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To enhance the mechanical properties and cost-effectiveness of conventional polyvinyl alcohol fiber reinforced strain hardening cementitious composite (PVA-SHCC), a modified version called multiscale hybrid fiber reinforced SHCC (MsHySHCC) was developed. This new composite incorporates a combination of steel fiber, PVA fiber and calcium carbonate (CaCO3) whisker. Uniaxial direct tensile behaviors (stress-strain relationship, tensile strength, tensile deformation capacity and tensile toughness) of designed MsHySHCCs were investigated and evaluated. The results show that the PVA fibers dominate the ductile behavior and the steel fibers and CaCO3 whiskers effectively affect the strength of MsHySHCCs. The PVA fibers can be partially replaced by CaCO3 whisker and steel fiber, along with an increase in tensile strength and ductility of designed composites. The findings suggest that the configuration of MsHySHCC proves to be a viable approach in simultaneously enhancing the strength and ductility of PVA-SHCC. A semi-theoretical prediction model for tensile constitutive relationship was derived. The comparison of the theoretical results with the experimental data shows that this semi-theoretical model is applicable for determining the tensile constitutive relationship of PVA-SHCCs and MsHySHCCs.
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1 INTRODUCTION
Strain hardening cementitious composite (SHCC) is a kind of cementitious composite with high ductility (Liu et al., 2020; Arain et al., 2023). In SHCC preparation, PVA fiber and PE fiber are commonly utilized (Zhang et al., 2021; Zhang et al., 2023a; Khalil and Atta, 2023; Tran and Nguyen, 2023). Out of all these, PVA-SHCC stands as the extensively researched and utilized fiber reinforced material. Nevertheless, the high expense remains a significant obstacle for PVA-SHCC to be implemented in extensive engineering projects (Zhang et al., 2020).
Hybrid use of low cost fibers is one of the effective ways to decrease the material cost of PVA-SHCC (Maalej et al., 2012; Liu et al., 2020; Rawat et al., 2022; Qasim et al., 2023), especially for the hybridization of PVA fiber and micro steel fiber (SF/PVA-SHCC). A lot of previous literatures have reported the tensile performance of SF/PVA-SHCCs. Ramasamy and Shanmughasundaram, (2018) reported the mechanical properties of SF/PVA-SHCC containing 0.65% PVA fibers and 1.35% steel fibers. The experimental tensile strength and ultimate tensile strain are 6.78 MPa and 0.98%, respectively. Ramasamy’s research found that the steel fiber content exceeded that of PVA fiber, resulting in a comparatively elevated tensile strength but relatively limited tensile ductility. Similar results were also noted in other studies (Hermes et al., 2012; Feng, 2019). It seems that the tensile ductility of SF/PVA-SHCC isn’t mainly dominated by steel fibers. Wang et al. (2014) studied the tensile behavior of SF/PVA-SHCCs made by 0.3% steel+1.7% PVA fibers and 0.6% steel+1.7% PVA fibers. The tensile strength of these two kinds of SF/PVA-SHCCs is 3.72 and 4.02 MPa, respectively, while the ultimate tensile strain is 2.39% and 1.97%, respectively. It seems that the combination of high content of PVA fiber and low content of steel fiber can obtain a relatively high tensile ductility, but can’t achieve a relatively high tensile strength. Similar experimental results were also pointed out by Liu and Tan. (2017a); Pourfalah (2018); Zhao et al. (2020); Tinoco and Silva (2021).
However, the influence of the content of steel fiber and PVA fiber on the tensile behaviors of SHCC is not completely consistent with the change laws discussed above. A lot of studies have attempted to achieve both high tensile strength and ductility via further adjusting fiber content, introducing highly reactive mineral admixtures, lowing water-binder ratio and optimizing the sand-binder ratio (Zhang et al., 2016; Liu et al., 2017b; Deshpande et al., 2019). However, it is regrettable that we are still far from this idea. Despite the high concentration of steel fibers and PVA fibers in certain research studies, the obtained experimental outcomes remain dissatisfactory (Zhang et al., 2016; Deshpande et al., 2019). As has been reported in Zhang’s study, the combination of 1% steel fiber and 2% PVA fiber obtained a very high tensile strength (7.22 MPa), while the ultimate tensile strain was relatively low (0.8%) (Zhang et al., 2016). Therefore, it still needs to find an effective way to optimize the tensile strength and ductility of SF/PVA-SHCC.
It is widely recognized that cementitious materials possess distinct structural characteristics at multiple levels, including the levels of cement hydration products, cement paste, mortar, and concrete (Koichi et al., 2003; Kang and Bolander, 2016). Theoretically, the performance of cementitious materials can be significantly improved by incorporating multi-scale hybrid fibers, spanning from the microscopic to the macroscopic level (Parant and Rossi, 2007a; Parant and Rossi, 2007b; Pierre and Edouard, 2008; Rossi and Parant, 2008; Zhang and Cao, 2014; Cao et al., 2015). However, it is clear that achieving this task solely with steel fiber and PVA fiber is challenging. According to reports, it is believed that the size of fibers, particularly their diameter, has an inverse relationship with their ability to delay the development of microscopic cracks (Betterman et al., 1995; Cao et al., 2013). The dimensions of commonly used PVA fiber and steel fiber do not align well with the microscopic scale of cement hydration product and microscopic cracks, consequently failing to effectively improve the microscopic characteristics of cementitious materials. Hence, it is imperative to discover a viable approach to further augment the microscopic properties of SF/PVA-SHCC.
In recent times, SHCC’s mechanical properties were improved using calcium carbonate (CaCO3) whiskers with dimensions of about 30 μm in length and 1 um in diameter. Meanwhile, the cost of CaCO3 whiskers is only about 230 $/t. The enhancement is achieved through microscopic mechanisms such as whisker pull-out, bridging, and crack deflection (Ma et al., 2017; Pan et al., 2018; Cao et al., 2019; Xie et al., 2020). As a result, a composite material named MsHySHCC, which consists of multiple scales of hybrid fibers and exhibits strain hardening properties, was developed. There are two main kinds of MsHySHCC now. The initial type of MsHySHCC solely comprises of PVA fiber and CaCO3 whisker, whereas the second type of MsHySHCC is created by simultaneously incorporating two macro fibers (steel fiber and PVA fiber) and one microscopic fiber (CaCO3 whisker). Mechanical performance and reinforcing mechanism of these two kinds of MsHySHCC have been widely studied. Ma et al. (2017) tested the tensile properties of the aforementioned first kind of MsHySHCC. The experimental findings indicated that CaCO3 whisker increased the tensile strain capacity of PVA-SHCC. However, the strength of the MsHySHCC is comparatively weak, with a compressive strength of about 25 MPa and a tensile strength of about 3 MPa. Consequently, this aspect hinders the practical implementation of the designed MsHySHCC. Mechanical properties of PVA-SHCC, which was modified by CaCO3 whiskers (the aforementioned initial type of MsHySHCC), were also documented in Pan’s study. It was discovered that the CaCO3 whiskers can be used as a partial replacement for the PVA fibers, resulting in further improvement of the tensile and flexural characteristics of the designed MsHySHCC. However, the concentration of CaCO3 whisker in their research is exceedingly high, consequently elevating the likelihood of whisker agglomeration (Cao et al., 2013). Cao et al. (2019) and Xie et al. (2020) studied the rheological behaviors, mechanical properties and shrinkage performances of MsHySHCC containing steel fiber, PVA fiber and CaCO3 whisker (the aforementioned second kind of MsHySHCC). The researchers discovered that the engineered MsHySHCCs improved the abiligy of the mortar matrix against cracking at multiple scales. However, despite their initial intention to create the SHCC substance through the incorporation of fibers at various scales, the strain hardening characteristics of the developed MsHySHCCs did not meet expectations. Due to the improper consideration of the steel fiber’s role in controlling the hardening performance of cementitious materials in their study, the content of steel fiber is higher than that of PVA fiber, resulting in the inability to achieve a high ductility for MsHySHCCs.
From the above previous literatures, it can be noticed that although previous studies focused on MsHySHCC have obtained some relatively rich achievements, there are three basic questions still need to be well responded. (a) What methods can be used to simultaneously enhance the strength and ductility of existing MsHySHCCs? (b) Most of the literatures are experimental studies focus on mechanical properties of MsHySHCC, it still lacking an effective constitutive model to describe the tensile behavior of MsHySHCC, although some micromechanical models and fractural models have been proposed for single fiber type SHCC. To this question, the main difficulties are how to consider the effect of hybrid fibers and most importantly how to take the action of CaCO3 whisker into consideration.
In order to answer the above questions, the following two main works were carried out in this paper. By reasonably adjusting the ratio of matrix, steel fiber, PVA fiber, and CaCO3 whisker, a novel form of MsHySHCC was achieved. Direct tensile performance of this kind of MsHySHCC was characterized, and the balance of strength and ductility of the designed composites was verified. By considering the impact of hybrid fibers and CaCO3 whisker, a semi-theoretical prediction model was given to describe the tensile constitutive relationship of the designed MsHySHCC.
2 MATERIAL AND EXPERIMENT
2.1 Raw materials and mix proportion
The components utilized in the matrix included P୰O 42.5 cement, fly ash, and fine quartz sand with a particle size ranging from 100 to 210 μm and an average size of 150 μm. Figure 1 displays the particle size distribution curves for fly ash, sand and cement. The particle size of fly ash is finer compared to cement. It can be used to make the particles of the raw material pack more closely, meanwhile, it has higher hydration activity than low grade fly ash, thus improving the strength of the composite material to a certain extent. Referred to the previous research results (Ma et al., 2017; Zhang et ak., 2020a), the mass ratio of fly ash and cement was set as 4:1 to guarantee a substantial ductility for the designed composite material.
[image: Figure 1]FIGURE 1 | Particle size distribution curves of raw materials.
Previous literatures suggested that the optimal proportion of cement to fine sand should be between 0.6 and 1.8 (Liu and Tan, 2017a; Liu et al., 2017; Ramasamy and Shanmughasundaram, 2018; Tinoco and Silva, 2021; Arain et al., 2023). This study set the mass ratio of sand and cement as 1.8:1 in order to increase the density of the particles, bringing them closer to the theoretical curve, as depicted in Figure 2. More details about the modified A&A model can be obtained in previous literatures (Andreasen and Andersen, 1930; Funk and Dinger, 1994; Hunger, 2010; Karim et al., 2019).
[image: Figure 2]FIGURE 2 | Calculation curves based on modified A&A model (C, cement; F, fly ash; S, sand).
The water to binder ratio was set as 0.34. The fresh MsHySHCC’s workability was modified using superplasticizer at 0.5 wt% of binder. Three kinds of reinforcing fibrous materials were employed in this study, as shown in Figure 3. Table 1 displays the composition of various fibers in each designed group. Meanwhile, the 28 days compressive strength (70.7 mm3 cube) of each group is also give in Table 1. It can be seen that the designed composites had a relative high compressive strength.
[image: Figure 3]FIGURE 3 | Whisker, steel fiber and PVA fiber employed in this paper.
TABLE 1 | Fiber content in each designed groups.
[image: Table 1]2.2 Specimen preparation and testing method
The process of preparing the specimen is illustrated in Figure 4. Dog-bone-shaped specimen was prepared. The tension specimen size is shown in Figures 4, 5. To ensure the precision of the experimental findings, three samples were prepared for every design mixture.
[image: Figure 4]FIGURE 4 | Preparation steps for MsHySHCC.
[image: Figure 5]FIGURE 5 | Dimension of tensile specimen and tensile test set-ups.
Tensile test set-ups are shown in Figure 5. A 15 mm range extensometer was used to monitor the tensile deformation of the specimen. The tensile loading rate is 0.1 mm/min.
3 RESULTS AND DISCUSSION
3.1 Tensile stress-strain relationships
Figure 6 shows the tensile stress-strain relationships of control groups with or without CaCO3 whiskers. Table 2 summarizes the average tensile values of strength, ultimate strain and toughness of the three groups of materials. This paper quantifies the tensile toughness by calculating the enclosed region beneath the tensile stress-strain graph, which is employed to assess the specimen’s ability to absorb energy under tensile force. By observing Figure 6; Table 2, it becomes evident that CaCO3 whiskers can enhance both the tensile strength and tensile strain capacity of the mortar matrix. And the tensile strength and ultimate strain are further improved with increasing the content of CaCO3 whiskers from 1% to 2%. The enhancements can be explained by the micro-mechanisms of CaCO3 whiskers as illustrated in Figure 7. However, it is worth mentioning that despite the enhancement of tensile properties in the mortar matrix due to the utilization of CaCO3 whisker, the failure process still exhibited evident brittleness and lacked post peak toughness (Cao et al., 2013; Cao et al., 2019). Because the particle size of CaCO3 whisker is small, it can only strengthen and toughen the mortar matrix at the microscopic level, thus can’t improve the post peak toughness of the matrix like other macro fibers.
[image: Figure 6]FIGURE 6 | Tensile stress-strain relationships of (A) matrix; (B) 1% CaCO3 whisker and (C) 2% CaCO3 whiskers.
TABLE 2 | Average values of tensile parameters for control groups.
[image: Table 2][image: Figure 7]FIGURE 7 | Micro-mechanisms of calcium carbonate whisker (A) pull-out; (B) crack deflection; (C) crack deflection and (D) bridging.
The relationship between tensile stress and strain is depicted in Figure 8. Experimental tensile results of strength, ultimate strain and toughness for each group are provided in Figure 9. Experimental data of tensile parameters in previous available literatures are summarized in Table 3. Figure 10 illustrates the comparisons of the experimental findings between previous literature and the current study. From Figures 8–10; Table 3, the following findings can be addressed.
[image: Figure 8]FIGURE 8 | Tensile stress-strain relationship curves of MsHySHCCs and PVA-SHCC.
[image: Figure 9]FIGURE 9 | Experimental tensile results of (A) strength; (B) ultimate strain and (C) toughness for PVA-SHCC and MsHySHCCs.
TABLE 3 | Summary of tensile properties in available literatures and in present study.
[image: Table 3][image: Figure 10]FIGURE 10 | Tensile parameters in previous literatures and present study.
The experimental curves exhibited a slight improvement in robustness when PVA fibers were partially replaced with CaCO3 whiskers and micro hooked steel fibers, as depicted in Figures 8A–G. The microscopic mechanisms of CaCO3 whisker shown in Figure 7 have the potential to enhance the quantity and evenness of micro-cracks within the mortar matrix (Cao et al., 2015; Ma et al., 2017; Pan et al., 2018). Ma et al. (2017) discovered that additional crack sources could potentially contribute to the multiple cracking performance of SHCC (Pan et al., 2018). As a result, it is possible to improve the robustness of the tensile stress-strain curves.
The addition of steel fibers and CaCO3 whiskers to replace some PVA fibers increased the tensile strength of PVA-SHCC. Compared to PVA-SHCC, when the whisker content maintained at 1%, the tensile strength exhibited an increase from 5.48 MPa to 6.32 MPa with the steel fiber content ranging from 0.25% to 0.75%. Increasing the amount of whiskers further enhanced the tensile strength to a small extent, despite the further reduction in PVA fiber content. The enhancements could be credited to the higher peak stress for crack bridging offered by steel fibers with hooks and the reinforcing effect at a microscopic level provided by CaCO3 whiskers. The whiskers and steel fibers have greater modulus of elasticity and stiffness compared to PVA fibers. By limiting the development of cracks, these rigid fibers can effectively improve the principal tensile stress of the material, thus increasing its tensile strength (Rawat et al., 2022; Qasim et al., 2023). On the contrary, PVA fiber is a kind of flexible synthetic fiber that has a lesser impact on the tensile strength compared to steel fiber and CaCO3 whisker.
As depicted in Figure 8; Table 3, MsHySHCC-1 exhibited greater tensile strength and ultimate tensile strain in comparison to PVA-SHCC, with 1% CaCO3 whiskers hybrid 0.25% steel fibers partially replacing 0.25% PVA fibers. Nevertheless, a gradual deterioration in strain hardening behavior of SHCCs was observed when the PVA fiber content was reduced while the steel fiber and CaCO3 whisker amounts were increased. It implies the strain hardening behavior dominates by the PVA fibers. The discrepancy in total quantity between PVA fiber and hooked steel fiber arises due to the constant volume content condition. The main determinant for enhancing hardening performance primarily relies on the quantity of fibers rather than just the fiber content. A decrease in the number of fiber pieces results in a reduction in the effective stress caused by fibers, consequently resulting in an unsaturated cracking performance and an unstable hardening process. Meanwhile, although the number of whiskers is very high, the size of the whiskers is tens of times smaller than that of the PVA fibers, so the whiskers can only have a positive effect on microscopic cracks in the matrix. Consequently, the SHCCs don’t exhibit significant ductility due to the excessive replacement of PVA fibers with whiskers and hooked steel fibers.
As shown in Table 3; Figure 10, based on the findings, it can be inferred that incorporating PVA fiber, steel fiber, and CaCO3 whisker in the design process of multi-scale fibers is a viable approach to simultaneously enhance the strength and ductility in SHCC.
3.2 Semi-theoretical prediction model
Available literatures have confirmed that double-line model can be used to describe the tensile constitutive relationship of PVA-SHCC, as illustrated in Figure 11. To the SHCC reinforced by steel and PVA hybrid fibers, it may have obvious post-peak softening stage due to the introduction of hooked steel fibers. Generally, the parameter of fiber reinforcing factor [image: image] dominates the softening behavior. Previous literatures (Ramasamy and Shanmughasundaram, 2018; Tinoco and Silva, 2021; Deshpande et al., 2019.) show that the softening stage should be considered when [image: image], which is presented as a triple-line constitutive model, as illustrated in Figure 11. However, through the experimental results in this paper, it is found that when CaCO3 whiskers are added, a relatively obvious softening behavior begins to appear when [image: image]. This is because the microscopic reinforcing and toughening effects of CaCO3 whiskers improves the matrix properties and then enhances the pullout behavior of steel fibers and PVA fibers (Cao et al., 2015; Pan et al., 2018). Therefore, a higher residual bearing capacity for post-peak stage can be achieved, i.e., a more noticeable softening stage for tensile stress-strain curves.
[image: Figure 11]FIGURE 11 | Double-line model and triple-line model for SHCC with or without softening stage.
The triple-line model needs to determine three key parameters, namely, stable cracking stress [image: image], ultimate tensile stress [image: image] and ultimate tensile strain [image: image], as illustrated in Figure 11. For the convenience of calculation, the first-peak stress [image: image] is numerically equal to the stable cracking stress [image: image] approximately, that is, the stress at the beginning of the strain hardening behavior. Therefore, the relationship of tensile stress [image: image] and tensile strain [image: image] for MsHySHCCs can be expressed as Eq. 1.
[image: image]
Where [image: image] is the hardening coefficient, [image: image]; [image: image] is the elastic modulus of designed MsHySHCCs, which can be empirically obtained by fitting experimental data in this study and [image: image]; [image: image] is the softening coefficient, [image: image]; [image: image] is the fiber reinforcing parameter (Ou et al., 2011; Ning et al., 2015), and [image: image] can be obtained by Eq. 2.
[image: image]
The interfacial bonding parameter [image: image] can be considered as 1.0 for PVA fiber and 1.2 for steel fiber with hooked shape. Additionally, a stiffness factor [image: image] can be set as 1.3 for PVA fiber. The fiber volume fraction, fiber geometric length, and diameter are denoted as [image: image], [image: image], and [image: image], respectively. Furthermore, [image: image] represents the fiber elastic modulus, while [image: image] signifies the elastic modulus of hooked steel fiber.
The ultimate tensile stress [image: image] can be calculated by using the equation provided by Li and Leung in 1992, as shown in Eq. 3. The first-peak stress [image: image] can be calculated by Eq. 4. The hardening coefficient [image: image] can be determined by Eq. 5. The interfacial bonding strength [image: image] can be determined according to Table 4.
[image: image]
[image: image]
[image: image]
TABLE 4 | Interfacial bonding strength of steel fiber and PVA fiber.
[image: Table 4]The hooked steel fiber characteristic parameter [image: image] was set as 1.7. Additionally, the hardening effect was taken into consideration using the factor [image: image] (Ahmed et al., 2007). In this study, the [image: image] values assigned to the matrix with 0%, 1%, and 2% CaCO3 whiskers were 0.085, 0.105, and 0.125 respectively.
To characterize the ductility of SHCC, it is necessary to theoretically calculate the ultimate tensile strain [image: image] (Lin and Li, 1997), as provided in Eq. 6.
[image: image]
Based on earlier research (Li and Stang, 1997; Lin and Li, 1997; Kanda and Li, 2000), the ultimate crack opening displacement [image: image] can be calculated by Eq. 7.
[image: image]
Where [image: image]; [image: image] is a dimensionless factor (Wang et al., 1988; Shao et al., 1993), set as 0.5 in this study (Wu and Li, 1999). The parameter [image: image] and [image: image] signifies the generalized mean value of fiber length and fiber diameter, respectively.
According to previous literature (Wu and Li, 1992; Alwan, 1994; Kanda and Li, 1998; Wu and Li, 1995), the crack spacing value [image: image] can be determined by Eq. 8.
[image: image]
Where [image: image], [image: image], [image: image] and [image: image]. The tensile strength of mortar [image: image] for 0%, 1% and 2% whiskers is taken as 3.0, 3.5, and 3.75 MPa, respectively; [image: image] is the volume fraction of mortar; the Weibull parameter [image: image] is taken as 2 and the normalized flaw size is set as 10 μm (Wu and Li, 1992); the fracture toughness of mortar is set as 0.37 MPa·m1/2 (Ahmed et al., 2007).
Figures 12, 13 showcase the theoretical findings related to the tensile parameters and stress-strain curves. It can be seen that the proposed model adequately characterizes the tensile stress-strain correlation of MsHySHCC. Nevertheless, to a certain degree, the proposed model overestimates the cracking saturation degree of MsHySHCC and traditional PVA-SHCC during the experiment. Consequently, the calculated ultimate tensile strain values surpass the corresponding experimental measurements.
[image: Figure 12]FIGURE 12 | Calculation results of tensile strength and ultimate tensile strain.
[image: Figure 13]FIGURE 13 | Calculation results of tensile constitutive relationship curves.
4 CONCLUSION
The aim of this study was to examine the tensile characteristics of SHCC reinforced with hybrid fibers at multiple scales (MsHySHCC). Two main questions were responded in this study. The initial step involves achieving a kind of MsHySHCC with both high strength and ductility. The second one is how to predict the tensile behaviors of MsHySHCC. This study yields the subsequent fundamental findings.
(1) PVA fibers control the tensile ductility of MsHySHCC. Steel fibers have a more pronounced effect on the tensile strength, but do not improve the tensile ductility of MsHySHCC. The tensile strength and tensile deformation capacity of the SHCC matrix can be significantly enhanced due to the micro-mechanisms involving CaCO3 whiskers. The improved effect of whiskers on the mechanical properties of the matrix can further strengthen the pull-out mechanism of PVA fibers and steel fibers.
(2) Designing MsHySHCC is one of the effective ways to simultaneously enhance the strength and ductility of PVA-SHCC. The designed MsHySHCC shows higher tensile strength than that of traditional PVA-SHCC. Replacing some of the PVA fibers with CaCO3 whiskers and hooked steel fibers at a volume fraction of 0.25% can result in increased tensile strength and ultimate tensile strain. However, a substantial decrease in the PVA fiber amount will greatly diminish the tensile ductility.
(3) By considering the impact of hybrid fibers and CaCO3 whiskers, a semi-theoretical model was developed to describe the tensile constitutive relationship of the designed MsHySHCC. The comparison between the theoretical and experimental findings leads to the conclusion that this semi-theoretical model is capable of determining the tensile stress-strain relationships of MsHySHCC.
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