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Abstract

This study investigates the effects of fiber on the mechanical performance and stress-strain characteristics of metakaolin-based recycled aggregate concrete (RAC). Ten experimental groups were designed, comprising single-fiber systems (steel fiber (SF), polyvinyl alcohol fiber (PF), and basalt fiber (BF)) and hybrid fiber systems combining SF-PF or SF-BF at blending ratios of 8:2, 7:3, and 5:5. Mechanical property evaluations included compressive strength, splitting tensile strength, elastic modulus, and full-range stress-strain curve analysis under uniaxial compression. Some constants are proposed based on test results to predict the compressive strength, splitting tensile strength, and elastic modulus of RAC. Furthermore, nonlinear regression analysis was performed to characterize the ascending and descending branches of stress-strain curves by the existing constitutive equations. The results indicate that the inclusion of fibers can effectively improve the mechanical properties of RAC. Based on some existing equations for compressive stress-strain curves of concrete, the parameters for the calculation of fiber-reinforced metakaolin-based RAC stress-strain curves were determined. Progressive substitution of SF with PF or BF in hybrid systems inversely correlates with strength and elastic modulus, while positively influencing peak strain development. A bilinear constitutive model derived from Al-Hassani's equation demonstrates superior fitting accuracy for hybrid fiber-reinforced metakaolin-based RAC. These results provide critical insights into the design of sustainable fiber-reinforced concrete with tunable mechanical properties through metakaolin activation and recycled aggregate utilization.
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1 Introduction
With the rapid development of industries around the world, the consumption of building materials is constantly increasing, especially concrete materials, with an average annual global demand of 40 billion tons [1]. Due to huge consumption, the natural resources (including natural sand and gravel, etc.) for concrete production are exploited in large quantities [2]. To alleviate the environmental problems caused by the overexploitation of natural resources, one of the widely used methods is to prepare recycled aggregate concrete (RAC) from construction waste as recycled coarse aggregate (RCA) [3–5]. However, compared with the natural coarse aggregate (NCA), RCA is easy to produce micro-cracks in the crushing process, and the surface of the processed RCA is rough, porous, and adhered to the old mortar. Thus, the strength and durability of RAC are inferior to that of ordinary concrete (NC) [6–9], which causes many restrictions in the application of RAC in building structures (including bridges, tunnels, highways, houses, etc.).
Metakaolin (MK), an active mineral material, is one of the best substitutes for cement [10,11]. MK can conduct a secondary hydration reaction with Ca(OH)2 generated by cement hydration to generate extra calcium silicate hydrate (C-S-H) gel, which can effectively reduce the internal micro-cracks and porosity of RAC, and dramatically improve the strength and durability of RAC [12–15]. P. O. Awoyera et al. [16] added MK into RAC at a proportion of 20% and found that the morphology and strength characteristics of RAC were improved. R. Siddique et al. [17] reported that the performance of NAC can be markedly modified when the MK content is 5–20% of the cement mass. Radonjanin et al. [18] pointed out that RAC containing 10% MK has the best overall performance and reduces the negative effect of RCA on concrete performance. Moreover, Rakesh et al. [19] and Kou et al. [20] reported that the RAC achieved the best performance after mixing 15% metakaolin.
Fiber, including steel fiber (SF), polyvinyl alcohol (PVA) fiber (PF), and basalt fiber (BF), as concrete performance reinforcement materials, can effectively improve the ductility and strength of RAC [21–23]. W. He et al. [24] found that mixed SF and polypropylene fiber (PPF) improved the microstructure and mechanical properties of RAC. Wang et al. [25] investigated the mechanical properties of hybrid fiber-reinforced concrete mixed with SF and PP fiber and obtained a mix ratio for higher performance. L. Dong et al. [26] found that the porosity and slump of RAC decreased with the increase in fiber content, but the strength, damping ratio, charge, and dynamic characteristics increased. Y. Wang et al. [27] found that the addition of BF and nano-silica was beneficial to expand the engineering application of RAC. Du La Man et al. [28] studied the effect of PVA fiber content on concrete strength, effective porosity, and permeability coefficient when the replacement rate of recycled coarse aggregate is 30%. H.Dilbas et al. [29] found that the combination of the optimized ball milling method (OBMM) and BF harmed the physical properties of RAC, but had a beneficial effect on the mechanical properties. H.K.S.El-Din et al. [30] studied the addition of SF, PF, or hybrid fiber and MK to concrete, and found that the strength obtained at all test ages was effective.
In addition, concrete, its stress-strain relationship is an essential part of the research and design of structures. A.S.M.Mendis et al. [31] reported that the available standard guidelines of ordinary concrete clouds be used to predict RAC. D. Gao et al. [32] and J.A. Carneiro et al. [33] established SF reinforced RAC model. S. Suryawanshi et al. [34] and G.F. Belén et al. [35] investigated the mechanical behavior of RAC under uniaxial compression and analyzed the influence of RCA on RAC. A. Chen et al. [36] proposed an improved constitutive model by considering the effects of RCA, rubber particles, and BF on the performance of concrete. Y. Zhou et al. [37] established a uniaxial constitutive model of concrete mixed with SF and PF through orthogonal experiments (including the generalized compression model and simplified compression model) and found that the simplified model may lead to large errors.
There are few previous studies on the coupling effect of MK and hybrid fiber on the performance improvement of RAC, especially in the stress-strain relationship. Therefore, a comprehensive study of RAC was studied in this paper, including its compressive strength, axial compressive strength, splitting tensile strength, bending toughness, elastic modulus, strain, and stress-strain relationship, etc., which provides a basis for the application of RAC in a wider range.
2 Experimental programs
2.1 Materials
2.1.1 Cementitious material
The cementitious materials used in this test consist of two parts, including PO 42.5R Qinling brand Type II Ordinary Portland Cement (OPC) and MK. The mineral chemical composition of the above materials is shown in Table 1.
Table 1 
Chemical compositions of OPC and MK (%).

2.1.2 Aggregate
The coarse aggregate used in the test includes NCA and RCA, among which RCA is the waste concrete aggregate (WCA) that has been used for 30 yr provided by Shaanxi Environmental Protection Company. In the preparation of RCA, the impurities such as glass and rubble in the WCA are firstly removed manually, and then the WCA is broken by a small jaw crusher. Finally, the crushed aggregate is screened with a square hole screen, washed, dried, and reserved. The fine aggregate is river sand (S) purchased locally in Xi'an. The basic physical properties of the test aggregate are shown in Table 2, and the grading curves are shown in Figure 1.
Table 2 
Basic physical properties of aggregate.

	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Particle size distribution of aggregates: (a) coarse aggregate; (b) fine aggregate.



2.1.3 Fiber
The fibers used in the test are steel fiber (SF), polyvinyl alcohol (PVA) fiber (PF), and basalt fiber (BF), as shown in Figure 2, and their main physical and mechanical parameters of the three fibers are shown in Table 3.
Table 3 
Physical and mechanical properties of fibers.

	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Three kinds of fibers.



2.2 Mixing
In most studies, MK has the best effect on the performance of RAC with a content of 15% [19,30]. Therefore, according to previous studies, the replacement amount of RCA is determined to be 30% [4,5,38,39], and the content of MK is selected to be 15%. Three kinds of fibers including SF, PF, and BF are added alone separately. In addition, under the condition that the total fiber volume is 1.5%, SF and PF, SF, and BF are mixed in metakaolin-based RAC at the percentages of 8:2, 7:3, and 5:5 respectively. The mixing proportions are shown in Table 4.
Table 4 
Mix proportions used in this study (kg/m3).

2.3 Specimen preparation
The 12 specimens were prepared for each group according to the mix ratio of 10 groups in Table 4. Among these, six 100 mm × 100 mm × 100 mm specimens are used to test the cube compressive strength and splitting tensile strength, respectively; three 100 mm × 100 mm × 300 mm are used to measure axial compressive strength and elastic modulus, respectively; three 100 mm × 100 mm × 400 mm specimens are used to test the flexural toughness. The averages of three specimens for each test were calculated as the results.
2.4 Test plan
The mechanical characteristics of RCA were performed in an MTS electro-hydraulic servo universal testing machine according to the Chinese code GB/T 50081-2018 [40] and CESC 13-2009 [41]. The loading device is shown in Figure 3. To obtain an accurate total stress-strain curve effectively, a mixture of force and displacement control is used. The loading rate of 0.5 MPa/s was maintained before the peak stress, and the deformation data were acquired by the strain gauge. Then the loading speed was changed to 0.1 mm/min and the deformation data was collected through the displacement meter. Finally, the cube's compressive strength, splitting tensile strength, and flexural strength were measured by replacing the chuck.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 MTS electro-hydraulic servo universal testing machine.



3 Results and analysis
3.1 Workability of RAC
The workability of hybrid fiber-reinforced metakaolin-based RAC was evaluated by slump test, and the test results are shown in Figure 4. The workability of all RAC groups decreases after addition. For example, compared with metakaolin RAC (RM), the slump value of fiber-reinforced metakaolin-based RAC (RM-SF, RM-PF, and RM-BF) with single-doped fiber decreased by 2.38%, 24.64%, and 7.5%, respectively. When SF is mixed with PF or BF, the slump value of reinforced RAC declines with the increase of PF or BF. The slump value of RM-SF8-PF2, RM-SF7-PF3 and RM-SF5-PF5 are reduced by 4.88%, 8.86%, 20.93%, and the slump value of RM-SF8-BF2, RM-BF7-PF3, and RM-SF5-BF5 are reduced by 3.61%, 3.61%, 6.97%. This is mainly due to the adhesion, tension, and water absorption of the fiber [27]. In addition, discrete fibers in concrete can form a spatial network structure, which inhibits the flow of concrete [43]. Therefore, the workability of RAC is relatively good with a slump value of 69–86 mm.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Comparative analysis of slump.



3.2 Compressive strength
Figure 5 presents the compressive strength test results of each mixture. The compressive strength of RAC rises after adding fibers [33,44–50]. Compared with RM without fiber addition, the compressive strength of RM-SF, RM-PF, and RM-BF increased by 19.9%, 14.6%, and 8.3%, respectively, after SF, PF, and BF were separately added to RAC. This is mainly because the C-S-H gel generated by cement hydration inside the concrete wraps the randomly distributed fibers together to form spatial grid structures, which restricts the transverse deformation of the RAC. As a result, the whole specimen is approximately in a three-dimensional compression state, effectively consuming the energy in the loading [51–53]. In addition, The above results indicate that steel fiber has a marked beneficial effect on the compressive strength of RCA, which is also consistent with the literature [33, 54]. This is because steel fibers have a higher intrinsic tensile strength and good adhesion to the matrix, and the spatial grid system formed in the RAC is stronger than PF and BF [55].
After mixed addition of SF and PF, SF and BF on RAC, the strength of RAC decreases with the increase of PF or BF. For example, the compressive strength of RM-SF8-PF2, RM-SF7-PF3, and RM-SF5-PF5 increase by 16.6%, 15.6%, and 9.9%. The compressive strength of RM-SF8-BF2, RM-SF7-BF3, and RM-SF5-BF5 increase by 13.5%, 11.9%, and 5.7%. The mixing addition results show that the compressive strength of RAC decreases sharply when PF and BF are mixed at more than 30%. By comparing the compressive strength of RM-SF, RM-SF8-PF2, and RM-SF8-BF2F, the compressive strength of RAC separately incorporated with SF is enhanced better than that of mixing SF and BF, SF, and PF. Furthermore, with equal SF percentages, the compressive strength of RAC doped with PF is higher than that of RAC doped with BF, which is possible because the strength and hydrophilicity of PF are superior to those of BF and are not easy to agglomerate.
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Compressive strength of test specimens.



3.3 Splitting tensile strength
Figure 6 shows the splitting tensile strength of different mixing specimens. The improvement effect of RAC splitting tensile strength reinforced with fiber is significant due to the fiber bridging effect, which is also reflected in previous studies [54,56–59]. Compared with MK, the splitting tensile strength of RAC increases by 41.1%, 33.5%, and 23.3% after adding SF, PF, and BF, respectively.
Similarly, when SF is mixed with PF or BF, the splitting tensile strength of RAC also decreases with the increase of PF or BF dosage. Specifically, the splitting tensile strength of RM-SF8-PF2, RM-SF7-PF3, and RM-SF5-PF5 increase by 36.5%, 34.1%, and 28.4%, and the splitting tensile strength of RM-SF8-BF2, RM-SF7-BF3 and RM-SF5-BF5 increase by 30.8%, 28.4%, and 25%, compared with MK. By comparing the splitting tensile strength of RM-SF, RM-SF8-PF2, and RM-SF8-BF2F, it found that the enhancement effect of RM-SF8-PF2 and RM-SF8-BF2 is inferior to that of RM-SF, consistent with the past research results [50,60, 61]. In addition, PF has a more pronounced effect on the splitting tensile strength of RAC than BF when PF and BF are mixed with SF in the same ratio. This is primarily due to the higher tensile strength and stronger dispersing ability of PF than that of BF, so the cracking effect of fiber bridging caused by the irregular distribution of PF in the matrix is higher than that of BF [62,63].
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Splitting tensile strength of RAC.



3.4 Relationship between compressive strength and splitting tensile strength
According to previous research, there is usually a certain mathematical relationship between the compressive strength and splitting tensile strength of concrete, as shown in equation (1). Therefore, the nonlinear least square method and equation (1) are used in this paper to fit the compression and splitting tensile strength relationships of RAC, and the results are shown in Figure 7 and equation (2).
[image: Mathematical equation](1)
Where a and b are constants. The fcu and fsts are compressive and splitting tensile strength of RAC, respectively.
[image: Mathematical equation](2)
Like equation (2), many various formulas have been proposed with different parameters for the relationship between the two kinds of strength, for example, ACI (318-11): a = 0.53, b = 0.5; ACI (363R): a = 0.59, b = 0.5; EC (4-04): a = 0.3, b = 0.67. Therefore, the calculated results were compared with the test results, as illustrated in Figure 8.
From Figure 8, compared with the test results, the splitting tensile strength calculated by the ACI (318-11) is too small for the fiber-reinforced metakaolin RAC, while the calculation results of ACI (363R), EC (4-04), and equation (2) obtained through fitting in this paper are relatively consistent with the actual test values.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Relationship between compressive strength and splitting tensile strength.



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Comparison of test and calculated splitting tensile strength of RAC.



3.5 Flexural toughness
3.5.1 Flexural load-deflection curve
According to the flexural test of RAC, the flexural load-deflection curve is shown in Figure 9. When reaching the peak point, RM without fiber suddenly fails, and there is no descending section in the curve, indicating obvious brittle failure. However, the peak load of RAC added with fiber is significantly increased compared with that of RM. For example, the peak loads of RM-SF, RM-PF, RM-BF, RM-SF7-PF3, and RM-SF5-PF5 increase by 23.9%, 11.7%, 1.7%, 21.2%, 19.8%, and 16.1% compared with that of MK. In addition, the flexural load-deflection curve has a descending section after fiber addition, and RAC still has load-holding capacity after final destruction, showing good flexural toughness. By comparing RAC curves, it can be found that RM-SF has the largest peak load and residual load, and the largest area surrounded by load-deflection curves. Furthermore, by comparing the curves of RM-SF8-PF2, RM-SF7-PF3, and RM-SF5-PF5, the peak load, residual load, and the area enclosed by the load-deflection curve all tend to decline with the decrease of the SF content, which is also reflected in RAC added with the mixture of SF and BF.
	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Flexural load-deflection curve of RAC.



3.5.2 Equivalent flexural strength
At present, three evaluation methods, namely, the ASTMC1018 method in the United States, the JCE-SF4 method in Japan, and the CECS13-2009 method in China, are commonly used to evaluate the flexural toughness of fiber-reinforced concrete. However, among these evaluation methods, the ASTMC1018 method in the United States is challenging to find the initial crack point when calculating the toughness index, so it does not apply to concrete with good deformation properties. In the Chinese CECS13-2009 method, which is similar to the Japanese JSCE-SF4 method, the equivalent flexural strength is used as the evaluation index, which is clearly defined, easy to calculate, and is not affected by the location of the initial crack point. Besides, the equivalent flexural strength is not affected by the unstable section of the load-deflection curve, whose area is smaller than that of the mid-span when the calculated deflection is l/150.
Based on the above reasons, the Japanese JSCE-SF4 method is adopted in this paper, and the equivalent flexural strength can be calculated as follows:
[image: Mathematical equation](3)
Where fe = equivalent flexural strength; l = specimen span (mm); b and h are the width and height of the specimen (mm); Ωk denotes the area enclosed by the curve and the X-axis before the deflection is δk (N.mm2); δk is the calculated deflection l/k in the middle of the span, k= 150.
According to the test results and equation (6), the equivalent flexural strength of RAC is calculated, and the calculated results are shown in Table 5.
As can be seen from Table 5, the equivalent flexural strength of RM-SF is 7.52 MPa, which is the highest. When SF is mixed with PF or BF, respectively, equivalent flexural strength declines with the increasing proportion of PF or BF. For example, compared with MK-SF, the equivalent flexural strength of RM-SF8-PF2, RM-SF7-PF3, and RM-SF5-PF5 decreases by 5.45%, 7.71%, and 15.15%. In addition, by comparing the equivalent flexural strength of RM-SF5-PF5 and RM-SF5-BF5, it is found that the equivalent flexural strength of RM-SF5-PF5 is 3.6% higher than that of RM-SF5-BF5 when the mixing proportion of PF and BF is the same.
Table 5 
Equivalent flexural strength.

3.6 Toughening mechanism of fiber
Figure 10 illustrates the sketch drawing of the toughening mechanism of fiber on RAC. When the concrete is subjected to flexural load, SF with high elastic modulus, PF, and BF with low elastic modulus are randomly distributed in the matrix to inhibit the crack development of different scales, thus greatly improving the ductility of RAC. When the load on the matrix is small, PF with low elastic modulus in the matrix restricts the development of the primary crack, as shown in Figure 10a. As the load increases, the primary cracks in the matrix develop into micro-cracks, and the bridging effect of PF restrains the crack development, as shown in Figure 10b. When the load further grows and the micro-cracks expand, PF that bridges the cracks is pulled off and becomes deactivated. Then, the nearby SF bears the load and transfers it to the uncracked matrix. This stage is shown in Figure 10c. As the load continues to increase, micro-cracks expand into macro-cracks and SF continues to exert the bridging effect. Finally, with the rapid expansion of macro-cracks, all SFs are pulled out and the concrete is destroyed. This stage is shown in Figure 10d.
	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Crack propagation model of fiber-reinforced RAC.



3.7 Analysis of stress-strain characteristics under axial compression
3.7.1 Failure pattern
Figure 11 shows the failure pattern of specimens. In the process of axial compression, MK without fiber cracks forms an inclined failure interface along the diagonal. As the load increases, the concrete falls off at the failure interface, and then the main crack is formed. The whole process shows obvious brittle failure.
When the fiber is added into the RAC, the failure phenomena of the specimens are similar, and many fine cracks appear in the specimen. The generation and expansion of initial cracks are significantly put off, compared with those in RM. In addition, almost no concrete in the specimens falls off under uniaxial compression.
	[image: Thumbnail: Fig. 11 Refer to the following caption and surrounding text.]	Fig. 11 Failure pattern of RAC under axial compression.



3.7.2 Stress-strain relationship
Figure 12 presents the complete stress-strain curves of specimens with different mix ratios. It can be noticed that the shapes of the ascending sections of the curves are approximately the same, while the shapes of the descending sections are different. The peak stress, peak strain, and residual strength of RAC added with fiber improve by varying extents compared with that of MK, and the falling segment of the curve is relatively smooth. For example, when the fiber is added into RAC separately, the enhancing effect of MK-SF is the most significant. However, when the mixture of SF and PF or BF is added, the peak stress of RAC declines, while the peak strain rises, compared with that of MK-SF.
	[image: Thumbnail: Fig. 12 Refer to the following caption and surrounding text.]	Fig. 12 Complete stress-strain curve.



3.7.3 Axial compressive strength
In engineering design, the axial compressive strength is also another key indicator to evaluate the mechanical properties of RAC. The axial compressive strength of each mixing ratio is shown in Figure 13. From the figure, like cube compressive strength and splitting tensile strength, the axial compressive strength of RAC also improves after adding fibers. The axial compressive strength of MK-SF enhanced by 25.4% compared with MK, indicating an enhancement effect of MK-SF, and this result has also been found in previous studies [24,57]. In addition, the axial compressive strength of MK-SF-PF increases by 23.6%, 22.5%, and 17.9% when the SF and PF are mixed at the percentages of 8:2, 7:3, and 5:5, respectively, compared with that of MK. Similarly, when the SF and BF are mixed at the percentages of 8:2, 7:3, and 5:5, respectively, the axial compressive strength increases by 19.8%, 16.2%, and 10.9%. The axial compressive strength of RAC tends to decrease as the PF or BF content increases, which is the same trend as the cubic compressive strength and splitting tensile strength. The descending trend may be caused by the material, and fiber dispersion, which means when there is too much fiber in the mixture, the defects in the interfacial transition zone between cement and aggregate/fiber are easy to occur [64].
	[image: Thumbnail: Fig. 13 Refer to the following caption and surrounding text.]	Fig. 13 Comparison of axial compressive strength.



3.7.4 Elastic modulus
The elastic modulus of RAC is calculated according to the axial compression test, and the results are shown in Figure 14. It is found that the elastic modulus of RAC declines after fiber addition. For example, the elastic modulus of RM-BF and RM-SF5-BF5 decreases by 37.66% and 34.26% respectively, compared with that of MK. The descending trend of the elastic modulus is due to the full reaction of the active SiO2 in MK with Ca(OH)2, generating additional C-S-H gels that effectively fill the microcracks and pores at the interface between the old and new mortar in the matrix and improve the internal structure [19,38,65,66]. However, when the fibers are added, there are more bonding interfaces between the fiber and the matrix. These interfaces are prone to defects that reduce the elastic modulus of RAC.
In addition, similar to the splitting tensile strength, the relationship between the elastic modulus and the compressive strength is also fitted nonlinearly, as shown in Figure 15 and equation (4).
[image: Mathematical equation](4)
Where Ec represents elastic modulus.
For the elastic modulus, various national codes have proposed different empirical formulas. According to ACI (318-11), the parameters are: a = 4370 and b = 0.5. ACI (363R) recommends: a = 3320, b = 0.5, and c = 6900 [2, 67]. In contrast, the European codes propose the following values: a = 22 and b = 0.3, as given in equation (10) [68].
From Figure 16, the elastic modulus of RAC with fiber calculated by European code is larger than the experimental results, while the calculation error of the other three equations is small. The elastic modulus of MK without fiber calculated by equation (4), ACI (318-11), and ACI (363R) has a large error, while calculated by European code is more accurate. In summary, equation (4) is recommended to predict the elastic modulus of RAC.
	[image: Thumbnail: Fig. 14 Refer to the following caption and surrounding text.]	Fig. 14 Comparison of elastic modulus.



	[image: Thumbnail: Fig. 15 Refer to the following caption and surrounding text.]	Fig. 15 Relationship between elastic modulus and compressive strength.



	[image: Thumbnail: Fig. 16 Refer to the following caption and surrounding text.]	Fig. 16 Comparison between experimental and calculated results of elastic modulus.



3.7.5 Peak strain
The strain corresponding to the axial compressive strength is selected as the peak strain for analysis, and the results are shown in Figure 17. The addition of fiber has a positive effect on the peak strain of concrete and enhances the deformation capacity of RAC [69, 70]. The improvement of the peak strain of RAC with PF is greater than that with SF or BF in the case of single fiber incorporation. When SF and PF are mixed, the peak strain of RAC increases by 21.94% to 27.14% compared to MK as the PF mixing ratio increases, with RM-SF5-PF5 having the most significant increase in peak strain. A similar trend is also found in the peak strain of RAC added with the mixture of SF and BF. When the fibers are mixed in different proportions, the larger the proportion of fibers with low elastic modulus, the more pronounced the effect on the increase in peak strain of RAC. In addition, when PF or BF of the same amount is mixed with SF, PF has a more significant effect on the increase in peak strain than BF.
	[image: Thumbnail: Fig. 17 Refer to the following caption and surrounding text.]	Fig. 17 Comparison of peak strain.



3.7.6 Stress-strain constitutive models of concrete
In response to the characteristics of concrete materials during compression, domestic and foreign researchers have proposed many stress-strain curve equations for concrete. Scholars including Guo [71], Sargin [72], and Saenz [73] et.al divide concrete compression stress-strain curves into curve equations of the rising section and curve equations of the decreased segment. By comparing the three curve equations, it is found that the ascending section function has polynomial and rational equations, while the descending section curve equation is more homogeneous in form and roughly the same for all three. In addition, Al-Hassani [74] proposed the form of a non-piecewise curve equation, which is simple. Therefore, the above-mentioned curvilinear equations are analyzed by nonlinear regression in this paper, by keeping the form of the equation unchanged and changing the fitting parameters to achieve better accuracy. The equations of each curve are shown in Table 6.
Table 6 
Equation of compressive stress-strain curve in different forms.

3.7.7 Curve equations of ascending section and fitting parameters
The test results of RAC are non-linearly fitted by compressive stress-strain curve equations in Table 6, and the fitting curves and parameters of the ascending section are shown in Figure 18 and Table 7. The ascending section of the curve can be well-fitted by the curve equations, and the fitting accuracy is high. The curve equation in the exponential form proposed by Al-Hassani has the highest fitting accuracy. Secondly, the fitting accuracy of the polynomial curve equation proposed by Guo is higher than that of the rational curve equation proposed by Sargin and Saenz, respectively.
Table 7 
Curve fitting parameters of ascending section.

	[image: Thumbnail: Fig. 18 Refer to the following caption and surrounding text.]	Fig. 18 Fitting curve of ascending section.



3.7.8 Curve equations of descending section and fitting parameters
There are a few equations of the falling segments of concrete stress-strain curves, which are almost the same. In this paper, the test results are nonlinearly fitted by the rational equation proposed by Saenz and the exponential equation proposed by Al-Hassani. The fitting curves and parameters of the descending section are shown in Figure 19 and Table 8. It can be seen that the curve equations of Saenz and Al-Hassani can better reflect the descending section of the curve, especially the curve equations of Al-Hassani are in better agreement with the experimental results and have higher fitting accuracy.
To sum up, by comparing the fitting results of different formal equations, the curve equation proposed by Al-Hassani divides the fitting stress-strain curve into two sections, which is suggested to be used for better fitting results.
Table 8 
Curve fitting parameters of decreasing section.

	[image: Thumbnail: Fig. 19 Refer to the following caption and surrounding text.]	Fig. 19 Fitting curve of descending section.



4 Conclusions
In this study, the mechanical characteristics and stress-strain relations of metakaolin-based RAC added with SF, PF, or BF, and the mixture of SF and PF, and SF and BF in different percentages are studied. The detailed conclusions are summarized as follows:

	After adding fiber, the failure pattern of RAC exhibits ductile failure, and the mechanical properties are significantly enhanced, especially the mechanical properties of MK-SF. When two kinds of fibers (including SF and PF, SF and BF) are mixed in different proportions and added, the performance enhancement effect on the metakaolin-based RAC decreases as the proportion of PF or BF increases.


	The elastic modulus of concrete added with fiber decreases by varying degrees. The elastic modulus of RM-BF declines the most significantly, reaching 37.66%. When SF is mixed with PF or BF in different proportions, the elastic modulus continues to decrease compared with RM-SF, and the elastic modulus of RM-SF5-PF5 and RM-SF5-BF5 decreases by 27.61% and 34.26%, respectively. However, the peak strain of RAC shows opposite characteristics after fiber addition. With the increasing proportion of PF or BF, the peak strain increases, especially that of RM-SF5-PF5, which reaches 27.14%.


	According to the existing standards and the test data, the formulas for calculating the relationship between compressive strength splitting tensile strength, and elastic modulus are proposed. Through comparison, it was found that the calculated values obtained from the proposed formula have a small error compared to the test values and can accurately predict their relationship with compressive strength.


	The compressive stress-strain curves of RAC in this paper are nonlinearly fitted by the existing concrete compression curve equations. The curve equation proposed by Al-Hassani is suggested to be used to divide the fitting stress-strain curve into two sections (ascending and descending sections), for better fitting results.
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Where: x=ε/εcr, y=σ/σc;σ, σcr, ε, and εcr represent stress, peak stress, strain, and peak strain, respectively; A, B, a, b, c, d are parameters.
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