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Using recycled aggregate for producing concrete is an effective way to realize the resource utilization of construction and demolition waste. Understanding the variation law of the residual compressive strength of recycled aggregate concrete (RAC) under fatigue loading is significant for its practical application under repeated loads. Thus, this paper conducted uniaxial compression fatigue and static-load tests on recycled aggregate concrete with the different replacement ratios of recycled coarse aggregate, analyzed the probability distributions of the fatigue life and residual compressive strength of RAC and natural aggregate concrete (NAC), and revealed the attenuation law of their residual compressive strength. In addition, it studied and compared the evolution of fatigue damage to NAC and RAC by defining a damage variable based on residual compressive strength. The results show that the fatigue life of the RAC and NAC matches the two-parameter Weibull distribution, and their residual compressive strength follows the normal distribution. The attenuation law of the residual compressive strength of the RAC is similar to that of the NAC. In the initial stages of the fatigue loading, the attenuation is small, and the attenuation rate of the residual compressive strength of the RAC and NAC is low. In contrast, it gradually accelerates in the later stages; a sudden and significant decrease in the concrete strength is noticed in the final stage near failure. Compared with the NAC, the damage to the RAC develops faster in the initial stages of fatigue loading and slower in the later stages.
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1 INTRODUCTION
Continuous industrial development, infrastructure construction, and housing construction activities have led to the excessive consumption of natural resources. In this context, about 40 billion tons of aggregate is consumed per year globally (Tam et al., 2018), and a large amount of construction and demolition waste (CDW) is produced (Guo et al., 2018). The massive stacking and landfilling of CDW exert tremendous pressure on the environment and ecology; therefore, it is necessary to recycle CDW. The waste concrete which accounts for the most significant proportion of CDW can be crushed and graded into recycled concrete aggregate. The preparation of recycled aggregate concrete (RAC) by replacing part or all of natural aggregate with recycled concrete aggregate can realize the recycling of CDW and reduce the shortage of natural sandstone for concrete. It is an essential path for the sustainable development of the construction industry (Akhtar and Sarmah, 2018; Feng et al., 2021.)
Recycled coarse aggregate (RCA) usually consists of the original aggregate, the mortar, and the interfacial transition zone (ITZ) between the mortar and the original aggregate (Evangelista and de Brito, 2007; Butler et al., 2011) Therefore, in addition to the new ITZ, there are old ITZs in the concrete prepared from RCA (Xiao et al., 2013b; Lee, and Choi, 2013). The existence of multiple ITZs is the primary reason for the difference in the mechanical properties of RAC and natural aggregate concrete (NAC) (Xiao et al., 2013b; Xiao et al., 2012; Tang et al., 2021).
Fatigue is an important mechanical property of concrete (Viswanath et al., 2021). Understanding the fatigue performance of recycled aggregate concrete is of great significance for its application in practical engineering under repeated loading. Xiao et al. (2013a) reported that the compression fatigue performance of RAC with a 100% replacement ratio of recycled coarse aggregate did not significantly differ from that of the natural aggregate concrete. Its fatigue deformation also conformed to the three-stage deformation law. Moreover, in two studies, Thomas et al. (2014a) and Thomas et al. (2014b) stated that using RAC reduced the fatigue cycle resistance of concrete. In addition, Arora and Singh (2016) and Xiao et al. (2013a) found that the bending fatigue life and fatigue limit of RAC were lower than those of NAC. Furthermore, Arora and Singh (2016) and You et al. (2021) proposed that the two-parameter Weibull distribution could approximately describe the fatigue life of RAC.
Fatigue can be regarded as a process in which fatigue damage occurs to the material under a cyclic load, leading to the continuous degradation of material performance. After fatigue loading, the static-load strength decays with the accumulation of fatigue damage, and fatigue failure occurs when its residual strength is reduced to the upper fatigue stress limit (Zhang and Keru, 1997). Therefore, the changing law of the residual strength of the material directly reflects its fatigue performance (Schaff and Davidson, 1997). The existing works on the fatigue performance of RAC (Sainz-Aja et al., 2020; Saini and Singh, 2020; Thomas et al., 2014; Xiao et al., 2013; Thomas et al., 2014; Arora and Singh, 2016; You et al., 2021) have paid more attention to the development of fatigue life, fatigue strength, and fatigue deformation, and there are few reports on the strength degradation of recycled aggregate concrete under fatigue loading.
Moreover, fatigue damage is essentially a random dynamic process, and there is high discreteness in fatigue properties such as fatigue life and residual fatigue strength of concrete (You et al., 2021; Zhang et al., 2004). Saucedo et al. (2013) studied the fatigue life, fatigue residual strength, and other fatigue properties of RAC cubic specimens at a maximum stress level of 0.75. However, the statistical properties of the fatigue life and residual strength of concrete have not been considered when describing its fatigue life and residual strength results (Schaff and Davidson, 1997; Peng et al., 2018; Enrique and Alfonso, 2001; Goel et al., 2012; Lio, 2009), and the probability theory and reliability theory have not been used for analysis to reduce the impact of this discreteness on the test results. Applying the probability and reliability theories to the analysis of concrete fatigue performance can quantitatively consider the random, uncertain factors of material fatigue damage. The reliability is also proposed to measure the reliability of fatigue performance, such as the fatigue life of materials. At present, the test methods for the fatigue performance of concrete are divided according to the loading mode of cyclic fatigue, including compression fatigue, tension fatigue, bending fatigue, and tension–compression fatigue. The compression fatigue performance of concrete is usually the most studied and concerned, and the uniaxial compression fatigue is the simplest and most representative.
Therefore, this work conducted fatigue and static-load tests on recycled aggregate concrete with different replacement ratios of recycled coarse aggregate, namely 0, 50, and 100%. Then, it analyzed the probability distribution of the fatigue life and residual compressive strength of the RAC and NAC. The degradation curves of the fatigue residual compressive strength of the RAC and NAC were obtained with certain reliability by combining the reliability theory with the residual strength degradation model. The degradation law of the residual strength of the RAC and NAC was also examined. In addition, the evolution law of fatigue damage to the natural and recycled aggregate concrete was studied and compared through a damage variable defined based on the residual compressive strength so as to provide a research basis for the application of RAC in structures under repeated loading.
2 EXPERIMENTAL PROCEDURES
2.1 Specimen Preparation
The RCA used in the experiments was produced from the waste concrete of a pavement, processed by crushing and shaping. The RCA and NCA had a continuous particle size distribution with a diameter ranging from 5.0 to 20.0 mm. Table 1 presents their main physical and mechanical properties, and Figure 1 illustrates the RCA, the NCA, and their size distribution. The concrete comprised P.O 42.5 ordinary Portland cementand fly ash grade II as the auxiliary cementitious material, river sand with a fineness modulus of 2.19 and an apparent density of 2592 kg/m³ as the fine natural aggregate, polycarboxylic acid as the superplasticizer, and ordinary tap water.
TABLE 1 | The physical and mechanical properties of the NAC and RAC.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) The recycled coarse aggregate, (B) the natural coarse aggregate, and (C) their size distribution.
Table 1 demonstrates that, due to the loose and porous old cement mortar attached, the recycled coarse aggregate has lower apparent density, higher water absorption, and a higher crushing value than the natural coarse aggregate. It should also be noted that the mud content of the recycled coarse aggregate, i.e., the particles with a particle size of smaller than 75 µm, is significantly higher than that of the natural coarse aggregate because a large amount of powder is produced in the production process of recycled coarse aggregate. Figure 1 shows that a large amount of powder is attached to the surface of the RCA compared with the clean natural coarse aggregate.
Table 2 lists the mix proportions of the natural and recycled aggregate concrete, where NAC represents the natural aggregate concrete, and RAC50 and RAC100 indicate the recycled aggregate concrete with a replacement ratio of recycled coarse aggregate equal to 50 and 100 wt% respectively. The addition of additional water is not considered in the mix proportion of the RAC with different replacement ratios of the RCA. Superplasticizer was used to adjust the workability performance of the concrete specimens to have a similar slump. The mixing method is to add cementitious materials, sand and coarse aggregate into the mixing pot for dry mixing for 120 s, then add 90% of water by mass and stir for 90 s, and finally add the remaining water (10% by mass and with superplasticizer) and stir for 90 s.
TABLE 2 | The mix proportions of the NAC and RAC (kg·m−3).
[image: Table 2]Prismatic specimens with the dimensions 100 mm × 100 mm × 300 mm were employed for uniaxial compression static-load and fatigue tests. The specimens were demolded 24 h after pouring and molding concrete, cured in a standard curing room for 28 days, and then placed in an indoor dry environment for 90 days to eliminate the impact of the curing period on their fatigue performance.
2.2 Testing Method
The residual compressive strength of concrete under fatigue loading is obtained by loading the specimen to the set fatigue times and then further loading to failure according to the static-load test method. Therefore, the fatigue life of the concrete and its probability distribution must be known before the residual compressive strength test. The natural and recycled aggregate concrete are divided into four groups, with five specimens in each group. The initial strength, fatigue life, and residual compressive strength of the specimens are measured in the order of grouping. The specific groups of the specimens are as follows:
(1) A uniaxial compression static-load test is carried out on group 1 to determine the initial compressive strength of the concrete (σ0) and calculate the probability distribution and average value of its compressive strength.
(2) A uniaxial compression fatigue test is conducted on groups 2–4 at the maximum stress level (Smax) of 0.8 and the minimum stress level (Smin) of 0.1; group 2 is fatigued to failure to measure the fatigue life of concrete (Nf) and calculate its probability distribution under different failure probabilities.
(3) Groups 3 and 4 are first fatigued to 30% and 60% of the fatigue life (reliability (p) of 0.5), and then they are unloaded to zero; after that, the compression static-load tests are performed to determine the corresponding residual compressive strength of the specimens, namely σ1 and σ2.
The uniaxial compression static-load tests on the prismatic specimens use the displacement-controlled loading mode at a loading rate of 0.2 mm/min. The fatigue test is conducted using a 1000 kN high-performance dynamic fatigue testing system produced by MTS Company, United States. The loading mode of the load control is also adopted, and a sinusoidal, reciprocating, cyclic load of equal amplitude is applied; the loading frequency is set at 4 Hz. Figure 2 illustrates the fatigue loading device, the fatigue loading scheme, and the stress–strain curves of the specimens during the fatigue cycling.
[image: Figure 2]FIGURE 2 | (A) The MTS fatigue testing machine, (B) the fatigue loading scheme, and (C) the stress–strain curves of the RAC during the fatigue cycling (Nf = 3135).
3 RESULTS AND DISCUSSION
3.1 Fatigue Life and Distribution
Table 3 presents the test results of the fatigue life of the NAC and RAC specimens. The existing works have usually employed the Weibull distribution to study the fatigue life of concrete (Oh, 1991; Singh and Kaushik, 2000; Wu and Jin, 2019). This paper attempts to verify the application of the Weibull distribution to the compressive fatigue of RAC.
TABLE 3 | The fatigue life of the NAC and RAC.
[image: Table 3]The two-parameter Weibull cumulative distribution can be expressed by:
[image: image]
where Nf is the fatigue life, Na represents the characteristic fatigue life parameter, b indicates the shape parameter of the Weibull distribution, and Pf is the failure probability.
Taking the natural logarithm of Eq. 1 twice yields the following equation:
[image: image]
By setting [image: image], [image: image], and [image: image], one can express Eq. 2 in:
[image: image]
Eq. 3 can be used to verify whether a group of test data on the fatigue life of concrete conforms to the two-parameter Weibull distribution. If there is an excellent linear relationship between Y and X through graphical regression analysis, the assumption that the fatigue life of the concrete conforms to the Weibull distribution is tenable.
According to the fatigue life given in Table 3, the corresponding survival rate, i.e., reliability (p), can be calculated by:
[image: image]
where i is the serial number of the fatigue life in ascending order from small to large at the same stress level, and m represents the sample size of the fatigue test at a given stress level.
Then, linear regression was performed on the fatigue life of concrete in Table 3 according to Eq. 3; Table 4 presents the Weibull distribution parameters and regression analysis results of the NAC and RAC. The correlation coefficient (R2) is higher than 0.9, and the linear relationship between X and Y is significant, indicating that the compression fatigue life of the natural and recycled aggregate concrete follows the two-parameter Weibull distribution.
TABLE 4 | The Weibull distribution parameters and regression analysis results of the NAC and RAC.
[image: Table 4]According to Eq. 2, the fatigue life of the concrete can be expressed by:
[image: image]
According to Eq. 5, the corresponding fatigue life of concrete can be calculated under the condition of a given survival rate. Table 5 lists the compressive fatigue life of the NAC and RAC with a survival rate of 50%. At the same stress level, the fatigue life of the recycled aggregate concrete is lower than that of the natural aggregate concrete; in addition, the higher the replacement ratio of the recycled coarse aggregate is, the lower the fatigue life of the RAC becomes. When the stress level (S) equals 0.8, and the reliability is 50%, the fatigue life of RAC50 and RAC100 declines by 70.4% and 95.1% respectively compared with the NAC primarily. This is primarily because, for high-cycle fatigue, material failure is dominant due to the debonding of the between the matrix and aggregate. The slow progressive development of bond cracks at the interface between the mortar and coarse aggregate leads to the fatigue failure of concrete (Hsu, 1981; Zheng, et al., 2007). Recycled aggregate concrete has three types of ITZs (You et al., 2021), namely aggregate–new mortar interfacial transition zone (ITZ1), aggregate–old mortar interfacial transition zone (ITZ2), and old mortar–new mortar interfacial transition zone (ITZ3). Multiple and weak ITZs lead to more bond cracks in RAC than in NAC, and the debonding of the interface between the matrix and aggregate is more likely in RAC than in NAC. Thus, the fatigue life of the recycled aggregate concrete specimens is lower than that of the natural aggregate concrete specimens.
TABLE 5 | The fatigue life of the NAC and RAC (p = 0.5).
[image: Table 5]3.2 Residual Compressive Strength
3.2.1 Residual Compressive Strength and Distribution
Table 6 lists the initial and residual compressive strength of the NAC and RAC specimens. Existing research shows that the compressive strength of the concrete follows the normal distribution (Schaff and Davidson, 1997). Therefore, this paper uses the normal distribution to analyze the initial and residual compressive strength of the NAC and RAC.
TABLE 6 | The initial and residual compressive strength of the NAC and RAC.
[image: Table 6]The probability density function of the normal distribution is defined as:
[image: image]
where μ and σ, as the normal distribution parameters, represent the mean value and the variance respectively. If a random variable (x) obeys the above equation, it is called a normal distribution and recorded as x∼N (μ,σ); Eq. 7 also expresses the corresponding cumulative distribution function:
[image: image]
The function value corresponding to the cumulative distribution function is the cumulative failure probability (Pn), and the corresponding survival rate or reliability (pn) is defined as:
[image: image]
where j is the sequence number of random variables in ascending order from small to large, and K indicates the sample size.
Simultaneously taking the inverse function on both sides of Eq. 7 yields the relationship between the strength value and the survival rate as follows:
[image: image]
Setting [image: image], [image: image], [image: image], and [image: image] can simplify Eq. 9 to the following first-order linear equation:
[image: image]
Eq. 10 can be used to verify whether a group of test data on the concrete strength conforms to the normal distribution. If there is an excellent linear relationship between Y and X through graphical regression analysis, the assumption of conforming to the normal distribution is tenable. The normal distribution parameters μ and σ can also be determined through regressions.
Taking the initial or residual compressive strength of the NAC and RAC as random variables, linear regression is carried out on the test data in Table 6 according to Eq. 10. Table 7 tabulates the normal distribution parameters and correlation coefficients. Table 7 demonstrates that the linear relationship between X and Y with an R2 greater than 0.9 is significant, implying that the initial and fatigue residual compressive strengths of the natural and recycled aggregate concrete follow the normal distribution.
TABLE 7 | The normal distribution parameters and the regression analysis results of the initial and residual compressive strength of the NAC and RAC.
[image: Table 7]3.2.2 Model Theory of Residual Compressive Strength Attenuation
According to the viewpoint of irreversible damage in thermodynamics, researchers believe that the residual strength model must satisfy the thermodynamic conditions of a strict monotonic decreasing function (Meng and Song, 2008). Therefore, the boundary conditions of the residual strength model are proposed as follows:
[image: image]
where σr is the residual strength of the material, σ0 indicates the static-load strength of the material, σmax denotes the maximum stress under fatigue loading, n represents the number of the fatigue loading cycles, and Nf is the fatigue life of the material.
Many researchers have proposed various models for the residual strength attenuation of materials based on this assumption, and this work selects the model established by Schaff and Davidson (1997):
[image: image]
where N/Nf represents the cycle ratio of fatigue loading, and v is the parameter of the equation and is related to the material.
A nonlinear model can better fulfill the boundary conditions of the residual strength attenuation and can reflect the rapid growth of damage to the concrete and the rapid decline in the residual strength of the concrete when it is close to fatigue failure.
3.2.3 Degradation of Residual Compressive Strength
According to the parameters of the initial and residual compressive strength of NAC and RAC in Table 7, the correlation of the failure probability with the initial or residual compressive strength of the concrete, i.e., the Pn–[image: image]0 or Pn–[image: image]r relationship, can be obtained. Take specimen RAC100 as an example:
The initial static load compressive strength of the specimen is given by:
[image: image]
The residual compressive strength of the specimen at a fatigue loading cycle ratio of 30% is given by:
[image: image]
The residual compressive strength at a fatigue loading cycle ratio of 60% is calculated by:
[image: image]
where σ0 is the initial static-load compressive strength of the concrete, σr indicates the residual compressive strength of the concrete, and Φ represents the standard normal distribution.
Substituting different Pn values into the above expression can determine σ0 and σr under different failure probabilities. Figure 3 delineates the fatigue residual compressive strength attenuation curves of the NAC and RAC at a reliability of 50%, and Table 8 lists the curve parameters. In Figure 3, the values in brackets represent the decrease in the residual compressive strength of the specimen compared with its initial compressive strength. Figure 3 and Table 8 demonstrate that the model of J. R. Schaff can better describe the degradation of the fatigue residual compressive strength of the NAC and RAC. The attenuation of the residual compressive strength of the RAC is similar to that of the NAC: the residual compressive strength of the specimens gradually declines with an increase in the fatigue loading cycles. The residual compressive strength of the NAC and RAC decreases by about 6.5%–11.5% and 21.8%–27.2% at a cycle ratio of 0.3 and 0.6 respectively. In the final stages, i.e., 0.6 ≤ N/Nf ≤ 1.0, the residual compressive strength of the NAC and RAC decreases by about 70%–80%. Therefore, the attenuation rate of the residual compressive strength of the specimens varies during the whole fatigue loading; the degradation of the residual compressive strength of concrete is slow in the early stages of the fatigue loading and gradually accelerates in the later stages. When the specimen is close to failure, the concrete strength suddenly decreases significantly. Compared with the NAC, the attenuation rate of the RAC is higher in the early stage but lower in the later stages; however, the attenuation rate of the residual compressive strength of concrete is relatively uniform throughout the whole process. Near the failure stage, the sudden reduction in the compressive strength of the NAC is more significant than that of the RAC.
[image: Figure 3]FIGURE 3 | The degradation of the residual fatigue compressive strength of the NAC and RAC (p = 50%).
TABLE 8 | The model parameters for the residual compressive strength of the NAC and RAC.
[image: Table 8]Table 7 and Figure 3 demonstrate that the compressive strength of the RAC is higher than that of the NAC; nevertheless, the difference is no more than 5.5 MPa, possibly because the water absorption and micro powder content of the RAC are higher than those of the NAC, and the RCA can absorb more water from the slurry. Without considering the additional water consumption, the actual water-to-binder ratio of the RAC slurry is higher than that of the NAC slurry. Therefore, although the ITZ of the RAC is weaker than that of the NAC, the strength of the hardened RAC is higher than that of the hardened NAC.
3.3 Fatigue Damage
Fatigue damage is defined as the deterioration of the mechanical properties of materials under cyclic loading. It is a cumulative process and tends to a specific critical value. Strength is one of the most fundamental mechanical properties of concrete, and the internal fatigue damage of concrete is defined as the degradation of its strength. Therefore, the damage variable of concrete is defined using its residual compressive strength to describe the fatigue damage to RAC:
[image: image]
Substitute Eq. 12 into Eq. 16 defines the formula for the damage variable of concrete as:
[image: image]
Differentiating Eq. 17 expresses the evolution rate of fatigue damage to the concrete in:
[image: image]
By utilizing Eq. 17 and Eq. 18, combined with the corresponding model parameter v and reliability of 50%, Figure 4 and Figure 5 respectively draw the evolution curves and evolution rate curves of fatigue damage to the NAC and RAC. Figure 3 and Figure 4 show that the fatigue damage to the NAC and RAC gradually extends with an increase in the cyclic loading period, that is, the cycle ratio. The evolution rate of fatigue damage to the specimens grows slowly in the early stages and gradually accelerates later. In the initial stages of fatigue loading, i.e., the fatigue life of about 10%–20%, the damage to the concrete is slight and develops slowly. In the middle stages, i.e., the fatigue life of about 70%–80%, the rate of damage development gradually accelerates, and in the final stage (the fatigue life of about 100%), the damage increases rapidly until failure. Furthermore, compared with the NAC, damage to the RAC develops faster in the initial stages of fatigue loading and slower in the later stages because fatigue is more sensitive to the initial defects in the concrete, and fatigue damage begins to grow at cracks and pores. The multiple ITZs of the RAC contain a large number of microcracks and pores that increase the initial defects in concrete, resulting in the rapid development of damage to the RAC in the initial stages of the fatigue loading.
[image: Figure 4]FIGURE 4 | The evolution of fatigue damage to the NAC and RAC.
[image: Figure 5]FIGURE 5 | The evolution rate of fatigue damage to the NAC and RAC.
4 CONCLUSION
From the results, the following conclusions can be drawn:
Like the NAC, the compressive fatigue life of the RAC obeys the two-parameter Weibull distribution. At a stress level of 0.8, the fatigue life of the RAC is lower than that of the NAC; moreover, the higher the replacement ratio of the recycled coarse aggregate is, the lower the fatigue life of the RAC becomes. When the reliability is 50%, the fatigue life of specimens RAC50 and RAC100 declines by 70.4% and 95.1% respectively compared with the NAC.
The static-load compressive strength and fatigue residual compressive strength of the NAC and RAC follow the normal distribution. The degradation of the residual compressive strength of the RAC is similar to that of the NAC; their residual compressive strength decreases gradually as the number of loading cycles increases. During the fatigue loading, the attenuation rate of the residual compressive strength of the concrete specimens varies. Indeed, the degradation of the residual compressive strength of the concrete is slow in the early stages of the fatigue loading but gradually accelerates in the later stages; the residual compressive strength of the concrete suddenly declines significantly in the final stage of the fatigue loading near failure. The attenuation rate of the fatigue residual compressive strength of the RAC is higher in the early stages and slower in the later stages compared to the NAC. The attenuation rate of the residual compressive strength is relatively uniform during the whole fatigue loading process. Near the failure stage, the sudden reduction in the residual compressive strength of the NAC is more significant than that of the RAC.
The fatigue damage to the NAC and RAC increases gradually as the cycle ratio rises. Further, the rate of damage development is low in the early stage of the fatigue loading and gradually accelerates in the later stages. Compared with the NAC, the damage to the recycled aggregate concrete develops faster in the initial stages of fatigue loading and slower in the later stages primarily because the multiple ITZs of the RAC contain many microcracks and pores that give rise to more initial defects. Thus, the RAC is more prone to damage in the early stage than the NAC.
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