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High-strength engineered cementitious composite (HS-ECC) reinforced with polyethylene (PE) fiber characterizes wider crack widths than the conventional polyvinyl alcohol fiber-reinforced ECC (PVA-ECC), weakening the self-healing potential of HS-ECC. The properties of HS-ECC are tailored by introducing crumb rubber (CR), as artificial flaws can lower the matrix toughness and the crack width, leading to an enhanced self-healing potential of HS-ECC. In this study, CR is used to entirely replace silica sand (SS) with three equivalent aggregate-to-binder ratios of 0.2, 0.4, and 0.6, and two CR particle sizes (i.e., CR1 and CR2) are also considered to investigate the effects on density, compressive properties, and tensile performances of HS-ECC. Although CR substitution of SS influences adversely the mechanical strengths of HS-ECC, it can reduce the HS-ECC matrix fracture toughness, activate more microcracks, and reduce the crack width. Moreover, CR-modified HS-ECC specimens featuring the smallest crack width were preloaded to three specific strain levels, including 0.5%, 1.0%, and 2.0%, and then experienced wet–dry conditioning to exhibit effective mechanical and non-mechanical property recovery. The further hydration of binder materials enhances the interfacial bond stress and thus retains the mechanical performances of self-healed HS-ECC, which is expected to improve the practical application and benefit the sustainability of HS-ECC.
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INTRODUCTION
Concrete, as the most extensively used building material in the world featuring intrinsic brittleness, is prone to cracking during its service life, which negatively impacts its mechanical performance and leads to potential safety risks to infrastructure. The presence of cracks simultaneously offers pathways for an aggressive agent to penetrate through and causes steel bar corrosion and concrete erosion, which lower the durability and service life of a concrete structure and increase maintenance costs, making concrete infrastructure unsustainable. Therefore, a concrete material that has self-healing capability at cracked locations is highly desirable.
Previous research has identified the required conditions for self-healing in concrete materials, including the presence of specific chemical components such as unhydrated cement grains (Reinhardt and Jooss, 2003), exposure to various environmental conditions (i.e., underwater immersion and cyclic wet–dry exposures) (Jacobsen et al., 1996; Edvardsen, 1999), and small crack widths (Jacobsen et al., 1996; Reinhardt and Jooss, 2003). The first two criteria can be easily satisfied, while the third criterion requiring the crack width below 150 μm and preferably below 50 μm is the most challenging in the design of self-healing concrete materials (Jacobsen et al., 1996; Aldea et al., 2000).
Engineered cementitious composite (ECC) is an outstanding high-performance fiber-reinforced concrete whose characteristics are systematically tailored according to the micromechanics. ECC exhibits well-distributed microcracks and tensile strain capacity of above 3% with a fiber volume fraction of no more than 2%. The crack width of polyvinyl alcohol (PVA) fiber-reinforced ECC (PVA-ECC) usually stabilizes at approximately 60 μm at the loading stage. The tiny crack of PVA-ECC as an intrinsic material property enables its self-healing capability in different environmental conditions (Yang et al., 2009; Kan and Shi, 2012; Zhang et al., 2014; Zhang and Zhang, 2017; Li et al., 2020; Dong et al. 2021; Yu et al., 2021). Thus, the long-term ductility and durability of PVA-ECC after cracking can be improved by the achievement of self-healing capability, resulting in a sustainable building material. However, the tensile strength of PVA-ECC falls in the range of 3–6 MPa with a compressive strength of less than 60 MPa (Reinhardt and Jooss, 2003; Yu et al., 2017), which are lower and may hinder its application in practical engineering.
High-strength ECC (HS-ECC) reinforced by ultra-high-molecular-weight polyethylene fiber (PE fiber) featuring both high mechanical strengths and high tensile ductility has been developed recently (Ranade et al., 2013; Curosu et al., 2017; Yu et al., 2018; Lei et al., 2019; Yu et al., 2020a). The compressive strength of HS-ECC ranges from 80 to over 150 MPa, and the tensile strength is in the range of 8–20 MPa. Besides, the tensile strain capacity of HS-ECC could reach 8.0% depending on the fiber types and fiber parameters (fiber volume, fiber length, and diameter) (Chen et al., 2018; Zhu et al., 2018; Li et al., 2019; Cai et al., 2021). Nevertheless, the crack width of HS-ECC is 120–200 μm, which is much wider than that of PVA-ECC because of the hydrophobicity of PE fiber and high matrix fracture toughness (Li et al., 2019), influencing adversely the self-healing potential of HS-ECC (Zhang and Zhang, 2017).
The rubber industry is developing at an alarming rate, while the improper disposal methods of scrap rubber, such as burning and landfill, have raised increasing environmental concerns. Using crumb rubber (CR) to replace partial fine aggregates in cementitious materials is an environmentally sustainable disposal method that is worthy of research. Despite the limited study on the use of CR in ECC, a consensus has been achieved that the addition of CR can enhance the tensile strain capacity and the cracking resistance of ECC by decreasing the toughness of the matrix (Huang et al., 2013; Zhang et al., 2015; Zhang et al., 2020b; Adesina and Das, 2021). Zhang et al. (2020b) found that cracks could be more easily triggered and the crack width could be reduced with CR addition to benefit the self-healing capacity of PVA-ECC. Accordingly, CR acting in artificial flaws within the matrix might also improve the crack robustness, reduce the crack width and density of HS-ECC, and modify its self-healing capacity, which has not been stressed before and remains to be fully clarified.
The objective of this research is to experimentally study the effects of CR particles on mechanical performance and self-healing capacity of lightweight HS-ECC under cyclic wet–dry conditioning. CR as a fine aggregate in HS-ECC was used to totally substitute silica sand (SS) by equal volume with three different aggregate/binder ratios (i.e., a/b = 0.2, 0.4, and 0.6). In addition, CR with two particle sizes (i.e., CR1 and CR2) was adopted under a/b = 0.4 to study the influence of particle size on the tensile behavior of HS-ECC. The HS-ECC specimen characterized with the smallest crack width (i.e., CR2-0.4) was selected to conduct the further self-healing tests. The CR2-0.4 specimen was preloaded to three certain tensile strains including 0.5%, 1.0%, and 2.0% and experienced 7 wet–dry cycles before reloading. The degree of self-healing capacity of HS-ECC was evaluated by resonant frequency (RF) and tensile performance after recovery.
EXPERIMENTAL PROGRAM
Mixture Preparation
The binder materials used for HS-ECC consists of three parts, including ordinary Portland cement, silica fume (SF), and fly ash (FA). These binder materials along with a low water-to-binder ratio (w/b) could generate sufficient C-S-H gel and homogenize the matrix to produce a high compressive strength under normal curing conditions. A polycarboxylate-based superplasticizer (SP) was used to gain proper mixture flowability. SS used as an aggregate had average and maximum particle sizes of 150 and 270 μm, respectively. CR with the density of 900 kg/m3 and two-particle size distributions (i.e., CR1 and CR2) was employed to totally replace SS in the HS-ECC by volume. The particle size distributions of SS and CR are shown in Figure 1. It is clear that the particle size of CR was comparable with that of SS, and CR2 was finer while CR1 was coarser than SS. CR having lower bond stress to the matrix can be considered as an artificial flaw in HS-ECC.
[image: Figure 1]FIGURE 1 | Particle size distributions.
High-strength PE fiber with a nominal tensile strength of 2,400 MPa was used as the reinforcement in HS-ECC. The diameter and length of PE fiber were 24 and 18 mm, respectively, resulting in an aspect ratio (i.e., Lf/df) of 750, leading to a larger effective fiber/matrix interface area and a higher fiber-bridging capacity at the same fiber content (Naaman and Najm, 1991; Lin and Li, 1997). The PE fiber content was constant at 2% by volume for all the mixtures.
In order to study the influence of CR particles on the mechanical properties and self-healing capacity of HS-ECC, five HS-ECC mixtures were adopted in this study as listed in Table 1. The equivalent aggregate-to-binder (a/b) ratios of HS-ECC with CR totally substituting SS by an equal volume of 0.2–0.6 were considered. In addition, the effect of CR particle sizes (i.e., CR1 and CR2) on the tensile properties of HS-ECC was investigated at an equivalent a/b ratio of 0.40.
TABLE 1 | Mix proportion of HS-ECC.
[image: Table 1]All HS-ECC mixtures were prepared under the same mixing process. The solid materials, including cement, SF, FA, and CR/SS, were firstly mixed for 30 s. Then, water and SP were added slowly and mixed with the solid ingredients at low speed for 5 min, followed by a high speed mixing for 1 min. Finally, fibers were gradually added in two batches and mixed at high speed until uniform distribution was achieved. The specimens were covered with plastic sheets after casting and were demolded after 24 h. The specimens were cured at room temperature (20°C ± 1°C and 40% ± 5% RH) until 28 days.
Mechanical Testing Procedure
A direct tensile test was conducted (50-kN loading machine with a loading rate of 0.5 mm/min) to determine the full-range uniaxial tensile performance of HS-ECC, including the tensile strength, strain capacity, and crack patterns. The geometry of the dog bone-shaped specimen (Figure 2A) was designed to ensure that most of the cracks occur in the central gauge region (JSCE, 2008). A pair of linear variable displacement transducers (LVDTs) was attached with a gauge length of approximately 80 mm to measure the extension as shown in Figure 2B. During the test, multiple cracks penetrating through the thickness of the specimen accompanied with the strain-hardening behavior were observed.
[image: Figure 2]FIGURE 2 | Specimen dimensions and test setup. (A) Dimensions of dog bone-shaped specimen. (B) Uniaxial tension test set-up.
The compressive strengths of HS-ECC at 28 days were determined by using 50.8 mm (2 in.) of cube specimens and were calculated by averaging three specimens. CR particles acting as artificial flaws could reduce the fracture toughness of HS-ECC matrix (without fiber), and the three-point bending tests were conducted to determine the fracture toughness of HS-ECC matrix. The dimensions of the specimen were 40 mm × 40 mm × 180 mm with a span/depth ratio of 4.0 and a prefabricated crack depth/specimen depth of 0.3. The detailed testing scheme is shown in Table 2.
TABLE 2 | Testing scheme of HS-ECC.
[image: Table 2]Self-Healing Testing Procedure
The HS-ECC mixture incorporating CR particles featuring sufficiently small crack widths under direct tension (i.e., CR2-0.4) was selected for the self-healing test. The CR2-0.4 specimens were preloaded to three tensile strain values of 0.5%, 1.0%, and 2.0% to produce different damage levels as listed in Table 2. When the preset tensile strain values were reached, the specimens were unloaded and the crack widths were measured prior to wet–dry cycle conditioning. Afterward, the pre-cracked CR2-0.4 specimens were cured under wet–dry cycles, which is an accelerated testing method to simulate actual outdoor environments. One wet–dry cycle of the specimens includes submersion in water at 20°C ± 1°C for 48 h and then drying in laboratory air at 20°C ± 1°C and 40% ± 5% RH for 48 h. Water was replaced after each cycle. After undergoing 7 wet–dry cycles (28 days in total), the cured specimens were retested until failure. The tensile mechanical properties and crack patterns were employed to assess the self-healing capacity of HS-ECC with CR substitution.
In addition to the uniaxial tension test, longitudinal RF measurements (ASTM, 2019) were carried out on dog bone-shaped specimens to verify the presence of damage and quantify the extension of autogenous self-healing in HS-ECC according to the changes in RF. The RF values of the intact and pre-damaged CR2-0.4 specimens after each wet–dry curing were recorded. The change of RF can be regarded as an indicator to assess the damage degree of pre-damaged HS-ECC specimens and the recovery extension of self-healed HS-ECC specimens.
RESULTS AND DISCUSSION
Compressive Strength, Density, and Fracture Toughness
The compressive strength of HS-ECC at 28 days is demonstrated in Figure 3. As expected, the total substitution of SS with CR particles has demonstrated a significantly adverse effect on the compressive strength. Compared with the reference mixture of HS-ECC using SS as aggregate (i.e., SS-0.4) whose compressive strength is 86.6 MPa, the compressive strength of HS-ECC when SS is entirely replaced by CR by equal volume (i.e., CR1-0.4) reduces to 39.6 MPa with a 54.3% reduction. Besides, a higher amount of CR leads to a more obvious reduction in the compressive strength as shown in Figure 3. For instance, the compressive strength of CR-modified HS-ECC decreases from 60.0 to 30.8 MPa as the equivalent a/b ratio increases from 0.2 to 0.6. The loss of the compressive strength of HS-ECC with CR substitution can be attributed to the lower stiffness of CR particle compared with SS, the increment of closed pores within the matrix caused by CR addition (Oikonomou and Mavridou, 2009), and the weak interfacial bond between the CR and around the cementitious matrix. Moreover, comparing the compressive strength of CR1-0.4 and CR2-0.4 in Figure 3, it is evident that the negative impact on the compressive strength due to CR substitution can be diminished to a certain degree by using CR with a smaller particle size (i.e., CR2-0.4). It is also clear that all the CR-modified HS-ECC mixtures could be utilized for structural applications, as the compressive strengths are higher than 30 MPa.
[image: Figure 3]FIGURE 3 | Compressive strength and density of HS-ECC. HS-ECC, high-strength engineered cementitious composite.
The density of HS-ECC mixtures is also drawn in Figure 3. The incorporation of CR as a complete replacement of SS reduces the density of HS-ECC, and the density is positively correlated to the compressive strength of HS-ECC in general. It is noted from Figure 3 that the density value decreases from 2,024 kg/m3 of CR1-0.2 to 1,867 kg/m3 of CR1-0.6 with a 7.7% reduction as the proportion of CR increases. Although CR2-0.4 with a smaller CR particle size exhibits a higher compressive strength, it has a slightly lower density than CR1-0.4 with a larger CR particle size. In accordance with American Concrete Institute (ACI) committee report (American Concrete Institute, 2003), the density of lightweight cementitious composites for structural applications should be 1,120–1,920 kg/m3 with a compressive strength at 28 days of more than 40 MPa. Thus, HS-ECC mixtures produced with 100% CR2 at an a/b ratio of 0.4 (i.e., CR2-0.4) can be classified as lightweight cementitious composites because their density is 1,902 kg/m3 and compressive strength is 50.0 MPa.
According to the results of the three-point bending test, the fracture toughness of HS-ECC matrix with different CR proportions is obtained and shown in Figure 4. It can be found that the fracture toughness of HS-ECC matrix decreases steadily with the increase of CR proportion. Similar to the compressive strength, the fracture toughness of HS-ECC decreases sharply from 0.57 MPa∙m1/2 of SS-0.4 to 0.25 MPa∙m1/2 of CR1-0.4 when CR was used to completely replace SS by equal volume. Besides, the fracture toughness decreases gradually from 0.37 to 0.18 MPa∙m1/2 when the equivalent a/b ratio increases from 0.2 to 0.6. Designed based on the micromechanical model, two criteria (strength and energy criterion) should be satisfied to achieve the strain-hardening performance and multi-cracking states of ECC (Li and Leung, 1992). In order to achieve high tensile ductility and saturated multiple microcracks, the size and distribution of internal flaws should be tailored (Zhang et al., 2021). Reducing the critical flaw size by introducing artificial flaws such as CR whose interfacial bond stress with a cementitious matrix is relatively low can be regarded as an effective way to reduce matrix fracture toughness and thus activate more microcracks (Li and Wang, 2006; Zhang et al., 2020a), which could benefit the self-healing capacity of HS-ECC.
[image: Figure 4]FIGURE 4 | Fracture toughness of HS-ECC. HS-ECC, high-strength engineered cementitious composite.
Tensile Mechanical Properties
Figure 5 presents the tensile stress–strain curves of HS-ECC specimens with different CR contents. All the HS-ECC specimens exhibit robust strain-hardening performance under uniaxial tension. The tensile strain capacities of all HS-ECC specimens at peak stress are higher than 6%, as well as the tensile elongations at breakage are higher than 12%. As shown in Figures 5A–E, it is clear that the substitution of SS by CR has a dramatic influence on the full-range tensile stress–strain curve of HS-ECC. Comparing Figures 5A,B, it is clear that the incorporation of CR with a larger particle size (i.e., CR1) than SS by equal volume decreases the peak tensile strength of HS-ECC distinctly while increasing the tensile strain capacity slightly. Besides, the replacement of SS by CR with a smaller particle size (i.e., CR2) than SS by equal volume as shown in Figures 5A,E affects marginally both the peak tensile strength and tensile strain capacity of HS-ECC. However, the CR2-0.4 specimen exhibits an obvious secondary hardening stage with a higher modulus as observed in Figure 5E. It might be because CR2 with a finer particle size introduces more artificial flaws into the matrix, and the majority of the cracks are activated in the first hardening stage, exhibiting obvious fluctuation. Then, limited cracks are newly generated in the secondary hardening stage, and slip-hardening behavior is observed to be accompanied by crack opening. Moreover, it also suggests that the increased proportion of CR (i.e., a/b increases from 0.2 to 0.6) benefits the performance of HS-ECC in terms of tensile ductility, whereas it has an adverse effect on the tensile strength as illustrated in Figures 5B–D.
[image: Figure 5]FIGURE 5 | Tensile stress–strain curves of HS-ECC. (A) SS-0.4. (B) CR1-0.2. (C) CR1-0.4. (D) CR1-0.6. (E) CR2-0.4. HS-ECC, high-strength engineered cementitious composite.
The key tensile parameters of HS-ECC, including the peak and initial cracking stress (σtu and σtc), the tensile strain capacity (εtu), the strain energy density (gse), and the fracture energy (Gf), are summarized in Table 3. The definition and calculation method of gse and Gf can be referred to in previous research (Yu et al., 2020b). Put simply, the strain energy density is the area enclosed by the strain-hardening branch of the tensile stress–strain curve, representing the energy dissipation capacity during the strain-hardening process, whereas the fracture energy is approximately equal to the area under the descending stage of the load–displacement curve, reflecting the energy dissipation capacity after crack localization during the strain-softening process.
TABLE 3 | Critical mechanical parameters of HS-ECC.
[image: Table 3]The critical tensile parameters of HS-ECC are presented in Figure 6. The peak tensile strength of HS-ECC decreases from 11.73 MPa of SS-0.4 to 6.71 MPa of CR1-0.4 when CR1 is used to completely replace SS by equal volume (Figure 6A). CR particles with a larger particle size inside HS-ECC are enclosed by the matrix and loosen the matrix structure (Wang et al., 2020), and the peak tensile strength can be reasonably reduced. Besides, the larger particle size of CR1 compared with SS may disturb the fiber dispersion, resulting in the reduction of interfacial bond stress between PE fiber and matrix, leading to a further decrease in the peak tensile stress. Nevertheless, the peak tensile strength of HS-ECC with CR2 substitution (i.e., CR2-0.4) generates a comparable peak tensile strength with SS-0.4. This might be because CR2 has a finer and more irregular particle size than SS, alleviating the negative influences introduced by CR substitution. Moreover, it is noted from Figure 6A that with the increase of CR1 proportion, the peak tensile strength of HS-ECC reduces from 8.75 MPa of CR1-0.2 to 4.60 MPa of CR1-0.6 with a 47.4% reduction, which is mainly caused by the weakened matrix structure. Similarly, the reduced initial tensile stress of HE-ECC with CR particle substitution could be contributed to the decrease in matrix fracture toughness.
[image: Figure 6]FIGURE 6 | Tensile mechanical parameters of HS-ECC. (A) Tensile strength. (B) Tensile strain capacity. (C) Strain energy density and fracture energy. HS-ECC, high-strength engineered cementitious composite.
As shown in Figure 6B, the influence of CR substitution and CR proportion on the tensile strain capacity of HS-ECC is slight. The strain capacity of SS-0.4 is 7.14%, and this value increases mildly to 7.76% of CR1-0.4. It is noted from Figure 6C that the strain energy density shares a similar trend with that of the tensile strength (Figure 6A). The strain energy density of SS-0.4 (i.e., 565.8 kJ/m3) is approximately 1.5 times that of CR1-0.4 (i.e., 369.5 kJ/m3) due to the decrease of tensile stress. Moreover, the fracture energy of HS-ECC decreases as SS is entirely replaced by CR1 by equal volume, which is caused by the much lower peak tensile strength of CR1-0.4 (Figure 6C). Normalizing the fracture energy by the peak tensile strength (i.e., Gf/σtu) as listed in Table 3, it is noted that the larger Gf/σtu ratio combined with the lower fracture energy as well as the lower peak tensile strength values of CR1-0.4 compared with that of SS-0.4 indicates a gentler descending branch and a better energy consumption capacity after crack localization of HS-ECC with CR substitution. Additionally, it is also found from Table 3 that the Gf/σtu ratio increases from 1.13 to 2.62 gradually as CR1 proportion improves from 0.2 to 0.6, demonstrating the positive influence of CR addition on energy absorption capacity and ductility after crack localization.
Crack Patterns
Figure 7A shows the crack number and crack width of CR-modified HS-ECC. It should be stressed that the crack number increases obviously from 73 to 85 when CR1 is used to totally replace SS. Simultaneously, with the increase of CR1 proportion from 0.2 to 0.6, the activated crack number of HS-ECC improves gradually from 76 to 93 with a 22.4% increment. As observed in Figure 7B, the crack distributions of CR1-0.6 are more saturated than those of SS-0.4. Nevertheless, an opposite trend with CR1 proportion is observed for the crack width in general. The average crack width of HS-ECC using SS as a fine aggregate is approximately 80 μm. This value decreases to 73 μm when CR1 is used to replace SS by equal volume, and the refining effect on crack width can be further enhanced to reduce the crack width to 59 μm when CR2 with a smaller particle size is adopted. Apparently, the replacement of SS by CR can activate more microcracks as well as reduce the crack width by introducing artificial flaws and decreasing the matrix fracture toughness as shown in Figure 4, enhancing the self-healing potential of HS-ECC.
[image: Figure 7]FIGURE 7 | Crack parameters of HS-ECC. (A) Crack number and crack width. (B) Crack distribution of SS-0.4 and CR1-0.6. HS-ECC, high-strength engineered cementitious composite.
Self-Healing Properties of High-Strength Engineered Cementitious Composite
Properties of Pre-Damaged CR2-0.4
The high-strength lightweight CR2-0.4 specimens exhibiting the smallest average crack width of 59 μm corresponding to the peak stress are selected to further explore the self-healing properties of HS-ECC. Table 4 summarizes the crack pattern of the CR2-0.4 specimens preloaded to three strain levels, i.e., 0.5%, 1.0%, and 2.0%. The crack number increases with the increase of preloaded strain level from 9% at 0.5% to 27% at 2.0%, and a similar trend is observable in the average crack width at the loading stage that grows from 43 to 59 μm.
TABLE 4 | Crack parameters of preloaded CR2-0.4
[image: Table 4]The normalized RF for the pre-cracked CR2-0.4 specimens preloaded to strain levels of 0.5%, 1.0%, and 2.0% is plotted in Figure 8. With the increase of pre-strain level, the normalized RF value decreases and expresses an almost linear relationship. The normalized RF gradually decreases from 0.88 at a pre-tensile strain of 0.5% to 0.58 at a pre-tensile strain of 2.0%. The increased crack number as well as the enlarged crack width could be the reason for the decrease of RF.
[image: Figure 8]FIGURE 8 | Normalized RF of pre-damaged CR2-0.4. RF, resonant frequency.
Resonant Frequency Recovery
The normalized RF recovery of the pre-cracked CR2-0.4 specimens before and after every wet–dry cycle is recorded and plotted in Figure 9A. At least three specimens are prepared to monitor the RF recovery. The RF of the CR2-0.4 specimens is normalized by the value of uncracked (virgin) specimens. Therefore, a high RF ratio represents a high recovery degree, which can be attributed to further hydration during the wet–dry conditioning regimes. Apparently, the CR2-0.4 specimens preloaded to a higher damage level show a lower RF both before and after wet–dry cycles. It is clear from Figure 9A that RF recovery mainly happens in the first 2–5 wet–dry cycles. After 7 wet–dry cycles, the normalized RF of the CR2-0.4 specimens regains beyond 99%, 89%, and 73% for 0.5%, 1.0%, and 2.0% pre-strained specimens, respectively. For the CR2-0.4 specimens preloaded to a lower strain level (i.e., 0.5%), the tighter distributed cracks with tinier crack widths (i.e., 43 μm) are more easily filled with healing products, and the RF can recover up to almost 100% of the uncracked specimen after only 2–3 cyclic wet–dry exposures. Nonetheless, for the CR2-0.4 specimens with more severe damage (i.e., a pre-tensile strain of 2.0% with a crack width of 59 μm), the hydration products generated during the wet–dry cycles accumulated at the microcrack surface might hinder the further hydration inside the microcrack, leading to a lower RF after healing. Moreover, the RF value for the CR2-0.4 specimens pre-damaged mildly tends to be faster compared with those pre-damaged seriously.
[image: Figure 9]FIGURE 9 | RF of CR2-0.4 after wet–dry cycles. (A) Normalized RF after each wet–dry cycle. (B) RF recovery ratio. RF, resonant frequency.
The extent of the RF recovery ratio of the CR2-0.4 specimens after 7 wet–dry cycles for three pre-strain levels is shown in Figure 9B. The ratio of RF recovery increases with the increase of preloading strain levels, meaning that the opportunity of crack healing can be enhanced by experiencing more damage in the form of crack numbers. Although the RF recovery ratio of the CR2-0.4 specimen pre-stretched to 2.0% tensile strain is relatively high (i.e., 26.1%), its self-healing capacity after curing conditioning is inadequate with an RF value of 73.5% of the intact one due to the wider crack width.
Tensile Mechanical Performance Recovery
The reloading tensile stress–strain curves of the self-healed CR2-0.4 specimens preloaded to three tensile strains, including 0.5%, 1.0%, and 2.0%, are plotted in Figures 10A–C. All the pre-damaged and self-healed CR2-0.4 specimens exhibit significant strain-hardening performance as virgin specimens. It is worth noting that the residual strain induced during the preloading stage is neglected in the reloading stress–strain curves, expressing a conservative record of the tensile strain capacities of the self-healed specimens. As can be seen from Figures 10A–C, the reloaded CR2-0.4 specimens express a similar tensile strength whereas decreased tensile strain capacity with the increasing pre-damage level. The maintained tensile strength can be because water can penetrate through the cracks and the continued hydration can enhance the fiber/matrix interfacial bond during the self-healing process. Thus, the more pre-formed the cracks are, the higher the tensile strength recovery. Besides, as can be seen from the local enlarged stress–strain curve in Figure 10D, the reloading tensile process can be divided into four stages. Stage 1 with higher stiffness indicates that the self-healed matrix filled by the re-hydration products is uncracked; Stage 2 with much lower stiffness relates to the re-cracking and opening of the self-healed cracks, which offers less resistance to load; Stage 3 exhibits higher stiffness compared with Stage 2, more and more fibers re-engaged to bridge the cracks and transmit tensile load; and further loading causes Stage 4 features with the strain-hardening process. Further, the enlarged preloading stress–strain curves of the virgin CR2-0.4 specimen and the reloading curves of the self-healed CR2-0.4 specimens after wet–dry cycles are compared in Figure 10E. It is stressed that the stiffness of Stage 3 of reloading specimens, which is defined as the recovery stiffness of the self-healed specimens in this study, reduces with the increasing pre-tensile strain due to the aggravation of initial damage. As expected, the stiffness of the virgin CR2-0.4 specimen is much higher than the recovery stiffness of self-healed specimens during reloading (Figure 10E).
[image: Figure 10]FIGURE 10 | Stress–strain curves of self-healed CR2-0.4 specimens. (A) CR2-0.4-0.5%-reloading. (B) CR2-0.4-1.0%-reloading. (C) CR2-0.4-2.0%-reloading. (D) Enlarged reloading stress–strain curve. (E) Reloading and preloading curves.
Figure 11 compares the tensile parameters of the virgin CR2-0.4 specimens and those of reloaded specimens. It is noted from Figure 11A that not only the peak tensile stress but also the second cracking stress (Figure 10D) increases with higher pre-tensile strain. The peak tensile stress of virgin specimens is 11.39 MPa, and this value increased to 12.41 MPa of the specimen with a 2% pre-strain. This could be attributed to the further hydration of unreacted cementitious materials during the wet–dry curing process, leading to an improvement in the interfacial fiber/matrix bond stress, which causes a higher ultimate strength of the self-healed specimens. Accordingly, a full tensile strength recovery can be achieved after self-healing of the pre-damaged CR2-0.4 specimens. In addition, the second cracking stress represents a more obvious increment from 4.13 MPa of the virgin specimen to 6.69 MPa with an increase of 38.3% as the pre-damage level increases to 2.0%, demonstrating the effective tensile loading transition capacity of the pre-cracked location. Moreover, the first cracking stress of all the self-healed CR2-0.4 specimens is quite small at approximately 0.3–0.5 MPa as shown in Figures 11A–C, indicating that self-healing products are relatively weak as compared with the original matrix.
[image: Figure 11]FIGURE 11 | Tensile parameters of reloading CR2-0.4 specimens. (A) Tensile stress. (B) Tensile strain capacity. (C) Strain energy density and fracture energy. (D) Crack number and crack width.
The tensile strain capacity of the reloaded CR2-0.4 specimens reduces from 8.42% at 0.5% pre-strain to 4.63% at 2.0% pre-strain (Figure 11B). Similarly, the crack number also decreases obviously from 63 to 41 with a 34.9% reduction within the same pre-damage level range as shown in Figure 11D. Both phenomena can be attributed to the improvement in matrix toughness caused by the further hydration of the matrix. However, it should be noted from Figure 11B that the tensile strain capacities of the reloaded CR2-0.4 specimens with relatively small tensile strain levels of 0.5% and 1.0% are higher than those of the virgin specimen, which could contribute to the wider crack width.
Comparing Figures 11B,C, it can be seen that the strain energy density shares a similar trend with that of strain capacity, which increases obviously from 421.7 kJ/m3 of the virgin specimen to 618.7 kJ/m3 of CR2-0.4-0.5% (i.e., 11% increase) and then gradually decreases to 381.1 kJ/m3 as the pre-damage level increases to 2.0%. On the contrary, the fracture energy decreases from 15.06 kJ/m2 of the virgin CR2-0.4 specimens to 12.17 kJ/m2 of CR2-0.4-0.5% and further reduces to 9.07 kJ/m2 of CR2-0.4-1.0% due to the sharper descending branch. The above results confirm the self-healing capacity of HS-ECC material in the form of rehabilitation of tensile properties to some degree.
After self-healing, the white residue products along the crack lines after wet–dry conditioning can be observed in Figure 12. As mentioned before, the average crack width for the CR2-0.4 specimens preloaded to 0.5% tensile strain is about 43 μm as listed in Table 4. According to previous research, the majority of self-healed products are a combination of calcium carbonate crystals and calcium silicate hydrate gels (Kan and Shi, 2012).
[image: Figure 12]FIGURE 12 | Self-healing CR2-0.4-0.5% specimen surface after 7 wet–dry conditioning.
The crack patterns for the CR2-0.4 specimens preloaded to 0.5% and 2.0% strain capacity and after curing and reloading are compared in Figure 13. The black lines were marked to represent cracks formed during the preloading stage. New cracks seem to follow and propagate along the pre-formed and self-healed cracks, indicating that self-healing products have a weaker structure than the original hydrated cementitious matrix. Thus, cracks are prone to generate and reopen on the previous crack location, resulting in an extremely small first cracking stress and low stiffness of Stage 2 in Figure 10D. At the same time, new cracks and crack paths are also observed to develop adjacent to previously self-healed cracks on new locations, resulting in Stage 3 and Stage 4 in Figure 10D and resuming the multiple cracking behaviors of self-healed HS-ECC specimens. Certainly, the self-healed cracks are capable to transmit the tensile load effectively to cause new cracking, demonstrating the recovery of mechanical properties through the self-healing process.
[image: Figure 13]FIGURE 13 | Comparison of crack pattern for CR2-0.4 specimens before and after curing and reloading: (A) 0.5% pre-tensile strain and (B) 2.0% pre-tensile strain.
CONCLUSION
A sustainable lightweight HS-ECC is developed by substituting SS completely by CR in this study, and the self-healing behavior of a series of CR-modified HS-ECC specimens preloaded to three certain tensile strains including 0.5%, 1.0%, and 2.0% is investigated. CR as a fine aggregate in HS-ECC replaces SS entirely with three equivalent aggregate/binder ratios (i.e., a/b = 0.2, 0.4, and 0.6) and two-particle sizes (i.e., CR1 and CR2) at a/b = 0.4. According to the uniaxial tensile test results, the HS-ECC specimen that exhibits the smallest crack width (i.e., CR2-0.4) is selected to further conduct the self-healing tests. The rate and extent of self-healing behavior of the CR2-0.4 specimens are evaluated by RF and tensile performances after wet–dry conditioning. The detailed conclusions are summarized as follows.
1. The density and compressive strength of HS-ECC decrease with the increase of CR1 proportion. Particularly, CR2-0.4 using smaller CR particle exhibits a higher compressive strength while a lower density than that of CR1-0.4 with a larger CR particle size and can be classified as a lightweight cementitious composite.
2. All the HS-ECC specimens exhibit obvious strain-hardening performance under uniaxial tension. The peak tensile stress and initial tensile stress of HS-ECC decrease as the proportion of CR increases (i.e., a/b from 0.2 to 0.6). Nevertheless, the peak tensile strength of HS-ECC with finer CR2 substitution generates a comparable peak tensile strength with the control specimen using SS as a fine aggregate. Besides, the influence of CR substitution and proportion on the tensile strain capacity of HS-ECC is irrelevant. Moreover, HS-ECC with CR substitution indicates a gentler descending branch and a better energy consumption capacity after crack localization.
3. CR acting as artificial flaws can reduce the HS-ECC matrix fracture toughness, activate more microcracks, and reduce crack widths, benefitting the self-healing potential of HS-ECC. Particularly, CR2-0.4 with the smallest crack width of 59 μm corresponding to the peak stress, which is comparable with the value of PVA-ECC, is selected to further study the self-healing properties of HS-ECC.
4. CR2-0.4 specimens have been proven to exhibit effective self-healing ability from both the mechanical and non-mechanical aspects. The majority of the RF recovery happens before the first 2–5 wet–dry cycles, and the recovery rate for the CR2-0.4 specimens with milder pre-damage is faster than that of those pre-damaged more seriously.
5. All the self-healed CR2-0.4 specimens have strain-hardening behavior with newly formed multi-cracks. The tensile stress–strain curves of the self-healed CR2-0.4 specimens can be divided into four stages according to the significant stiffness differences, representing distinct load transferring mechanisms. The further hydration of binder materials can enhance the interfacial bond stress and thus retain the mechanical performance, especially the tensile strength of the self-healed CR2-0.4 specimens. Further investigation on the self-healing performance of HS-ECC at loading status is warranted.
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