction in the concrete deterioration in the initial stage. When the RDEM of concrete was 0.8, the concrete entered the development stage, and the internal damage of the concrete accumulated and it deteriorated rapidly; however, the model was only suitable for ordinary concrete with a w/c of 0.4–0.5. The applicability of these models is limited, and the correlation between different models is poor. At the same time, it is difficult to explain the performance of other types of concrete. In the future research, it is far from enough to take RDEM as the research object. We need to study the freeze–thaw damage model of concrete more comprehensively [158,159].




3.2. Damage Layer Thickness Model


Although the damage model that was based on the RDEM and mass loss has a good correlation with the experimental results, for practical engineering, the application of the above experimental methods is very limited. Based on the ultrasonic method that is commonly used in concrete engineering testing, Guan [161] proposed an F–T damage evaluation model and method for concrete with damage layer thickness, which is convenient for engineering applications and can accurately reflect the development of the concrete damage that is caused by F–T damage from the surface to the interior.



The damage-layer thickness model adopts the damage variable, Dh, which is based on the damage-layer thickness. The damage variable of the concrete damage layer is modified through the evolution of the damage layer area and the compressive strength during concrete F–T cycles, as illustrated in Figure 19 and Equations (10) and (11).
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where β is the correction coefficient, fcn, and Acn are the compressive strength and cross-sectional area of concrete after cycles, respectively; fc0 and Ac0 are the compressive strength and cross-sectional area of concrete in the initial state, respectively; Arn is the area of concrete damage layer after F–T cycles; hdn is the thickness of the damage layer after F–T cycles; b and h are the width and height of the specimen interface, respectively.



When combined with the ultrasonic test of the concrete damage layer under F–T cycles, Guan [161,162] found that the thickness of the damage layer increases gradually with the increase in the influence of cycles on concrete. The T-evaluation result of the damage layer model was accurate.




3.3. Damage Model for Bulk Resistivity


In the coupling environment of the salt solution and F–T cycles, the damage to the concrete that in caused by F–T is more rapid. Hosseinzadeh et al. [32] investigated the effect of different types of cementitious materials on the chloride-F–T resistance of concrete and found that the saturation and electrical conductivity of concrete were changed by the entry of solution, the bulk resistivity, and the number of cycles of concrete and these are attenuated in a power law. According to this changing trend, a fitting formula for the electrical resistivity of concrete was established to characterize the damage degree of the F–T cycles, as shown in Figure 20 and Equation (12).
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where Dr is the damage rate that is characterized by the resistivity of concrete, n is the number of cycles, and a is a power-law fitting parameter that is related to the type of gel material. According to the power law fitting of the above bulk resistivity and number of cycles, the failure time of concrete in a salt-freezing environment can be effectively evaluated.



In addition to the above commonly used indicators, other macroscopic indexes are often used to characterize the damage evolution of concrete during F–T deterioration, such as acoustic emission (AE), various strength indexes, density, and so on. These models are basically empirical or semi-empirical models that are obtained directly on the basis of experiments (Table 3). Each model has its limitations, for example, the prediction of ultra-high-performance concrete (UHPC) by the mass loss model is inconsistent with the actual situation of concrete, and the strength index needs to carry out destructive tests on concrete. Although the above macroscopic index model is accurate for a certain types of concrete, it is not satisfactory for the damage prediction of other types of concrete when they are under the action of multiple factors [163,164]. In the future research, the damage model should pay more attention to the micro-damage of concrete and establish the exact damage model in turn.




3.4. Damage Model for Microstructure


The microstructure of the concrete material determines its macroscopic performance, and the deterioration and evolution of the microstructure, such as the pore structure and microcracks of concrete during F–T cycle damage, is the main mechanism of F–T damage. Several researchers have established damage evolution equations by studying the development of pore structures and concrete cracks.



Wang et al. [129] believed that the continuous deterioration of concrete pores at the micro level is an essential factor of F–T damage and they proposed a comprehensive growth coefficient of pore structure for the first time. The deterioration of concrete is characterized by the increment of different pore porosities and total porosities, and the evolution equation of the pore structure is established as shown in Equation (13). It was found to have a natural logarithmic relationship with the number of cycles. Finally, a microscopic F–T damage model (Equation (14)) was established by comprehensively considering the initial porosity and the w/c of the concrete. The model can connect macroscopic indexes, such as the mass damage rate and RDEM, with the deterioration of the internal pore structure, which makes the F–T damage more detailed.
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  D =  C  g p       a  1 +  A C    + b  A c 2  − c  A c  + d    e   (   e  1 +  A c    + f  A c  + g  )   e  h  A c         



(14)




where Cgp is the pore growth coefficient, Pan/Pa0, Pbn/Pb0, Pcn/Pc0, Pcn/Pc0, Pdn/Pd0, and Pn/P0 are micropores (<5 nm), small pores (5 nm < r < 20 nm), medium pores (20 nm < r < 100 nm), large pores (>100 nm), and the ratio of total porosity to initial value after n F–T cycles, respectively; Ac is the initial porosity; a, b, c, d, e, f, g, and h are fitting parameters.



Jin et al. [33] explored the distribution of pore size parameters of eight types of concrete and found that the changes in the total pore surface area, porosity, and average pore size were irregular; only the fractal dimension of the pore surface decreased after the F–T cycles. Therefore, the pore evolution law of concrete is analyzed using microdamage mechanics and the thermodynamic fractal theory, and therefore the fractal dimension of the pore surface can be obtained. A micro-scale F–T damage model was established, which can quantitatively compare the F–T damage of concrete under different mixed conditions and verify that there is an apparent inverse relationship between the model parameters and the durability coefficient, as shown in Equation (15).


  w = 1 −    D  s , n   −  D  s , m i n      D  s 0   −  D  s , m i n        



(15)




w: according to the relative damage degree of concrete based on fractal dimension, there is no damage when it is walled at 0, and the maximum damage occurs when it is wicked at 1. Ds,n is the fractal dimension of pore surface after n F–T cycles, Dso is initial pore surface fractal dimension, and Ds,min is the fractal dimension and is the minimum, which is usually 2.



Sun et al. [125] measured the pore size distribution of diatomite concrete using MIP and NAM. The results showed that the pore structure, which was mainly smaller than 200 nm, deteriorated after the F–T cycles. The cumulative pore volume distribution that was between 2 nm and 350 μm was analyzed using a multifractal theory, and the multifractal F–T damage model of the diatomite concrete was established, as shown in Equations (16) and (17).


   D q  =   l i m   ε → 0     log  [  k  (  q , ε  )   ]    log  ( ε )    , q ≠ 1    



(16)






   D 1  =   l i m   ε → 0       ∑   i = 1   N  ( ε )     p i   ( ε )  log  [   p i   ( ε )   ]    log  ( ε )    , q = 1    



(17)




where Dq is other fractal dimensions except information dimension, D1 is the information dimension, ԑ is the equal interval length, k(q,ԑ) is the distribution function of multifractal theory, pi(ԑ) is the relative pore volume of each interval, and q is the moment order of cumulative pore size distribution (−10–10). The information dimension characterizes the uniformity of the pore size distribution; the larger the D1 is, then the more uniform the pore size is. It was found that when the concrete goes through the cycles, D1 generally increases by approximately 5%, which indicates that the F–T pressure causes the critical pores around the larger pores to be destroyed first. The inhomogeneity and connectivity of the concrete decreased, and the concrete began to deteriorate.



Zhang et al. [132] studied the change in the porosity of concrete with different w/c and that underwent under F–T, and the change in porosity that was measured by NMR can well characterize the deterioration of concrete, as shown in Equation (18). In this equation, D is the relative porosity change, pn is the porosity after n F–T cycles, and p0 is the initial porosity. The model calculation showed that the damage degree with w/c of 0.45a and 0.55 after 200 cycles was 0.9 and 1.2, respectively, which was similar to the trend of mass loss and RDEM. It was also found that the correlation between porosity damage, bending strength, and splitting tensile strength was higher than 0.95, as shown in Figure 21.


  D =    p n  −  p 0    1 −  p 0       



(18)







Li et al. [170] iteratively calculated different void distributions and they proposed a meso-damage model of pore distribution under F–T, which assumes that the pores are continuous and cylindrical. The characteristic pore diameter of the concrete after n cycles can be analyzed by DSC and MIP, and iterative calculations are performed.



In the first step, the initial damage was zero, as shown in Equation (19):


   D 0  c u m   =  D 0 *  = 0    



(19)







In the second step, the cumulative damage was considered to consist of the initial damage in the first step and the damage after an F–T cycle, as shown in Equation (20):


   D 1  c u m   =   π  (   D 0 *  +  D 1 *   )    2  (  1 + μ  )       



(20)







By analogy, the damage after n cycles was accumulated by the damage caused by the previous n F–T cycles, such as Equation (21):


   D  F − T   =  D n  c u m   =   π   ∑   i = 0  n   D i *    2  (  1 + μ  )       



(21)







In Equations (19)–(21), n is the number of F–T cycles; D0cum, D1cum, and Dncum are the cumulative damages after 0, 1, and n cycles, respectively; D0*, D1*, and Dn* are damage parameters after 0, 1, and n cycles, respectively, and are related to the change in pore size and characteristic pore diameter; DF–T are the mesoscopic frost damage parameters; μ: is Poisson’s ratio. The characteristic pore diameter of concrete increases continuously under F–T cycles. The necessary and sufficient condition for undamaged concrete is that the characteristic pore diameter of the concrete is less than the critical aperture, and when the characteristic pore diameter is larger than the critical pore diameter, then the concrete is damaged.



Li et al. [20] believed that the damage of concrete under F–T cycles is caused by a combination of external spalling and internal pore deterioration, and the effect of cycles on internal pores can be obtained according to the change in porosity, as shown in Equation (22). The mass-loss rate can characterize the effect of external spalling, as shown in Equation (23):


  Δ  p n  = 0.017 n    



(22)






   D m   ( n )  =   4.06 ×   10   − 4    n  2.33     100      



(23)







According to the synthesis of meso-mechanics, the macroscopic and microscopic cross-scale damage model under the condition of chloride-F–T of cement mortar was established, as shown in Equation (24). The maximum error between the model and the actual situation was 3.6%, indicating that the fitting result was excellent.


  D  ( n )  =    [  1 − D m  ( n )   ]   (  1 − Δ  p n   )    1 + 0.017 α n      



(24)




where D(n) is a parameter of a macro- and micro-F–T damage model, Δpn is the porosity increment, n is the number of cycles, Dm(n) is the macroscopic damage that is characterized by mass loss rate, and α is the fitting parameter related to Poisson’s ratio μ of concrete (Equation (25)).


  α =    (  13 − 15 μ  )   (  1 − μ  )    14 − 10 μ      



(25)







Li et al. [34] obtained quantitative data on concrete microcrack evolution during F–T cycles based on digital image processing (DIP) and a vacuum epoxy resin impregnation technique. It was found that the area density and length density of matrix microcracks are directly proportional to the number of cycles, and there is a good correlation between the microcrack parameters and the macroscopic properties of concrete. The empirical formula between the evolution of microcracks and the deterioration of the compressive strength of concrete during F–T cycles is obtained, as shown in Equation (26).


  α  D c  = − 625.93  x 2  − 100.48 x + 1.02    



(26)




where Dc is the relative compressive strength of concrete, and x is the microcrack area density (%).



The deterioration process of concrete under F–T conditions is a cumulative damage process that is in accordance with irreversible thermodynamics, and the change in its macroscopic performance is the result of the continuous deterioration of the microstructure. The pore structure of concrete changes when it incurs the processes of damage. Micropores gradually expanded and developed into macroscopic cracks. Few studies have been conducted on the microstructure damage model, mainly focusing on the change in porosity and microcrack parameters. In recent years, the fractal theory has revealed that the meso-damage of concrete does not lie in the change in its porosity, but the change in its pore size distribution is key to the deterioration of concrete performance [171,172].



From the above process of establishing the F–T damage model, based on various indexes, it can be seen that the overall trend of the establishment of the damage model shows a trend from experience to theory, from macro to micro index, and from single index to comprehensive index. The early F–T damage model was mainly based on macroscopic indices such as the RDEM and compressive strength. In recent years, damage mechanics and fractal theory have become prominent subjects in concrete F–T research [153,173]. Many scholars have established concrete damage models based on the damage mechanics theory and fractal theory, and the test index has gradually turned to micro-indicators. Different testing methods have different applicable conditions; therefore, a variety of testing methods can be combined to overcome the limitations of each testing method and accurately predict the F–T deterioration process of concrete.





4. Summary


The damage mechanism and modeling of concrete under the F–T cycle are key issues in durability research. This paper reviews the recent progress in the study of F–T damage in concrete, focusing on the damage mechanism and modeling, and summarizes the theoretical model of F–T damage for testing microstructure evolution. Based on this review, the main conclusions are as follows:




	(1)

	
From the concrete F–T deterioration theory, it can be revealed that the water phase transition during the F–T cycles is the main cause of concrete F–T damage;




	(2)

	
Under the condition of a salt-freezing coupling environment, the F–T damage of concrete is accelerated by salt crystallization expansion and salt solution erosion. The effects of various salt solutions on concrete F–T cycle damage are different because of the inconsistent effects of salt solutions on the pores and hydration products;




	(3)

	
During the F–T cycles, the deterioration of the concrete microstructure is a synthetic result. The microstructure test results show that the porosity increases, the microcracks expand, and the ITZ widens during the F–T cycles. The loss of hydration products and salt crystal expansion during salt freezing was determined by a phase analysis;




	(4)

	
The damage model for the concrete microstructure in the F–T cycle essentially reveals the damage mechanism, and the deterioration model for the pore structure and the microcrack growth model were established to reflect the F–T damage process.










5. Recommendations for Future Research







	(1)

	
The evolution of pore damage has always been the focus of the analysis of the concrete F–T cycle mechanism. However, the applicable conditions for different mechanisms are diverse, and the theoretical model of unified coordination among pore structure damage, water-phase transformation, matrix deformation, and damage variables need to be further explored.




	(2)

	
Pore structure degradation and microcrack growth have been used to model F–T damage; however, the influence of erosion effects on hydration product components and the deterioration of the ITZ are not involved in the F–T damage model, and the response of the composition index and ITZ parameters in the damage model is novel and creative. Further research should be conducted in this area.




	(3)

	
There are many detection techniques used to establish F–T damage models, but some are superficial for characterizing the F–T damage of concrete. In the wake of developments in science and technology, the emergence of advanced detection methods, such as acoustic emission and optical fiber monitoring, has provided a new field of vision for the study of concrete F–T damage. It is necessary to carry out related research to further understand freeze–thaw fatigue damage.
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Figure 2. Schematic diagram of saturation theory [49]. (a) The water absorption rate of concrete by stages; (b) Matrix saturation state; (c) Pore saturation state. 
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Figure 3. Schematic diagram of crystallization pressure theory [53]. (a) Schematic of a cylindrical crystal in a pore of radius    γ p   . Both the hemispherical end (E) and the cylindrical body (B) adopt the radius,    γ p  −  δ w   . (b) Schematic of ice forming in a capillary cavity and in an air void. N is connection pore between equivalent liquid and crystal interface. F point represent the curvature of the crystal is negative. A is curvedliquid/vapor meniscus. 
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Figure 4. Micro-ice lens model [10]. 
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Figure 5. Schematic diagram of glue spall theory [53]. (a) Rough glass surface, (b) Epoxy/glass composite at initial temperature    T 0   . (c) Interface of composite, illustrating the islands of epoxy and the thin scallops of glass removed when   T ≪  T 0   . (d,e) Schematic representation of an epoxy/glass/epoxy sandwich seal and the stress that arises in the composite. (d) Sandwich seal, dimensions and orientation. (e) Schematic of stress that arises in the glass surface under the epoxy,    σ g   , in the epoxy,    σ e   , and the glue spall stress around the boundary of the epoxy,    σ  g s    . 
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Figure 6. Physical erosion mechanism of salt ions. (a) Surface scaling mechanism; (b) Salt crystallization mechanism. 
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Figure 7. Principle of salt freezing failure mechanism. 
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Figure 8. Microstructure of concrete under different F–T cycles in water [79]. (a) 0 times 1000×; (b) 300 times 1000×. 
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Figure 9. Microstructure of concrete in 4% NaCl solution under different cycles [109]. (a) 0 times 2000×; (b) 20 times 2000×; (c) 40 times 2000×; (d) 60 times 2000×. 
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Figure 10. Effect of different sulfate ions on micro-morphology of concrete after F–T [88]. (a) Water 5000×; (b) 10% Na2SO4 5000×; (c) 10% MgSO4 5000×. 
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Figure 11. DTG data of mortar before and after F–T cycles [65]. 
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Figure 15. Concrete micro-crack [34]. 
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Figure 16. Deterioration mechanism of ITZ before and after F–T cycles [113]. (a) ITZ initial state; (b) Deterioration of ITZ after F–T cycles. 
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Figure 17. Changes of ITZ width and elastic modulus under different F–T [115]. (a) 0 cycle; (b) 300 cycles; (c) 600 cycles. 
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Figure 18. Measurement of ITZ deformation during F–T cycles [157]. 
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Figure 19. Thickness model of F–T damage layer of concrete. 
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Figure 20. Bulk resistivity of concrete under different F–T cycles. 
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Figure 21. Correlation between strength and relative porosity of concrete [132]. 






Figure 21. Correlation between strength and relative porosity of concrete [132].



[image: Buildings 12 01317 g021]







[image: Table] 





Table 1. A brief introduction to the main F–T theories.
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	Model
	Pore Pressure Expression
	Symbolic Meaning
	Application/Limitation





	Hydrostatic

Pressure [5]
	   p =  k  3 n    Δ i   (     K E 3     r E    +    r E 2   2  +    K E 3   r  −    r 2   2   )    
	p: Hydraulic pressure

k: Permeability coefficient

n: Viscous resistance

rE: Pose radius

KE: Pose influence range
	The function of air entraining agent and the phenomenon of freezing expansion of materials/Unable to explain the critical water content.



	Osmotic Pressure [6]
	    P 0  =   R T  V  ln 10  (    1.1489 t   273.1 + t   + 1.33 ×   10   − 5    t 2  −   9.084   − 8    t 3   )    
	P0: Osmotic pressure difference

V: Molar volume of solution

R: Gas constant

T: Temperature

t: Icing temperature
	Solute precipitation in salt solution accelerates F–T damage/The formation and release of pressure cannot be quantified.



	Critical saturation theory [49]
	No definite formula
	
	Effect of water saturation on concrete deterioration/Macro description, unable to explain the micro mechanism.



	Crystallization pressure theory [9]
	    σ s  = 2 γ  (   1   r p    −  1 r   )  ,  σ c  =  γ   r p  − δ     
	   σ s   : Crystal tail pressure

   σ c   : Pressure in the middle of the crystal

 γ : Surface energy of crystal and liquid

   r p   : Small pore diameter

 r : Radius of the crystal

 δ : Thickness of unfrozen water layer
	Shrinkage of air-entraining concrete at low temperature/Extension of hydrostatic pressure theory.



	Micro-ice lens theory [10]
	No definite formula
	
	Explains the transport of water and the obvious increase of water absorption rate during F–T/There is no theoretical expression, which is essentially an extension of osmotic pressure theory.



	Glue spall theory [59]
	        σ x  =   ∫  T   T x    B  ( T )   [   a c  −  a s  −   b  σ x n  exp  (    − Q  T   )   q   ]  d T       q =   d T   d t         
	   σ x   : Stress on the ice

T: Temperature

b, n: Theoretical parameter

   a c  ,  a s   : Coefficient of thermal expansion
	Intuitively explains the spalling phenomenon of concrete surface after F–T/difficult to explain the internal damage.



	Theory of unsaturated porous elasticity [61]
	   p =    (   ρ l  −  ρ c   )   n c       n l   ρ l     k l    +    n c   ρ c     k c        
	   ρ l  ,  ρ c   : Density of water and ice

   n l  ,  n c   : Relative volume fraction of water and ice

   k l  ,  k c   : Bulk modulus of water and ice
	Constructing the relationship between macroscopic damage and microscopic characterization of concrete during F–T/The theoretical basis is too complex to carry out numerical calculation.
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Table 2. F–T cyclic damage model of concrete based on RDEM.
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	Formula
	Theoretical Basis
	Applicable Scope
	Provenance





	   D n  = 1 −   0.6 log N   log N − 0.4 log  (  N − n  )     

N: Standard F–T fatigue life, generally set at 300;

n: Number of cycles.
	Mechanical fatigue equation of material
	F–T in pure water
	Yu et al. [36]



	    D 1  = a + b x + c  x 2      D 2  = α − β ln  (   k n  − γ  )      D n  =  D 1  +  D 2  −  D 1   D 2    

D1: Salt erosion factor;

D2: F–T cycles factors;

Dn: Coupling situation, n: Number of F–T cycles;

x: Sulfate erosion days;

α, β, γ, k, a, b c: Fitting parameters.
	Macroscopic phenomenological damage mechanics
	Salt-freeze coupling
	Wang et al. [38]



	   D n  = 1 − exp  [  −    (   n  3878.347    )    0.819    ]   

n: Number of F–T cycles.
	Meso-statistical damage mechanics
	5% sodium sulfate F–T cycles
	Xiao et al. [37]



	   D n  = 1 −  e  − b n   , n ≤  n c   

   D n  = 1 −    1   k 2    − c  [  n −   ln  ( k )   b   ]    ,  n c  ≤ n ≤ 300  

b: Fitting parameters;

k: The general value is 1.25;

nc: The number of cycles when RDEM is 0.8.
	Low cycle fatigue theory & meso-statistical damage theory
	F–T cycles of 0.4~0.5 water–cement ratio concrete
	Nili et al. [160]



	   D n  = a  n 2  + b n + c  

a, b, c: Fitting parameters;

n: Number of cycles.
	Empirical formula
	Steel slag concrete
	Wen et al. [107]



	   D n  =  1     E n     E 0      +  1  10  (     W n     W 0    − 0.9  )    − 2  

   D n  =  e  a n   − 1  

En/E0, Wn/W0: RDEM and relative mass loss after F–T cycles;

a: Fitting parameters;

n: Number of F–T cycles.
	Empirical formula
	Air entraining concrete.

(considering quality loss)
	Wang et al. [129]







Note: Dn in the above formula is the RDEM of concrete.
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Table 3. F–T cyclic damage model of concrete that is based on other macroscopic indexes.
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	Damage Model
	Formula
	Symbolic Meaning
	Provenance





	Compressive strength model
	   D = 0.824  w  − 0.133    (  − 2.528  a 2  + 1.013 a + 0.956  )   (  0.556 ln b + 2.779  )   e  − 0.001 n     
	a: Fly ash content;

b: Air contents;

w: Water/binder ratio;

n: Number of F–T cycles;

f0: Initial strength.
	Xiao et al. [165]



	Mass decay model
	   D =  {      a t ,  (  0 ≤ t ≤  t 0   )        0.5 b  t 2  + c t +      (  c − a  )   2    2 b   ,  (  t ≥  t 0   )          
	a, b, c: Fitting parameters;

t0: Damage speed change point

   t 0  =   a − c  b   ;

t: Mass denudation time.
	Yu et al. [166]



	Mass decay model
	   D = alg  (  b n + 1  )   (  1 + c     10   0.01 n − d     1 +   10   0.01 n − d      )    
	n: Number of F–T cycles;

a, b, c, d: Fitting parameters.
	Mu et al. [167]



	Tensile strength model
	   D = 1 −    f  t n      f  t o     = 1 −    (  1 − 0.00296 n  )    0.234     
	ft0: Initial tensile strength;

ftn: Tensile strength after F–T cycles;

n: Number of F–T cycles.
	Zhang et al. [168]



	Residual strain model
	   D  ( ⋅ )  = 300 − ( 5632.71 + 4957.77 a − 2300 b + 6.64 n − 4411.99  a 2  + 163.27  b 2  − 8.88 ×   10   − 3    n 2  )   
	D(·): Limit state function;

a: w/b ratio;

b: gas drainage;

n: Number of F–T cycles.
	Cho et al.

[169]



	Acoustic emission stress-strain model
	   D =  {      0 , ε ≤ 0.4  ε p        a  e  b x   − b  e  0.4 b   , 0.4  ε p  ≤ ε ≤  ε p        c + d x + e  x 2  + f  x 3  , ε ≥  ε p          
	a, b, c, d, e, f: Fitting parameters;

   ε p   : Peak strain;

x: Normalized strain;

 ε : Compressive strain.
	Qiu et al. [3]
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