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Engineered cementitious composite (ECC) is a group of ultra-ductile fibre-reinforced cementitious composites, characterised by high ductility and moderate content of short discontinuous fibre. The unique tensile strain-hardening behaviour of ECC results from a deliberate design based on the understanding of micromechanics between fibre, matrix, and fibre–matrix interface. To investigate the effect of fibre properties on the tensile behaviour of ECCs is, therefore, the key to understanding the composite mechanical behaviour of ECCs. This paper presents a study on the fibre-bridging behaviour and composite mechanical properties of ECCs with three types of fibres, including oil-coated polyvinyl alcohol (PVA) fibre, untreated PVA fibre, and polypropylene (PP) fibre. The experimental result reveals that various fibres with different properties result in difference in the fibre-bridging behaviour and composite mechanical properties of ECCs. The difference in the composite mechanical properties of ECCs with different fibres was interpreted by analysing the fibre-bridging behaviour.
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INTRODUCTION
By deliberate design based on the understanding of micromechanics between fibre, matrix, and fibre–matrix interface, engineered cementitious composite (ECC) exhibits unique strain-hardening behaviour (Li, 2003). Under tensile load, ECC shows tensile strain-hardening behaviour and develops tensile strain capacity in the range of 3–7%, compared to 0.01–0.05% for ordinary concrete and fibre-reinforced concrete (FRC). Figure 1 illustrates the difference in the typical tensile stress–strain curves of ordinary concrete, FRC, and ECC (Fischer and Li, 2003). Ordinary concrete is a brittle material, and crack formation is followed by a sudden loss of load carrying capacity. Although tensile strength and fracture toughness are enhanced, to some extent, by adding fibre, FRC is, nevertheless, a quasi-brittle material, showing strain-softening single-cracking behaviour under tension. On the contrary, ECC has a metal-like feature. After the first crack forms in ECC, tensile load-carrying capacity rises as strain increases, through multiple-cracking process with tight crack width control. The crack width of ECC is self-controlled to below 100 μm without the presence of steel reinforcement, which is much smaller than the typical crack width observed in ordinary concrete and FRC (Weimann and Li, 2003; Xiao et al., 2021; Xiong et al., 2021).
[image: Figure 1]FIGURE 1 | Typical tensile stress-strain curves of concrete, FRC, and ECC (Fischer and Li, 2003).
The unique tensile strain-hardening behaviour and tight crack width control of ECC result from an elaborate design using micromechanics model to tailor the interaction between fibre, matrix, and fibre–matrix interface (Li, 1993). The fibre-bridging properties play a crucial role on the tensile strain-hardening behaviour of ECC. When ECC is loaded in tension, the matrix starts to crack in its weakest cross-section. The fibre crossing this crack takes over the tensile load. Thanks to the engineered steady-state cracking behaviour, the fibre in this crack can carry an increasing load, which generates new cracks at other sites (Li and Leung, 1992). By repeating this process, ECC exhibits tensile strain-hardening multiple-cracking behaviour.
Several types of fibre have been used to produce ECC, and their properties are summarised in Table 1. The first version of ECC was made of high-modulus polyethylene (PE) fibre in the mid-1990s (Li et al., 1995; Li et al., 1996). Reinforced with 1.5% by volume of high-modulus PE fibre, PE-ECC exhibits tensile strain capacity ranging from 4 to 7%, tensile strength over 5.5 MPa, and compressive strength over 60 MPa. The PE fibre enables the ECC with superior mechanical properties. Therefore, PE-ECC with various features was developed, such as the PE-ECC prepared with seawater and sea sand with non-corrosion function (Huang et al., 2021), the PE-ECC prepared with artificial fine aggregates that reduces the industrial burden on the environment (Xu L.-Y. et al., 2021), the PE-ECC with ultra high dectility as a noval and resilient fireproof coating (Cai et al., 2021), and the PE/steel fibre-ECC with compressive strength over 210 MPa for complex and severe service environments (Huang, et al., 2021b). Considering the large crack width of PE-ECC due to the hydrophobic nature of PE fibre, and the high cost of the PE fibre, studies moved on for alternatives. In the early 2000s, Li and his co-workers have successfully developed a group of ECCs with polyvinyl alcohol (PVA) fibre, costing one-eight of the high-modulus PE fibre (Li et al., 2001). Since the surface of PVA fibre is hydrophilic, ordinary PVA fibre tends to rupture instead of pullout of a cementitious matrix due to the strong chemical bond with matrix, and this has a negative effect on the tensile ductility of ECC. The interfacial properties between PVA fibre and matrix were, therefore, tailored by applying 1.2% by weight of oil coating on the fibre surface (Li et al., 2002). ECC with the oil-coated PVA fibre exhibits tensile strain capacity of 3–5% and tensile strength of 4–5 MPa (Li et al., 2001). After Li’s work, many ECC materials with oil-coated PVA fibre have been developed in many institutions (Kim et al., 2003; Wang and Li, 2006; Kim et al., 2007; Yang et al., 2007; Zhang et al., 2009; Zhou et al., 2010). In recent years, several researchers have developed ECC materials with non-oil-coated PVA fibre, which exhibit comparable composite properties as oil-coated-PVA ECC (Ma et al., 2015; Pan et al., 2015; Said et al., 2015; Meng et al., 2017; Zhang and Zhang, 2018). Yang (2008) and Felekoglu et al. (2014) have developed a group of ECCs with high-tenacity polypropylene (PP) fibre. The high-tenacity PP fibre consists of a high strength core made of high molecular weight PP resin and an engineered sheath with/without surface coating (De Lhoneux et al., 2002). The high-tenacity PP fibre has a tensile strength of 850 MPa, about twice as high as that of ordinary PP fibre. ECC with the tenacity PP fibre showed multiple-cracking behaviour under tensile load and had tensile strain capacity over 4%, while the ultimate tensile strength was below 2.5 MPa, much lower than that of PE-ECC and PVA-ECC. Tosun-Felekoglu and Felekoglu (2013) have tried to develop ECC with ordinary PP fibre. Although their specimens showed deflection-hardening multiple-cracking behaviour under a four-point bending load, further studies are still needed to prove whether the composite has the strain-hardening multiple-cracking feature. Recently, a novel ECC with basalt fibre, an inorganic fibre, has been developed by Xu M. et al. (2021). Basalt fibre-ECCs show a tensile strain capacity of 0.4–0.9%, and an average crack width is <8 μm, about one order of magnitude smaller than typical ECCs prepared with PVA, PP, or PE fibres.
TABLE 1 | Properties of fibre used in ECC.
[image: Table 1]This paper aims to investigate the mechanical properties of ECCs with different PVA and PP fibres and to reveal the effect of fiber types and properties on uniaxial tensile and fibre bridging properties of ECCs. First, the framework of the ECC micromechanics design guidelines is briefly reviewed. The mix design and experimental program are then described. The experimental results of uniaxial tensile tests, loaded crack width measurement, and bending and compressive tests are presented. The results of uniaxial tensile tests using notched specimens are also reported to estimate the bridging properties between fibre and matrix. Last, the comparison between the tensile properties of ECCs made of different fibres is discussed from the point of view of ECC micromechanics.
ECC MICROMECHANICS
The ECC micromechanics model was established by Li and Leung in the early 1990s (Li and Leung, 1992) and has been successfully used in ECC material design by many researchers (Li et al., 1995; Li et al., 2001; Li et al., 2002; Wang and Li, 2006; Yang et al., 2007; Zhou et al., 2010; Ranade et al., 2013). The ECC micromechanics model links macroscale composite properties (tensile strength and strain capacity) to micromechanical properties (fibre-bridging parameters) based on the fundamental understanding of the mechanical interactions among fibre, matrix, and fibre–matrix interface. The scale linking represents the ECC material design philosophy: to understand the microscale behaviour and to tailor the micromechanical properties are the keys to designing targeted composite properties. The ECC micromechanics model consists of two guiding concepts, i.e., energy criterion and strength criterion.
Energy Criterion
The fundamental requirement for strain hardening and multiple cracking is that the cracks develop steady-state crack propagation rather than Griffith-type crack propagation (Li and Leung, 1992). Steady-state crack propagation refers to as that a crack increases in length at constant steady-state cracking stress σss while maintaining a constant crack opening δss. Marshall and Cox (1988) employed the J-integral method and proposed a general solution for the condition of steady-state crack propagation:
[image: image]
where Jtip is the crack tip toughness, and δss is the crack opening corresponding to the steady-state cracking stress σss.
Equation 1 expresses the energy balance (energy demanded and supplied to crack tip) per unit crack advance during steady-state crack propagation, as schematically illustrated in Figure 2. The right-hand side of Eq. 1 can be interpreted as the net energy input by external work (first term) minus the energy consumed by the bridging elements at the crack tip propagation zone from 0 to δss (second term), which is referred to as the complementary energy and represents the shaded area in Figure 2. The maximum complementary energy Jb′ occurs when the stress reaches the maximum fibre bridging strength σ0 in this crack and represents the hatched area in Figure 2, as follow:
[image: image]
where δ0 is the crack opening corresponding to the maximum fibre bridging strength σ0.
[image: Figure 2]FIGURE 2 | Typical bridging stress-crack opening σ(δ) curve for steady-state crack propagation. Hatched area represents complimentary energy Jb′. Shaded area represents crack tip toughness Jtip (Li and Leung, 1992).
In order to ensure steady-state crack propagation, the energy criterion requires that the available crack-driving, i.e., energy maximum complementary energy Jb′, should be greater than the energy required for crack propagation, i.e., crack tip toughness Jtip:
[image: image]
Strength Criterion
The strength criterion determines the initiation of cracks and requires that the matrix tensile cracking strength σc should be lower than the maximum fibre bridging strength σ0.
[image: image]
where the matrix tensile cracking strength σc is determined by the matrix fracture toughness and the pre-existing flaw size, such as air voids.
MATERIALS AND METHODS
Materials
One single cementitious matrix was used in this study, and the mix proportion is given in Table 2. The matrix was made of ordinary Portland cement, fly ash, and silica fume mixed with water at the water-to-powder ratio of 0.175. A polycarboxylate superplasticiser was also added to adjust the fresh properties of the mixtures until the flowability of the mixtures reached 190 ± 5 mm. Flowability test was conducted according to ASTM C 1437 (ASTM C 1437, 2007).
TABLE 2 | Mix composition of the matrix.
[image: Table 2]Two PVA fibres and one PP fibre were used in the experimental program, and their properties are given in Table 3. Fibre “PVA1” was the 1.2 w% oil-coated PVA fibre with a surface oil coating of 1.2% by weight, and this fibre has been widely used in the studies on PVA-ECCs. Fibres “PVA2” and “PP” were ordinary PVA fibre and PP fibre manufactured by Chinese manufacturers. The tensile strength and elastic modulus of PVA1 fibre are higher than those of PVA2 fibre, while the diameter of the former is much larger than the latter. PP fibre has a relatively lower tensile strength and elastic modulus than two PVA fibres. The elongation ratio at break of PP fibre is considerably high.
TABLE 3 | Properties of the three fibres used in this study.
[image: Table 3]The effect of fibre content on the macroscale composite properties and microscale fibre-bridging properties of the composites was studied. Considering a typical PVA fibre content in ECCs is 2% by volume, the composites with 1, 1.5, 2, and 2.5% by volume of PVA1 fibre and PVA2 fibre were prepared. According to the strength criterion, a larger amount of PP fibre should be used, since PP fibre has a lower tensile strength and thereof a lower bridging strength in PP-ECC (Kanda and Li, 1999). PP fibre contents of 2, 2.5, 3, and 4% by volume were investigated.
Mixing, Casting, and Curing
Powder materials, water, and admixtures were first mixed in a 5-L mixer at a low speed for 1 min and at high speed for another 2 min. Then, fibre was evenly added within 1 min during low-speed mixing. Last, mixing is continued at high speed for another 2 min.
Prism specimens with the dimension of 160 mm × 40 mm × 40 mm were prepared for compression and three-point bending tests. Dogbone-shape specimens were prepared for uniaxial tension tests, recommended by the Japan Society of Civil Engineers (Yokota et al., 2008). Half of the dogbone-shape specimens (as shown in Figure 3 left) were used to evaluate the composite tensile properties, and another half of dogbone-shape specimens with two 10-mm-wide notches (as shown in Figure 3, right) were used to evaluate the fibre-bridging properties. The specimens were cured in a climate chamber with a temperature of 20°C and relative humidity above 95% for 24 h. After demoulded, the specimens were sealed in a plastic bag and cured in a room with a temperature of 20°C until the age of 28 days.
[image: Figure 3]FIGURE 3 | Dogbone-shape specimen (A) and notched dogbone-shape specimen (B).
Compression and Three-Point Bending Tests
The prism specimens were sawn into two pieces evenly, used for compression tests. Compression tests were conducted under load control with a loading speed of 2,400 N/ s. The loaded area was 40 mm × 40 mm. Six specimens were tested for each mixture, and the compressive strength was calculated by averaging the results of the six measurements.
The rest prism specimens were used in three-point bending tests for evaluating the flexural strength. The support span was 100 mm, and the load point was at the mid of support span. The test was conducted under load control with a loading speed of 50 N/ s. Three specimens were tested for each mixture, and the flexural strength was calculated by averaging the results of the three measurements.
Uniaxial Tension Test
Uniaxial tensile tests were conducted with the dogbone-shape specimens for investigating the tensile properties of the composites and the notched dogbone-shape specimens for investigating the fibre-bridging properties. The test procedure was the same for the two types of specimens. Two ends of the specimens were placed in two wedge clamp chucks. The upper and lower clamps were connected to the loading device with a pin joint and a fixed joint, respectively. One extensometer with a precision of 1 μm was attached on the specimen to measure the deformation, and the gauge length was 80 mm. The tests were conducted under displacement control with a loading speed of 0.004 mm/ s. The experimental results of each composite are calculated by averaging the data of six specimens.
Loaded Average Crack Width
Loaded average crack width was measured on the dogbone-shape specimens after uniaxial tension tests. The number of cracks within gauge length along the central axis was accounted under a microscope with a magnification of × 100. The average crack number N of each specimen was calculated by averaging the number of cracks on both sides. Since ECC deforms several hundred times larger than the matrix, the elastic deformation of the matrix contributes little to the overall deformation of the composites. Therefore, the overall tensile deformation can be simply considered as the sum of crack openings. Accordingly, the average crack width wc can be calculated by dividing the measured tensile deformation at the peak load Δl by the average crack number N:
[image: image]
EXPERIMENTAL RESULTS
Compressive and Flexural Strengths
Figures 4, 5 give the 28-days compressive and flexural strengths of the composites with PVA1 fibre, PVA2 fibre, and PP fibre. In general, given the same fibre content, the composites with PVA1 fibre exhibited slightly higher compressive and flexural strengths than the composites with PVA2 fibre and the composites with PP fibre exhibited the lowest compressive and flexural strengths.
[image: Figure 4]FIGURE 4 | Compressive strength of the composites with PVA1 fibre, PVA2 fibre and PP fibre at 28 days.
[image: Figure 5]FIGURE 5 | Flexural strength of the composites with PVA1 fibre, PVA2 fibre, and PP fibre at 28 days.
As PVA fibre content increased from 1 to 2.5% by volume, the compressive strength of the composites with PVA1 fibre and PVA2 fibre first increased and then decreased, and the former ranges from 51.4 to 53.9 MPa and the latter ranges from 49.3 to 51.7 MPa. The increase in the PP fibre content from 2 to 4% by volume caused a decrease in the compressive strength of the composites with PP fibre from 48.6 to 41.5 MPa. The increase in the content of the three fibres all resulted in an increase in flexural strength of the composites. The flexural strength of the composites with PVA1 fibre increased from 6.6 to 11.4 MPa, that of the composites with PVA2 fibre increased from 6.1 to 12.6 MPa, and that of the composites with PP fibre increased from 5.8 to 12.9 MPa.
Tensile Properties
Figure 6 shows a typical tensile stress–strain curve of the composites obtained from uniaxial tensile tests with dogbone-shape specimens. The maximum tensile stress in tensile stress–strain curves is defined as ultimate tensile strength, and the corresponding strain is defined as tensile strain capacity.
[image: Figure 6]FIGURE 6 | Typical tensile stress-strain curve of the composites obtained from uniaxial tensile tests with dogbone-shape specimens.
Supplementary Figures SA1–SA3 in Appendix show the tensile stress–strain curves of the composites with PVA1 fibre, PVA2 fibre, and PP fibre at 28 days. Table 4 summaries the experimental results of ultimate tensile strength, tensile strain capacity, and loaded average crack width of the composites. Except the composite with 2% by volume of PP fibre, the rest composites exhibited strain-hardening multiple-cracking behaviour. As fibre content increased, the composites with PVA1 fibre, PVA2 fibre, and PP fibre showed more pronounced strain-hardening multiple-cracking behaviour, manifested as increasing tensile strain capacity and decreasing average crack width. An acceptable strain-hardening multiple-cracking behaviour of the composites was achieved, when PVA fibre content was not lower than 1.5% or PP fibre content was not lower than 2.5%, preferably 2% or 3%, respectively.
TABLE 4 | Uniaxial tensile test results of the composites with the three fibres at 28 days.
[image: Table 4]Given the same fibre content, the composites with PVA1 fibre exhibited higher ultimate tensile strength and greater tensile strain capacity than the composites with PVA2 fibre, while the average crack width in the former was more than two times larger than that in the latter. For instance, with 2% by volume of PVA fibre, the former had an ultimate tensile strength of 4.1 MPa, tensile strain capacity of 3.5%, and average crack width of 101.3 μm, and the latter had an ultimate tensile strength of 3.8 MPa, tensile strain capacity of 3.3%, and average crack width of 46.3 μm. Compared to the composites with the two PVA fibres, the composites with PP fibre exhibited a lower ultimate tensile strength, comparable tensile strain capacity, and larger average crack width.
Fibre-Bridging Properties
To interpret the tensile properties of the composites, the bridging properties between fibre and matrix were investigated by using uniaxial tension test with notched specimens. Figure 7 shows a typical fibre bridging stress–crack opening curves of the composites obtained from uniaxial tensile tests with notched dogbone-shape specimens. Matrix cracking strength is the tensile stress at the cracking of the matrix, and it relates to the tensile strength of the matrix. Fibre-bridging strength is the maximum tensile stress after cracking.
[image: Figure 7]FIGURE 7 | Fibre bridging stress-crack opening curves of the composites obtained from uniaxial tensile tests with notched dogbone-shape specimens.
Supplementary Figures SA4–SA6 in Appendix give the fibre bridging stress–crack opening curves of the composites with PVA1 fibre, PVA2 fibre, and PP fibre at 28 days. Table 4 summarises the experimental results of matrix cracking strength, fibre-bridging strength, and crack opening at fibre-bridging strength. The mixture with 2% by volume of PP fibre had a matrix cracking strength higher than the maximum fibre bridging strength. After the matrix cracks, the external load, which needs to exceed matrix cracking strength, must be higher than the maximum fibre bridging strength. Consequently, fibres in the crack cannot hold this external load, and the matrix exhibits single-cracking behaviour. On the contrary, the rest mixtures had a matrix cracking strength lower than maximum fibre bridging strength; after cracking, fibres in the cracks can hold the load higher than the matrix cracking strength and generate subsequent cracking.
The increase in fibre content led to no obvious negative influence on matrix cracking strength and a more pronounced increase in maximum fibre bridging strength. As shown in Figure 8, the fibre-bridging strength of the composites fell around to the fitting line, exhibiting a relationship that is close to linear to the content of three types of fibres, respectively. The experimental results also reveal that fibre content has no obvious influence on the crack opening at the maximum fibre bridging strength.
[image: Figure 8]FIGURE 8 | Relation of maximum fibre bridging strength to fibre content.
Given the same fibre content, the composites with PVA1 fibre exhibited similar matrix cracking strength and higher maximum fibre bridging strength than the composites with PVA2, while the crack opening at the fiber-bridging strength of the former was roughly two times larger than that of the latter. Compared to the composites with the two PVA fibres, the composites with PP fibre exhibited a lower matrix cracking strength and maximum fibre bridging strength and significantly larger crack opening at maximum fibre bridging strength.
In the condition that fibres are randomly oriented and pullout (rather than fibre rupture) are expected, the key parameters of the fibre bridging properties, the maximum fibre bridging strength σ0, and the crack opening corresponding to the maximum fibre bridging strength δ0, can be expressed as in Eqs 6, 7; (Li, 1992).
[image: image]
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where g is the snubbing factor; τ is the fibre/matrix frictional bond strength; Lf, df, and Ef are the fibre volume fraction, length, diameter, and Young’s modulus, respectively. η = (VfEf)/(VmEm), where Vm and Em are the matrix volume fraction and Young’s modulus, respectively. From the above two equations, it can be seen that the maximum fibre bridging strength σ0 and its corresponding crack opening δ0 are determined by the fibre properties, such as its diameter, length, elastic modulus, and fibre/matrix bonding. In this study, the large diameter of PVA1 seems to negatively affect σ0, while the rest fibre properties overwhelmed and finally generated a relatively high bridging strength. Although the smaller diameter of PVA2 facilitates the bridging strength, a lower bridging strength was still obtained, due to its oil coating that reduces the fibre/matrix frictional bond (Yang, 2008). For PP fibre, its hydrophobic surface (Zhang et al., 2020) is not beneficial to the high fibre/matrix frictional bond or the high bridging strength as well. This does not mean that the oil coating or hydrophobic surface is undesirable. When considering fibre rupture, oil coating and hydrophobic surface contribute to preventing fibres from rupture and therefore a high ductility.
DISCUSSION
The test results included in the previous section show that the composites with two PVA fibres and one PP fibre, up to a certain fibre content, can all exhibit multiple-cracking behaviour and tensile strain-hardening behaviour. Different fibres have led to different composite tensile properties and fibre-bridging properties. In this section, the relation of composite tensile properties and fibre-bridging behaviour is discussed from the point of view of ECC micromechanics reported in ECC Micromechanics.
As expressed in Eq. 4, the strength criterion requires that the matrix tensile cracking strength σc should be lower than the maximum fibre bridging strength σ0, and as expressed in Eq. 3, the energy criterion requires that the fracture energy of matrix Gm should be lower than the maximum complementary energy Jb’. These two criteria ensure the occurrence of multiple-cracking behaviour and tensile strain-hardening behaviour. The intensity of multiple cracking and the tensile ductility are, however, determined by the uniformity of the composites, in particular pre-existing flaw size distribution and fibre distribution. Due to the randomness nature of pre-existing flaw size and fibre distribution in composites, large margins between σ0 and σc and between Jb′ and Jtip are preferred for saturated multiple cracking and high tensile ductility. The strain-hardening indexes are, therefore, defined to quantitatively evaluate the margins:
[image: image]
[image: image]
The matrix tensile cracking strength σc and the maximum fibre bridging strength σ0 were estimated using uniaxial tension test with notched specimens, as given in Table 5. At small fibre content, appropriate for ECC, Jtip approached the matrix fracture energy Gm. Gm was calculated with matrix fracture toughness Km and elastic modulus Em in the term of Km2/Em, where Km was estimated using three-point bending test with notched beam specimens and was estimated using uniaxial tension test. The one single matrix used in the composites with three types of fibres had fracture energy of 28.2 J/ m2. Jb′ can be calculated by Eq. 2 with the fibre bridging stress–crack opening curves given in Fibre-Bridging Properties.
TABLE 5 | Bridging properties between the three fibres and matrix at 28 days.
[image: Table 5]Among the composites with three types of fibres, only the composite with 2% PP fibre has a SHstrength below 1, and the strength criterion is, therefore, not satisfied. This explains why the composite with 2% PP fibre did not exhibit strain-hardening and multiple-cracking behaviour, while the rest of the composites did. Figure 9 gives the strain-hardening indexes SHstrength and SHenergy of the composites with different fibres (except the one with 2% PP fibre). For the three types of fibres, as the fibre content increases, both the strain-hardening indexes SHstrength and SHenergy increase. This agrees with the observation in tensile tests that the increased fibre content led to more pronounced strain-hardening multiply-cracking behaviour.
[image: Figure 9]FIGURE 9 | Strain-hardening indexes of the ECCs with different fibres.
The previous study suggested that PE fibre–ECCs need to have strain-hardening indexes SHstrength and SHenergy over 1.2, and three to produce good strain-hardening behaviour (Kanda and Li, 1998). For PVA fibre–ECCs, SHstrength is, however, required to be >1.45 due to lower tensile strength and higher interfacial bonds of PVA fibre compared with PE fibre (Li et al., 2002). As shown in Figure 10, the experimental results of this study reveal that for a strain capacity of 3%, the SHstrength of 1.45 also applies to PVA1 fibre, which is the same fibre as used in Li et al. (2002). For PVA2 fibre, this value is about 1.2, close to the value for PE fibres; while for PP fibre, this value is 1.45. The values of SHenergy for PVA1, PVA2, and PP fibres are 8, 3, and 8, respectively.
[image: Figure 10]FIGURE 10 | Relation of tensile strain capacity to strain-hardening indexes.
The crack opening at maximum fibre bridging strength δ0 is a parameter often used to describe the fibre-bridging properties. Once composite cracks under tension, the tensile load is transferred from matrix to fibres within the crack through fibre–matrix interfaces. When the crack width is smaller than δ0, the interfaces can carry higher load, due to the slip-hardening behaviour of PE, PVA, and PP fibres within matrix. This process eventually leads to strain-hardening and multiple-cracking behaviour of composites. When the crack width is beyond δ0, fibres are gradually pulled out of matrix, the load-carrying capacity of the interfaces declines, and composite fails. Therefore, during strain-hardening stage, all cracks in ECCs must be smaller than δ0. Like strength and energy criteria, a large margin between δ0 and crack width wc, which means a lower wc/δ0 ratio, is preferred for a higher tensile ductility, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Relation of tensile strain capacity to the ratio of loaded average crack width we to crack opening at maximum fibre bridging strength δ0.
Besides, the trends of ultimate tensile strength and average crack width of ECC with different fibre types can be traced back to the fibre bridging properties. For ECC with PVA1, PVA2, and PP fibres at 2.5% fibre content, the crack opening at the maximum fibre bridging strength increases in the order of the PVA1 fibre, the PVA2 fibre, and the PP fibre. As can be seen in Figure 12, the average loaded crack width of the ECC composites with the three fibres increased in the same order. Figure 13 shows the ultimate tensile strength plotted against the maximum fibre bridging strength. The linear correction between the maximum fibre bridging strength and the ultimate tensile strength was evident. This implies that the ultimate tensile strength is largely governed by the variation of the maximum fibre bridging strength, which evolves with fibre types.
[image: Figure 12]FIGURE 12 | Correlation between crack opening at maximum fibre bridging strength and Loaded average crack width.
[image: Figure 13]FIGURE 13 | Correlation between maximum fibre bridging strength and ultimate tensile strength.
CONCLUSION
The paper presents the effect of fibre types on the compressive and tensile properties (macroscale) and the fibre-bridging properties (mesoscale) of ECC. Based on the experimental results and discussion, the following conclusions can be drawn:
1) Up to a certain fibre content, the composites with ordinary PVA fibre or PP fibre all exhibit strain-hardening multiple-cracking behaviour under uniaxial tensile load. Fibre volume contents of exceeding 1.5 and 2.5%, preferably 2 and 3%, are required for the composites with the PVA fibre and the PP fibre for a good ductility, respectively.
2) Given the fibre volume content of 2%, the composites with the oil-coated PVA fibre (39 μm in diameter) exhibit greater tensile strain capacity but fewer cracks with larger average crack width than the composites with the ordinary PVA fibre (15 μm in diameter). The former also has a higher compressive, tensile, and flexural strength than the latter.
3) The composites with 3% by volume of the ordinary PP fibre have lower tensile strain and less cracks with larger average crack width than those with 2% by volume of two PVA fibres. Beyond peak tensile load, the former shows a slower loss of tensile load carrying capacity than the latter, i.e., the former has a long “tail” in tensile stress–strain curves. The former also has a lower compressive, tensile, and flexural strength than the latter.
4) In tensile load–crack opening curves, the cracking opening at peak load of the composites increases in the order of the ordinary PVA fibre, the oil-coated PVA fibre, and the ordinary PP fibre. This explains why the average loaded crack width of the composites with the three fibres increases in the same order.
5) The tensile strain capacities of the composites with the three fibres show good correlation to the two strain-hardening indexes. However, the critical values of strain-hardening indexes for producing good strain-hardening behaviour are different for different fibres.
6) The tensile strain capacities of the composites with the three fibres also show good correlation to the ratio of loaded average crack width to crack opening at maximum fibre bridging strength. Like strength and energy criteria, a large margin between and crack width is preferred for high tensile ductility.
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