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Abstract: Macrofibers have often been used to increase the tensile strength, durability, crack resistance,
spalling, impact resistance, and toughness of concrete. However, the impact behavior of fiber-
reinforced concrete (FRC) structures is quite different from their static behavior, and the effectiveness
of macrofibers in improving impact resistance should be carefully evaluated. In this study, the impact
behavior of FRC with polypropylene (PP) macrofibers was studied through a series of drop-weight
impact tests. First, the material characteristics of the FRC with PP fibers under static conditions were
evaluated. Test specimens were constructed and drop-weight impact tests were performed. The
main parameters were the presence or absence of PP fibers and the drop height, which is related to
the magnitude of the impact energy. From the results, it can be found that the crack width of the
FRC specimen was smaller than the normal concrete specimen for a similar residual deflection after
the impact test due to the bridging effect of the macrofibers. However, the effect of PP fibers on the
impact resistance was not significant, even though there was a considerable increase in tensile and
flexural performance under static conditions, since the hardening effect after the sharp reduction in
strength shown in the static test of FRC is not effective in the impact test.

Keywords: fiber reinforced concrete; polypropylene macrofiber; impact resistance; drop-weight
impact test

1. Introduction

The low tensile strength of concrete compared to its compressive strength limits the
further application of concrete in many scenarios requiring impact resistance concrete
(e.g., barriers under vehicles, railway accidents, offshore structures exposed to ship colli-
sions, and protective structures in rock-fall zones) [1]. New concrete materials have been de-
veloped to compensate for tensile weakness by adding fibers to concrete mixtures to create
fiber-reinforced concrete (FRC). Various discontinuous fibers, such as steel, polypropylene
(PP), carbon, and polyvinyl alcohol (PVA), are commonly used to enhance tensile strength,
durability, crack resistance, impact resistance, spalling, and toughness [2—4]. The impact
energy-absorption capacity of fibers that fail, pull out, or bridge during impact makes FRC
a good candidate for impact-resistant concrete.

Fibers can be categorized as microfibers or macrofibers. Microfibers are less than
0.3 mm in diameter and 12-19 mm in length, and the typical dose varies from 0.05 to
0.2% by volume. Macrofibers are 38-51 mm in length with a dosage of up to 10 kg/m?,
depending on the application [4,5]. Fibers can be classified into two groups according to
their purpose: structural performance or crack control. Microfibers are used to control
shrinkage cracks in concrete without providing any resistance to further crack development
and to reduce the explosive spalling of high-strength concrete exposed to fire. Due to
the bridge effect, macrofibers can replace the steel reinforcement in concrete and fulfill a
load-bearing function while also increasing flexural toughness and impact resistance [5].

Many studies have been conducted on steel and microfibers, but research on macrofibers
is rare [2,6,7]. The structural application of PVA fibers is very limited because of their high
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cost and lack of local availability [8]. Yoo and Banthia [4] extensively reviewed the effect
of fiber on impact resistance by considering fiber type and shape, orientation, and coarse
aggregate. They reported that the strain-rate sensitivity of FRC varied according to the
loading condition, matrix strength, and saturation. Blazy and Blazy [2] summarized the
research on PP fiber-reinforced concrete and reported a positive effect on concrete impact
resistance. Feng et al. [9], Altalabani et al. [10], and Karimipour et al. [11] conducted tests for
the impact resistance of concrete with PP fibers, and they reported that the impact resistance
of PP fiber-reinforced concrete is greater. As a result, PP macrofibers were adopted as a
possible economical fiber material for impact-resistant concrete in this study. However, the
impact tests used by previous researchers [9-11] were small-scale, and they focused on the
material response rather than structural behavior. Thus, the effect of PP macrofibers on
impact behavior should be verified at the structural system level.

The behavior of FRC under impact loading is different from that under static condi-
tions. Thus, the effectiveness of FRC on impact resistance should be evaluated carefully
while considering fiber characteristics, fiber volume, and impact-load conditions. For
example, a high-volume fraction of fiber plays an important role in the enhancement of
mechanical performance, and fibers with a volume fraction of 2% exhibit excellent pull-out
behavior and bond strength [12]. However, an increase in the fiber content can affect the
workability and consistency due to unevenly distributed small clumps of fibers and im-
proper low fluidity. Therefore, the appropriate fiber content should be carefully determined
to improve the mechanical properties of FRC. Furthermore, an optimal fiber fraction in
static conditions is unlikely to be available for impact loading conditions.

The best way to investigate the impact behavior of FRC is by experimental study.
The drop-weight impact test is commonly used because it can easily change the input
impact energy by adjusting the drop height and concrete mass. The widely accepted and
simplest low-velocity impact test method is the drop-weight test proposed by ACI [9,13,14],
and many experiments have been conducted by developing independently instrumented
impact-testing facilities [15-18]. Wu et al. [19] and Chen [15] investigated the impact
characteristics of concrete using drop-weight impact tests at a strain-rate range of 107! /s
to 102 /s.

Meanwhile, the impact resistance of normal and high-strength concrete, FRC, and
even nanoscale FRC have been investigated [7]. However, these studies were mainly
conducted on beams constructed using steel and polymer fibers or discussed blast effects
on building damage [20]. Relatively few studies have been conducted on the impact
behavior of concrete panels with PP macrofibers under low strain rates of loading, such as
vehicle impact, plane crashes, or the collision of hydrogen storage vessels in a hydrogen
station. Additionally, it is noted that the study with the large-scale impact test is rare, while
most studies were performed with a small-scale impact test machine.

In this study, we focused on the impact behavior of an FRC panel with PP macrofibers
compared to reinforced concrete at low strain rates, such as vehicle impact. The material
properties of FRC with PP fibers under static conditions were evaluated. Subsequently, an
experimental study was conducted using the drop-weight impact test. The main parameters
were the impact energy and the effect of the PP macrofibers on the impact resistance. Six
test specimens were constructed and tested by varying the drop-weight height. The impact
energy-absorbing ability, crack, and deformation profiles were investigated through a series
of tests.

2. Experimental Program
2.1. Test Material Sample Preparation

Type I ASTM C150 Ordinary Portland Cement (OPC), fly ash, and ground-granulated
blast slag (GGBS) manufactured in Korea were used in this study. The tensile strength and
modulus of elasticity of macro-scale PP fibers (51 mm in length and 0.67 mm in diameter)
were 600 MPa and 9.5 GPa, respectively. Local crushed coarse aggregate and a combination
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fine and coarse aggregate are shown in Figure 1.
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Figure 1. Granulometric curves of fine and coarse aggregate.
The normal concrete (NC) for reinforced concrete (RC) panels used as the reference
test specimens for the drop-weight tests had a minimum compressive strength, f.’, of
27 MPa with a water-to-binder ratio of 0.42. The FRC mixture was engineered to obtain a
minimum compressive strength of 40 MPa with a water-to-binder ratio of 0.40. The mixture

proportions are listed in Table 1.

Table 1. Concrete mixture proportions.
Item NC FRC
Type 1 OPC (kg/m3) 315 270
GGBS (kg/m?3) 40 180
Fly ash (kg/mB) 40 N/A
Fine aggregate (kg/m?) 833 831
Coarse aggregate (kg/m?) 902 834
Water (kg/m?) 167 180
Admixture (kg/ m?) 2.77 54
N/A 1.125%

Fibers by volume (%)

Because the target slump was set above 180 mm to ensure proper consistency and consol-
idation, the final fiber content was determined at a volume fraction of 1.125% with a slump of
195 mm. NC and FRC were produced at the same batch plant by adding all ingredients and
fibers in predetermined quantities. For each mixture, 100 mm (diameter) x 200 mm (height)
cylindrical specimens were prepared for compressive strength (ASTM C39) and modulus

of elasticity (ASTM C469) tests.

The flexural strength tests of NC according to ASTM C78 and the flexural perfor-
mance tests of FRC with third-point loading in accordance with ASTM C1609 [21] were
conducted using 100 mm x 100 mm cross sections and 400 mm length prism specimens
under displacement control at a constant rate of 0.0016 mm/s as shown in Figure 2, where

the length between the supports, L, is 300 mm. Ten dog-bone specimens with dimen-
sions of 30 mm x 30 mm X 60 mm were cast for direct tensile strength testing according to

JSCE [22]. All the mixtures were cured in water for 28 days.
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Figure 2. Test setup of flexural performance following ASTM C1609 [21].

2.2. Concrete-Panel Specimens

Three concrete panels were made of FRC with the addition of PP macrofibers, and the
same number of NC slabs were constructed for comparison. Six specimens were prepared
for the drop-weight test, and the dimensions are shown in Figure 3.
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Figure 3. Details of concrete-panel specimens.

All concrete panels had the same geometry (1000 mm x 760 mm x 150 mm) and
reinforcement details. Five longitudinal reinforcements with a diameter of 10 mm were
placed at the top and bottom of the specimen, with a spacing of 150 mm and a cover depth
of 35 mm. Thus, the specimen’s 0.48% reinforcement ratio satisfied the minimum ratio of
0.35% specified in ACI 318 [23]. Four transverse reinforcements with diameters of 10 mm
were placed at a spacing of 300 mm. It is noted that such a concrete panel is intended to be
used as a barrier for a vehicle impact or train derailment. The main failure mode of such a
barrier is a flexural failure by the impact load. Thus, the panel was designed to be failed
by flexure, and the size of the specimen was determined by considering the dimensions
of the drop-weight test facility. If PP macrofibers can increase the flexural performance of
the specimen when an impact load is applied, it is suitable for impact resistance concrete,
which can be confirmed by comparing the results of the FRC and NC specimens.

2.3. Drop-Weight Test Setup

The drop-weight test facility used is shown in Figure 4. The impact equipment
consisted of an impact frame, two load cells with a capacity of 1000 kN each, and an impact
head. The maximum drop height was 5.0 m, and the total mass of the impact equipment
was 718 kg, where the mass of the impact frame, two load cells, and impact head was
430 kg, 14 kg, and 274 kg, respectively. The impact head had a rectangular shape with an
impact width and depth of 135 mm and 500 mm, respectively.
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Figure 4. Drop-weight test setup.

The impact force obtained from the two load cells was different than the total impact
force on the specimen because the load cells were located between the impact frame and
impact head, as shown in Figure 5. In Figure 5, m; and m; are the masses of the impact
head and frame, respectively, and 4 is the acceleration of the impact equipment. The impact
force obtained from the load cells is equal to the mass of the impact frame multiplied by the
acceleration of the impact equipment. Therefore, the total impact force must be calibrated
by considering the mass of the impact head. The impact force can also be obtained from
the impact acceleration. A 2000-g accelerometer was attached to the impact equipment to
record the acceleration during the test.

Impact _

frame AU

F2/2 l F2/2

|_¢__| |£| Load cell
F,/2 I I F,/2
A 4
Impact head impact load
Fi + F;= (m;+my)a

F,+m,a

Figure 5. Impact load calculation.

Two high-speed cameras were located on both sides of the drop-weight test equipment
to record the movement and displacement of the impact equipment and specimen at a
rate of 2400 fps. The concrete panel specimens were supported on steel frames without
restraints. The specimens were struck at various impact velocities by varying the drop-
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weight height, and the test details are summarized in Table 2. In Table 2, the drop height
represents the measured height immediately before the impact test, and the impact velocity
is the theoretical velocity calculated from the conservation of mechanical energy. It is noted
that the maximum drop height was determined by the preliminary finite element analysis
for the NC specimens, and the NC specimens completely failed when the drop height was
equal to 1.0 m.

Table 2. Details of drop-weight test.

Test Specimen Mixture Drop Height (m) Impact Velocity (m/s)
NC-3 NC 0.306 2.45
NC-5 NC 0.508 3.16
NC-10 NC 1.000 4.43
FRP-3 FRC 0.302 243
FRP-5 FRC 0.503 3.14
FRP-10 FRC 1.002 443

3. Test Results
3.1. Material Test Results

From the material tests under static conditions, the average cylindrical compressive
strength at 28 days, f., and the modulus of elasticity, E., of the NC mixture were 28.4 MPa
and 19,369 MPa, respectively. In the case of the FRC mixture, the average f.” and E; were
51.0 MPa and 24,764 MPa, respectively. The target f." of NC and FRC were 27 MPa and
40 MPa, respectively. The actual f.” of NC was almost the same as the target value, whereas
the f.” of the FRC was 27.5% higher than the designed value.

The flexural strength, f+, of the NC mixture was 3.4 MPa, and rapid brittle failure was
observed, similar to other ordinary concrete. The flexural behavior of the FRC mixture was
quite different than that of the NC mixture, and the strength—deflection relationship ob-
tained from the flexural performance test in accordance with ASTM C1609 [21] is shown in
Figure 6. A total of eight specimens (F1-F8) were tested. After the first peak, a sudden drop
in the flexural strength was observed up to approximately 50% of the first peak. Hardening
occurred up to approximately 100% of the first peak with remarkable ductile behavior.
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Figure 6. Flexural strength—deflection relationship of FRC mixture.

The toughness of the FRC mixture was calculated according to ASTM C1609 [21] using
the area under the strength—deflection curves up to the deflection of L/150, where L is the
length between the supports (300 mm). The toughness varied from 27.5J to 38.1 ] at 2 mm
deflection, while the average toughness of NC was estimated at approximately 1.2 J.

Figure 7 shows the direct tensile strength—strain relationship obtained from the direct
tension test of a dog-bone specimen. A total of ten specimens (DT1-DT10) were used for
the direct tension test, respectively. The overall behavior was similar to that of the flexural
test, exhibiting a strain-softening response after the first peak. The average tensile strain
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capacity was approximately 6.0%, the average ultimate tensile strength was 2.85 MPa, and
one or two major cracks were formed in the dog-bone specimens. The strength reduction
after the first peak was approximately 51% of the first-peak tensile strength. The strength
recovery with hardening behavior was smaller than that of the flexural performance test.
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Figure 7. Direct tensile strength-strain relationship of FRC mixture.

The tensile behavior of the concrete was clearly enhanced by adding PP fibers with
a fiber volume fraction of 1.125%. However, a strength reduction after the first peak was
observed, and the effect of the residual strength after the first peak on the flexural and
tensile behavior during the impact should be verified, as the flexural and direct tensile
behaviors noted in Figures 6 and 7 were obtained from static conditions.

3.2. Data Filtering of Drop-Weight Test Results

The data from the impact test contained a large amount of unnecessary noise, and
appropriate filtering of the data was needed. Figure 8a,b shows the Fast Fourier Transform
(FFT) results of the load cell and accelerometer data of specimen NC-3 (refer to Table 2).
As shown in Figure 8, the accelerometer data included high-frequency noise compared to
the load cell data because the accelerometer is more sensitive to vibration than the load
cell. Both the load cell and accelerometer results contained significant data with large
amplitudes in the low-frequency region of 100 Hz or less.
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Figure 8. Fast Fourier Transform results of measured raw data: (a) load cell; (b) accelerometer.

A CEFC filter is often used for vehicle collision tests, and CFC180 (cutoff frequency of
300 Hz) and CFC60 (cutoff frequency of 100 Hz) filters were adopted for the evaluation of
occupant-protection performance and acceleration time-history analysis, respectively [24,25].
Because meaningful data are distributed at frequencies lower than 100 Hz and in the range
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of 200-300 Hz, as shown in Figure 8, both the CFC180 and CFC60 filters were examined to
find the proper filtering method for the drop-weight impact tests.

The comparison results of the filtering method are shown in Figure 9, where the y-axis
represents the impact forces obtained from the load cell and accelerometer. The impact
force can be obtained directly from the load cell. In the case of the accelerometer, the
impact load must be calculated by multiplying the mass by the filtered acceleration of the
impact equipment. As mentioned in Section 2, the load cells were located between the
impact frame and impact head, and only the mass of the impact frame was considered in
the calculation.
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Figure 9. Impact-force comparison obtained from load cell and accelerometer considering only the
mass of the impact frame: (a) CFC180 (300 Hz); (b) CFC60 (100 Hz).

The CFC180 filtering results continued to fluctuate after filtering, whereas the CFC60
results provided a much smoother impact force-time relationship. The maximum discrep-
ancy in the impact forces obtained from the load cell and accelerometer was 31.79% and
4.32% for the CFC180 and CFC60 filters, respectively. Thus, the CFC60 filtering method
was adopted in this study to investigate the impact behavior of the drop-weight tests.

3.3. Drop-Weight Test Results and Discussion
3.3.1. Failure Modes

Drop-weight impact tests were conducted on the NC and FRC specimens listed in
Table 2. The failure shapes after the tests are shown in Figures 10 and 11 for the NC and
FRC specimens, respectively.

The maximum deflections during the tests and the residual deflections of the test
specimens were obtained from the deflection tracking data of the high-speed cameras,
and the results are summarized in Table 3. Figure 12 represents an example of deflection
tracking for the NC-3 specimen. The maximum deflection during the impact was 10.26 mm,
and the residual displacement after impact was approximately 5.47 mm; these values are
the same as those shown in Table 3.

Table 3. Summary of failure modes.

. . Impact Ener Max. Deflection Residual Max. Crack

Test Specimen  Drop Height (m) P (mm) Deflection (mm) Width (mm)
NC-3 0.306 2.155 10.26 5.47 4.0
NC-5 0.508 3.578 13.42 9.57 7.0
NC-10 1.000 7.044 33.17 28.00 18.0
FRP-3 0.302 2.127 10.37 5.10 2.0
FRP-5 0.503 3.543 11.37 5.09 2.0
FRP-10 1.002 7.058 17.20 12.56 10.0
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Figure 10. Failure shape of NC specimens after drop-weight test: (a) H = 0.306 m; (b) H = 0.508 m;
(c) H =1.000 m.

Typical flexural cracks occurred in the NC specimens. The NC-3 specimen successfully
protected against the impact; however, considerable flexural cracks developed. The flexural
cracks almost reached the upper faces of the concrete panel of NC-5, where the drop height
was 0.508 m. In the case of NC-10, with a drop height of 1.0 m, even when the flexural
cracks penetrated the specimen, the impact energy, which was approximately 7.044 kJ, was
fully absorbed by the specimen without a complete collapse and separation. However, it is
expected that the NC specimens may not withstand an impact energy higher than 7.044 k]
because the flexural crack completely penetrated the specimen. The maximum and residual
deflection of the NC-10 specimen significantly increased compared to that of the NC-5
specimen, as shown in Table 3. For example, the residual deflection of the NC-10 specimen
was 28.00 mm, which was 293% higher than that of the NC-5 specimen, even if the impact
energy of the NC-10 specimen was approximately two times greater than that of the NC-5
specimen. In comparison, for the NC-3 and NC-5 specimens, the residual deflection of 75%
increased when the impact energy increased by 66%.

The major cracks in the FRC specimens were developed by the flexure, as shown in
Figure 11. Compared to the NC specimens, the penetration depths of the flexural cracks
were smaller. For the FRC-5 specimen, the crack propagated to approximately 2/3 of the
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specimen depth from the bottom. For the FRC-10 specimen, the flexural cracks almost
reached the upper part of the specimen, as shown in Figure 11c. The crack widths of the
FRC specimens were smaller than those of the NC specimens. For example, the maximum
crack width was approximately 2.0 mm when the residual deflection was 5.09-5.10 mm
for the FRC-3 and FRC-5 specimens, while the maximum crack width was 4.0 mm for a
similar residual deflection for the NC specimens (see NC-3 specimen in Table 3). This may
be attributed to the increase in the compressive strength of the concrete and the bridging
effect of the PP macrofibers. All the FRC specimens successfully absorbed impact energy
without a complete collapse. However, similar to the NC specimens, the residual deflection
and crack width of the FRC-10 specimen (an impact energy of 7.058 kJ) were considerably
greater compared to the FRC-3 and FRC-5 specimens.

Figure 11. Failure shape of FRC specimens after drop-weight test: (a) H = 0.302 m; (b) H = 0.503 m;
() H=1.002 m.
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3.3.2. Impact Behavior

The impact forces on each specimen were evaluated, and the impact force-time curves
obtained from the acceleration data are shown in Figure 13a,b for the NC and FRC spec-
imens, respectively. The CFC60 filter described in Section 2 was used to convert the
acceleration data to impact force.

250 - ey 250 - S
] —NC-3, H=0.306m ] o —FRC-3, H=0.302m
200 ——NC-5, H=0.508m 200 A ) ——FRC-5, H=0.503m
~~~~~~ NC-10, H=1.0m ] l‘,’;/'/\"\\ <. FRC-10, H=1.002m
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Z = ] i
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2 2 ] ]
S s0 2 50
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-50 : . : : . R : .
-0.04 -0.02 0.00 0.02 0.04 0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Time (sec) Time (sec)
(a) (b)
Figure 13. Impact-force-time curves: (a) NC specimens; (b) FRC specimens.

For both the NC and FRC specimens, the maximum impact force increased with an
increase in the drop height from approximately 0.3 m to 1.0 m, as shown in Table 4. The
maximum impact force of the NC-10 specimen was slightly smaller than that of the NC-5
specimen because the impact force is limited by its own strength and does not increase
once the impact force reaches that strength; however, the impact duration increased.
Table 4. Summary of impact forces.

. Max. Impact
Test Specimen Dmp(:)elght Enlenrlpai;(]) Force from ‘}‘;grclrﬁf:l;t P, (Static, kN) A;i}?:;gaCt
8y CFC60 (kN) “
NC-3 0.306 2.155 174.83 107.75 128.1 0.84
NC-5 0.508 3.578 211.43 130.67 128.1 1.02
NC-10 1.000 7.044 201.85 126.90 128.1 0.99
FRC-3 0.302 2127 197.11 114.29 143.8 0.79
FRC-5 0.503 3.543 214.20 125.55 143.8 0.87
FRC-10 1.002 7.058 237.73 152.51 143.8 1.06
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It is difficult to conclude whether the impact resistance of the FRC specimen was
better than that of the NC specimen from the maximum impact forces shown in Figure 13
and Table 4 because the moment capacities of the two specimens were different. Thus, in
this study, the average impact force acting on the duration of impact was evaluated and
compared with the static maximum load obtained from the nominal moment capacity of
the specimen. The average impact force, which can be treated as the static ultimate load,
can be obtained by dividing the area of the impact force-time curve in Figure 13 by the
impact duration. The calculated values are listed in Table 4. The static nominal moment
capacities of the NC and FRC specimens were calculated as 21.3 kN.m and 23.9 kN.m,
respectively. From these moment capacities, the ultimate static loads, P,, for the NC and
FRC specimens were obtained as 128.1 kN and 143.8 kN, respectively. The ratio of the
average impact force to P, is presented in Table 4.

The ratios of the average impact force to P, of the NC-5 and NC-10 specimens were
almost equal to 1. This means that the maximum impact resistance of the NC specimen may
be limited to approximately 3.578 k] (the impact energy of NC-5) to 7.044 k] (the impact
energy of NC-10). Only the FRC-10 specimen obtained a ratio of the average impact force to
P, of 1.0 among FRC specimens. Therefore, the impact resistance of the FRC-10 specimen
was approximately 7.058 kJ (the impact energy of FRC-10). These results agree with the
trends shown in the failure-shape analysis results in Section 3.3.1.

The compressive strength of the FRC mixture was 51 MPa and was much higher
than that of the NC mixture. This leads to a higher moment capacity. The effect of the
residual strength of the FRC shown in the flexural and direct tensile strength tests (refer to
Figures 5 and 6) was not considered in the calculation of P,,. Thus, the improvement in the
impact resistance of the FRC specimen was a result of the high moment capacity caused by
the high f.” and not from the enhanced tensile ductility of the FRC mixture. Considering
the residual strengths shown in the flexural and direct tensile strength tests, the moment
capacity of FRC specimens will be much higher than what is in Table 4, resulting in a much
lower ratio of the average impact force to P,. However, the FRC-10 specimen almost failed
to resist the impact load. Thus, the effects of residual strength and ductility shown in the
flexural and direct tensile tests of FRC mixtures should not be considered in the impact
behavior of FRC. Flexural and direct tensile strength tests are static tests, and the FRC
exhibited a rapid strength reduction after the peak strength was obtained and subsequent
hardening occurred. This hardening effect after the sharp decrease in strength after the first
peak may not be effective for the impact test due to the higher strain-rate effect rather than
the static condition. This means that the enhanced tensile performance of the FRC with PP
macrofibers does not have a significant effect on the impact behavior. This conclusion is
somewhat different from those of previous studies [2,9-11]. This is because previous studies
measured impact resistance by using the toughness obtained from flexural performance
tests, and when conducting drop-weight tests, previous studies used small-scale tests that
focused on material behavior rather than structural performance.

4. Conclusions

This study presented the impact behavior of FRC panels with and without PP macrofibers.
Firstly, the static flexural performance and direct tensile tests for FRC with PP macrofibers
were conducted to identify the material characteristics under static conditions. From the
test results, it can be seen that a sudden drop in strength of approximately 50% occurred
after the peak strength, followed by strength hardening for the flexural performance and
direct tensile tests in static conditions.

Then, a total of six FRC and NC panel specimens were constructed, and drop-weight
impact tests were performed to investigate the effect of PP macrofibers on the impact
behaviors. The major findings from the impact tests are as follows:

(1) The Fast Fourier Transform results showed that both the load cell and accelerometer
data contained a significant number of large amplitudes in the low-frequency region
of 100 Hz or less, and the CFC60 filter (cutoff frequency of 100 Hz) is suitable for
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acceleration and load cell data filtering. The maximum discrepancy in the impact
force obtained from the load cell and accelerometer was 4.32% for the CFC60 filter.
(2) The drop-weight impact test showed that the main damage was a flexural crack
in both the FRC and NC specimens. The crack width of the FRC specimen was
comparatively smaller than that of the NC specimen for a similar residual deflection
after the impact test. This may be attributed to the bridging effect of the macrofibers.
(8) The average impact force was calculated from the impact force-time curves. Subse-
quently, the calculated average impact forces of each specimen were compared to the
static ultimate load of the specimen. A comparison of results showed that the static
ultimate load without the effect of residual strength and ductility exhibited in the
flexural and direct tension tests for FRC mixtures agreed with the impact test results.
This may be attributed to the hardening effect after the sharp reduction in strength
demonstrated in the static test of FRC, which is not effective for the impact test due to
its high strain rate compared to that of the static test. However, it should be noted
that limited impact tests were conducted in this study, and various specimen scales,
boundaries, and loading conditions should be examined in order to quantify the effect
of PP macrofibers on the impact behavior. Additionally, a detailed finite element
study with the validated model should be used for further parametric analysis.
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