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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 themost 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

OPEN ACCESS

EDITED BY

Kequan Yu,
Tongji University, China

REVIEWED BY

Xingyan Shang,
Shandong Jianzhu University, China
Jingming Cai,
Southeast University, China

*CORRESPONDENCE

Lingfei Liu,
lingfeiliu@fosu.edu.cn

RECEIVED 11 April 2023
ACCEPTED 03 May 2023
PUBLISHED 11 May 2023

CITATION

Liu L, Xiao J and Wu Z (2023),
Experimental study on compressive
behavior of PE-ECC under impact load.
Front. Mater. 10:1204083.
doi: 10.3389/fmats.2023.1204083

COPYRIGHT

© 2023 Liu, Xiao and Wu. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Materials frontiersin.org01

TYPE Original Research
PUBLISHED 11 May 2023
DOI 10.3389/fmats.2023.1204083

https://www.frontiersin.org/articles/10.3389/fmats.2023.1204083/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1204083/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1204083/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2023.1204083&domain=pdf&date_stamp=2023-05-11
mailto:lingfeiliu@fosu.edu.cn
mailto:lingfeiliu@fosu.edu.cn
https://doi.org/10.3389/fmats.2023.1204083
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2023.1204083


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

FIGURE 1
Schematic diagram of the SHPB device.

FIGURE 2
SHPB device of Foshan University.

TABLE 1 Parameters of the PE fibers.

Fiber type Diameter/μm Length/mm Tensile strength/MPa Elongation/% Elastic modulus/GPa

REC15/12 mm 19 18 3,000 2.42 110

TABLE 2 Mixing proportions (mass ratio).

Mix proportion Cement Fly ash Quartz sand Water Fiber (volume ratio)/% Superplasticizer Thickener

M1 0.500 0.500 0.330 0.360 1.5 0.0040 0.000482

M2 0.500 0.500 0.330 0.340 1.5 0.0058 0.000477

M3 0.500 0.500 0.330 0.320 1.5 0.0066 0.000471
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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

TABLE 3 Static compressive strength test results.

Mix proportion Cubic compressive
strength/MPa

Cylindrical compressive
strength/MPa

Peak compressive strain of the cylindrical
specimens/με

M1 41.6 41.9 4,400

M2 44.5 47.7 3,750

M3 51.2 54.7 3,300

FIGURE 3
Typical failure mode for the static compressive strength tests. (A)
Cubic specimen. (B) Cylindrical specimen.

FIGURE 4
Typical failure modes for the SHPB tests under different loading
pressures.
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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.

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.

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

FIGURE 5
Dynamic stress-strain curves. (A) Mix proportion M1. (B) Mix
proportion M2. (C) Mix proportion M3.
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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.

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.

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.

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.

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

TABLE 4 SHPB test results.

Specimen Strain rate/s−1 Dynamic compressive strength/MPa Dynamic peak strain DIF

1–0.65 185.5 66.3 0.00673 1.58

1–0.85 248.4 73.6 0.00850 1.76

1–1.05 305.6 80.7 0.00979 1.92

2–0.65 179.9 68.0 0.00702 1.43

2–0.85 250.9 74.1 0.00866 1.55

2–1.05 302.6 82.8 0.00986 1.74

3–0.65 180.8 75.3 0.00666 1.38

3–0.85 249.7 80.0 0.00734 1.46

3–1.05 300.6 84.7 0.00967 1.55

Note: numbers 1, 2, and 3 mean the mix proportion M1, M2 and M3; 0.65, 0.85 and 1.05 mean the loading pressure 0.65, 0.85, and 1.05 MPa.
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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

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.
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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:

εP � 0.0057lg_ε − 0.0228

where _ε 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.

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

FIGURE 7
Relationship between the strain rate and the dynamic peak strain.

TABLE 5 Dynamic toughness index of the specimens.

Specimen Sup/MJ/m3 Sdown/MJ/m3 S/MJ/m3

1–6.5 0.349 1.810 2.159

1–8.5 0.480 2.473 2.953

1–10.5 0.536 2.715 3.251

2–6.5 0.363 2.271 2.634

2–8.5 0.473 2.744 3.217

2–10.5 0.537 3.114 3.651

3–6.5 0.393 2.442 2.835

3–8.5 0.422 2.960 3.382

3–10.5 0.565 3.331 3.896
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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.

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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