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Abstract: Concrete is a brittle material due to its poor tensile strength; consequently, concrete
tends to crack or peel under an applied external load. Previous studies have investigated the
effect of incorporating fiber into concrete, which can improve its tensile strength. In this study, the
static and dynamic mechanical characteristics of three types of fiber-reinforced concrete (FRC) were
examined: carbon-fiber-reinforced concrete (CFRC); Kevlar-fiber-reinforced concrete (KFRC); and a
combination of both, known as carbon/Kevlar-hybrid-fiber-reinforced concrete (HFRC). This study
created concrete specimens by pneumatically dispersing carbon and Kevlar fibers and mixing them
with cement to comprise 1% of the weight. The mixture was then combined with aggregates and
water to form the concrete specimens. When compared with the benchmark concrete specimens,
it was found that the compressive strength of the CFRC, KFRC, and HFRC specimens increased
by about 19% to 50%, the bending strength increase by about 8% to 32%, and the splitting strength
increased by about 4% to 36%. Specifically, the HFRC made with the 24 mm carbon and Kevlar
fibers displayed the most significant mechanical strength in a static state. Furthermore, the HFRC
showed superior resistance to impact compared to the benchmark concrete specimens across various
impact energies, with the 24 mm carbon and Kevlar fiber HFRC showing the highest resistance. The
inclusion of fibers in the split Hopkinson pressure bar (SHPB) test demonstrated a notable increase in
the maximum strength, particularly in the case of the 12 mm carbon fiber combined with the 24 mm
Kevlar fiber in the HFRC specimen.

Keywords: carbon fiber; aramid fiber; hybrid-fiber-reinforced concrete; mechanical strength; impact
loading; split Hopkinson pressure bar

1. Introduction

Concrete is prone to damage due to its inherent brittleness and low tensile strength,
particularly when subjected to overloading or repeated dynamic forces. In an effort to
overcome these shortcomings, fiber-reinforced concrete (FRC) has been engineered. This
composite material is developed by integrating fibrous elements into the concrete. FRC of-
fers several advantages, including an improved impact strength, crack limitation, enhanced
durability, resistance to freeze–thaw cycles, mitigation of plastic shrinkage, increased tough-
ness, and enhanced fatigue strength. Consequently, FRC finds applications in scenarios
where high tensile strength, reduced cracking, or conventional reinforcement placement
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is impractical. Examples of applications for this material include use in concrete pave-
ments, airplane runways, spillways of dams, the expansion joints of highway bridges, and
tunnel constructions.

The mechanical attributes and ease of use of FRC can be adjusted by a number of
variables, such as the kind of fiber used, the ratio of fiber to cement, and the length of
the fibers. To enhance the mechanical performance of concrete, fibers such as chopped
carbon, steel, aramid, glass, polyvinyl alcohol (PVA), and polyethylene are frequently used.
Both single-typed fiber-reinforced concrete and hybrid-fiber-reinforced concrete (HFRC)
are frequently used to improve concrete’s mechanical properties [1–3]. Table 1 provides an
overview of the material properties of popular fiber types [4–8].

Table 1. Material properties of various fibers.

Fiber
Carbon Aramid Glass Steel Polypropylene

Property

Density (g/cm3) 1.65~2.18 1.44 2.48~2.76 7.8 1.18
Tensile strength (MPa) 1700~6000 2500~3100 1400~2500 280~2800 300~770
Elastic modulus (GPa) 220~880 60~120 70~80 200~250 3~9

Elongation (%) 0.3~2.0 2.1~4.5 2.5~3.5 <15 15~25

Prior research has indicated that the fiber-to-cement ratio significantly influences the
mechanical characteristics of fiber-reinforced concrete [9–15]. For example, steel-fiber-
reinforced concrete demonstrates maximum tensile strength when cured for 28 days at a
volume percentage of 1.5% [16]. Conversely, an increase in the glass fiber weight percent-
age beyond 0.1% results in a decline in the compressive strength of the fiber-reinforced
concrete [17]. Research conducted on basalt-fiber-reinforced concrete (BFRC) has evaluated
the effects of varying the basalt-fiber-to-cement ratios on its mechanical strength. BFRC
shows an optimal strength increment at a weight percentage of 0.2%; any further increase
in the fiber content causes a decline in the strength increment [18–23]. Studies on cement
and concrete’s mechanical attributes and microstructures have been performed by utilizing
different carbon fibers, fiber lengths, and fiber ratios [24–30].

The length of fibers notably affects FRC’s mechanical properties. Bijo and Unnikrish-
nan found that hybrid FRC incorporating 12 mm polypropylene fiber and 50 mm coconut
fiber at a 0.2% volume displayed maximum impact resistance [31]. Yoo and colleagues
tested ultrahigh-performance fiber-reinforced concrete (UHPFRC) with steel fibers of differ-
ent lengths (16 mm, 17.5 mm, and 19.5 mm) and found that the 19.5 mm steel fiber yielded
the greatest flexural strength [32]. Mastali et al. [33] utilized recycled carbon fiber of various
lengths from a carbon-fiber-reinforced polymer (CFRP), concluding that CFRC with 30 mm
of recycled carbon fiber showed superior compressive and flexural strength. Additionally,
Li et al. [34] found that 6 mm basalt fiber displayed an enhanced compressive strength,
while 24 mm basalt fiber showed a greater splitting tensile and flexural strength.

Carbon fiber, known for its high density, strength, light weight, chemical and high-
temperature resistance, and low thermal expansion, is widely used in aerospace engineer-
ing, racing, military, and sports products. When added to concrete, it hinders the crack
propagation, thereby improving FRC’s mechanical properties [35–37]. Conversely, Kevlar
fiber, a strong and lightweight organic fiber with a tensile strength five times that of steel
and a density about one fifth of steel [38], improves FRC’s mechanical properties and
impact resistance when incorporated [39,40].

Hybrid-fiber-reinforced concrete (HFRC), a blend of at least two fiber types, boosts
FRC’s mechanical properties through fiber synergy [41,42]. Steel–polypropylene HFRC, for
example, shows excellent synergistic behavior, particularly at lower hybrid-fiber-to-cement-
volume fractions [43]. The introduction of polypropylene and basalt fibers to concrete
enhances its acid–alkali and crack propagation resistance [44]. Studies on hybrid-fiber-
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reinforced concrete (HFRC) with Kevlar and carbon fibers revealed that a 1% fiber-to-
cement-weight percentage maximizes the mechanical strength [45].

While FRC improves the static mechanical performance and dynamic loading resis-
tance compared to regular concrete, a high static strength does not always correspond to a
high impact resistance as the fiber type plays a crucial role [46,47]. The Hopkinson pressure
bar, proposed by Hopkinson in 1914 [48] and later refined by Kolsky in 1949 [49], is often
used to measure high strain rates [50–52]. Previous studies [53–55] have played a vital
role in advancing the study of the mechanical behavior of rocks and concrete subjected to
dynamic loading and high strain rates. However, the standard split Hopkinson pressure
bar (SHPB) test configuration does not suit studies on high strain rates’ effect on soft mate-
rials due to repeated loading pulse issues. Nemat-Nasser et al. [56] devised a momentum
trapping method for a single stress pulse, involving an incident tube and a reaction mass for
a tensile pulse after the compression pulse. Later research has successfully applied similar
concepts [57–59]. The dynamic stress–strain relationship of the cementitious material from
the SHPB test can contribute to further studies on explosive-induced air-blast loadings [60].

This study focuses on carbon and aramid fibers, which exhibit a higher tensile strength
and elastic modulus than other fibers. The goal is to explore the static and dynamic
mechanical properties of carbon-fiber-reinforced concrete (CFRC), Kevlar-fiber-reinforced
concrete (KFRC) with varying length ratios, and carbon/Kevlar-hybrid-fiber-reinforced
concrete (HFRC).

2. Materials
2.1. Carbon Fiber (CF)

Carbon fiber (CF) (TC36P, Tairyfil, Formosa Plastics Corporation, Taipei, Taiwan) was
employed to produce the CFRC and HFRC specimens. The CF exhibited tensile strength,
tensile modulus, and elongation properties of 4900 MPa, 250 GPa, and 2.0%, respectively.
Furthermore, potential interference with the mechanical attributes of FRC was anticipated
from the sizing present on the CF surface [61,62].

To mitigate this interference, the CF was placed in a crucible and subjected to a
temperature of 550 ◦C for a duration of 3 h to remove the sizing [63]. Upon completion
of this process, the CF was dispersed by utilizing a pneumatic dispersion method, as
illustrated in Figure 1.
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Figure 1. Carbon fiber pretreatment eliminates the interface coupling agent.

In the present study, a scanning electron microscope (SEM, JEOL, JSM-6510LV, Tokyo,
Japan) was utilized to examine the fiber surface imagery. Figure 2a depicts the cross-
sectional view of the original carbon fiber, having a diameter of 8.0 µm. Meanwhile,
Figure 2b,c provide SEM images of the original chopped CF and the sizing-removed
chopped CF, respectively, both captured at a 1000-fold magnification.
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Figure 2. SEM image: (a) cross-section of the original carbon fiber; (b) side profile of the original
carbon fiber; (c) side profile of the sizing-removed chopped carbon fiber.

The single filament tensile strength of the original carbon fiber was conducted per
ASTM D3822-07 [64]. The single filament tensile test results of the original carbon fiber
showed that the average tensile force was 13.22 ± 1.39 gf and the average fracture displace-
ment was 0.356 ± 0.024 mm. Figure 3 illustrates the failure force and displacement for the
original carbon fiber filaments.
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Figure 3. Filament tensile test result of the original carbon fiber.
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2.2. Kevlar Fiber (KF)

DuPont’s Kevlar® 29 fiber was used in this study to improve the strength of the
concrete. The chemical formula of Kevlar is –[-CO-C6H4-CONH-C6H4-NH-]-. KF is
thermally stable and chemically resistant, especially in acetic acid, hydrochloric acid, and
other acidic chemicals. The tensile strength, tensile modulus, and elongation of KF were
measured at 2920 Mpa, 70 Gpa, and 3.6%, respectively; two lengths of KF, namely 12 mm
and 24 mm, were used.

Figure 4a,b present images of the chopped KF and its corresponding SEM represen-
tation at a 1000-fold magnification, respectively. Figure 4c illustrates the SEM-acquired
cross-sectional view of the Kevlar fiber. The KF was dispersed in a manner similar to the
CF, utilizing the pneumatic dispersion method.
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Figure 4. The Kevlar fiber: (a) chopped KF; (b) side profile by SEM; (c) cross-section by SEM.

The single filament tensile strength of the Kevlar fiber was also conducted per ASTM
D3822-07 [64]. The single filament tensile test results of the Kevlar fiber showed that
the average tensile force was 51.27 ± 8.54 gf and the average fracture displacement was
0.660 ± 0.087 mm. Figure 5 illustrates the failure force and displacement for the Kevlar
fiber filaments.

2.3. Cement and Aggregate

The main binder used in this study was Type I Portland cement, supplied by Taiwan
Cement Ltd (Taipei, Taiwan). The fineness modulus (F.M.) of both the fine and coarse ag-
gregates was determined following the ASTM C33/C33M-18 standard [65]. The calculated
F.M. values for the fine and coarse aggregates were 4.71 and 7.17, respectively. Furthermore,
the overall F.M. value for all the aggregates combined was measured to be 5.96.
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Figure 5. Filament tensile test result of the Kevlar fiber.

3. Experimental Methods

There were nine different specimens in this experiment, including the benchmark,
CFRC, KFRC, and HFRC. The HFRC specimens were prepared in different proportions
including two fiber types with two fiber lengths that were 1% of the weight percentage of
the total fiber-to-cement ratio. The mechanical properties, including those explored with
the slump test, compressive test, three-point bending test, splitting tensile test, and impact
test, were tested in this study based on ACI and ASTM standards.

3.1. Specimen Nomenclature

The specimen-naming convention is structured as follows: The first letter designates
the type of mechanical test, such as a compression test (C), flexural test (F), splitting test (S),
and impact test (I). The second letter denotes the type of fiber used, where “C” represents
the carbon fiber and “K” represents the Kevlar fiber. The subsequent number indicates
the length of the fiber; for instance, “12” signifies a length of 12 mm. For example, C-C12
refers to the CFRC specimen with a 12 mm carbon fiber used in the compressive test, while
S-C12K12 represents the HFRC specimen with both 12 mm carbon and 12 mm Kevlar fibers
used in the splitting test.

3.2. Slump Test

The workability of the control, CFRC, KFRC, and HFRC samples was evaluated by
using a slump test as per ASTM C143/C143M-20 [66] specifications, designed to gauge the
flowability and consistency of the concrete.

3.3. Compressive Test

The compressive strength of the control, CFRC, KFRC, and HFRC was determined in
adherence to the ASTM C39/C39M-01 [67] guidelines, utilizing a universal testing machine
(HT-9501 Series, Hong-Ta, Taipei, Taiwan). Cylindrical specimens (φ 10 cm × 20 cm) were
subjected to a steady load rate ranging between 900 and 1800 N/s.

3.4. Three-Point Bending Test

The universal testing machine was again used to determine the flexural strength
of the control, KFRC, CFRC, and HFRC as per ASTM C293-02 [68]. The three-point
bending test was conducted on a specimen with dimensions of 28 cm × 7 cm × 7 cm
(length × width × height) at a loading rate of 20 kPa/s, as shown in Figure 6. The rupture
modulus or flexural strength of the specimen was calculated by using the formula below:

R =
3PL
2bd2 (1)
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where R stands for the rupture modulus (flexural strength) in Mpa, P for the maximum load
as per the testing machine in N, L for the span length in mm, b for the average specimen
width at rupture in mm, and d for the average specimen thickness at rupture in mm.

Buildings 2023, 13, x FOR PEER REVIEW  7  of  18 
 

3.3. Compressive Test 

The compressive strength of the control, CFRC, KFRC, and HFRC was determined in 

adherence  to  the ASTM C39/C39M-01  [67] guidelines, utilizing a universal  testing ma-

chine (HT-9501 Series, Hong-Ta, Taipei, Taiwan). Cylindrical specimens (ϕ 10 cm × 20 cm) 

were subjected to a steady load rate ranging between 900 and 1800 N/s. 

3.4. Three-Point Bending Test 

The universal testing machine was again used to determine the flexural strength of 

the control, KFRC, CFRC, and HFRC as per ASTM C293-02 [68]. The three-point bending 

test was conducted on a specimen with dimensions of 28 cm × 7 cm × 7 cm (length × width 

× height) at a loading rate of 20 kPa/s, as shown in Figure 6. The rupture modulus or flex-

ural strength of the specimen was calculated by using the formula below: 


2

3

2

PL
R

bd
  (1) 

where R stands for the rupture modulus (flexural strength) in MPa, P for the maximum 

load as per the testing machine in N, L for the span length in mm, b for the average speci-

men width at rupture in mm, and d for the average specimen thickness at rupture in mm. 

 

Figure 6. Three-point bending test setup. 

3.5. Splitting Tensile Test 

The universal testing machine was employed to conduct the splitting tensile strength 

test  on  the  control,  KFRC,  CFRC,  and  HFRC  samples  in  accordance  with  ASTM 

C496/C496M-17 [69]. The test was performed on a cylindrical specimen with dimensions 

ϕ 10 cm × 20 cm at a loading rate of 4300 N/min. The splitting tensile strength of the spec-

imen was computed by using the following equation: 

𝑇 ൌ
2𝑃
𝜋𝐿𝐷

  (2) 

where T denotes the splitting tensile strength (MPa), P stands for the maximum load ap-

plied as indicated by the testing machine (N), L stands for the length (mm), and d stands 

for the diameter (mm). 

3.6. Impact Test 

The impact test specimen, measuring ϕ 15.2 cm × 6.35 cm, was placed on a fixture 

with a hardened steel ball, as depicted in Figure 7a. The impact test was conducted fol-

lowing the guidelines of ACI 544.2R-89T [70] by using an impact testing machine (SP-006, 

Shengpeng, Yunlin, Taiwan). The specimen was positioned in a fixture and subsequently 

Figure 6. Three-point bending test setup.

3.5. Splitting Tensile Test

The universal testing machine was employed to conduct the splitting tensile strength
test on the control, KFRC, CFRC, and HFRC samples in accordance with ASTM C496/
C496M-17 [69]. The test was performed on a cylindrical specimen with dimensions
φ 10 cm × 20 cm at a loading rate of 4300 N/min. The splitting tensile strength of the
specimen was computed by using the following equation:

T =
2P

πLD
(2)

where T denotes the splitting tensile strength (Mpa), P stands for the maximum load
applied as indicated by the testing machine (N), L stands for the length (mm), and d stands
for the diameter (mm).

3.6. Impact Test

The impact test specimen, measuring φ 15.2 cm × 6.35 cm, was placed on a fixture with
a hardened steel ball, as depicted in Figure 7a. The impact test was conducted following the
guidelines of ACI 544.2R-89T [70] by using an impact testing machine (SP-006, Shengpeng,
Yunlin, Taiwan). The specimen was positioned in a fixture and subsequently set on a
sandbox’s top, as displayed in Figure 7b. The potential energy (E) can be computed as
E = m × g × h, where m stands for the hammer’s mass (kg), g stands for the gravitational
acceleration (m/s2), and h stands for the hammer’s setting height (m). The impact energies
tested for both the control and HFRC specimens varied between 100 J and 300 J.

3.7. Split Hopkinson Pressure Bar Test

The device used in this study is located in the Materials Laboratory of the Environ-
mental Information and Engineering Department of Chung Cheng Institute of Technology,
National Defense University. The equipment was improved during the experiment, the
original equipment was used in the experiment on the CFRC, and the HFRC was improved.
Figure 8 illustrates the original SHPB devices.

During the SHPB examination, a striker bar was accelerated from the gas pressure
chamber under a prescribed pressure, which impacted the incident bar and generated stress
waves. These stress waves propagated from the incident bar to the specimen’s interface,
leading to the creation of reflective and transmissive waves. Strain gauges were attached
to the incident bar and transmission bar to record the strain–time signals of the incident
wave εi(t), reflected wave εr(t), and transmitted wave εt(t). The specimen’s stress σ(t),
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strain ε(t), and strain rate
.
ε(t) obtained from the three-wave method are represented as

follows [71]:

ε(t) =
Ce

LS

∫ t

0
[εi(t)− εr(t)− εt(t)]t (3)

.
ε(t) =

Ce

LS
[εi(t)− εr(t)− εt(t)] (4)

σ(t) =
AeE
2AS

[εi(t) + εr(t) + εt(t)] (5)

where Ce is the wave speed; E is the elastic modulus of the incident bar; Ae is the cross-
sectional area of the incident bar; and Ls and AS are the length and cross-sectional area of
the specimen, respectively.
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4. Results and Discussion

This section outlines the findings from the experimental work conducted for this
study. CF and KF, with sizing removed, were employed in the creation of the CFRC, KFRC,
and HFRC specimens, which had varying fiber lengths and mixing proportions, and each
maintained a 1% fiber-to-cement weight ratio. The specimens’ workability was evaluated
via the slump test, while the ASTM and ACI standards were applied to ascertain the
compressive strength, flexural strength, splitting tensile strength, and impact resistance.
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4.1. Slump Test

Table 2 displays the slump values of the benchmark, CFRC, KFRC, and HFRC speci-
mens at different weight percentages. Compared to the benchmark concrete, the CFRC,
KFRC, and HFRC exhibited a significantly reduced workability, with slump values ranging
from 20 mm to 30 mm, while the benchmark had a slump value of 78 mm.

Table 2. Slump of benchmark, CFRC, KFRC, and HFRC.

Specimens Benchmark C12 C24 K12 K24

Slump (mm) 78 24 23 25 27

Specimens - C12K12 C12K24 C24K12 C24K24

Slump (mm) - 24 22 25 21

4.2. Compression Test

Table 3 presents the compressive strengths of the C-C12, C-C24, C-K12, and C-K24 spec-
imens. The average compressive strengths of these specimens were 30.01 MPa, 31.81 MPa,
27.73 MPa, and 31.49 MPa, respectively. Compared to the benchmark specimen, the average
compressive strengths increased by 19.3%, 26.4%, 10.2%, and 25.2%, respectively.

Table 3. Compressive strengths of benchmark, CFRC, and KFRC specimens.

Specimen C-B
CFRC and KFRC

C-C12 C-C24 C-K12 C-K24

Compressive
strength (MPa)

24.87 30.59 31.92 26.56 29.97
25.27 29.71 32.03 27.19 32.36
25.34 29.73 31.47 29.45 32.15

Average compressive
strength (MPa) 25.16 30.01 31.81 27.73 31.49

Increase (%) - 19.3 26.4 10.2 25.2

The compressive strengths of the C-C12K12, C-C12K24, C-C24K12, and C-C24K24
specimens are presented in Table 4. The respective mean compressive strengths were
measured to be 32.63 MPa, 33.63MPa, 35.32 MPa, and 37.86 MPa. In comparison to the
benchmark specimen, these signify respective average compressive strength enhancements
of 29.7%, 33.7%, 40.4%, and 50.5%.

Table 4. Compressive strengths of benchmark and HFRC specimens.

Specimen C-B
HFRC

C-C12K12 C-C12K24 C-C24K12 C-C24K24

Compressive
strength (MPa)

24.87 32.98 33.87 36.40 37.20
25.27 32.12 33.09 35.39 37.82
25.34 32.78 33.94 34.16 38.56

Average compressive
strength (MPa) 25.16 32.63 33.63 35.32 37.86

Increase (%) - 29.7 33.7 40.4 50.5

Figure 9 illustrates the average compressive strengths of the benchmark, CFRC, KFRC,
and HFRC specimens. The CFRC exhibited a higher compressive strength than the KFRC,
and the length of the fiber had a positive correlation with the compression strength. The
C-C24K24 specimen had the highest compressive strength among all the specimens.
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4.3. Three-Point Bending Test

The flexural strengths of the F-C12, F-C24, F-K12, and F-K24 specimens are detailed in
Table 5. They manifested average flexural strengths of 5.76 MPa, 5.91 MPa, 6.19 MPa, and
6.34 MPa, respectively. When compared to the benchmark specimen, these averages demon-
strate enhancements in the flexural strength by 8.3%, 11.0%, 16.2%, and 19.0%, respectively.

Table 5. Flexural strengths of benchmark, CFRC, and KFRC specimens.

Specimen F-B
CFRC and KFRC

F-C12 F-C24 F-K12 F-K24

Flexural
strength (MPa)

5.34 5.78 5.89 6.12 6.34
5.24 5.76 5.88 6.22 6.33
5.39 5.75 5.95 6.22 6.34

Average flexural strength (MPa) 5.32 5.76 5.91 6.19 6.34
Increase (%) - 8.3 11.0 16.2 19.0

Table 6 presents the flexural strengths of the F-C12K12, F-C12K24, F-C24K12, and
F-C24K24 specimens. The average flexural strengths of these specimens were 6.41 MPa,
6.49 MPa, 6.89 MPa, and 7.02 MPa, respectively. Compared to the benchmark specimen,
the average flexural strengths increased by 20.5%, 22.0%, 29.5%, and 32.0%, respectively.

Table 6. Flexural strengths of benchmark and HFRC specimens.

Specimen F-B
HFRC

F-C12K12 F-C12K24 F-C24K12 F-C24K24

Flexural
strength (MPa)

5.34 6.41 6.50 6.81 7.17
5.24 6.46 6.49 6.92 6.96
5.39 6.35 6.49 6.92 6.92

Average flexural
strength (MPa) 5.32 6.41 6.49 6.89 7.02

Increase (%) - 20.5 22.0 29.5 32.0

Figure 10 portrays the mean flexural strengths of the benchmark, CFRC, KFRC, and
HFRC specimens. It can be observed that the KFRC samples exhibited an enhanced
flexural strength compared to the CFRC samples. Additionally, the fiber length displayed a



Buildings 2023, 13, 2044 11 of 18

beneficial association with the flexural strength. Remarkably, the F-C24K24 specimen stood
out with the highest flexural strength among all the specimens.
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4.4. Splitting Tensile Test

Table 7 shows the splitting strengths of the S-C12, S-C24, S-K12, and S-K24 specimens.
The average splitting strengths of these specimens were 3.27 MPa, 3.38 MPa, 3.04 MPa,
and 3.09 MPa, respectively. Compared to the benchmark specimen, the average splitting
strengths increased by 12.1%, 15.8%, 4.0%, and 5.9%, respectively.

Table 7. Splitting strengths of concrete benchmark, CFRC, and KFRC specimens.

Specimen S-B
CFRC and KFRC

S-C12 S-C24 S-K12 S-K24

Splitting
strength (MPa)

3.04 3.21 3.37 3.10 3.12
2.82 3.27 3.44 3.01 3.06
2.90 3.34 3.33 3.00 3.10

Average splitting strength (MPa) 2.92 3.27 3.38 3.04 3.09
Increase (%) - 12.1 15.8 4.0 5.9

Table 8 presents the splitting strengths of the S-C12K12, S-C12K24, S-C24K12, and
S-C24K24 specimens. The average splitting strengths of these specimens were 3.49 MPa,
3.55 MPa, 3.80 MPa, and 3.99 MPa, respectively. Compared to the benchmark specimen,
the average splitting strengths increased by 19.5%, 21.7%, 30.3%, and 36.5%, respectively.

Table 8. Splitting strengths of benchmark and HFRC specimens.

Specimen S-B
HFRC

S-C12K12 S-C12K24 S-C24K12 S-C24K24

Splitting
strength (MPa)

3.04 3.52 3.54 3.77 3.99
2.82 3.47 3.57 3.81 4.00
2.90 3.48 3.55 3.83 3.97

Average splitting
strength (MPa) 2.92 3.49 3.55 3.80 3.99

Increase (%) - 19.5 21.7 30.3 36.5
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Figure 11 presents the average splitting strengths of the benchmark, CFRC, KFRC,
and HFRC specimens. As seen in Figure 11, it can be deduced that the CFRC exhibited
a superior splitting strength compared to the KFRC, and a trend can be observed where
an increase in the fiber length corresponds to a higher splitting strength. Notably, the
S-C24K24 specimen had the highest peak splitting strength amongst all the samples.
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According to the above quasistatic test results, the HFRC demonstrated highly im-
proved mechanical performances compared with the CFRC and KFRC. Based on Table 1,
the elongation of the carbon fiber ranged from 0.3 to 0.2% and of aramid ranged from
2.1 to 4.5%. When a force is applied to the FRC specimen, the concrete and the fibers
would experience the same amount of strain, and since carbon fiber and Kevlar fiber have
distinct elongation, it is suspected that the carbon fiber would break first while the Kevlar
fiber would still maintain its overall structural integrity due to the synergistic effect of the
two fibers [72].

4.5. Impact Test

Based on the previous test results, the HFRC exhibited greater strength compared to
the single-type FRC. Therefore, the impact test was conducted on the HFRC and benchmark
specimens by using impact energies of 100 J, 150 J, 200 J, 250 J, and 300 J. Table 9 presents
the impact energies and corresponding impact numbers for the HFRC and benchmark
specimens. For example, at 100 J of impact energy, the average impact numbers for the
benchmark, I-12K12, I-C12K24, I-C24K12, and I-C24K24 HFRC specimens were 18.0, 37.5,
46.8, 56.5, and 79.0, respectively.

Figure 12 illustrates the average impact resistance of the benchmark and HFRC specimens.
Specimen I-C24K24 exhibited the highest impact number under different impact energies. It
was observed that the HFRC with longer fibers demonstrated greater impact resistance.

4.6. Split Hopkinson Pressure Bar Test

During the SHPB test on the HFRC, the stress–strain relationship was obtained with
various ratios under the impact of different gas pressures (from 0.6 to 1.5 kgf/cm2). Since
the breaking point of the machine cannot be set in the SHPB test unlike in the compression
test, in this test, the breaking point is always set as 80% of the maximum stress. The
stress–strain relationship from the SHPB test are shown in Figure 13. As seen from this
figure, the higher the gas pressure, the larger the maximum strength. Additionally, the
addition of fiber will also increase the maximum strength of the concrete, especially in the
C12K24 HFRC specimen.
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Table 9. Impact energy and the corresponding impact number of benchmark and HFRC specimens.

Specimen Impact Energy (J)
Impact Number

1 2 3 4 Average

I-B

300 1 1 1 1 1.0
250 2 2 1 1 1.5
200 7 7 6 7 6.8
150 13 12 16 13 13.5
100 17 20 16 19 18.0

I-C12K12

300 1 2 1 1 1.3
250 3 2 2 3 2.5
200 11 17 13 11 13.0
150 23 27 29 23 25.5
100 37 42 38 33 37.5

I-C12K24

300 1 2 2 1 1.5
250 4 3 4 4 3.8
200 24 26 22 19 22.8
150 29 33 30 31 30.8
100 45 44 47 51 46.8

I-C24K12

300 2 3 3 2 2.5
250 3 5 6 5 4.5
200 25 22 27 28 25.5
150 35 33 39 32 34.8
100 60 54 55 57 56.5

I-C24K24

300 3 4 3 3 3.3
250 7 5 6 6 6.0
200 37 39 43 36 38.8
150 49 54 58 53 53.5
100 79 83 74 80 79.0

The strain energy, which encapsulates the energy stored within a specimen, is cal-
culated by determining the integral of the area beneath the stress–strain curve and sub-
sequently multiplying this value by the specimen’s volume. Figure 14 displays a bar
chart of the strain energy, indicating a higher concentration of strain energy in the HFRC
specimens composed of 12 mm carbon fiber and 24 mm Kevlar fiber relative to the other
tested samples.
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5. Conclusions

This research embarked on a rigorous examination of the mechanical characteristics
of HFRC synthesized through the fusion of carbon and Kevlar fibers and each endowed
with distinct material attributes. This study brings to light compelling distinctions when
juxtaposing HFRC with singular-fiber-reinforced concretes, specifically CFRC and KFRC,
culminating in a series of key insights:
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1. An assessment of the slumps of the CFRC, KFRC, and HFRC mixtures indicated
minimal variation. Despite this, these measures were consistently less than those of
conventional concrete, underscoring the impact of fiber incorporation on the worka-
bility of the mix.

2. A significant contrast was observed in the compressive, flexural, and splitting strengths
between the CFRC and KFRC specimens, with the CFRC demonstrating superior
compressive and splitting strengths. Conversely, the KFRC specimens exhibited
an enhanced flexural strength, a crucial attribute affecting the concrete’s response
under stress.

3. The introduction of disparate fiber types into the HFRC specimens yielded an overall
improvement in the compressive strength by a maximum increment of 50.5%, flexural
strength by 32%, and splitting tensile strength by 36.5%, all surpassing those of the
CFRC and KFRC specimens.

4. The HFRC variant composed of longer fibers (I-C24K24) exhibited remarkable impact
resistance, surpassing that of its shorter counterpart. Compared with the benchmark,
the impact number under 100 J of load increased from 18 times to 79 times. This
heightened resistance can be traced back to the greater bonding force achieved with
longer fibers, which facilitated the effective energy absorption from shear and tensile
forces, subsequently mitigating concrete fracture.

5. The empirical data acquired through a split Hopkinson pressure bar test demonstrated
an increase in the maximum strength correlating with a higher gas pressure. The
addition of fibers led to the further enhancement of this maximum strength. In
particular, the HFRC specimens equipped with 12 mm carbon fiber and 24 mm Kevlar
fiber manifested higher strain energies than the other specimens, promising more
robust and enduring constructions.
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