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Abstract

:

In order to improve the accuracy of the analysis of the impact of freeze–thaw cycle on concrete durability in a salt freezing environment, the numerical simulation of the impact of the freeze–thaw cycle on concrete durability in a salt freezing erosion environment is studied in this paper. Firstly, considering the influence of axial force and bending moment on the relationship between bending moment and curvature, a concrete fiber beam column model is established. Then, according to the joint influence of temperature field, stress field and seepage field on concrete in the process of freezing and thawing, the control differential equation of the freezing and thawing cycle is established. The freeze–thaw damage section is divided, the non-uniform distribution of freeze–thaw damage is determined, and the division of the freeze–thaw damage section is completed. According to the linear relationship between freeze–thaw damage degree, relative dynamic elastic modulus, freeze–thaw cycle times and position variables, the durability of concrete is numerically simulated, and the attenuation law of bond strength at different section depths after freeze–thaw is determined. The results show that the temperature curve simulated by the design method is consistent with the actually measured temperature curve, which can better reduce the temperature change of the inner core of the test block during freezing and thawing, and the relative dynamic elastic modulus is in good agreement with the actual value, which can prove that the method in this paper has certain practical application value. It is expected to provide some reference for solving the durability problem of concrete in a salt frost erosion environment and the optimal design of concrete structures.
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1. Introduction


Various causes have led concrete structures to suffer from destruction, collapse and other material durability problems in the past 40 or 50 years, seriously affecting the normal benefits and safe use of these structures [1]. Many engineering structures have to end their service ahead of time, and countries all over the world have paid a huge price for this. In practical engineering, the durability failure of or damage to concrete structures are common, causing huge economic losses [2]. Over a long period, under the combined action of salt erosion and freeze–thaw and other environmental factors, the damage to concrete structures in irrigation areas is very serious, and a considerable number of concrete structures lose their functions prematurely before reaching the designed lifetime, which has a big impact on the safety and benefits of water projects. A salt frost environment is an environment where crystals such as frost precipitate on the concrete surface, making it more prone to freeze–thaw. The mechanism of freezing and thawing is that the water in the pores of the soil and its matrix metal or rock expands in the freezing process, resulting in the continuous increase in cracks and the overall fragmentation of soil or rock. After ablation, its anti-corrosion stability is greatly reduced. Under the action of gravity, the rock and soil begin to move downward along the slope. In cold and dry areas with lakeside sedimentary rocks as the main foundation conditions, the sulfate and chloride ions abundant in groundwater and soil become the main media of erosion damage to concrete buildings. When the concrete structure is in a working environment with freeze–thaw in winter, it will suffer from the combined action and linkage damage of two or more elements. Concrete buildings suffer from the combined action of salt erosion and freeze–thaw over a long period. The damage and performance deterioration of concrete structures in these areas are serious, and a considerable number of concrete structures are damaged prematurely before reaching the designed lifetime. At present, in order to alleviate freeze–thaw damage, scholars have proposed various mitigation methods, such as adding creto material, changing the mix proportion parameters and the connection type of foundation parts, and using freeze–thaw- and corrosion-resistant materials [3,4,5,6,7].



Although these mitigation methods have been proposed, in order to improve the pertinence of mitigation methods, it is necessary to analyze the impact of the melting cycle on concrete durability. Therefore, some scholars have studied this. For example, Wang et al. examined a durability analysis method of shotcrete lining under the coupling action of nitric acid erosion and the freeze–thaw cycle. Taking a long highway tunnel with a shotcrete single-layer permanent lining in a cold area as the engineering background, the pore structure of concrete under the combined action of nitric acid erosion and the freeze–thaw cycle was characterized and analyzed by means of the straight-line conductor method [8]. Peng et al. predicted and analyzed the corrosion life of reinforced concrete structures in a salt freeze–thaw environment. Based on Fick’s second law, a chloride ion transport model considering time, temperature, humidity, chloride ion binding and freeze–thaw damage effects in concrete was established to study the durability and life of concrete [9]. Tian, Y. G also studied the durability of highway C50 high performance concrete, combined with the rich local industrial wastes (fly ash and mineral powder), and prepared C50 concrete with excellent performance, so as to study the influence of mineral admixtures on the durability of concrete [10]. Yang et al. conducted experimental research on the freeze–thaw damage depth of concrete in a deicing salt environment. By comparing the change law of concrete’s appearance, the detection results of ultrasonic equipment and the penetration of concrete contact surface, the damage depth of concrete under different freeze–thaw cycles were obtained. It was concluded that after 20 freeze–thaw cycles, the freeze–thaw damage of concrete begins to expand into the interior of concrete. In order to alleviate the impact of freeze–thaw, relevant measures can be put forward according to the above research results [11]; in order to alleviate the impact of freeze–thaw, Huang, J. B and others also analyzed the freeze–thaw deterioration and damage characteristics of existing cracked concrete, used the prefabricated crack method to simulate the concrete with cracks in actual projects, studied the damage deterioration process and mechanical characteristics of cracked concrete under the conditions of the freeze–thaw cycle, and obtained the calculation formula of the peak stress of the prefabricated crack specimen and the number of freeze–thaw cycles. Relevant personnel can take necessary mitigation measures to solve relevant freeze–thaw problems according to the calculated formula [12]. Although the above scholars have studied this, there is a problem of a poor numerical analysis effect. In order to solve the above problems and improve the accuracy of the impact analysis of the freeze–thaw cycle on concrete durability in a salt freezing environment, this paper puts forward a new research method, namely the following innovative research:




	(1)

	
In the analysis process, considering the influence of the axial force and bending moment on the relationship between bending moment and curvature, a concrete fiber beam column model is established to divide the section of concrete members into several discrete small elements and improve the characteristics of different small elements of concrete;




	(2)

	
According to the joint influence of temperature field, stress field and seepage field on concrete in the process of freeze–thaw, the control differential equation of freeze–thaw cycle is established and substituted into the concrete fibers at different positions of the section, so as to analyze the fiber section in the process of freeze–thaw damage evolution;




	(3)

	
Based on the coupling algorithm, the freeze–thaw damage section is divided, the non-uniform distribution of freeze–thaw damage is determined, and the division of freeze–thaw damage section is completed;




	(4)

	
According to the linear relationship between the freeze–thaw damage degree, the relative dynamic elastic modulus, number of freeze–thaw cycles and location variables, the durability of concrete is numerically simulated. On this basis, the attenuation law of bond strength at different section depths after freeze–thaw is determined.









Through the above four innovations, this paper completes the numerical simulation of the effect of freeze–thaw cycle on concrete durability in a salt frost environment.




2. Numerical Simulation of the Effect of Freeze–Thaw Cycles on the Durability of Concrete in Salt Frost Environment


2.1. Establishment of Concrete Fiber Beam Column Model


The fiber model divides the cross section of the concrete member into a certain number of discrete small elements, and the mechanical properties of each small element are expressed by the axial stress–strain relationship of the steel bar and concrete. Furthermore, the lateral displacement of the column can be obtained along the longitudinal direction of the member, which has high accuracy. The fiber model is established in OPENSEES Windows version 3.2.2 (as shown in Figure 1), and the element type is based on a nonlinear beam column element.



In the displacement-based model, the element displacement field is expressed as the function of the node displacement field, which is the approximation of the real structural element displacement field. In order to obtain a good approximation result, it is necessary to divide a member into several elements. In order to determine the number of fibers needed for cross-section analysis, sensitivity analysis is carried out, and 50 × 50 fibers are obtained, which can basically achieve the balance. The concrete model of OPENSEES is selected as Concrete0l. The model is based on the uniaxial constitutive relation of concrete, and does not consider the tensile strength of concrete. The relationship is determined by the Karsan-Jirsa unloading rule [13]. The parameters include the axial compressive strength and corresponding strain, the residual strength and corresponding strain. The formula for calculating the axial strength and peak strain of unfrozen concrete is as follows:


   {    w = 0.76 p     u =  w  2500   w ′          



(1)







In Formula (1),  w  is the axial strength of concrete;  p  is the residual strength of concrete;  u  is the peak strain; and   w ′   is the peak intensity. The constitutive model of concrete in the core area is expressed in sections. The first part selects the Concrete04 model in OPENSEES. The parameters needed to be defined in the model are: the axial compressive strength and corresponding strain of concrete, the elastic modulus of concrete and the ultimate compressive strain of concrete. For restrained concrete, the value of the elastic modulus is the same as that of unconstrained concrete. Considering the influence of stirrups on the strength and ductility of concrete in the core area, the compressive strength and peak strain of unconstrained concrete are modified to obtain the corresponding value of constrained concrete. The second part is the Minmax material in OPENSEES, which can be used to obtain the strain threshold. In this paper, the third part is set as the Mander constitutive model failing when the concrete strain exceeds the ultimate compressive strain, and the stress–strain relationship enters the linear degradation [14]. The Steel02 model in OPENSEES is selected as the constitutive model of reinforcement, which can consider the isotropic strain hardening phenomenon and Bauschinger effect of reinforcement, and the calculation efficiency of the model is high, which is in good agreement with the results of the repeated loading test of reinforcement. The parameters to be defined in the Steel02 model mainly include: the yield strength, initial elastic modulus, strain hardening rate, the control parameter of curve curvature from the elastic transition to the plastic phase, the isotropic hardening parameter and initial stress value. Because the freeze–thaw cycle mainly affects the mechanical properties of concrete, the same selection method is adopted for the constitutive model of steel bars of freeze–thaw and non-freeze–thaw specimens.




2.2. Governing Differential Equations of Freeze Thaw Cycles


In this section, the relative dynamic elastic modulus of concrete is used as the physical damage index to measure the degree of freeze–thaw damage. The relative dynamic elastic modulus refers to the ratio of stress and strain of an object under dynamic load. It is generally measured by a dynamic resistance strain gauge and an acoustic instrument. Based on the material property test data in the existing research, the uneven distribution and development law of damage are established, and then the damage evolution law of concrete mechanical properties with the change is formed. Thus, under the condition of given cycles, different constitutive parameters can be given to the fibers at different positions of the member section, and the non-uniformity of freeze–thaw damage can be considered. The freeze–thaw process of concrete is affected by the joint action of the temperature field, stress field and seepage field. Firstly, it is controlled by the temperature field. The freezing and thawing cycle means that the temperature decreases and increases continuously. The second is the effect of the stress field, which is due to the pore pressure caused by the freezing of water in the pores. Finally, it is also affected by the seepage field, which is due to the influence of water migration and phase transformation in pores. In order to describe the influence of the three fields, there are respective governing equations. In the process of freeze–thaw cycle, the water in the pores of porous materials will produce the transformation of the liquid phase and the gas phase. The heat conduction equation of water phase’s latent heat is as follows [15]:


  m c  T t  = ∇  (  α ∇ T  )  + λ  p t   



(2)







In Formula (2),  m  is the density of the system;  c  is the specific heat capacity of the system;  T  is temperature;  t  represents time;  p  is the thermal conductivity of the system; and  α  is the thermal conductivity of the system. In the porous system, the relationship between effective stress and strain is as follows [16]:


  χ = B γ −  (  1 −    φ 1     φ 2     )  η E  



(3)







In Formula (3),  χ  is the stress;  B  is the stiffness matrix;  γ  is the total strain;    φ 1    and    φ 2    are the elastic modulus of the system and aggregate;  η  is the average pore pressure; and  E  is the identity matrix. In the absence of external load, there is an equilibrium differential equation of mechanical field. The migration obeys Darcy’s law, and the water in the pores also conforms to the law of mass conservation in the process of liquid and solid phase changes. According to the constitutive equation of each phase, the Darcy seepage field equation in a porous media system can be deduced as follows [17]:


  S = ∇  (   θ ν  ∇ S  )  + V − β δ  



(4)







In Formula (4),  S  represents the permeation field of the system;  θ  is the permeability coefficient;  ν  is the dynamic viscosity coefficient of water;  V  is the expansion volume of the system;  β  is porosity; and  δ  is volume strain. In the process of failure, the temperature, stress and seepage field are coupled with each other, jointly promoting the damage. Therefore, the failure process of concrete in the freeze–thaw cycle can be described by the above-mentioned differential equations. When the number of freeze–thaw cycles does not reach a certain value, the change in the relative dynamic elastic modulus is small. Therefore, the critical value of freeze–thaw cycles is proposed to characterize this trend, and the critical value increases linearly with section depth. When the critical number is exceeded, the relative dynamic elastic modulus decreases linearly with the increase in the number of cycles, and the degradation rate is similar at different section depths. Therefore, a consistent degradation rate of the relative dynamic elastic modulus at different positions of the cross section is proposed to characterize this trend. On this basis, the relative dynamic elastic modulus of concrete is used as the bridge between the constitutive parameter eigenvalue of concrete before and after freeze–thaw and the section depth and freeze–thaw cycles. For the fiber section, the above-mentioned modified freeze–thaw concrete constitutive equation can be substituted into the concrete fibers at different positions of the section, so as to form the fiber section which can consider the evolution process of freeze–thaw damage.




2.3. Division of Freeze–Thaw Damage Section Based on Coupling Algorithm


During the freeze–thaw cycle, the freeze–thaw damage on the cross section of the specimen is not evenly distributed, but gradually decreases with the increase in the distance from the freeze–thaw surface. If the non-uniform distribution of freeze–thaw damage is ignored and the degree of freeze–thaw damage is assumed to be consistent in the whole section of the specimen, there will be large errors in the calculation of bearing capacity and deformation of the specimen in the process of simulation analysis. Therefore, it is very important to the damage distribution of the specimen that we ensure the accuracy of the analysis results. In this paper, the freeze–thaw damage section is divided based on the coupling algorithm. In this coupling algorithm, the whole computational domain is discretized into LBM grids by means of the partition alternating solution. Among them, the grid occupied by structure is marked as domain, and the rest of the grid is marked as watershed. The fluid movement is solved by the fluid solver, and the displacement of the structure is solved by the structure solver. At each time step, the algorithm solves the flow field and the structure domain in turn, and exchanges the force and displacement information of the fluid structure coupling surface. After obtaining the structure displacement, it is input into the fluid solver to determine the position of the fluid structure coupling surface to update the basin grid. In the whole solution time domain, the structure coupling problem can be solved alternately by performing the process. According to the variation of the relative dynamic elastic modulus at different distances from contact surface, the relationship between the critical influence depth and the number of cycles is proposed as follows:


   h o  = 11.7    (   M  2.5    )    0.9    



(5)







In Formula (5),    h o    is the critical depth of freeze–thaw—that is, the maximum depth of the cross-section of the specimen affected by the freeze–thaw cycle—and  M  is the number of freeze–thaw cycles corresponding to the freeze–thaw cycle test. Based on the damage equivalence principle, the relative dynamic elastic modulus is selected as the quantitative index of freeze–thaw damage. Using the linear interpolation method, 80 freeze–thaw cycles of NAC, RAC50 and RAC100 can be obtained under the non-standard freeze–thaw test, which are equivalent to 200 cycles of the standard freeze–thaw test, respectively. NAC, RAC50 and rac100 refer to different types of concrete. NAC is small particle size asphalt concrete and RAC50 and RAC100 refer to recycled concrete with a 50% and 100% replacement rate of coarse aggregate. Based on this, combined with Formula (5), the critical influence depth of freeze–thaw of concrete specimen in this paper can be obtained:


   h o  = 0.15      n 1   M ′     n 2      0.9    



(6)







In Formula (6),    n 1    and    n 2    represent the number of freeze–thaw cycles under the standard and non-standard freeze–thaw tests, and   M ′   represents the number of freeze–thaw cycles corresponding to the non-standard freeze–thaw test in this paper. After determining the depth of the freeze–thaw effect, it is necessary to further estimate the freeze–thaw damage distribution on the section. After the freeze–thaw cycle, the relative dynamic elastic modulus of the specimen section basically obeys the linear distribution. In order to simplify the analysis, it is assumed that the freeze–thaw damage degree of the section decreases linearly from the outside to the inside, the outermost edge of the section is the relative dynamic elastic modulus of the prism in the freeze–thaw test, and the innermost edge of the freeze–thaw influence depth in the section is 1 (the freeze–thaw damage degree is zero). Therefore, the constitutive relationship of a recycled concrete pier at different positions of the section can be determined according to the values of the relative dynamic elastic modulus and replacement rate of recycled coarse aggregate, and then the section division of the specimen can be completed. In this paper, the concrete layer is divided into 15 mm grids.




2.4. Numerical Simulation of Concrete Durability


According to the linear relationship between the relative dynamic elastic modulus of damage degree and location variables, the durability is numerically simulated to determine the degradation law of bond strength at different section depths after freeze–thaw. The critical number of freeze–thaw cycles is used to represent the number of freeze–thaw cycles required for concrete to begin to experience freeze–thaw damage at a certain section depth. On this basis, the degradation law of bond strength at different section depths after freeze–thaw can be established only by establishing the change in relative bond strength with the freeze–thaw damage index. The relative bond strength and the corresponding freeze–thaw damage degree data obtained from the pull-out test of freeze–thaw specimens are analyzed, and these data have a linear regression. Considering the boundary conditions (damage index = 1, relative bond strength = 1 without freeze–thaw damage), the regression formula coefficient is obtained according to the least square method, and the damage model of the freeze–thaw damage index with respect to cycle number and location variable is obtained. The concrete expression is as follows:


  I =  {        1 ,     K ≤ 1.05 h − 0.23             1 − 0.0112  [  h −  (  1.05 h − 0.23  )   ]  ,     K > 1.05 h − 0.23          



(7)







In Formula (7),  I  is the freeze–thaw damage index;  K  is the number of cycles;  h  is the position variable of section depth. The relationship between bond strength and position variables can be expressed as follows:


  Y =  {        1 ,     K ≤ 1.05 h − 0.23             1.05 − 0.0104  [  h −  (  1.05 h − 0.23  )   ]  ,     K > 1.05 h − 0.23          



(8)







In Formula (8),  Y  is the freeze–thaw bond strength. The relative dynamic elastic modulus of each mix proportion model decreases continuously. Additionally, with the increase in time, the amount of ice increases gradually, resulting in greater frost heaving pressure. The porosity inside the concrete increases, and micro-cracks are gradually generated, which eventually leads to the connection between the pores, and micro cracks gradually increase, causing greater damage to the concrete [18]. In this vicious circle, the freeze–thaw damage of concrete is more serious, which is reflected in the dynamic modulus, and the value of dynamic modulus decreases faster. According to the established bond strength model of freeze–thaw damage, within a certain range of anchorage length, the bond stress after freeze–thaw has a linear relationship with the position variable. In order to facilitate the subsequent derivation, firstly, the coordinate system is established according to the boundary conditions of the anchorage end of the steel bar; that is, the stress and strain of the steel bar are zero, and the required stress penetration length after freeze–thaw damage can be obtained. This length indicates that the bond stress degenerates only within this depth range [19]. In the elastic stage, the model still satisfies the force balance condition, and the bond stress is trapezoidal in the range of stress penetration length. Under the condition of given reinforcement stress, the unique solution regarding the length of seepage stress is obtained. At this time, the stress increment at both ends of the reinforcement in the micro section has the surrounding bond stress balance. When entering the area not affected by freezing and thawing, the average stress calculation method is used to obtain the corresponding slip. In the post yield stage, the position coordinates of the steel bar are obtained according to the equilibrium equation. The total slip can be divided into yield slip and new slip after the steel bar enters the plastic stage. In conclusion, regardless of whether the reinforcement yield exists or not, under the condition of given reinforcement stress, the slip value can be calculated by solving the stress penetration length, and so it can be directly applied to the analysis at the component level.





3. Experiment


3.1. Experimental Preparation


First, raw materials of NAC natural aggregate concrete, RAC50 recycled concrete and RAC100, mainly including cement, coarse aggregate, fine aggregate, water and the mixture, were prepared and combined into a uniform mixture as required to obtain high-strength concrete performance. Relevant standards for the mix proportion design of ordinary concrete (JGJ55–2011) were followed in the experiment [20].



In this paper, the numerical simulation of concrete under salt frost erosion environment was studied. In order to verify the effect of this method, the test results were compared with the temperature shock field test results. The temperature impact field experiment was carried out with reference to the actual environment of the concrete structure. Material parameters are shown in Table 1.



The grid type was a linear order three-dimensional stress type—that is, eight nodes in a linear hexahedral element c3d8r—which was calculated by means of the reduced integral and hourglass control method. Because there were many temperature points in the test block and the amount of temperature sampling and measurement was large, the key points of the structure were selected for temperature curve measurement. The center of the concrete corresponded to the temperature sensor. The key points of the selected structure in this experiment were located at 50 mm from the lower surface, 50 mm from the sample’s center and 50 mm from the upper surface, marked as A, B and C, respectively. Based on the above tests, the temperature impact field test was carried out, and the numerical simulation was carried out by using the method in this paper.




3.2. Experimental Analysis of Temperature Shock Field


Firstly, the temperature impact field test was carried out on the concrete specimen. The temperature measurement results of the key points of each structure are shown in Table 2.



According to the measured results in Table 2, the temperature fluctuation curve could be obtained. Because A, B and C were on the outer surface of the structure, the peak point was the largest, close to ±25 °C. The measured temperatures of the three key points were processed to obtain the average measured temperature curve. Compared with the measured temperature curve, the experimental results are shown in Figure 2.



As can be seen from Figure 2, compared with the other three methods, the temperature curve of the temperature impact field obtained by numerical simulation in this method was similar to the temperature curve measured by the actual test block, and had higher accuracy. Because the heat transfer process of concrete is time-dependent, it takes a period of time from the outer surface to the center point, so the temperature change of the inner center point and the time taken to reach the peak value are slightly delayed. In the process of heat conduction, with the continuous loss of heat, the temperature reaching the temperature sensor is far lower than the temperature of the outer surface. In the numerical simulation, the concrete material was set to be uniform, and the temperature curve obtained by heat conduction was consistent with the set curve. However, the internal material of the test block used in the test process was uneven. The addition of aggregates such as the superplasticizer increases the thermal conductivity of the test block, and the temperature curve lags behind relatively. This method can obtain the structure’s center’s temperature through numerical simulation, so as to better reduce the temperature change of the core in the test block during freezing and thawing. Therefore, the numerical simulation method proposed in this paper can simulate the influence of the temperature field on concrete durability, and has certain feasibility.




3.3. Experimental Analysis of Relative Dynamic Elastic Modulus


Then, the relative dynamic elastic modulus of concrete was tested, which was used as the physical damage index to measure the degree of freeze–thaw damage. The relative dynamic elastic modulus of different concrete types under different freeze–thaw cycles is shown in Table 3.



According to the data in Table 3, under the action of 300 freeze–thaw cycles of NAC concrete, the dynamic elastic modulus of the specimen decreases to 61.3% of the initial dynamic elastic modulus, and under the action of 310 freeze–thaw cycles, the dynamic elastic modulus of the specimen reaches 60% of the initial dynamic elastic modulus; under 500 freeze–thaw cycles, the dynamic elastic modulus of RAC50 concrete is 60% of the initial dynamic elastic modulus; after 600 freeze–thaw cycles, the dynamic elastic modulus of RAC100 concrete is always greater than 60% of the initial dynamic elastic modulus. Comparing the three numerical simulation methods with the actual values in Table 2, the fitting degree between the three numerical simulation methods and the actual values can be obtained, as shown in Figure 3, Figure 4 and Figure 5.



From Figure 2 to Figure 4, compared with the other two numerical simulation methods, the design method in this paper has a higher fitting degree with the actual value, and the maximum error is no more than 3%. The NAC sample can reach 60% within 310 min because of the characteristics of the NAC sample. Therefore, it can be seen that the design method in this paper can improve the accuracy of the analysis of the impact of the freeze–thaw cycle on concrete durability in a salt frost environment, and has a certain practical application value.





4. Conclusions


In order to improve the accuracy of the analysis of the influence of the freeze–thaw cycle on the durability of concrete in a salt freezing environment, the influence of the freeze–thaw cycle on the durability of concrete in a salt freezing erosion environment is numerically simulated in this paper. Firstly, considering the influence of the axial force and bending moment on the relationship between the bending moment and curvature, a concrete fiber beam column model is established. Then, according to the joint influence of the temperature field, stress field and seepage field on concrete in the process of freeze–thaw, the governing differential equation of the freeze–thaw cycle is established. Based on the coupling algorithm, the freeze–thaw damage section is divided, the non-uniform distribution of freeze–thaw damage is determined, and the division of the freeze–thaw damage section is completed. According to the linear relationship between freeze–thaw damage degree, relative dynamic elastic modulus, freeze–thaw cycle times and position variables, the durability of concrete is numerically simulated, and the attenuation law of bond strength at different section depths after freeze–thaw is determined. The results show that the temperature curve obtained by numerical simulation is consistent with the temperature curve measured by the actual test block, which can better reduce the temperature change of the inner core during freezing and thawing, the relative dynamic elastic modulus is in good agreement with the actual value, and the maximum error is no more than 3%. This provides a theoretical basis for solving the durability problem of concrete in a salt frost erosion environment and the optimal design of concrete structure. In order to better improve the accuracy of the impact analysis of the freeze–thaw cycle on concrete durability in a salt freezing environment, this paper will also improve the damage evaluation index of concrete under the influence of the freeze–thaw cycle in future research, so as to make the research more in-depth.
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Figure 1. OPENSEES interface. 






Figure 1. OPENSEES interface.
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Figure 2. Experimental comparison results. 
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Figure 3. Relative dynamic elastic modulus of NAC specimens with different methods. 
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Figure 4. Relative dynamic elastic modulus of RAC50 specimens with different methods. 
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Figure 5. Relative dynamic elastic modulus of RAC100 specimens with different methods. 
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Table 1. Material parameters.






Table 1. Material parameters.





	Parameter
	Value
	Parameter
	Value





	Conductivity (W/M·K)
	1.29
	Specific heat (J/kg·°C)
	0.2



	Density (kg/m3)
	2.5
	Expansion angle
	40



	Dynamic modulus of elasticity (Pa)
	2.486
	Eccentricity
	0.15



	Poisson’s ratio
	0.2
	Strain loading rate
	e−2



	Expand (1/°C)
	e−5
	Viscosity parameter
	e−5
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Table 2. Temperature measurement results of key points of the specimen structure.






Table 2. Temperature measurement results of key points of the specimen structure.





	Time (min)
	Point A Temperature (°C)
	Point B Temperature (°C)
	Point C Temperature (°C)





	0
	12.26
	13.65
	12.66



	100
	−22.55
	−23.57
	−22.55



	200
	20.88
	21.82
	20.87



	300
	−9.62
	−9.26
	−10.24



	400
	−18.29
	−19.32
	−19.32



	500
	23.55
	24.95
	24.23



	600
	−15.88
	−15.28
	−15.55



	700
	−24.26
	−24.55
	−24.78



	800
	18.33
	19.12
	18.52



	900
	−17.62
	−18.43
	−18.24
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Table 3. Relative dynamic elastic modulus of different concrete specimens under different freeze–thaw cycles.






Table 3. Relative dynamic elastic modulus of different concrete specimens under different freeze–thaw cycles.





	Freeze Thaw Cycle Times
	NAC (%)
	RAC50 (%)
	RAC100 (%)





	0
	100
	100
	100



	100
	70.72
	91.53
	97.04



	200
	69.38
	86.91
	94.4



	300
	61
	79.56
	90.42



	400
	–
	75.03
	87.47



	500
	–
	60
	84.17



	600
	–
	54.61
	82.8
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