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Compared with polyvinyl alcohol-engineered cementitious composites (PVA-ECC), engineered cementitious composites containing polyethylene fibers (PE-ECC) has captured the attention of researchers because of lower cost. Nevertheless, there is a limited amount of research that focuses on their dynamic behavior. Thus, specimens with different water binder ratios were tested by split Hopkinson pressure bar (SHPB) to unveil the dynamic compressive behavior of PE-ECC. The dynamic behaviors were analyzed based on the tests, including dynamic failure modes, dynamic stress-strain curves, dynamic compressive strength, dynamic peak strain, and dynamic toughness. The result shows the PE-ECC has excellent compressive ductility, and a long post-peak descending part in the stress-strain relations. Furthermore, the sensitivity analysis reveals that the strain rate is the most crucial factor that directly affects the dynamic compressive strength, dynamic peak strain, and dynamic toughness in a monotonic fashion.
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INTRODUCTION
ECC is a random short fiber reinforced high-performance cement-based composite (Li et al., 1992). Different from brittle concrete, it has a tensile strain hardening effect and good tensile and compressive ductility because of the addition of fibers (Yu et al., 2020). Because of the excellent mechanical properties, with the continuous development of research and engineering practice, ECC has been applied to structural earthquake resistance (columns, coupling beams, joints, piers, etc.), dam repair, and composite bridge decks, etc. (Kunieda et al., 2006; Park et al., 2011; Hou et al., 2018; Li, 2019).
Previous studies have indicated that PVA-ECC has excellent mechanical properties under dynamic load (Yu et al., 2018; Cai et al., 2023). Kai et al. (2017) conducted SHPB tests on three kinds of PVA-ECC with different water binder ratios and superplasticizer dosage but almost the same static compressive strength. It shows that PVA-ECC is a strain-rate-sensitive material. Dynamic peak stress and dynamic peak strain of PVA-ECC increase, with the increase of strain rate. There is a linear relationship between the dynamic increase factor (DIF, ratio of the dynamic compressive strength to the static compressive strength) and the common logarithm of the strain rate. Li et al. (2020) studied the dynamic properties of PVA-ECC with different PVA fiber volume content and matrix strength under impact load. The results show that the dynamic mechanical properties of PVA-ECC with different PVA fiber volume content are sensitive to the strain rate, and the dynamic compressive strength, dynamic peak strain, and dynamic toughness increase, with the increase of the strain rate. The PVA fiber volume content has a great influence on the dynamic mechanical properties of PVA-ECC under impact load, especially on the post-peak toughness. The DIF is less affected by the PVA fiber volume content. The dynamic compressive strength increases with an increase in the static compressive strength. However, the dynamic peak strain is less affected by the static compressive strength.
In order to improve the utilization rate of solid waste and increase matrix strength, a variety of solid waste was added into ECC, such as ceramic waste and granular blast furnace slag (GGBS) (Chen et al., 2013; Yu et al., 2017; Xiong et al., 2021; Yu et al., 2023). Chen et al. (2013) used GGBS to replace part of the fly ash of PVA-ECC and conducted SHPB tests. The results show that the dynamic compressive strength of GGBS-ECC increases, with the increase of the strain rate, but the dynamic peak strain decreases, with the increase of the strain rate. The strain rate has little effect on the dynamic toughness.
To reduce the cost of ECC, cheaper fibers such as PP fibers and steel fibers were used to partially replace the expensive PVA fibers to form hybrid fiber ECC (Wang et al., 2015; Yang et al., 2015; Lin et al., 2019). Yang et al. (2015) used SHPB to study the dynamic mechanical properties of steel-PVA hybrid fibers ECC with different mix proportions. The result shows that the hybrid fibers ECC are also strain rate sensitive material. Steel fibers can improve the dynamic compressive strength and dynamic toughness at a high strain rate. The PVA fibers can improve deformation capacity but have little effect on the dynamic compressive strength. Li et al. (2016) studied the effect of steel fibers (0.0%–1.5%) on the dynamic mechanical properties of hybrid fibers ECC (steel fibers +2.0% PVA fibers) under impact load, including specimen dynamic failure modes, dynamic compressive strength, and dynamic toughness. The results show that the addition of steel fiber can significantly improve the dynamic mechanical properties of ECC. The strain rate sensitivity of the hybrid fiber ECC decreased, with the increase of steel fiber content.
At present, most of the fibers added to ECC are PVA fibers produced by the Kuraray Group. ECC using Kuraray PVA fibers has good mechanical properties, but the high price of the PVA fibers has hindered the large-scale application of ECC. For this reason, many researchers have explored the use of low-cost fiber to prepare ECC. ECC with low-cost PE fiber made in China showed good static properties (Yang, 2022). In this study, the dynamic mechanical properties of PE-ECC specimens with different water binder ratios under impact load were studied by using SHPB with a diameter of 80 mm. The dynamic failure modes, dynamic stress-strain curves, dynamic compressive strength, dynamic peak strain, and dynamic toughness of the PE-ECC specimens with different water binder ratios and strain rates were analyzed. The results of this study could provide a reference for the application of PE-ECC in impact-resistant structures.
MATERIALS AND METHODS
SHPB device
The SHPB device with a diameter of 80 mm was used in this study (as shown in Figures 1, 2). The SHPB device is an important piece of equipment for studying the dynamic mechanical properties of materials, including loading system, pressure bar system, data acquisition system, and data processing system. The strain of the incident bar and transmission bar could be obtained by strain gauges on the surfaces of the incident bar and transmission bar. Applying one-dimensional elastic wave theory, the velocity difference between the front and rear surfaces of specimens could be calculated. Dividing the velocity difference by specimen thickness, the strain rates of the specimens could be obtained. Then the strain rates could be integrated to obtain strains of the specimens. According to the one-dimensional elastic wave theory, the loadings acting on the specimens by the incident bar and the transmission bar could also be calculated to obtain the stresses of the specimens. Finally, the SHPB device obtains the dynamic stress-strain relationship of the specimens in the whole process of the tests through indirect measurement, which avoids the difficulty of direct measurement.
[image: Figure 1]FIGURE 1 | Schematic diagram of the SHPB device.
[image: Figure 2]FIGURE 2 | SHPB device of Foshan University.
Materials
Materials used to prepare PE-ECC in this study include P.O 42.5R ordinary Portland cement, the PE fibers (detailed parameters are presented in Table 1), polycarboxylic superplasticizer, 100 mesh quartz sand, Grade I fly ash, and thickener. Three mixing proportions with different water binder ratios were adopted as presented in Table 2.
TABLE 1 | Parameters of the PE fibers.
[image: Table 1]TABLE 2 | Mixing proportions (mass ratio).
[image: Table 2]Specimen fabrication
A 15 L mortar mixer (maximum rotational speed 140 r/min) was used for mixing. Mixing procedures were as follows: 1) mixing cement, quartz sand, fly ash, and thickener for 2 min; 2) adding water, superplasticizer, and thickener mixing for 3 min; 3) adding the PE fibers. Continue mixing was applied for at least 5 min until the PE fibers were evenly distributed without agglomeration. Poured the mixture into molds, and vibrated for 2 min. Cubic specimens with a side length of 100 mm were fabricated in this study for testing static compressive strength, which was made according to Chinese Standard JC/T 2461-2018 (Standard Test Method for the Mechanical Properties of Ductile Fiber Reinforced Cementitious Composites) (MIIT, 2018). Cylinders with a diameter of 70 mm and height of 300 mm were fabricated. Before the tests, the cylinders were cut into cylinder specimens with a diameter of 70 mm and height of 35 mm for the SHPB tests and cylinder specimens with a diameter of 70 mm and height of 140 mm for the static compressive strength tests.
RESULTS AND DISCUSSION
Static compressive strength test results
The static compressive strength test results of the cubic specimens and the cylindrical specimens are shown in Table 3. Three specimens were prepared for each mix proportion, and the results are mean values. With the increase of the water binder ratio, the static compressive strength decreases gradually. The typical failure mode of the specimens for the static compressive strength test is shown in Figure 3. The specimens showed strong integrity after the tests since the fragments were connected by the PE fibers.
TABLE 3 | Static compressive strength test results.
[image: Table 3][image: Figure 3]FIGURE 3 | Typical failure mode for the static compressive strength tests. (A) Cubic specimen. (B) Cylindrical specimen.
Dynamic failure modes
In the SHPB tests, at a relatively low strain rate, the broken specimens showed certain integrity (most fragments were connected through PE fibers), which was similar to the results of the static compressive strength tests. At a relatively high strain rate, the specimens were damaged seriously with small fragments. There were few PE fibers connecting the fragments. The failure modes of the specimens of mix M1 under different loading pressures are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Typical failure modes for the SHPB tests under different loading pressures.
Dynamic stress-strain relationship
In the SHPB tests, three loading pressures (0.65, 0.85, and 1.05 MPa) were used for each mix proportion, and the corresponding incident bar speeds were 8.22, 9.90, and 11.56 m/s respectively. The dynamic stress-strain curves obtained in this study is shown in Figure 5. Each dynamic stress-strain curve is the average of the test results of three specimens. (Because of equipment failure, only one specimen in the 1–0.65 group had collected valid data.) The strain rate, dynamic compressive strength, dynamic peak strain, and dynamic increase factor (DIF, ratio of the dynamic compressive strength to the cylindrical compressive strength) are shown in Table 4.
[image: Figure 5]FIGURE 5 | Dynamic stress-strain curves. (A) Mix proportion M1. (B) Mix proportion M2. (C) Mix proportion M3.
TABLE 4 | SHPB test results.
[image: Table 4]Because of the existence of the PE fibers, the stress-strain curves have a long post-peak descending section. The mechanical properties of the specimens with different mix proportions exhibit strain rate sensitivity. The dynamic compressive strength and dynamic peak strain increase, with the increase of strain rate. For the specimens with the same mix proportion, the curves decrease gently with a relatively low strain rate, and the curves decrease steeply with a relatively high strain rate. This corresponds to the dynamic failure modes of the specimens: the specimens with a relatively low-strain rate still have certain integrity after failure because of the bridging effect of the PE fibers, which leads to a gentle decrease in bearing capacity. On the contrary, the PE fibers cannot maintain the integrity of the specimens with a relatively high strain rate, and the specimens were damaged seriously, which leads to a steep decrease in bearing capacity. Under the same loading pressure, the strain rates of the specimens with different mix proportions are similar, and the comparison of stress-strain curves is shown in Figure 6. Under the same loading pressure, the higher the static compressive strength is, the steeper the falling section of the stress-strain curves is, and that means, the worse the ductility is.
[image: Figure 6]FIGURE 6 | Comparison of dynamic stress-strain curves of specimens with different mix proportions. (A) Loading pressure 0.65 MPa. (B) Loading pressure 0.85 MPa. (C) Loading pressure 1.05 MPa.
Dynamic compressive strength
It can be seen from Figure 5 and Table 4 that the dynamic compressive strength of the specimens increases, with the increase of strain rate. This obvious strain rate hardening phenomenon could be explained by the theory of energy. The failure of the specimens was due to the generation and development of cracks. The higher strain rate led to more cracks, more serious damage, and more energy to reach failure. However, the higher strain rate would lead to a shorter collision time, which resulted in a shorter time for the material to accumulate energy and a shorter buffer time. Enough energy could be accumulated for the generation and development of cracks only by increasing its stress (Li et al., 2008). Under the same loading pressure, the higher the static compressive strength was, the higher the corresponding dynamic compressive strength was.
Dynamic peak strain
In the static compressive strength tests, the maximum peak compressive strain is 0.44% (M1). In this study, the minimum dynamic peak strain of the specimen was 0.673% (1–0.65), and the maximum was 0.986% (2–1.05). The dynamic peak strain is sensitive to strain rate. The relationship between the common logarithm of strain rate and dynamic peak strain is obtained by linear fitting:
[image: image]
where [image: image] is the strain rate. The slope of the fitted linear function is 0.0057. The larger the slope is, the more obvious the strain rate effect is. The relationship between the fitting function and data obtained from the tests is shown in Figure 7. The goodness-of-fit R2 is 0.89, indicating that the fitting result is good.
[image: Figure 7]FIGURE 7 | Relationship between the strain rate and the dynamic peak strain.
Dynamic toughness
Toughness refers to the energy dissipated by the material during deformation. It is a comprehensive index of material strength and deformation capacity. It can be calculated by the area between the stress-strain curves and abscissa axes. In this study, taking the peak strain as a boundary, areas between the abscissa axes and rising section (Sup), falling section (Sdown) of the stress-strain curves, and the complete curves were calculated respectively to evaluate the dynamic toughness. The dynamic toughness indexes of PE-ECC with three mix proportions under different loading pressures are shown in Table 5. The dynamic toughness is sensitive to strain rate: the higher the strain rate is, the better the dynamic toughness is. As shown in Figure 8, with the same loading pressure, the higher the water binder ratio is, the worse the dynamic toughness becomes. Although the higher water binder ratio makes PE-ECC have better deformation ability, it also reduces its compressive strength, and finally reduces the dynamic toughness. The energy dissipated in the rising section of the stress-strain curves was little (The maximum is only 16.5%). Most of the energy was dissipated through the descending section, which means that the addition of PE fibers greatly improves the dynamic toughness of the material.
TABLE 5 | Dynamic toughness index of the specimens.
[image: Table 5][image: Figure 8]FIGURE 8 | Comparison of dynamic toughness of the specimens with different mix proportions.
CONCLUSION
In this study, we present the effects of water binder ratio and strain rate on the mechanical properties of the PE-ECC specimens under impact load. Based on the static compressive strength tests and the SHPB tests of PE-ECC specimens with three mix proportions, the following conclusions could be obtained:
1. The PE fibers in PE-ECC could change the failure mode of the specimens. In the static compressive strength tests and the SHPB tests with relatively low strain rates, the broken specimens had certain integrity. (Most fragments were connected through PE fibers.) In the SHPB tests with a high strain rate, the specimens were damaged seriously, and the size of the fragments was small. In addition, there was no phenomenon that the fragments were connected through PE fibers.
2. The PE-ECC specimens have excellent compressive ductility, and the stress-strain curves have a long post-peak descending section. The mechanical property is sensitive to strain rates. The dynamic compressive strength increases, with the increase of strain rate. For the specimens with the same mix proportion, the curves decrease gently with a relatively low strain rate, and the curves decrease steeply with a relatively high strain rate.
3. The dynamic peak strain and the dynamic toughness are sensitive to the strain rate. The dynamic peak strain increases linearly with the common logarithm of strain rate. The higher the strain rate is, the better the dynamic toughness is. For specimens with the same loading pressure, the higher the water binder ratio is, the worse the dynamic toughness becomes.
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