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Utilizing recycled aggregate concrete (RAC) for cyclic usage in building materials is one of the most feasible methods for reducing the demand for natural aggregates in the construction sector and disposing of construction and demolition trash in landfills. Previous research has demonstrated that the weak freeze-thaw (F-T) resistance of RAC poses a significant threat to the safety of RAC structures in severe cold regions. Therefore, this paper explores the influence of ceramic waste powder (CWP) at various replacement rates on the freeze-thaw resilience of RAC. In this experiment, six groups of CWP doping ratios of 0%, 10%, 20%, 30%, 40, and 50% were designed. Before the F-T cycling test, each group of specimens’ basic mechanical and physical performance data was measured throughout the regular curing age. At the conclusion of each F-T cycle, the durability performance of RAC was tested using the impact-echo method and compressive strength test. To predict the lifetime of RAC mixtures, a Grey-Markov model was created. It was found that the impact-echo method is more appropriate for assessing the durability of RAC in a freeze-thaw condition. The RAC’s F-T resistance is greatest when the CWP content is 20%. The Grey-Markov model has a high degree of predictive accuracy, effectively reflecting the relationship between RAC durability and F-T cycles, and has wide practical applications.
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1 INTRODUCTION
The construction industry is one of the primary drivers of global development in past decades. However, construction is not an environmentally friendly activity as the materials used led to the intense demand for natural resources consuming. Recycled aggregate concrete (RAC) is a kind of eco-friendly concrete manufactured by substituting natural aggregates partially or entirely with recycled aggregates which derived from waste concrete blocks in building waste after mechanical crushing, cleaning, and grading. Notably, the use of RAC not only solves the environmental issues produced by construction waste dumps, but also enables the recycling of construction waste, which has significant ecological, economic, and social relevance (Li et al., 2020; Amadi et al., 2022).
The recycled aggregates has a relatively lower apparent density, higher water absorption and crushing value as compared with natural aggregate, however, they can be blended with natural aggregates to satisfy the needed criteria for workability and strength of RAC. In pratical field, RAC has been applied in road engineering such as the Diepmannsbach Bridge in Germany and the US-41 Route in the United States (Nwakaire et al., 2020). Nevertheless, the long-term property of RAC has certain drawbacks, RAC confronts more complex durability issues in the harsh environment than that of conventional concrete, especially in severe cold regions, the micro-cracks created in recycled aggregate as a result of damage buildup during manufacture provide the preferable paths for moisture to infiltrate into the interior of RAC, and making RAC more sensitive to freeze-thaw (F-T) degradation.
In previous studies (Bennett et al., 2022; Wang et al., 2022), it has been demonstrated that mixing some supplementary cementitious materials (SCMs) can improve the F-T resistance properties of RAC. Normally, the SCMs can fill the microscopic pores within cement matrix, and thus enhance the compactness of RAC, moreover, the pozzolanic properties of SCMs can produce dense C-S-H gels, which is expected to improve the durability of RAC.
Among the various SCMs, ceramic waste powder (CWP) can absorb water and has a good filling effect (Awoyera et al., 2017) as it was used in concrete. CWP is a kind of construction waste, which is obtained from the crushing process of ceramic waste. As a residual waste, ceramic waste is often discarded at the landfill as a non-recyclable item, which is not only a waste of land resources, but also contaminates soil and water bodies. Actually, if the ceramic waste is ground to a specific fineness, under a damp/alkaline environment, the ceramic powder can chemically react with Ca(OH)2 to form C-S-H gels. Therefore, CWP could be a promising SCM to be utilized in RAC. Until now, there have been no particular studies to demonstrate if CWP can improve RAC in F-T conditions, and few research on CWP as a substitute for recycled fine aggregates in RAC were investigated.
It is well known that compressive strength is often used as the main way to measure the quality of concrete. However, when concrete is eroded by the harsh environment or damaged by catastrophic factors, the compressive strength of concrete is merely an indirect assessment and does not accurately reflect the concrete’s performance in the actual structures. Based on technique specifications (CECS 03-2007, 2007; GB/T 50107-2010, 2011), when there is uncertainty regarding the compressive strength test value of the RAC specimen, the non-destructive method can be utilized to evaluate the qualities of concrete under applicable requirements. In recent years, the conventional impact-echo method has attracted extensive attention. It is a quick and reasonably cost-effective method of on-site examination by using impact elastic waves. Among all the impact elastic waves, the attenuation of longitudinal wave amplitude is positively connected with the direction of propagation of normal stress, indicating that longitudinal waves create the most significant and easiest-to-receive vibrations. Hence, longitudinal wave velocity is commonly employed to measure the strength and dynamic elastic modulus of concrete. Nevertheless, when concrete is in F-T conditions, the ice creates a “false” increase in wave velocity and strength, making the durability of concrete be underestimated. Unfortunately, the current research on the correlations between wave velocity and F-T resistance of RAC is limited, especially by the impact-echo method.
Over the past decade, numerous results about durability tests on concrete indicate that environmental erosion is a gradual process for concrete. According to the previous literature findings (Zhang et al., 2020; Wang et al., 2021; Zhang et al., 2022), the relevant durability evaluation parameters of some concrete specimens still do not match the failure requirements even underwent hundreds of F-T cycles in the laboratory test condition. To ensure the durability of CWP-RAC in the F-T conditions, it is required to predict its remaining service life using mathematical models. In this regard, a Grey model can be constructed to predict the durability life of RAC (Qu et al., 2021). The Grey model has the properties of reducing sequence randomness and detecting the pattern of sample data, enabling accurate description and efficient monitoring of original data’s evolving pattern. In the Grey modeling procedure, irregularly moving data are typically discarded, and the sample’s overall trend is considered. This method will produce an impact on prediction accuracy because it disregards interference data. Fortunately, the most significant characteristic of the Markov chain is its capacity to examine data that fluctuates irregularly (Zhou et al., 2022). The Grey-Markov model combing Markov chain and Grey model can effectively improve the accuracy of predictions.
In this paper, it investigated the influence of various CWP contents on the impact echo propagation properties of RAC under F-T conditions, and produced performance degradation curves for compressive strength and relative dynamic elastic modulus (derived from the data collected using the impact-echo method). On this basis, a Grey-Markov model is used to predict the life of RAC. The results is expected to provide theoretical support for engineering applications.
2 EXPERIMENTAL PROGRAMS
2.1 Materials and methods
In this study, the ingredients in the production of RAC include ordinary Portland cement of P.O 42.5 grade, pulverized ceramic waste powder (CWP), water, natural coarse aggregate (NCA), natural fine aggregate (NFA), recycled coarse aggregate (RCA), and recycled fine aggregate (RFA). The chemical compositions and physical properties of these raw materials are listed in Table 1. The particle size of CWP was below 45 microns. Even though recycled aggregates have high water absorption and low bulk density, the overall difference in physical properties between recycled aggregates and natural aggregates is not evident. Table 2 lists the six RAC mix proportions used in this study. Six RAC mixtures were made in accordance with the technical standard for recycled concrete structures (JGJ/T 443-2018, 2018) by substituting RFA at equal volume weight with varying volume contents of CWP. The CWP-0 was used as the control group, and the corresponding formulated strength grade was C30. The numbers in the mixture represent the replacement-ratio of RFA to CWP.
TABLE 1 | Raw materials used for RAC mixes.
[image: Table 1]TABLE 2 | Mixed proportions of RAC (kg/m3).
[image: Table 2]The RAC mixtures were made using with a cube-shaped plastic trial mold with a size of 100 mm × 100 mm × 100 mm. During mixing process, all dry solid ingredients were initially mixed for 60 s. Then the water were added and mixed for another 120 s until the paste reached a homogeneous status. In final, the RAC paste was poured into the molds and stored at ambient temperature (around 25°C) with plastic films. After 24 h, the RAC specimens were demolded and cured under temperature of 20 ± 2°C and relative humidity of 95% until test.
2.2 Experimental procedures
2.2.1 Impact-echo method
Figure 1 depicts the principle of the impact-echo method. The basic premise is to deliver a temporary impact to excitation source on concrete surface, and the resulting impact elastic wave propagates along the interior of concrete and produces reflected waves when it contacts internal defects such as pores, honeycomb, delamination, etc. Then, the reflected waves are sent back to the surface of concrete and received by a receiver situated close to excitation source. Meanwhile, it is possible to convert the fluctuating signals received by receiver into amplitude spectrum. The primary peak in the amplitude spectrum is caused by the interface where the wave impedance changes. Finally, according to the peak frequency (f), the impact elastic wave velocity can be determined using Eq. 1:
[image: image]
where V is the impact elastic wave velocity (m/s), h is the height of the specimen (m), and f is the peak frequency (Hz). A form factor γ is added because the specimen’s form influences the measurement of wave velocity. According to experiments conducted by Krzemień et al. (Krzemień and Hager, 2015), γ can be 0.9 for the same cubic specimen size, and the impact elastic wave velocity is then rectified to a one-dimensional wave velocity.
[image: Figure 1]FIGURE 1 | Principle of impact-echo method.
In this paper, the testing apparatus utilizes the impact echo tester, which comprises a 12.5 mm diameter impact hammer, receiving sensor, and signals acquisition system. When the excitation source is subjected to a impact, the longitudinal, shear, and Rayleigh waves will propagate in all directions. The primary detection basis of the impact-echo method is the longitudinal wave in impact elastic wave, as the vibration direction of the excitation source and the longitudinal wave propagation direction are identical, resulting in the quickest longitudinal wave propagation speed. During on-site test, the test surface should be smoothed using an abrasive wheel to ensure that the excitation source and measurement point surface are well linked. Four excitation sources are positioned diagonally along the end face at a distance of 30 mm from the receiver, as depicted in Figure 2. Each excitation source is impacted twice at least to ensure that the receiver receives two correct data. For the specimens that have reached the relevant curing age (7 days, 28 days), three specimens of each group will be tested, 24 wave velocities will be obtained for each group, and the average value will be used as the group’s final wave velocity.
[image: Figure 2]FIGURE 2 | The arrangement of excitation sources. Point (A) is the receiver. Point (B) is the excitation source.
2.2.2 Compressive strength test
According to the specifications of China codes (GB/T 50081-2019, 2019), the compressive strength test was conducted. During the test, the load was continually applied at a loading rate of 0.8 MPa/s without impact until the sample was damaged to the point of failure. When the specimens of each mix proportion are cured for 7 days and 28 days, the group’s compressive strength is determined by averaging the values of three specimens. During data processing, the compressive strength findings were calculated using Eq. 2, and translated to standard specimen strength using a conversion factor of 0.95.
[image: image]
Where, fc is the cubic compressive strength (MPa), Fmax is the maximal force required to destroy the specimen (N), A is the compressive area (mm2).
2.2.3 Freeze-thaw cycling test
Figure 3 depicts the F-T cycle regime for this test, which consisted of 300 cycles. Prior to freez-thaw test, the RAC specimens were cured until 28 days. Each F-T cycle lasts 4 h, consisting of 2 h of freezing and 2 h of thawing. During F-T conditions, the central of the specimen underwent a minimum temperature of −18 ± 2°C and a maximum temperature of 5 ± 2°C. As durability-related data, the impact elastic wave velocity and compressive strength of each RAC mixture were tested every 25 cycles.
[image: Figure 3]FIGURE 3 | Freeze-thaw scheme.
The so-called durability of concrete refers to the ability of concrete to sustain its work performance under predictable working conditions. Since the wave velocity of the impact elastic wave has a positive correlation with the physical and mechanical properties of concrete materials, such as density, Poisson’s ratio, and dynamic elastic modulus, thus the wave velocity can be a non-destructive test method to determine the durability evaluation parameters for the F-T test. According to the relevant specification for durability test design (GB/T 50082-2009, 2009), the relative dynamic modulus of elasticity (RDME) Er can be used as an assessment parameter for F-T test. Wichtmann et al. (Wichtmann and Triantafyllidis, 2010) concluded that the relationship between wave velocity and dynamic elastic modulus, as shown in Eq. 3:
[image: image]
where Ed is the dynamic elastic modulus (MPa), ρ is the density of concrete (kg/m3).
The formula for calculating the RDME can be calculated from Eq. 4:
[image: image]
where Edn, Ed0 denote the dynamic elastic modulus after n test cycles and the initial stage, respectively. Vn, v0 denote the impact elastic wave velocity measured after n test cycles and the initial stage, respectively. When Er ≤ 60%, it indicates that the specimen meets the threshold for durability failure.
In addition, the relevant specification also provides for the compressive strength damage factor can be used as a supplementary criterion to determine whether concrete durability is compromised. The calculation formula for the compressive strength damage factor is presented in Eq. 5:
[image: image]
where Kf is the compressive strength damage factor, fcn、fc0 denote the compressive strength after n test cycles and the initial stage, respectively. When Kf ≤ 75%, it indicates that the specimen meets the threshold for durability failure.
From Eq. 4 and (Eq. 5), the two durability damage deterioration indices can be obtained, which can be used to evaluate the F-T durability of concrete from both non-destructive and destructive perspectives, respectively. For the current test design, it is crucial to normalize the aforementioned two durability parameters so that the disparities between the two degradation indicators may be compared more objectively throughout the same test cycle. Hence, based on the durability failure thresholds of Er and Kf, the RDME evaluation parameter ξ1 and compressive strength evaluation parameter ξ2 were established (Eq. 6 and Eq. 7).
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When either ξ1 or ξ2 reaches 0, it is evident that the specimen has met the durability failure criterion, and the test of the group must be terminated.
3 RESULTS AND DISCUSSION
3.1 Impact elastic wave velocity of RAC mixtures
Figure 4 plots the impact elastic wave velocity of RAC mixtures. As is evident from Figure 4, the wave velocity of all RAC specimen groups combined with CWP was greater than that of CWP-0 after 7 days of curing. Since the velocity of the impact elastic wave is directly proportional to the degree of concrete compactness, the wave velocity can be utilized to determine the degree of concrete curing. Shokouhi et al. (2017) reported that the propagation path of elastic waves at the concrete defect interface will increase and the measured wave velocity must inevitably drop as the wave impedance rate of air is significantly lower than that of concrete. The increase in early wave velocity of CWP-RAC mixtures is mostly attributable to the pozzolanic activity and the physical filling effect of CWP.
[image: Figure 4]FIGURE 4 | Impact elastic wave velocity of RAC mixtures.
At 28 days curing age, the final wave velocity of CWP-RACs exhibits an increasing and then declining trend with increasing CWP contents. The CWP-20 had the highest wave velocity of 4573 m/s, which was 12.44% greater than that of control group (CWP-0). However, when the CWP doping was increased to 50%, the wave velocity was only 4002 m/s, which was slower than that of control group. This implies that a specific amount of CWP can effectively compensate for the high porosity of recycled aggregates when added to the mixture. When the CWP doping level reaches 20%, the tiny pores within the RAC are well-filled and the larger pores will not expand significantly. However, when CWP doping exceeds 20%, due to the excessive substitution of RFA, the larger pores will enlarge, resulting in a reduction in RAC compactness, even though the tiny pores are well filled. In addition, the growth rate curve of wave velocity from 7 days to 28 days of curing age reveals that the capability to enhance RAC wave velocity declines gradually as the CWP doping rises. The CWP-40 and CWP-50 only raised the wave velocity by 6.14% and 4.71%, respectively, which was much less than that of control group (increased by 25.22% for CWP-0). The results indicate that an excess amount of CWP is not conducive to maintaining the pozzolanic reaction with cement hydration product, and enhancing the compactness of the RAC in the later stage of curing.
3.2 Compressive strength of RAC mixtures
Figure 5 illustrates the compressive strength of RAC mixtures at 7 days–28 days curing age. It shows that the compressive strength of CWP-RAC mixtures is basically consistent with the performance of impact elastic wave velocity: the higher the wave velocity, the greater the strength. Compared to the control group, the compressive strength of the specimens at 7 days in each of the CWP-doped groups was enhanced to varying degrees, which is consistent with the conclusions reached in the study by Chen et al. (2022). This is mainly because that CWP has a higher water absorption rate and a rougher particle surface than that of RFA. The moisture content in the pores is high during the early stages of RAC formation, and the cement hydration hardening process has not yet been completed, while the water absorption of CWP is greater than that of RFA, which reduces the actual water-cement ratio around cement-based material involved in the hydration reaction and aids in the development of RAC strength. On the other hand, CWP, which is obtained by artificial crushing, has a rougher and more angular surface than RFA, which likewise enhances the adhesion between aggregate and cement paste.
[image: Figure 5]FIGURE 5 | Compressive strength of RAC mixtures.
According to the 28 days compressive strength data, the compressive strength of each set of specimens increases and subsequently drops as CWP doping increases. Specifically, the compressive strength of CWP-20 at 28 days is 35.2 MPa, which is the greatest value among all specimens. This result is 16.56% more than that of CWP-0’s. Peng et al. (2020) reported that because CWP has a smaller void fraction than recycled aggregates, it has a higher pressure-bearing capability than recycled aggregates. Therefore, the compressive strength of RAC was greatly enhanced by substituting CWP for a portion of RFA. It should be noted that, the compressive strength of CWP-40 and CWP-50 at 28 days were lower than that of control group. This implies that there is a residual unhydrated component of excess CWP following the secondary hydration reaction with Ca(OH)2, which leads to bonding issues at the interface of the aggregate and cement. As a result, the specimen is easily damaged during the compression process, and the compressive strength of RAC decreases gradually when CWP content is greater than 20%. Similarly, as demonstrated by the growth curve of compressive strength from 7 days to 28 days of curing age, in the late curing stage, the compressive strength increases of RAC mixed with CWP is not as great as that of the control group. This is because that CWP reacts rapidly with the hydration products in RAC during the early stage of curing, hence realizing early strength. As the curing age increases, the effect of CWP on the augmentation of compressive strength of RAC decreases due to the gradual reduction of the active substance on the surface of the cement particles (Zhang et al., 2021).
3.3 F-T durability of RAC mixtures
Figures 6A–F presents the time-changing curves of the durability evaluation parameters of RAC mixtures, which was calculated from the impact elastic wave velocity and compressive strength after the samples underwent the increasing numbers of F-T cycles. As shown in Figure 6, all ξ1 values of RAC mixtures dropped as the number of F-T cycles increased, indicating that the degree of RDME degradation of specimens increased as the number of F-T cycles grew. This is due to the fact that temperature fluctuations produce non-uniform thermal displacement between the cement paste and aggregate, and the freezing and expansion of water in the pore structure causes increased hydrostatic and osmotic pressures. The aforementioned conditions can contribute to a rise in cracks, porosity, and other defects in RAC, reducing the compactness of the specimen and thus leading to a decrease in RDME. The comparison reveals that CWP-0 has a ξ1 value of 40.63% after 300 F-T cycles. The CWP-20 has the best F-T resistance with a ξ1 value of 70.58% after 300 F-T cycles, which is significantly greater than that of control group. The reason is that CWP has lower water content and void fraction than RFA, which caused the relatively lower volume expansion rate of RAC specimens during F-T cycling to that of control group specimens, and effectively limiting the propagation of cracks and lateral deformation in the micro-structure of RAC due to F-T cycling, thereby reducing the degradation of RDME in a F-T environment. As CWP content increased, the ξ1 curve degradation trend of CWP-30, CWP-40, and CWP-50 grew progressively. In particular, CWP-40 and CWP-50 approach durability failure after 300 and 225 cycles, respectively. This implies that the addition of an excessive amount of CWP is not conducive to the hydration of the RAC, and will result in the creation of additional pores. Under F-T conditions, the water in these pores condenses into solid ice, and the volume increases, resulting in expansion stress that reduces the durability performance of RAC.
[image: Figure 6]FIGURE 6 | The rate of durability evaluation parameters change of RAC mixtures. (A) CWP-0. (B) CWP-10. (C) CWP-20. (D) CWP-30. (E) CWP-40. (F) CWP-50.
According to the viewpoint of Silva et al. (2016), there is an intrinsic connection between the RDME of RAC and its compressive strength. Comparing the deterioration trends of ξ1 and ξ2 curves in Figures 6A–F, it reveals that the compressive strength diminishes progressively with the deterioration of RDME under the F-T conditions. Furthermore, the specimens that was used to measure wave velocity and compressive strength were chosen at random, so the cause of durability damage to RAC strength from F-T cycles can be considered the same as that of RDME. However, from the results of the F-T cycle, it is evident that the change in ξ2 is later than the change in ξ1 during the overall cycle period. For instance, when the ξ1 curves of CWP-40 and CWP-50 are close to the failure threshold, the ξ2 curves are still a considerable distance away from durability failure. This indicates that RDME is more sensitive to condition factors when used as a durability evaluation parameter compared to the compressive strength damage factor. The primary cause of the discrepancy between the ξ1 and ξ2 curves is the variation in test methods, physical quantity definitions, etc. The compressive strength test is obtained by the recovery force of the instantaneous elastic deformation produced by the pressure tester’s continuous application of load at a fixed loading rate, i.e., it reflects the change in the surface strength of the material, and such results are subject to some error. Nevertheless, the impact-echo test is a thorough reflection of the specimen’s physical qualities, such as dynamic elastic modulus, density, and internal micro-crack development, which has a definite physical significance. The deterioration of RAC by an F-T condition occurs from the outside to the inside, and RDME is an exhaustive reflection of the specimen’s overall structural and microscopic features. Consequently, ξ1 is more susceptible to RAC internal flaws than ξ2, and if there is a fault in the compressive strength test, but the wave velocity can be established precisely, then RDME more effectively reflects the degree of RAC deterioration, hence reducing the impact of test errors. In view of this, considering the three aspects of test impact elastic wave velocity, compressive strength and F-T durability, it is suggested that the amount of CWP in RAC should not exceed 30%, with a recommended value of 20%.
4 DURABILITY LIFE PREDICTION BASED ON GREY-MARKOV MODEL
4.1 The process of establishing the grey model
The majority of the Grey models consist of GM(1,1) and GM(1,n), with the former used for univariate analysis and the latter for multivariate analysis. The experimental design of this investigation was based on a single variable, CWP contents, and hence the GM(1,1) model was selected to predict the durability life of RAC. The modeling steps are as follows:
Step 1:. Write the differential equation based on the GM(1,1) model’s definition:
[image: image]
where, a is the development coefficient and b is the grey effect coefficient (Yu et al., 2021).
Step 2:. From the GM(1,1) model’s definition, derive the difference equation:
[image: image]
where, x(0) (t) denotes the original data series, [image: image]. z(1) (t) is a sequence of means about x(0) (t), [image: image].
Step 3:. Accumulate x(0) (t) to generate a calculation:
[image: image]
Step 4:. Solve for z(1) (t):
[image: image]
Step 5:. Simplify Eq. 11 and use the matrix form to represent.
[image: image]
where, [image: image], [image: image].
Step 6:. Solve the matrix to derive the values of a and b:
[image: image]
[image: image]
Step 7:. The discrete-time response equation of the GM(1,1) model is obtained by bringing the derived a and b into Eq. 8:
[image: image]
Step 8:. The resultant response equation is subjected to a single cumulative subtraction, from which the predicted values of the GM(1,1) model can be calculated as follows:
[image: image]
There are usually four methods for testing the accuracy of Grey model (Qin et al., 2022), which are: the average relative error method Δ, the correlation degree test γ, the posterior error ratio test C, and the small error probability test ω. Among them, for the calculation of Δ, it is also necessary to establish the relative error ε(0) (t) as follows:
[image: image]
[image: image]
In addition, other accuracy test formulae are not essential to the building of the model presented in this research; therefore, the relevant formula derivation analysis will not be developed. Those interested can find the details in the literature (Yang and Liu, 2008; Jiang et al., 2017; Mao et al., 2020). Table 3 displays the regularly used accuracy test level standard.
TABLE 3 | Refer to the accuracy test level.
[image: Table 3]4.2 Markov state transition probability matrix
Referring to the author’s previous research (Yu et al., 2022), the Markov chain based on the division of ε(0) (t) into k states can be expressed as Eq. 19:
[image: image]
The state transfer probability of Markov chain is calculated as follows:
[image: image]
Therefore, the k-step transfer probability can be calculated as in Eq. 21:
[image: image]
where, Pij(k) is the probability of transferring from state i to state j after k steps. Mij(k) denotes the number of transfers from state i to state j after k steps. Mi denotes the number of original data in state i.
Meanwhile, the k-step state transfer probability matrix is as follows:
[image: image]
If there are m states and the present state is, the future state and the corresponding probability Pij(k) can be known based on the i-th row of the k-step state transfer matrix. The final calculation of Grey-Markov model can be obtained as follows:
[image: image]
4.3 Analysis of prediction results
Based on theF-T durability test results, the CWP-20 with the best test performance will be chosen to describe the derivation process of the Grey-Markov model in detail. Since the Grey model requires the data to be positive in the calculation process, the ξ1 value is no longer utilized and has been replaced with the Er value (the failure threshold of Er is 60%).
Following step 1 to step 8, the results of the Grey model for CWP-20 are as follows:
[image: image]
Correspondingly, the results of the model accuracy test are shown in Table 4.
TABLE 4 | Model accuracy test results.
[image: Table 4]From the test results in Table 4, it can be seen that the average relative error, correlation degree, posterior error ratio, and the small error probability of the Grey model have accuracy levels of II, IV, I, and I, respectively. Hence, the Grey prediction accuracy level is finally determined as IV, which cannot be used directly to predict the durability life of CWP-20 in the future time and has the necessity of applying the Markov chain.
During the initial phase of the Markov chain, the results of the ε(0) (t) operation are combined to classify the relative error into three states:
State 1: overestimated state, ε(0) (t) between [−0.05,−0.01].
State 2: exact state, ε(0) (t) between [−0.01,0.01].
State 3: Underestimated state, ε(0) (t) between [0.01,0.05].
Following Eqs. (19)–(22), the one-step state transfer matrix of CWP-20 can be obtained as follows:
[image: image]
Referring to the Markov chain prediction principle (Bradley, 1999), the state transfer matrix of each step can be obtained next. The predicted values of the Grey model are then rectified following Eq. 23, and the final prediction results of the two models are depicted in Figure 7. The fitting findings of Er values for CWP-20 for 0–300 F-T cycles are provided in Table 5 to compare the prediction accuracy of the two models more logically.
[image: Figure 7]FIGURE 7 | Model prediction results of Grey and Grey-Markov.
TABLE 5 | Er value fitting results for CWP-20 during 300 F-T cycles.
[image: Table 5]As can be seen from Table 5, the maximum error of the Er fitted value of CWP-20 for the Grey model is 2.66% and the average error is 1.14%, as well as its overall performance, which is inferior to that of the Grey-Markov model. For the prediction results of the Grey-Markov model, the maximum error of the Er fitted value of CWP-20 is 1.31% and the average error is 0.47%. It is evident that the upgraded model can fully utilize the information provided by the original data to create accurate predictions for data with significant stochastic volatility. As evidenced in Figure 7, the Grey model predicts an overall smooth curve because it is a method for fitting the raw data to an exponential curve. According to the Grey model’s prediction, the CWP-20’s durability will fail after 1275 F-T cycles, which is a dubious outcome (Ray et al., 2021; Magbool, 2022). The results of the Grey-Markov model fit can fluctuate synchronously with the actual values, and the ε(0) (t) derived from the Markov chain in the later F-T cycles are deemed to be overestimated, so the actual occurrence values may be lower than the predicted results of the Grey model. From this, This indicates that the Grey-Markov model’s prediction that CWP-20 will approach durability failure after 775 F-T cycles is accurate.
With the confirmation that the Grey-Markov model has high prediction accuracy, to further comprehend the durability damage trend of CWP-RACs in the F-T environment, the life prediction of Er values of all specimens was performed by this model, and the results are shown in Figure 8. As shown in Figure 8, the durability life prediction for the control group is 575 cycles, and only CWP-10 and CWP-20 are anticipated to have a longer life. After 500 cycles, CWP-30 is predicted to be below CWP-0 and will fail in durability. CWP-40 and CWP-50 will fail after 300 and 225 cycles, respectively, which is consistent with the experimental measurement data and again verifies the Grey-Markov model’s high fitting accuracy. Overall, a massive amount of CWP harms the F-T resistance of RAC, whereas a little amount of CWP can greatly increase the F-T resistance of RAC.
[image: Figure 8]FIGURE 8 | Durability life prediction curve of RAC mixtures based on Grey-Markov model.
5 CONCLUSION
In this paper, the influence of ceramic waste powder (CWP) addings on the freeze-thaw (F-T) resistance of recycled aggregate concrete (RAC) was investigated. The main conclusions can be drawn as follows.
1) CWP can significantly increase the early mechanical characteristics and compactness of RAC, and the compressive strength and impact elastic wave velocity of RAC doped with CWP were greater than those of conventional RAC specimens after 7 days. However, when the age of curing increased, the performance-enhancing capacity of CWP on RAC declined gradually.
2) During the F-T test of RAC, the RDME obtained by the impact-echo method can be employed as a durability evaluation parameter that is more susceptible to environmental conditions than the compressive strength evaluation parameter. The data from RDME indicate that a little amount of CWP can greatly improve the durability of RAC, however, an excess of CWP can have the opposite effect.
3) The Grey-Markov model can more accurately depict the deterioration trend of CWP-RAC durability damage in a F-T condition. With the impact-echo test data, the predicted data closely resembles the test situation. In engineering practice, it is more practical to test and maintain CWP-RAC in severe cold regions.
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