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Abstract: Two different freeze-thaw cycles (FTC) are considered in this study to assess the related impact on gas permeability and micro-pore structure of a mortar. These are the water-freezing/water-thawing (WF-WT) and the air-freezing/air-thawing (AF-AT) cycles. The problem is addressed experimentally through an advanced nuclear magnetic resonance (NMR) technique able to provide meaningful information on the relationships among gas permeability, pore structure, mechanical properties, and the number of cycles. It is shown that the mortar gas permeability increases with the number of FTCs, the increase factor being 20 and 12.83 after 40 cycles for the WF-WT and AF-AT, respectively. The results also confirm that gas permeability hysteresis phenomena occur during the confining pressure loading and unloading process.
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1  Introduction

Freeze–thaw damage to cement-based materials under the action of FTCs manifests in two ways: internal freeze-expansion cracking and surface erosion spalling [1]. The action of FTCs is one of the causes of the damage to and failure of building structures [2,3]. Currently, the problem of freeze–thaw damage has been studied more vigorously by scholars, and a great deal of research has been conducted on the effects of freeze–thaw damage on the mechanical properties and microstructural variation patterns of cement-based materials; remarkable results have been achieved in these previous studies [4–11]. Among them, hydrostatic pressure theory, osmotic pressure theory, and crystallization pressure theory have high recognition and influence [12,13]. Wang et al. [14] studied the variations in the compressive strength of concrete after different FTCs for different concentrations of salt solutions, and the results showed that the compressive strength of concrete decreased as the cycle times increased. Furthermore, an increase in the concentration of the sulfate solution resulted in more serious damage to the concrete as a result of FTCs. Shang et al. [15] studied the compressive and splitting strengths of different types of air-entrained concrete after rapid FTCs and established a concise mathematical formula for the relationship between mechanical behavior and the number of rapid FTCs. Wang et al. [16] studied mortars with different water-cement ratios and found that the proportion of internal macropores increased as the number of FTCs increased. Furthermore, he proposed a method to predict the remaining life of mortars after FTCs by fitting the deterioration of the pore structure and macroscopic FTCs. Freeze–thaw damage essentially degrades the durability of materials by destroying the pore structure, and gas permeability, which is an important indicator of durability, can visually reflect the changes in the pore structure. Therefore, the permeability properties of cement-based materials at depth after freeze–thaw damage need to be studied [17–20]. Kogbar et al. [21] found that FTCs increased the number and interconnection of microcracks based on acoustic emission, X-ray computing tomography and water and chloride permeability tests, and these changes further accelerated the deterioration of concrete and increased permeability. Yang et al. [22] found that under coupled freeze–thaw loading, the effect of FTCs on the permeability of concrete was greater than that of applied loads. At present, the main methods for testing gas permeability are the Cembureau method [23], OPI method [24,25] and Hamami method [26]. In this experiment, the quasi-steady-state flow method based on the Cembureau method was used. This method is advantageous because it only requires measurements of the pressure decay at the inlet end for a period of time to obtain the gas permeability at the inlet end. To study the variations in the internal microstructure of the material after FTCs, many scholars have also adopted different microscopic experimental methods; Zhang et al. [27] adopted mercury intrusion porosimetry (MIP) to determine the effects of FTCs on porosity and pore size distribution. Johannesson et al. [28] adopted the BET method to measure the adsorption and desorption of mortar and analyzed the effect of carbonation on the microstructure of cement paste. NMR is an important technique for characterizing porous materials, especially for volumetric measurements of the statistical properties of pore space. Therefore, NMR is widely used to study the internal structure of materials [29–32]. The NMR method, which can more accurately reflect the damage to the internal microstructure of the mortar, was adopted in this study to establish a relationship between the microscopic and macroscopic levels.

Overall, most current studies have focused on the mechanical properties of cement-based materials, while few studies on gas permeability have been conducted. Moreover, most freeze–thaw cycle experiments are WF-WT, whereas few scholars have investigated the effect of freeze–thaw damage on mortars from WF-WT and AF-AT. Therefore, this study focused on gas permeability. Variations in gas permeability and pore structure were investigated using two types of mortars under freeze–thaw damage. The relationships between the gas permeability, pore structure, and FTCs of mortars were further explored to provide theoretical support for the assessment of the durability of cement-based materials after freeze–thaw damage.

2  Materials and Methods

2.1 Materials

The cement used in this study was commercial ordinary Portland cement with a grade of P•O 42.5. Its physical properties include high strength, high heat of hydration, and good resistance to frost. Furthermore, it does not resist high temperature. The chemical compositions of the cement are shown in Table 1. In accordance with the Standard for Test Method of the Cement Mortar Strength (GB/T17671-2021), the mixture proportions of mortar are shown in Table 2. The fine aggregate was natural river sand with a fineness modulus of 2.6. The mortar specimens were cylindrical with a size of 50 mm × 100 mm. The specimens were demolded 24 h after casting and maintained in water containing quicklime for 56 d. Before starting the test, both ends of the specimens were polished until smooth before the permeability test.
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2.2 Test Methods

2.2.1 Freeze–Thaw Cycle Test

In accordance with the Standard for Test Methods of Long-term Performance and Durability of Ordinary Concrete (GB/T50082-2009), this test used a programmable low temperature chamber for the FTCs of mortar. According to different cooling environments, this test was divided into two different FTCs: WF-WT and AF-AT. During the WF-WT test, the mortar was completely submerged in water, whereas for the AF-AT test, the saturated mortar specimens were first wrapped with cling film and placed in the low-temperature chamber. The variations in the mortar specimen mass were measured every five cycles, and the AF-AT specimens were vacuumed and saturated with water for two hours to ensure that sufficient water entered the mortar. One FTC lasted seven hours; the freezing and thawing processes each required two hours, followed by three hours of stabilization time at the minimum temperature. The minimum and maximum temperatures were set to −20°C and 20°C, respectively.

2.2.2 Mechanical Test

The instrument used for the mechanical test was an ETM series electronic universal testing machine. According to the Standard for Test Methods of Concrete Physical and Mechanical Properties (GB/T50081-2019), the loading indenter was first adjusted down to the specimen surface position with no initial pressure. The loading speed was referenced by the computer for pressure at a rate of 0.1 mm/min. A data acquisition system was used to obtain the loading force and displacement.

2.2.3 Gas Permeability Test

Gas permeability was measured with a high-precision and high-confinement gas permeability instrument introduced in and from France. The instrument mainly consists of a confining cell, a high-pressure servo oil pump, and a gas transmission reference system. The maximum loading confining pressure was 60 MPa, and the gas permeability measurement can reach 10−22 m2. In this test, an inert gas, argon, was adopted as the permeation medium. The simplified principle of the gas–liquid permeameter is shown in Fig. 1.
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Figure 1: Simplified schematic diagram of the gas permeameter

Before the test, the specimens treated by FTCs were placed in the oven at 60°C for 48 h to eliminate the influence of free water in the pores of the specimens on the gas permeability test results. To protect the internal structure of the specimens from damage caused by high temperature, we adopted 60°C as the drying temperature. Before the gas permeability test, the mortar specimens were bound with a waterproof rubber sleeve to prevent the entry of the confining pressure oil during the test and to ensure gas transmission in a one-dimensional direction. The mortar specimen was then placed in the confining cell for the gas permeability test. The confining pressure was provided by a high-pressure servo oil pump and was loaded in steps from 3, 5, 10, 15 to 20 MPa, and finally unloaded to 3 MPa. The gas permeability was measured by a quasi-steady state flow method based on Darcy’s law:


Vx=−KxμdP(x)dx
(1)


Vx=QxA
(2)

where Kx is the apparent gas permeability coefficient in m2; Vx is the gas flow rate at x from the inlet end of the specimen in m/s; Qx is the corresponding gas flow rate in m³/s, A is the cross-sectional area of the specimen in m2; μ is the viscosity coefficient of argon, 2.25 × 10−5 Pa, s; and P(x) is the function of the air pressure inside the specimen with height.

Astable inlet air pressure was maintained using a storage tank at the inlet, and the outlet was connected to the atmosphere. The volume of the gas holder was V1, the gas pressure value in the holder before the start of the test was P1, and the air pressure decreased by ΔP1 in time t after the start of the test. Assuming that the mean value of the inlet air pressure, Pa, of permeation was the mean pressure of the buffer reservoir, P1-ΔP1/2, over a given time period, Δt, the ideal gas law then yields the mean flow rate of the specimen over the time period Δt as follows:


Qa=Δ P1 V1Pa Δt
(3)

The formula for calculating the gas permeability coefficient is:


Kx=μ 2L ΔP1V1A(Pa2−P02)Δt
(4)

where L is the percolation path, i.e., the height of the specimen, and P0 is the atmospheric pressure.

2.2.4 NMR Test

The nuclear magnetic resonance (NMR) test was conducted with an NMR analyzer developed by Suzhou Newmark. The NMR relaxation time method was used to obtain information about the pore structure by detecting the signal amount of hydrogen atoms in the water-saturated specimen. Therefore, before the NMR test, the specimen needs to be water saturated. A higher signal intensity of hydrogen atoms indicated more water content and larger pores in the specimen and vice versa.

3  Results and Analysis

3.1 Mass Loss Rate

Fig. 2 shows the apparent variations of the mortar after 40 FTCs (left is AF-AT and right is WF-WT). Compared with AF-AT, the mortar after WF-WT exhibited serious apparent damage, with an uneven surface and clearly visible holes. This damage occurred mainly because the cement pastes on the surface of the mortar spalled to different degrees during the FTCs. Before the gas permeability test, the mortar surface was chiseled flat with high-strength plaster to prevent the rupture of the rubber jacket under the action of the confining pressure.
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Figure 2: The apparent variations of mortar after FTCs

The variations in the mortar mass loss rate after FTCs are shown in Fig. 3. Under the two freeze–thaw mechanisms, the mass loss rate of the mortar increased as the number of cycles increased. After 40 FTCs, the mass loss rates under the WF-WT and AF-AT mechanisms were 0.27% and 0.16%, respectively. Wu et al. [33] studied the resistance to freeze-thaw of thermal insulating biobased lightweight concrete and showed that the mass loss of the concrete increased with time during the freeze-thaw test and that freeze-thaw failures developed particularly rapidly once obvious cracks formed on the surface of the concrete. During the initial AF-AT period, the mortar quality loss rate showed a negative value, indicating an increase in quality. This increase occurred because the moisture on the outer surface of the mortar is dissipated during the circulation process during the AF-AT process, resulting in a lower moisture content of the specimen. Therefore, some of the pores are left with no water and remain in a dry state; the hydrostatic pressure generated in the freezing process is small, and the surface flaking is not obvious. However, the surface of the mortar under the crystallization pressure produced a small number of microcracks because some of the pore water froze. The resulting microcracks absorbed water in the process of water saturation at the end of every five cycles. The mass of this part of the water was greater than the mass of mortar spalling on the surface, leading to an increase in quality after FTCs. For the WF-WT test, the pores remained saturated, and the greater hydrostatic pressure generated by the pore water freezing caused micro cracks on the mortar surface. As the FTC continued to increase, the free water in the pores inside the mortar repeatedly froze, and the resulting hydrostatic and crystallization pressure continuously increased. Under the combined action of the two, the microcrack generation and development rate on the mortar surface was accelerated, and serious mortar surface spalling occurred, which led to a decrease in quality.
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Figure 3: Variations in the mass loss rate

3.2 Mechanical Properties

Fig. 4 represents the relationship between the compressive strength and the number of FTCs. The compressive strength of mortar under both freeze–thaw mechanisms gradually decreased as the number of FTCs increased. Compared to the control group (0 cycles), the compressive strengths after ten cycles under the WF-WT and AF-AT mechanisms were reduced by 5.7% and 10.1%, respectively. This result indicates that the freeze–thaw cycling action leads to a reduction in compressive strength. In the WF-WT mechanism, the compressive strength of mortar decreased by 30.85% after 40 cycles compared with ten cycles, while in the AF-AT mechanism, the compressive strength of mortar decreased by 24.01% after 40 cycles compared with ten cycles. The compressive strength of mortar decreased more under the WF-WT mechanism compared with the AF-AT mechanism, and the damage to the mortar was more serious. Lu et al. [34] studied four categories of damage modes: fatigue compression loading, FTC, fatigue compression loading followed by FTC, and FTC followed by fatigue compression loading on the dynamic compressive strength of concrete. The results showed that the compressive strength decreased linearly with an increasing number of FTCs under the single effect of FTC.
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Figure 4: Variations in compressive strength of mortar

3.3 Gas Permeability of Mortar

3.3.1 Effect of the Number of Cycles

The initial gas permeability of the mortar under a 3-MPa confining pressure was analyzed after different numbers of FTCs. Fig. 5 shows that increasing the number of two FTCs increased the initial gas permeability of the mortar overall. Marciniak et al. [35] investigated the transport properties of cement mortars with different types of cement and water-cement ratios subjected to FTCs. Her study showed that the gas permeability increased with the number of FTCs, and the degree of freeze–thaw damage was greater for cement mortars made from Portland cement at higher water-cement ratios, which corroborates the results outlined above. When the mortar underwent 40 FTCs, the initial gas permeability increased 20-fold and 12.83-fold under the two mechanisms of WF-WT and AF-AT, respectively, compared with the reference group. This increase occurred mainly because the freezing of pore water inside the mortar during the FTC generated considerable hydrostatic pressure and crystallization pressure. The tensile strength of the internal material of the mortar could not withstand the combined action of the two, which damaged the internal pore structure and generated larger pores and microcracks, consequently increasing gas permeability of the mortar. Furthermore, the gas permeability under the two freeze–thaw mechanisms did not linearly increase with the number of cycles. The initial gas permeability was fitted to the segments (see Fig. 5), which shows that the variations of the initial gas permeability of the mortar were relatively stable between 25 cycles and 35 cycles. The initial gas permeability of the mortar increased sharply when more than 35 cycles were performed. Therefore, a critical threshold zone exists during the FTC from the damage accumulation zone to the acute damage zone in the mortar. Notably, before 25 cycles, the initial gas permeability was larger for air freezing and air thawing than for water freezing and water thawing. This difference occurred because the mortar specimen was fully submerged in water for the WT-WT process, and the liquid water in the internal pores of the specimen and the water in the external sink exert pressure on each other after freezing to offset part of the hydrostatic pressure, resulting in weakened damage to the pore structure.
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Figure 5: Variations in the initial permeability of mortar

3.3.2 Effect of Confining Pressure

Fig. 6 shows the variations in the mortar gas permeability with the confining pressure under different FTCs. The influence of the confining pressure on the mortar gas permeability was significant, and the mortar gas permeability gradually decreased as the confining pressure increased after FTCs. This relationship arose because the confining pressure subjects the mortar specimens to different degrees of extrusion, resulting in a smaller pore structure, which leads to a decrease in the gas permeability. Moreover, the gas permeability varied more significantly at lower confining pressures and more slowly at higher confining pressures, irrespective of freeze–thaw damage, which indicates that a threshold value exists for the effect of confining pressure on the gas permeability of mortar. When the confining pressure was loaded beyond this threshold, the gas permeability reduction rate slowed. Xue et al. [36] investigated basalt fiber reinforced concrete’s permeability and pore structure under the action of confining pressure after high temperature. The study showed that the permeability of the concrete specimens decreased with increasing confining pressure, and the permeability decreased most rapidly at the beginning of the confining pressure loading (3–5 MPa); as the confining pressure continued to increase (5–7 MPa), the permeability decreased slowly; finally, when the confining pressure was 7–8 MPa, the permeability stabilized. This study is consistent with our experimental results outlined above.
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Figure 6: Variations in the gas permeability of mortar with confining pressure after FTCs

After the mortar was subjected to two different freeze–thaw mechanisms and various different numbers of FTCs, the mortar gas permeability decreased by approximately 50%–70% compared with the initial gas permeability when the confining pressure was increased from 3 MPa to 10 MPa. The mortar gas permeability decreased by approximately 30%–40% compared with the gas permeability at 10 MPa when the confining pressure increased to 20 MPa. The mortar gas permeability values all were highly sensitive to the confining pressure after different freeze–thaw damages. In this test, the mortar gas permeability was in the range of 3–10 MPa for the pressure-sensitive zone and in the range of 10–20 MPa for the pressure-insensitive zone.

The gas permeability of mortar under confining pressure was varied by changing the internal pore structure characteristics. After FTCs, many pores and microfractures were produced inside the mortar. When the confining pressure was low, the gas permeability of mortar significantly decreased as the confining pressure increased because the internal pore structure and penetrating fractures were compressed under confining pressure, which reduced the free path of gas and, thus, the gas flow [37]. When the confining pressure continued to increase, the mortar gas permeability decreased slowly because most of the pores and fractures inside it had already been closed, and only some very small pore structures could be altered; thus, the gas permeability only slightly changed at high confining pressures. Xue et al. [36] also confirmed this finding. To further explore the relationship between the confining pressure and the gas permeability of mortar, the results of gas permeability for all mortars after freeze–thaw damage at each loading confining pressure were also fitted and analyzed. The power function given by the following equation best fit the data:


K=aX−b
(5)

where K is the gas permeability in m²; Pc is the confining pressure in MPa; and a and b are the coefficients. The coefficients in the fitted relationship between the confining pressure and gas permeability after different FTCs obtained by fitting are shown in Table 3.
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3.3.3 Hysteresis Effect on Gas Permeability

Fig. 6 reveals that the gas permeability varied more significantly at lower confining pressures and more moderately at higher confining pressures during both the loading and unloading stages. Compared with the gas permeability during the loading and unloading stages, the loading stage more significantly affected the mortar gas permeability. During loading and unloading, the gas permeability of the mortar slightly increased as the confining pressure decreased due to the recovery of the internal pore structure of the mortar. Nevertheless, the gas permeability could not recover to the initial level before loading, and the recovery of the gas permeability exhibited marked hysteresis.

To better analyze the hysteresis effect of mortar gas permeability after freeze–thaw damage, the difference in gas permeability under each loading and unloading condition was calculated for the same confining pressure, which yielded a law for the gas permeability difference as a function of the confining pressure after different freeze–thaw damages of mortar loading and unloading, as shown in Fig. 7. The difference in gas permeability of mortar after different freeze–thaw damages gradually decreased as the confining pressure increased. The difference was largest at a low confining pressure of 3 MPa, and the smaller the confining pressure was, the more difficult it was for the gas permeability of the mortar to return to the initial value. Conversely, higher confining pressures corresponded to a smaller difference in the gas permeability. This finding indicates that the brittle deformation of mortar is more sensitive to the confining pressure, and larger deformations can occur at a lower confining pressure, which decreased the mortar porosity and in turn reduced the mortar gas permeability. Furthermore, the regularity of the mortar hysteresis effect under the WF-WT mechanism was more pronounced than that of AF-AT. Under the same confining pressure, the hysteresis effect of mortar gas permeability gradually increased with the number of cycles. Under the AF-AT mechanism, although the gas permeability hysteresis effect was more discrete with increasing cycle times, it showed an overall increasing trend. This finding indicates that the number of FTCs affects the elastic–plastic deformation capacity of the mortar. Increasing the number of cycles reduces the likelihood of elastic deformation for the mortar and results in more pronounced plastic deformation. Therefore, recovery from deformation is less likely and the pore structure is more difficult to recover, which increases the difference in gas permeability.
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Figure 7: Variations in the gas permeability difference between mortar loading and unloading with confining pressure after FTCs

3.4 Analysis of the Mortar Pore Structure

The pore structure of the mortar after the FTCs was analyzed by nuclear magnetic resonance. In the T2 spectrum distribution, the relaxation time in the transverse x-axis is proportional to the pore size. The relaxation time inversely correlated with the pore size. The longitudinal y-axis represents the signal intensity. The signal intensity directly correlated with the number of pores. The variations in the T2 spectrum area reflect the variations in pore volume; a larger area indicated a larger volume of pores in the area corresponding to the pore diameter range.

Fig. 8 shows the variations in the T2 spectra of the mortar after the FTCs. Compared with the reference group (0 times), the pore structure inside the mortar varied significantly after FTCs. First, two peaks appeared in all T2 spectra, and the primary peaks were larger than the secondary peaks. Furthermore, the distributions of the primary peaks all occupied three orders of magnitude. The range relaxation time corresponding to the primary peak was shorter and represents the variations of micropores and small pores, while the second peak represents the variations of medium and large pores. In addition, the primary and secondary peaks of the T2 spectrum shifted to the right compared with the reference group for both WF-WT and AF-AT. When the mortar underwent 40 FTCs, the respective primary and secondary peak amplitudes increased by 1.49-and 1.94-fold for WF-WT and 1.60-and 1.8-fold for AF-AT compared with the reference group. Furthermore, Fig. 8 shows that the secondary peak amplitude of WF-WT was larger than that of AF-AT, indicating that some tiny pores evolved into large pores and that the number of large pores increased during the WF-WT process. This phenomenon arose mainly because more water-saturated pores are inside the mortar and the generated hydrostatic pressure and crystallization pressure are larger during the WF-WT process, and the effect on the mortar pore structure is consequently more significant.
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Figure 8: T2 spectrum of mortar after FTCs

The primary and secondary peak areas of the NMR T2 spectra can reflect the variations in pore volume in the corresponding pore size range. The primary peak area represents the variations in the tiny pore volume, and the secondary peak area represents the variations in the the medium-to-large pore volume. As shown in Fig. 9, with the increase in n the number of FTCs, the T2 spectra of mortars under both freeze–thaw mechanisms showed roughly an increasing trend in the primary and secondary peak areas. After 40 cycles, the respective primary and secondary peak areas increased 1.52- and 7.22-fold for WF-WT and 1.70- and 4.02-fold for AF-AT compared with the reference group. Furthermore, the secondary peak area of the mortar under both freeze–thaw mechanisms varied relatively smoothly between 20 cycles and 30 cycles and increased sharply after 30 cycles, i.e., the medium and large pores inside the mortar increased significantly. This behavior was approximately the same as the variations in the initial gas permeability of the mortar. Therefore, the variations in the large pores in the mortar can be assumed to be the main reason for the variations in gas permeability.
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Figure 9: Variations in the primary and secondary peak areas of the mortar T2 spectrum after FTCs

4  Conclusions
1.    With the increase in the number of FTCs, the initial gas permeability of mortar under the two freeze–thaw mechanisms showed an increasing trend. Compared with the reference group, the initial gas permeability of mortar under WF-WT and AF-AT increased 20-and 12.83-fold, respectively, after 40 FTCs. During the FTC, a critical threshold zone existed from the damage accumulation zone to the acute damage zone in the mortar.

2.    With the increase in the number of FTCs, the compressive strength of mortar under both freeze–thaw mechanisms gradually decreased. Under the same conditions, the compressive strength of the mortar decreased by 30.85% and 24.01%, respectively.

3.    The mortar gas permeability after the action of both freeze–thaw cycling mechanisms decreased with increasing confining pressure. An apparent threshold value existed for the influence of the confining pressure on the mortar gas permeability. In the process of loading and unloading the confining pressure, the mortar gas permeability exhibited significant hysteresis. Compared with AF-AT, the hysteresis effect of mortar gas permeability under the WF-WT mechanism was more significant.

4.    The mortar pore structure varied significantly after the FTCs. As the number of FTCs increased, some tiny pores evolved into medium and large pores. Since pores are the main channels for gas infiltration inside the mortar, the number of medium and large pores increased, and the mortar gas permeability increased.
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Table 1: Chemical compositions of cement (%)
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Table 3: The size of each parameter in the fitting relation between confining pressure and gas permeability

Number of cycles

Water-freezing and water-thawing

Air-freezing and air-thawing

a b R? a b R®
10 12.41 0.97 0.955 18.90 1.19 0.963
15 10.95 0.61 0.901 17.13 0.74 0.989
20 17.76 0.63 0.961 27.00 0.92 0.929
25 22.78 0.80 0.963 29.65 1.27 0.960
30 20.67 0.49 0.978 29.37 0.95 0.989
35 25.12 0.55 0.946 30.22 1.01 0.993
40 34.07 0.41 0.985 31.59 0.72 0.974
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Table 2: Mixture proportions of mortar

W/C Cement (kg/m’) Sand (kg/m”) Water (kg/m”)

0.5 450 1350 225
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