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Abstract

Using a high-speed photography system and a split Hopkinson pressure bar, macro-polypropylene fiber reinforced

cementitious composites are tested to reveal the effects of the macro-polypropylene fiber volume fraction and load-
ing rate on the dynamic tensile strength and failure mode. We also analyze the functional relationship between the
dynamic tensile strength, loading rate, and fiber volume fraction, and study the splitting failure process using digital
image correlation technology. The evolution law of the strain and displacement fields of the specimens is obtained,

image correlation method

and the effect of the fiber volume fraction on the crack initiation strain value is quantitatively studied. The results
show that the appropriate fiber content (1.5-2%) can significantly improve the dynamic tensile strength, while a
higher fiber content (2.5%) leads to deterioration of the specimen. Adding macro-polypropylene fiber prevents the
specimen from undergoing central tensile fracturing under dynamic loading, and distributes the impact load more
evenly, thus improving the ability of the specimen to resist cracking.
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1 Introduction

Cementitious composites have poor toughness and
poor deformation ability. As a result, it is difficult for
such composites to absorb energy through deformation
under impact loading. This produces many disadvan-
tages when applied to protection engineering. Adding
fibers to cementitious composites can improve their ten-
sile strength, ductility, toughness, and impact resistance
(Konstantinos & P. SJ, 2021; Pakravan et al., 2017). Com-
mon fibers include metal, polymer, or natural fibers. In
particular, polypropylene fibers have the advantages
of high durability, light weight, and low cost, and when
added to cementitious composites, they have the effect of
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strengthening and toughening the material. Hence, they
are widely used in the field of protective engineering.

At present, the research on polypropylene fiber cemen-
titious composites mostly focuses on micro-polypropylene
fibers. The addition of fine fibers is greatly affected by fiber
dispersion, and high dosages degrade the performance of
the cementitious composites (MAZAHERIPOUR et al,
2010). Macro-polypropylene fibers (diameter is greater
than 0.1 mm) achieve sufficient reinforcing and tough-
ening effects to be considered as reliable substitutes for
steel fibers (Yin, 2015), and can overcome the influence of
fiber dispersion within a certain range. Hsie (Hsie et al,
2008) conducted an experimental study on the compres-
sive and tensile strength of concrete samples containing
fine and coarse polypropylene fibers. With the addition
of coarse fibers, the strength of the material was signifi-
cantly improved. Through experimental research, Liang
(Liang et al., 2022) found that macro-polypropylene fiber
reinforced cementitious composites (macro-PPFRCCs)
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can significantly improve the failure mode of the material.
The bonding effect of macro-PPFRCCs also means that
the material failure process presents excellent toughness
characteristics.

Protective structures often face the threat of shock loads,
such as from explosions, so it is necessary to conduct in-
depth research on the dynamic mechanical properties of
fiber—cement composites. Ye (Zhong, 2018) studied the
dynamic compressive properties of steel fiber reinforced
concrete under different fiber contents and strain rates, and
found that an increase in the strain rate and fiber content
significantly increased the strength of the samples. Xie (Xie
et al., 2022) studied the dynamic tensile properties of basalt
fiber reinforced concrete, and reported that the fracture
time of the specimens was extended following the addi-
tion of basalt fibers. According to previous research (Enrico
et al,, 2021; Guo et al,, 2019; Liang et al., 2018), the strain
rate is an important factor affecting the dynamic mechani-
cal properties of cement-based materials, which makes the
study of material properties under dynamic loading more
complicated than static tests. At present, the split Hopkin-
son pressure bar (SHPB) is the main device for studying
the destruction mechanism of materials under dynamic
loads (Zhou, 2011). However, it is difficult to determine the
dynamic tensile failure process of the material accurately
using an SHPB, so it is necessary to use more effective
testing methods. Digital image correlation (DIC) is a non-
destructive testing technology that can detect and analyze
the strain field and displacement field during the fracture
process of the specimen (Niu et al., 2019; Qing et al., 2019;
Yu, 2018). Zhao (Zhao et al., 2018) studied the impact
resistance of steel fiber reinforced cement-based compos-
ites using DIC, and obtained the evolution law of the sur-
face displacement field and strain field of the specimen. Wu
(Wu et al,, 2011) used DIC technology to monitor the crack
opening displacement during the concrete fracture pro-
cess. The test results were found to be consistent with the
extensometer results, thus verifying the reliability of using
DIC technology to study the concrete fracture process.

The failure of materials under blast loads is usually domi-
nated by the tensile failure of the back blast surface (Yang,
2020). Thus, it is necessary to study the dynamic tensile
properties of macro-PPFRCCs. This paper reports the
results of experiments in which the dynamic Brazilian split-
ting test was used to test cementitious composites with six
different macro-polypropylene fiber (macro-PPF) volume
fractions.

Table 1 Fiber properties
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2 Materials and Methods

2.1 Materials

Considering the effect of excessively high dosages, where
the fibers bind together to form agglomerates, the fiber
volume fraction § of the macro-PPF was selected to be
0%, 0.5%, 1%, 1.5%, 2%, and 2.5%. The fiber properties are
listed in Table 1, and the mix proportions of the cementi-
tious composite specimens are presented in Table 2.

A group of specimens with no added macro-PPF was
used as a control group; this group is indicated by the
prefix N-0. The different macro-PPFRCC groups are
numbered as PP-i-j-y, where PP denotes that the speci-
men contains macro-polypropylene fiber; i=0.5, 1, 1.5, 2,
or 2.5 indicates the J§ value of the fiber; j=3, 4, 5, 6, or
7 corresponds to the impact velocity (m/s); and y is the
test count. The Brazilian disc specimens used in the test
and the Brazilian disc specimens after being sprayed with
speckles are shown in Fig. 1.

2.2 SHPB Device and Dynamic DIC System

The dynamic splitting tensile test of macro-PPFRCC
specimens was carried out using an SHPB with a diam-
eter of 50 mm. A high-speed camera (Kirana-5 M) was
used to collect pictures of the fracture process of the
macro-PPFRCC specimens. During the experiments,
the trigger mode was set to a falling edge trigger, and the
trigger voltage was the same as that of the ultra-dynamic
strain gauge. The acquisition rate, spatial resolution, and
camera trigger time were set to 100,000 fps, 10.2 PPi/
mm, and 0 ps, respectively. A schematic diagram of the
test setup is shown in Fig. 2.

2.3 Test Data Processing

The loading force at both ends of the specimen can be
obtained from

Table 2 Mix proportions of polypropylene fiber concrete

Number Sand/ Water/ Cement/ Flyash/ /%
kgm™3 kgm™3 kgm=3 kgm3

N-0 541 303 649 433 0
PP-0.5 541 303 649 433 0.5
PP-1 541 303 649 433 1
PP-1.5 541 303 649 433 1.5
PP-2 541 303 649 433 2
PP-2.5 541 303 649 433 25

Fiber type Diameter Length

Tensile strength

Elastic modulus Water absorption

Modified polypropylene fiber 0.18 mm 12mm

750 MPa

8GPa Does not absorb water
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According to the Information Security Risk Man-
agement (ISRM) recommendations (Zhou, 2011), the
dynamic force should be balanced. A dynamic force bal-
ance verification diagram is shown in Fig. 4. It can be
seen that the dynamic force balance has been achieved.

The dynamic tensile stress o;(t) of the macro-PPFRCC
specimens can be obtained by Xie et al. (2022); Zhou,
2011)

2P(t)
or(t) = - 2)
where P(t) is the load on the specimen and B, D are the
thickness and diameter of the disc specimen, respectively.

2.4 Determination of Load Rate
According to the ISRM recommendations (Zhou, 2011),
the loading rate ¢ is generally determined by the slope of
. the linear segment of the stress—time curve. The loading
(b) DIC specimens rate determination curve for a typical specimen in this

Fig. 1 Brazilian disc specimens study is shown in Fig. 5.
In this paper, five impact velocities (3 m/s, 4 m/s, 5 m/s,
6 m/s, and 7 m/s) were set, and each group of specimens
Py = AE(g; + Sr)} was tested three times at each impact speed.

P2 = AE&‘t (1)

3 Results

3.1 Test Results

By analyzing the test results in this paper, there is a sig-
nificant positive relationship between the dynamic tensile
strength o, and the loading rate 6. The typical experi-
mental results are shown in Fig. 6.

where A and E are the cross-sectional area and elastic
modulus of the bar, respectively. A schematic diagram of
the dynamic tensile loading of a Brazilian disc specimen
is shown in Fig. 3.

®  — High speed camera

Laser Velometer

"' Strain gauge Strain gauge

5|

Pressure vessel Striker Input bar Sample Out bar Aosorption bar

Damper

LR ‘*- —-
435401000 EI
‘ Computer

Ultra-dnymic strain gauge

Fig. 2 Schematic diagram of the experimental setup
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Fig. 5 Determination of loading rate of typical specimen

As can be seen from Fig. 6, when ¢ is less than 2%, the
addition of macro-PPF creates a bonding effect between
the matrix of the macro-PPFRCC specimen, preventing

and delaying the development of microcracks. There-
fore, the dynamic tensile strength of the specimen is
improved. When J exceeds 2%, the addition of fibers
negatively affects the strength because of the associated
increase in porosity. When the loading rate is less than
650 GPa/s, the specimen with 1.5% macro-PPF exhibits
relatively high strength, whereas when the loading rate
exceeds 650 GPa/s, specimens with 2% macro-PPF have
relatively high strength.

3.2 Dynamic Splitting Strength as a Function of Loading
Rate and Fiber Volume Fraction

The results presented in Sect. “Test results” indicate

that the strength o of the macro-PPFRCC specimens is

affected by two factors: the loading rate ¢ and the fiber

volume fraction §. Thus, the strength has a functional

relationship of the form:

or = f(6) +/(8) (3)

where f, (¢) is the strength function related to ¢ and f; (6)
is the strength function related to §. According to Fig. 6,
there is a linear relationship between o, and 6, so f, (6)
can be written as

Jt(6) = Kio + (1 (4)

Relevant research suggests that the strength of fiber
cement-based composites does not always increase
with increasing fiber content. When the fiber content
becomes too high, the strength deteriorates because
of fiber agglomeration (Ahmed et al, 2009), which
causes a reduction in tensile strength. The experimental
results also suggest that there is a nonlinear relationship
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between o and 8. As shown in Fig. 7, under the impact
loads considered in this study, the tensile strength of the
specimen increases and then decreases as § increases,
although the initial increase is not significant at lower
fiber concentrations.

Therefore, there is a polynomial functional relationship
between § and f;() of the form:

£(8) = A8® + B8%+C8 + Cy (5)

Equations (4) and (5) can be substituted into Eq. (3) to
give the following expression for the tensile strength of
macro-PPFRCC specimens:

o=K16 + A8 + B§*+C8 + K, (6)
where K, is the sum of the constant terms:
K=CG+G (7)

To determine the parameters K;, A, B, C, and K, in
these equations, we use the undetermined coefficient
method. The coefficients K; and K, can be obtained by
linear fitting of the test results from specimens with a
fiber volume fraction of 0%. These values can be substi-
tuted into Eq. (6) for simplification, and then the relation-
ship between f,(0) and § can be obtained. The parameters
A, B, and C are determined by fitting the cubic function
relationship between f(0) and § for each group of speci-
mens under similar loading rates. The results are shown
in Fig. 8.

Finally, we obtain the following expression for the
dynamic tensile strength of the macro-PPFRCC speci-
mens considered in this study:

0=0.01456 — 1.09578> + 2.78048%—0.7628 + 8.254

(8)

Typical test points can be compared with the fitted
curve in Fig. 7.

It can be seen from Fig. 9 that the fitting function

has a high degree of correlation with the test results
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obtained in the experiments. Thus, this expression accu-
rately reflects the influence of the fiber volume frac-
tion and loading rate on the dynamic tensile strength of
macro-PPFRCCs.

4 Analysis of DIC Results

4.1 Fracture Process

To explore the failure mechanism of the macro-PPFRCC
specimens, the failure process was recorded by a high-
speed camera. Through image analysis, it is found that
the fiber content significantly affects the crack initia-
tion mode of the specimens. When §=0% and 0.5%, the
specimen cracks from the center. The typical crack ini-
tiation process of the specimen is shown in Fig. 10. As
d increases, the specimens crack from both ends; the
typical crack initiation process for this case is shown in
Fig. 11.

In splitting tests using cementitious composites, the
homogeneity of the material has a significant effect on
the crack initiation mode of the specimen (Xu et al.,
2020; Yang et al., 2021). In this study, when ¢ is low

% Rawdata
Fit curve surface

30

25

g 20
2
5

15 \

R
= R e
1200 < =
1000 ~ Y e
800 2
. 600 . 15
Qs 400 )\///(05 1ol

200 o

Fig. 9 Verification diagram of fit curve
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Fig. 10 Crack initiation in the center of the PP-0.5-3-1 specimen

(a) 250 ps (b) 260 ps

Fig. 11 Crackinitiation at the end of PP-1.5-3-2 specimen

(a) 260 ps (b) 270 us

(0-0.5%), the porosity of the specimen is low and the
material is relatively homogeneous, and so the mate-
rial is prone to tensile failure in its center, where the
tensile stress is most concentrated. With increasing
fiber volume fraction, the tensile failure resistance of
the specimen improves significantly, and so failure in
the center of the specimen is avoided. However, as the
porosity increases, the combined action of shear stress
and tensile stress causes microcracks to develop in the
area, where the specimen is in contact with the bar, and
these microcracks propagate along the loading axis.
Further analysis of the dynamic splitting process was
conducted using the VIC-2D software to postprocess
the captured images. We selected a square area of the
specimen as the area of interest (AOI), and placed
one measuring point in every nine-pixel region on the
center line (ST line) of the AOL These measuring points

Frame: 014 Time from trigger: 140.05us

Fig. 12 DIC analysis area

Exposure: 500ns  Framerate: 100000fps
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were used to analyze the change in the displacement
and strain fields of the specimen, as shown in Fig. 12.

The y-direction displacement field and a strain field
evolution cloud map were calculated for each group of
specimens. The results for two typical specimens are
shown in Figs. 13 and 14.

Comparing the displacement field changes in Figs. 13
and 14, it can be seen that, initially, the distribution
of the displacement field on the surface of the speci-
mens is relatively uniform, and there are no significant
changes in the displacement gradient. As the loading
progresses, the displacement gradient changes in the
AOI The larger displacement gradient of specimen
PP-0.5-3-1 is concentrated in the center of the speci-
men, while that of specimen PP-2-3-1 is concentrated
in the area close to the right end of the bar. This phe-
nomenon leads to the different crack initiation posi-
tions of this specimen. Similarly, by analyzing the
variations in the strain fields in Figs. 13 and 14, it can
be seen that before the specimens undergo crack initia-
tion, there is no significant strain concentration in the
AOL As the loading progresses, the specimens begin to
exhibit significant strain concentration along the load-
ing axis. With the crack initiation, the strain begins to
decrease, except at the crack initiation position, and
the strain concentration phenomenon is released. The
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crack initiation position of specimen PP-0.5-3-1 is
concentrated in the center of the AOI, while specimen
PP-2-3-1 suffers crack initiation on its right side, where
a flame-like strain concentration area appears, and the
crack propagates along the loading axis.

The information obtained by DIC was further analyzed
to obtain the changes in the tensile strain ¢, at each meas-
uring point on the ST line for each group. The results for
a typical specimen from each group at the same impact
velocity (3 m/s) are shown in Fig. 15. In the figure, Ax is
the distance of the measuring point from the left end-
point of the ST line.

As can be seen from Fig. 15a, b, the variation of ¢, at
each measuring point on the ST line is relatively uni-
form. The increase in the strain at each point is relatively
small, and the longitudinal strain distribution on the ST
line is approximately straight. As the loading progresses,
the curves at each time become approximately paral-
lel. When the fiber volume fraction is relatively high,
Fig. 15c—f shows that the strain on the ST line of each
specimen does not vary evenly. The strain at the right
measuring point of the ST line changes significantly
faster than at the left measuring point, which affects the
crack initiation position of the specimen. To further eval-
uate the tensile properties of the specimens with various
volume fractions of macro-PPF, and accurately determine

(a) Displacement field
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Fig. 13 DIC analysis results of PP-0.5-3-1
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the crack initiation strain, the strain changes were ana-
lyzed at each measuring point on the ST line. Fig. 16
shows the evolution of ¢, at a typical measuring point on
the ST line.

As can be seen from Fig. 16, during the initial loading
period, the tensile strain at the measuring point exhibits
a nonlinear change. With the initiation and propagation
of microcracks, the nonlinearity of the curve reaches a
maximum, and the specimen begins to exhibit macro-
scopic fractures. At this time, ¢, reaches the crack initia-
tion strain, and the nonlinearity of the curve begins to
weaken toward a linear change. To further quantify this
change process, the curvature of the &,-t curve at each
measuring point on the ST line at each moment is shown
in Fig. 17. To ensure uniform order of magnitude in the
numerator and denominator when calculating the curva-
ture, the strain and time units were set to 1073 and 10 Us,
respectively.

Fig. 17 shows that the curvature of the ¢ -t curve accu-
rately quantifies the variations in ¢,. Greater values of the
curvature indicate a higher degree of nonlinearity of the
strain curve at that location. A decrease in the curva-
ture indicates that the degree of nonlinearity is decreas-
ing. As the curvature approaches 0, the changes become
linear. In this paper, the tensile strain corresponding to
the moment at which the degree of nonlinearity begins

to decrease is taken as the crack initiation strain, that is,
the value corresponding to the moment after the cur-
vature has peaked. Fig. 17 also shows that the propaga-
tion process of the crack evolves, and the peak points at
each measuring point do not all occur at the same time.
Therefore, to avoid errors, the average value of the crack
initiation strain obtained at each measuring point on
the ST line is taken as the crack initiation strain ¢, of the
specimen.

According to the results obtained in this study, there
is no significant correlation between the crack initiation
strain of the specimen and the impact velocity. Under the
same fiber volume fraction, the crack initiation strain of
the specimen fluctuates within a small range. The aver-
age value of ¢, for each group of specimens is shown in
Fig. 18.

As can be seen from Fig. 18, when § is in the range
0-1%, &, increases significantly with respect to J, indi-
cating that the addition of macro-PPF significantly
improves the ability of the specimen to control crack
development. When & exceeds 1%, the ability to con-
trol cracking becomes limited. The &, values of speci-
mens with §=1%, 1.5%, and 2% fluctuates in a similar
range, indicating that an increase in J also enhances the
porosity of the specimen. When ¢ is greater than 2%,
the crack initiation strain of the specimen decreases
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5/%
Fig. 18 Relationship between ¢, and fiber volume fraction

significantly. Combined with the analysis of the tensile
strength presented in this paper, the appropriate fiber
content (such that the cement cracks, but the fibers do
not break) allows the specimen to retain some bearing
capacity. Brittle failure transforms into ductile failure,
and the specimens exhibit good strain hardening char-
acteristics, so their strength has improved.

Table 3 Failure modes of macro-PPFRCCs
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4.2 Failure Mode
The failure modes of typical specimens are presented in
Table 3.

It can be seen from Table 3 that the failure modes of
specimens with different fiber volume fractions have sig-
nificant differences. Compared with the specimen with
no added fibers, the macro-PPFRCCs are in fewer frag-
ments after failure, and the shape remains relatively com-
plete. Under low-speed impact, a crack basically develops
along the central axis of the specimen. As the impact
velocity increases, the number of cracks in the specimen
increases, and the specimen breaks into more pieces.
Compared with the complete cracking of specimens with
fiber volume fractions of 0-1.5%, specimens with fiber
volume fractions of 2-2.5% exhibit relatively few cracks
under the same impact velocity. This phenomenon shows
that the fibers play a good role in connecting the material
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matrix and improving the integrity of the specimen. This
improves the impact resistance of the specimens and pre-
vents tensile damage.

5 Conclusions

To explore the influence of the fiber volume fraction and
loading rate on the dynamic tensile strength and failure
mechanism of macro-PPFRCCs, the dynamic Brazilian
splitting test was applied to cementitious composites
with six different macro-PPF volume fractions (0%, 0.5%,
1%, 1.5%, 2%, and 2.5%). The following conclusions have
been obtained:

(1) The incorporation of fibers has both positive and
negative effects. When the added macro-PPF exceeds
2% by volume, the fibers negatively affect the strength,
resulting in deterioration of the specimen because of the
associated increase in porosity.

(2) Both the loading rate and the fiber content have
significant effects on the strength of the specimen. The
dynamic tensile strength of macro-PPFRCCs can be
determined as a function of these two factors. Under the
experimental conditions of this paper, the relationship
was found to be as follows:

or=0.01456 — 1.09578% + 2.780482—0.7625 + 8.254

(3) The volume fraction § of macro-PPF significantly
affects the crack initiation mode of the specimen. When
8=0-0.5%, the specimen cracks from the center. An
increase in d leads to microcracks developing in the area,
where the specimen is in contact with the bar. A reason-
able amount of fiber prevents the specimen from being
damaged by central tension under dynamic loading, and
distributes the impact load more evenly.

(4) Adding macro-PPF improves the ability of the spec-
imen to resist cracking. An appropriate fiber content can
significantly increase the crack initiation strain of the
specimen.
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