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Abstract 

This study investigated the mechanical properties and the effects of the volume fraction for carbon fibers (CF-VF), 
polypropylene fibers (PPF-VF) and aramid fibers (AF-VF) with a fixed aspect ratio of 650 for the carbon fibers, 400 
for the polypropylene fibers and 900 for the aramid fibers in hybrid fiber-reinforced concrete (HFRC). Furthermore, 
compressive, splitting tensile and flexural tensile tests were carried out to obtain the optimal total volume fraction for 
the three types of fibers, as well as the optimal ratio between the CF-VF, PPF-VF and AF-VF. In addition, stress–strain 
curves of normal concrete and HFRC were examined to explore the whole mechanical process. The results indicated 
the CF-VF, PPF-VF and AF-VF have a significant effect on the tensile and flexural strengths of HFRC. The HFRC with a 
fiber additional ratio of 25:50:25 had the best hybrid effect. Moreover, a calculation method based on the compres-
sive strength of normal concrete and HFRC and the volume fraction is proposed to calculate the strength of HFRC in 
engineering as a reference. Besides, a uniaxial compression constitutive mathematical model of normal concrete and 
HFRC is established.
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1  Introduction
Many efforts have been made to enhance the mechanical 
properties of concrete, while the concrete incorporated 
the fiber is an excellent option to obtain this goal. Ample 
studies have been conducted in the field of hybrid fiber-
reinforced concrete (HFRC), and claim that significant 
improvement in the performance of HFRC, especially in 
tensile properties, crack resistance, ductility, and tough-
ness is achieved by incorporating fibers (Bolooki Poor-
saheli et al., 2021; Chang et al., 2020; Huang et al., 2019; 
Nassani, 2020; Scorza et  al., 2021; Sujay et  al., 2020). 
Therefore, many types of fibers are widely utilized in 
engineering.

The performance of HFRC is mainly controlled by the 
key factors of fibers, such as the type of fibers, the elastic 

modulus of fibers, the volume fraction, and the aspect 
ratio (Chella Gifta & Prabavathy, 2018). Chella et  al. 
(2018) studied the energy absorption capacity, compres-
sive strength, and split tensile strength of steel polyester 
hybrid fiber-reinforced concrete. The results reported 
that the mechanical properties, energy absorption capac-
ity, and modulus of rupture were significantly improved 
due to the positive hybrid effect between two different 
fibers, while the increase of fiber volume fractions mar-
ginally improved the compressive strength. Xu et  al. 
(2018) examined the stress–strain behavior and damage 
evolution of steel-polypropylene-reinforced concrete. 
The effects of different fiber types, volume fractions, 
and aspect ratios were investigated through the uniaxial 
cyclic compression and tension tests (Alimohammadi 
et al., 2019, 2020). The results revealed that the mechani-
cal behavior of HFRC was significantly improved by the 
fiber hybrid effect. Moreover, the peak strength, peak 
strain, toughness, and post-peak ductility of the HFRC 
under tension and compression were improved, and the 
stiffness degradation and damage accumulation were 
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alleviated with the increase of volume fractions for the 
steel and polypropylene fibers. Koniki et  al. (2019) ana-
lyzed the effect of metallic (steel) and nonmetallic (poly-
ester and polypropylene) fibers on HFRC. They reported 
that the improvements in the tensile strength and tough-
ness of the HFRC were attributed to the addition of the 
synthetic fibers in the concrete matrix. Balcikanli et  al. 
(2020) systematically studied the hybrid effects of steel, 
synthetic, polypropylene, and glass on the flexural and 
compressive strength, and pull-out load. It concluded 
that the pull-out load of the hybrid fiber concrete with 
a maximum 2% total fiber ratio was increased 75.1% 
compared with common concretes, and was the largest 
increase among all specimens. However, the specimen 
with a 1% total fiber ratio and 73.9% increase was the best 
improvement. It was mainly due to that concrete with 
excessive fiber density has almost no fluidity and is diffi-
cult to put into the mold. Scorze et al. (2021) explored the 
fracture properties of hybrid fiber-reinforced concrete, 
involving six types of fibers, such as long straight steel fib-
ers (S35), short straight copper-coated steel fibers (S13), 
macro-synthetic twisted bundle polypropylene fibers 
(PP38), macro-synthetic twisted bundle polypropylene 
fibers (PM20), macro-synthetic monofilament polymer 
fibers (PP20), and macro-synthetic fibrillated polypro-
pylene fibers (PP12). It found that specimens with S35 
showed the best facture toughness, post-peak, and load 
bearing performance compared to specimens with PM20, 
S35–PP20, S35–PP12, S13–PP38, and S13–PM20, while 
the specimen with PM20 has shown the worst perfor-
mances. In general, the addition of steel fibers in concrete 
can considerably enhance overall mechanical proper-
ties, such as the tensile strength, compressive strength, 
toughness, and energy absorption capability (Köksal 
et al., 2013; Tadepalli et al., 2013; Thomas & Ramaswamy, 
2007). Moreover, steel fibers tend to have a positive 
hybrid effect on HFRC with other kinds of fibers (Koniki 
& Prasad, 2019; Song & Yin, 2016). Although there are 
abundant advantages from steel fibers in concrete, it is 
necessary to address the following problems: corrosion, 
high volumetric density, and the effect on magnetic and 
electric fields (Balcikanli Bankir & Sevim, 2020; Bolooki 
Poorsaheli et al., 2021; Chang et al., 2020; Cui et al., 2020; 
Dawood & Ramli, 2012; Erdem, et al., 2020; Scorza et al., 
2021).

Considering the aforementioned questions, it is an 
excellent choice to adopt synthetic fibers or natural fib-
ers as good substitutes. From previous studies, both syn-
thetic fibers and natural fibers, such as polypropylenes, 
polymers, carbon, glass, and basalt fibers, are character-
ized by long-term durability in a corrosive environment 
due to their excellent chemical stability and hydrophobic-
ity (Bolat et al., 2014; Fidelis et al., 2016; Kakooei et al., 

2012). Hsie et al. (2008) developed the HFRC with coarse 
monofilament and staple polypropylene fibers, and 
the effects of the fiber volume fraction on compressive 
strength, splitting tensile strength, and flexural proper-
ties were discussed. The results indicated that the over-
all mechanical properties of polypropylene HFRC were 
better than the properties of single fiber-reinforced con-
crete. The function of monofilament fibers was similar 
to that of steel fibers when the volume fraction was high 
enough. Wang et al. (2019) studied the influences of sin-
gle basalt fibers, single polypropylene fibers, and hybrid 
fibers with different volume fractions on compressive, 
splitting tensile and flexural strengths and the stress–
strain curve of HFRC. They reported that single-fiber 
concrete only improved the flexural and splitting ten-
sile strengths, while the hybrid-fiber concrete enhanced 
the overall performance. Meanwhile, the volume frac-
tion can significantly enhance the strength of single-
fiber concrete, whereas the different volume fraction of 
hybrid fibers can emerge positive or negative synergy 
effects. Sadrinejad et al. (2018) studied the hybrid effect 
of polyolefin and polypropylene fibers, which enhanced 
the compressive and tensile strengths. Nevertheless, 
excessive fiber content can cause a negative fiber hybrid 
effect. Hari et al. (2019) found that when self-compacting 
concrete incorporated sisal-Nylon and hybrid fibers, its 
flexural and tensile performance was improved. Moreo-
ver, the concrete had a certain water absorption capac-
ity to prevent fiber deterioration and guarantee concrete 
durability. Sujay et al. (2020) evaluated the compressive, 
flexural, and tensile strength of basalt-PVA fiber-rein-
forced concrete and claimed that the axial tensile strain 
capacity increased by approximately 3% compared with 
common concrete. The concrete cooperating with hybrid 
non-alloy fiber can trigger high compressive, flexural, and 
tensile strength, while the excessive fiber volume frac-
tion will emerge negative hybrid effect on the mechani-
cal behaviors of hybrid fiber concrete (Bolooki Poorsaheli 
et al., 2021; Hsie et al., 2008; Kakooei et al., 2012; Li et al., 
2018; Nassani, 2020; Shi et  al., 2020; Song & Yin, 2016; 
Sujay et al., 2020).

2 � Research Significance
Previous studies (Balcikanli Bankir & Sevim, 2020; 
Bolooki Poorsaheli et al., 2021; Caggiano et al., 2016; Cui 
et  al., 2020; Jalal et  al., 2017; Koniki & Prasad, 2019; B. 
Li et al., 2018; Metiche & Masmoudi, 2013; Scorza et al., 
2021; Shi et  al., 2020; Smarzewski, 2019; Sujay et  al., 
2020) indicated that the enhancement in the compressive 
and flexural strengths of HFRC was always strengthened 
by high-elastic modulus fibers, while the tensile strength 
was mainly attributed to the low elastic modulus fibers. 
Whether the utilization of natural or synthetic fibers 
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with superior durability and high temperature resist-
ance can generate the effect of steel fibers in concrete, 
thus avoiding the corrosion and high density of steel fib-
ers, especially in marine engineering. Hence, high-elastic 
modulus fibers (carbon fibers and aramid fibers) and low-
elastic modulus polypropylene fibers were all utilized 
in this paper (Fig. 1). Besides, concrete cooperated with 
various properties of fibers can enhance the performance 
of different aspects for the concrete. The abovemen-
tioned reviews mainly focus on two types of mixed-fiber 
concrete without steel fibers, the properties of which are 
better than those with single-type fibers. Whether mul-
tiple fibers in concrete will emerge better hybrid effects 
needs further study. Few studies have involved the HFRC 
with three types of fibers without steel fibers. Therefore, 
it is fundamental to investigate the mechanical properties 
of HFRC incorporated three types of fibers to obtain the 
optimal total volume fraction for the three types of fibers, 
as well as the optimal volume fraction ratio between the 
three types of fibers.

3 � Experimental Program
Previous studies have indicated that the improvement of 
HFRC properties is mainly attributed to the fiber proper-
ties and the volume fraction. Moreover, Hua et al. (2005) 
(Huang et al., 2019) and Zhu (2019) inspected the effect 
of carbon fiber aspect ratio of 650, aramid fiber aspect 
ratios of 500 ~ 1100, and polypropylene fiber aspect ratios 
of 300 ~ 620 on the mechanical properties of HFRC. The 
results revealed that the specimen with carbon, aramid, 
and polypropylene fibers aspect ratios of 650, 900 and 
400, respectively, has the maximum improvement in 
terms of compressive, split tensile and flexural strength 
among all the test batches. Therefore, based on the fixed 
aspect ratios of 650 for carbon fibers, 400 for polypropyl-
ene fibers and 900 for aramid fibers in HFRC, the effects 
of the volume fraction for carbon fibers (CF-VF), poly-
propylene fibers (PPF-VF) and aramid fibers (AF-VF) on 

the mechanical properties of HFRC were investigated. To 
obtain the optimal additional ratio of fibers, compressive, 
splitting tensile and flexural tensile tests were carried out. 
Finally, the stress–strain curves of normal concrete and 
HFRC were examined to explore the whole mechanical 
behavior. The details of the specimens are presented in 
Table 1.

3.1 � Materials
An ordinary Portland cement (P. O 42.5) produced by 
Jidong cement Tongchuan co. LTD was adopted to pre-
pare normal concrete and HFRC. The fine aggregate 
utilized was Weihe River sand in Shanxi Province with 
a fineness modulus less than 2.56. Gravels with particle 
size ranges of 5 ~ 20 mm were used as coarse aggregates. 
In addition, tap water was used in the tests. Carbon fib-
ers were fabricated by Nanjing Mancatel Company, poly-
propylene fibers were manufactured by Shijiazhuang 
Ruixin Cellulose Co., Ltd, and aramid fibers were pro-
duced by Handan Xuanheng Special Fiber Equipment 
Co., Ltd. Sodium carboxymethylcellulose was adopted 
as a dispersant with 0.8 times the mass of the fibers. 
The superplasticizer used in the experiment was a liq-
uid viscous polycarboxylate-type superplasticizer with a 
water-reducing rate range of 25 ~ 27%. The amounts of 
superplasticizer in the normal concrete and HFRC were 
0.2% and 0.5% cement by weight, respectively. The details 
of the aforementioned materials are shown in Table  2. 
Specimens were prepared in five replicates for acquiring 
the accurate testing data.

3.2 � Mixing and Curing
The standard compressive strength of 50  MPa and a 
55 ~ 70  mm slump was utilized as the test benchmark 
concrete. This mix proportion (Table  3) was designed 
according to the code “Specification for mix proportion 
design of ordinary concrete” (JGJ 55-2000) and the code 

Fig.1  Fibers. a Carbon fibers. b Polypropylene fiber. c Aramid fiber.
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“ Technical specification for fiber-reinforced concrete 
structure” (CECS 38-2004).

To equivalently distribute the fiber in concrete 
matrixes, a ready-mixed cement mortar method was 

utilized in concrete production. After mixing, the fresh 
concrete was placed in 100 × 100 × 100 mm3 cube molds, 
100 × 100 × 400 mm3 molds and 100 × 100 × 300 mm3 
molds. The specimens were removed and transferred to 

Table 1  Detail of specimens.

C1 refers the common concrete

Influencing factors Series Volume 
fraction
(%)

Proportion (%) Size
(mm3)

CF-VF PPF-VF AF-VF

Volume fraction C1 0 0 0 0 Compressive and splitting 
tensile flexural tests cubes:
100 × 100 × 100
Flexural tests specimen: 
100 × 100 × 400

C2 0.12 33.3 33.3 33.3

C3 0.24 33.3 33.3 33.3

C4 0.36 33.3 33.3 33.3

C5 0.48 33.3 33.3 33.3

C6 0.60 33.3 33.3 33.3

Addition ratio among fibers Z1 0.12 100 0 0

Z2 0.12 0 100 0

Z3 0.12 0 0 100

Z4 0.12 60 20 20

Z5 0.12 50 25 25

Z6 0.12 40 40 20

Z7 0.12 20 60 20

Z8 0.12 25 50 25

Z9 0.12 40 20 40

Z10 0.12 20 40 40

Z11 0.12 25 25 50

Z12 0.12 20 20 60

Uniaxial compression tests C1 0 0 0 0 100 × 100 × 300

Z1 0.12 100 0 0

Z2 0.12 0 100 0

Z3 0.12 0 0 100

Z5 0.12 50 25 25

Table 2  Performance index of carbon, polypropylene and aramid fiber.

Fiber type Density Diameter Length Tensile strength Bending 
strength

Modulus 
of 
elasticity

Elongation at 
break

Acid and 
Alkaline 
resistance

Resistivity

(g/cm3) (μm) (μm) (MPa) (MPa) (GPa) (%) (Ω.cm)

Carbon fiber 1.78 6.9 4225 3422 837 241 1.25 strength 1.4 × 106

Polypropylene 
fiber

0.91 30.0 12,000 556 – 7 20.00 ± 5.00 strength 7.0 × 1019

Aramid fiber 1.44 10.0 9000 2842 686 110 4.40 strength 5.0 × 1019

Table 3  Concrete mix design.

Water Cement Gravel Sand Super-plasticizer W/C ratio Sand ratio

(Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3) (%) (%)

196 500 1136 559 1 39 33
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the laboratory for testing after curing for 28  days with 
more than 95% humidity and 20 ± 2  °C according to 
“Method for Testing Mechanical Properties of Common 
concrete” (GB/T50081-2002).

3.3 � Testing Methods
The compressive, tensile and flexural strengths of the 
concrete were obtained with the Changchun univer-
sal hydraulic testing machine according to the standard 
“Method for Testing Mechanical Properties of Common 
concrete” (GB/T50081-2002). The test results are shown 
in Table 4. In addition, all the tests were duplicated five 
times, and three valid results were selected to ensure the 
accuracy of the data (GB/T50081-2002).

The constitutive parametric experiments of normal 
concrete, a single type of fiber concrete and HFRC 
were conducted using a Changchun universal hydrau-
lic testing machine (Fig. 2). First, the 100 mm-long fer-
rules were fixed at both ends of the testing block, and 

the 100  mm-long iron blocks were placed and bolted 
tightly around the ferrules. Then, 5 mm away from the 
two ends of the test block was reserved to prevent the 
fixture from directly contacting the test machine. After 
the test block was placed, a Linear Variable Differen-
tial Transformer (LVDT) with a range of 50  mm was 
installed around the test block to obtain the displace-
ment. The displacement control method was utilized 
corresponding to the sampling frequency of 5  Hz. A 
loading speed of 0.03 mm/min and a damage sensitivity 
of 50% were set to collect stress.

4 � Results and Discussion
Table  5 summarizes the experimental results in terms 
of compressive, tensile and flexural strength. TC-R and 
FC-R represent the ratios of the tensile strength to the 
compressive strength and the flexural strength to the 
compressive strength, respectively.

Table 4  Experimental results-1.

λC refers the ratio of the mean compressive strength of the specimen to the mean compressive strength of common concrete (specimen C1). λS is the ratio of the mean 
tensile strength of the specimen to the mean tensile strength of common concrete (specimen C1). λf denotes the ratio of the mean flexural strength of the specimen 
to the mean flexural strength of common concrete (specimen C1). TC-R is the ratio of the mean tensile strength to the mean compressive strength of specimens. FC-R 
is the ratio of the mean flexural strength to the mean compressive strength of specimens

Specimen Compressive
strength

Mean 
compressive
strength

λC Tensile strength Mean 
tensile 
strength

λS Flexural strength Mean 
flexural 
strength

λf TC-R FC-R

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (%) (%)

C1 65.59 63.70 1.000 2.78 3.36 1.000 5.23 5.81 1.000 5.27 9.12

63.54 3.34 6.12

61.97 3.96 6.07

C2 60.19 60.77 0.954 4.34 4.04 1.202 6.38 6.81 1.172 6.64 11.20

62.83 3.81 7.10

59.29 3.97 6.95

C3 59.75 58.99 0.926 3.85 3.78 1.125 7.17 6.90 1.188 6.41 11.69

59.37 3.79 7.04

57.85 3.70 6.49

C4 57.65 57.58 0.904 3.64 3.81 1.134 7.35 7.07 1.217 6.61 12.27

56.38 3.88 7.16

58.71 3.91 6.70

C5 58.24 56.37 0.885 3.79 3.88 1.155 6.78 6.96 1.198 6.88 12.34

54.25 3.93 7.16

56.62 3.92 6.95

C6 52.95 54.91 0.862 3.85 3.88 1.155 7.06 6.88 1.184 7.07 12.53

56.54 3.88 6.80

55.24 3.91 6.78

Z1 63.01 62.81 0.986 4.05 4.26 1.268 7.17 6.79 1.169 6.78 10.81

62.16 4.55 6.74

63.26 4.18 6.46

Z2 57.29 59.62 0.936 4.44 4.13 1.229 7.06 6.64 1.143 6.93 11.14

61.43 4.35 6.04

60.14 3.60 6.81
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4.1 � Effect of Volume Fraction on the HFRC Mechanical 
Properties

4.1.1 � Effect of the Hybrid Fiber Volume Fraction 
on the Fluidity of the HFRC

Fig.  3 shows the properties of the HFRC with different 
volume fractions (0 ~ 0.60%) of hybrid fibers. It can be 
seen that with an increase in the volume fraction, the flu-
idity of the HFRC was noticeably reduced. When the vol-
ume fraction reached 0.48%, the HFRC exhibited a “dry” 
phenomenon. The working performances were reduced 
significantly in pumping concrete and shotcrete. The rea-
sons can be summarized as follows: ① higher concrete 
strength is mainly dominated by a lower water–cement 
ratio. Hence, there is less water in the mixing process 
of C50. ② Carbon fibers are characterized by absorb-
ing water. In the process of concrete mixing, fibers can 
absorb water from the concrete slurry to reduce the con-
crete fluidity (Song & Yin, 2016). ③ With increasing vol-
ume fraction of fibers, more water needs to be consumed, 
corresponding to an increase in the amount of the super-
plasticizer to supplement the water consumption. How-
ever, there is a limited effect on its water reduction under 
saturated superplasticizer, and the water reduction rate 
is not proportional to the amount of superplasticizer. ④ 
Fibers also provide additional internal friction, resulting 
in a reduction in the fluidity of fresh concrete. In other 
words, small amounts of cement slurry are adsorbed on 
the surface of the fibers while mixing the fibers into the 
HFRC. More cement slurry is adsorbed on the surface of 
the fibers corresponding to the increase in the fiber vol-
ume fraction. This phenomenon leads to less free mortar, 

which is not enough to wrap the coarse aggregate, thus 
affecting the workability of the concrete. In addition, the 
fluidity of the concrete is influenced by the viscous effect 
of a three-dimensional network structure composed of a 
large number of fibers in the concrete matrix.

4.1.2 � Failure Modes
Fig.  4 shows the failure modes of HFRC with different 
fiber volume fractions (0 ~ 0.60%). The results show that 
with increasing fiber volume fractions, small numbers of 
micro-fractures emerged on the specimen surface and 
alleviated the peeling failure. This phenomenon is mainly 
attributed to the fiber bridging effect (Yoo et  al., 2017a, 
2017b; Yoo et al., 2017a, 2017b). In other words, when the 
concrete cracks, fibers are embedded in the two cracked 
concrete matrixes to prevent further concrete cracking. 
Although fibers change the crack direction results in 
other minor cracks.

4.1.3 � Effect of Hybrid Fiber Volume Fraction on Mechanical 
Properties

Fig.  5 shows the hybrid fiber volume fraction effec-
tiveness on mechanical properties. The compressive 
strength of the HFRC decreased approximately linearly 
with an increase in the hybrid fiber volume fraction. 
With increasing volume fractions from 0.12 to 0.6%, the 
compressive strength of the HFRC was reduced by 4.6, 
7.4, 9.6, 11.5, and 13.8% by contrast with that of normal 
concrete. During the mixing procedure of the fibers and 
concrete, air infiltration resulted in more pores in the 
concrete matrix (Balcikanli et  al.,2020; Bolooki Poor-
saheli et  al., 2021; Cui et  al., 2020; Scorza et  al., 2021). 
This means that the loose construction around the fib-
ers weakens the bonds of the HFRC. However, with the 
increasing volume fraction of hybrid fibers, the tensile 
strength and flexural strength of the HFRC show an unu-
sual increase in contrast to the compressive strength. 
Moreover, the tensile strength and flexural strength 
increased first and remained almost unchanged with 
increasing fiber volume fraction. It can be concluded that 
the fiber content is a crucial influencing factor on the 
HFRC strength, while its effect is limited with increasing 
volume fraction, reaching a maximum at 0.12%.

4.1.4 � Relationship of the Tensile and Flexural Strengths 
to the Compressive Strength

The tensile-to-compressive strength ratio (TC-R) is an 
important material property of concrete for represent-
ing the ultimate strain value in uniaxial tension. Further-
more, the flexural-to-compressive strength ratio (FC-R) is 
also an important parameter to indicate the brittle mate-
rial mechanics of the concrete. Fig. 6 shows the effect of 

Fig.2  Loading-schematic diagram.
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the volume fraction (VF) on the TC-R and FC-R of the 
HFRC. The increase in VF is accompanied by an increase 
in the TC-R and FC-R. Moreover, with a volume frac-
tion in the range of 0–0.6%, the maximum differences in 
the TC-R and FC-R are 1.8 and 3.4%, respectively, cor-
responding to the average growth rates of the TC-R and 
FC-R compared with that of the normal concrete, which 
are 27.6 and 31.7%, respectively. This demonstrates that 
the volume fraction of hybrid fibers has a great effect 
on the TC-R and FC-R of HFRC. This phenomenon is 
mainly attributed to that the bond effect between fib-
ers and concrete matrix can effectively resist part of the 
external force to avoid concrete creaking. After the con-
crete cracks, the fibers near the cracked part lose their 
bonding effect with the concrete matrix. Since the length 

of the fiber is generally larger than the width of micro-
cracks, the remaining part of the fiber is embedded in 
the two parts of the cracked concrete matrix to limit the 
development of the crack (Yoo, et al., 2017a, 2017b; Yoo, 
et al., 2017a, 2017b).

4.2 � Effect of Additional Ratio of Fibers on HFRC 
Mechanical Properties

4.2.1 � Failure Modes of the HFRC Specimens
In the case of the failure modes of HFRC under the dif-
ferent additional ratios of fibers (Fig. 7), there is a sig-
nificant difference from a single type of fiber concretes, 
especially in terms of the number of cracks. Fig.  7a, c 
shows that many cracks appeared on the cube surface 
under compressive loading. The cube remained whole, 

Table 5  Experimental results-2.

Specimen Compressive
strength

Mean 
compressive
strength

λC Tensile strength Mean 
tensile 
strength

λS Flexural strength Mean 
flexural 
strength

λf TC-R FC-R

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (%) (%)

Z3 61.57 61.92 0.972 3.03 3.55 1.057 7.47 7.30 1.256 5.74 11.79

62.92 3.67 7.22

61.27 3.94 7.21

Z4 61.87 60.90 0.956 3.49 3.54 1.054 7.13 7.29 1.255 5.81 11.97

61.42 3.36 7.53

59.41 3.78 7.21

Z5 60.29 60.07 0.943 3.39 3.86 1.149 5.58 6.32 1.088 6.42 10.52

57.69 4.02 6.44

62.23 4.16 6.94

Z6 57.18 57.33 0.900 3.22 3.21 0.955 4.84 5.17 0.890 5.59 9.01

59.73 2.98 4.78

55.08 3.42 5.89

Z7 59.52 58.67 0.921 3.74 3.29 0.979 5.22 5.64 0.970 5.60 9.61

51.85 3.10 6.35

64.64 3.05 5.34

Z8 52.05 52.93 0.831 3.11 3.60 1.071 5.12 5.48 0.943 6.79 10.34

53.85 3.90 6.12

52.89 3.82 5.21

Z9 56.94 61.02 0.958 3.01 3.14 0.970 7.37 6.73 1.158 5.08 10.89

60.74 3.24 6.29

65.38 3.15 6.53

Z10 63.08 62.11 0.975 3.99 3.59 1.068 5.50 5.51 0.948 5.78 8.87

60.21 3.49 5.66

63.04 3.30 5.38

Z11 61.20 62.62 0.983 3.45 4.14 1.232 6.54 6.97 1.200 6.61 11.13

67.68 4.88 6.77

58.98 4.10 7.59

Z12 65.52 63.13 0.991 4.64 4.12 1.226 7.01 7.49 1.289 6.53 11.87

64.01 4.02 7.89

59.86 3.71 7.57
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even though the corner surface of the cube was par-
tially split. However, for Fig. 7b, the spalling was heav-
ier on the surfaces, while there were fewer cracks on 
the surface compared with those of specimens (a) and 
(c). This reveals that the crack-resistance behavior of 
single CF-reinforced concrete and single AF-reinforced 
concrete is better than that of single PPF-reinforced 
concrete. This phenomenon is mainly due to the high 
elastic modulus of the CF and AF. When the concrete 
is creaked under pressure, those fibers are easily bro-
ken or pulled out of the concrete matrix to meet the 
compressive deformation or cracking of the concrete. 
As for the PPF with the low elastic modulus and large 
deformability, it is easily stretched as the concrete is 
deformed and creaked, thus inhibiting the development 
and extension of creaks.

After mixing the three types of fibers in the concrete 
matrix, although some cracks appeared on the surface of 
the HFRC cubes, the width of the cracks and the surface 
spalling level were minor compared with those of a sin-
gle type of fiber-reinforced concrete. Moreover, Fig.  7d, 
e shows that the surfaces of the specimen (d) appeared 
only slightly peeling and bulging. This means that the 

crack resistance of the HFRC is alleviated by adding the 
hybrid fibers.

4.2.2 � Effect of Hybrid Fiber Volume Fraction on Mechanical 
Properties

As summarized in Sect. 4.1.3, the optimum volume frac-
tion of hybrid fibers is 0.12%. Therefore, under the dif-
ferent additional ratios of fibers in HFRC and the fixed 
volume fraction of 0.12%, the relationship of the fiber-to-
volume fraction ratio and the HFRC-to-normal concrete 
strength ratio are investigated and exhibited in Fig. 8. In 
the case of CF-VF (Fig. 8a), under the same volume frac-
tions of PPF and AF, the tensile strength decreased lin-
early with decreasing CF-VF and increasing PPF-VF and 
AF-VF. Meanwhile, the flexural strength decreased to a 
certain degree. It can be concluded that the strengthen-
ing effect of CF-VF on the tensile and flexural strength 
was weak. The phenomenon was mainly due to the CF 
adopted in this paper has a small diameter and strong 
surface adsorption, hence it was difficult to disperse in 
the concrete matrix, as well as to fully function (Huang 
et al., 2019; Scorza et al., 2021; Sujay et al., 2020). As PPF-
VF (Fig. 8b) decreased and CF-VF and AF-VF increased, 

Fig.3  HFRC statuses with different fraction volume. a 0%. b 0.12%. c 0.24%. d 0.36%. e 0.48%. f 0.60%.
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the tensile and flexural strengths reached maximums at 
a fiber ratio of 25:50:25 and subsequently decreased. In 
addition, the tensile and flexural strengths decreased 
first and then decreased with decreasing AF-VF and 
increasing CF-VF and PPF-VF, reaching a maximum at a 
fiber ratio of 0:0:100. In general, higher AF-VF with car-
bon fibers and aramid fibers prone to improve the flex-
ural and tensile strengths of the HFRC, the variation of 
which is the same as PPF-VF. However, higher CF-VF is 
prone to negative effects with PPF and AF. The phenom-
enon is mainly attributed to that AF and PPF are easier 
to disperse than CF and can exert their role in the con-
crete matrix (Huang et al., 2019; Scorza et al., 2021; Sujay 
et  al., 2020). Hence, as the PPF-VF and AF-VF change, 
the overall mechanical properties of HFRC change 
significantly.

4.3 � Stress–Strain Relationship
4.3.1 � Characteristics of the Stress–Strain Relationship
The uniaxial compression constitutive relationship is 
a fundamental property of concrete and an important 
basis for obtaining the bearing capacity, ductility, strain 
and stress of concrete structures. The stress–strain curve 
reflects multiple mechanical properties of concrete. 
Peak stress represents the compressive strength of con-
crete prisms. The tangent slope of the curve denotes the 
elastic modulus of concrete. The area enclosed by the 
curve indicates the elastoplasticity and toughness of the 
material.

The axial stress–strain relationship and their charac-
teristic values are shown in Fig.  9 and Table  6, respec-
tively. All the curves contained an ascending stage and 
two descending stages. The first descending stage refers 

Fig.4  HFRC failure modes with different fraction volume. a 0%. b 0.12%. c 0.24%. d 0.36%. e 0.48%. f 0.60%.
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the descending stage close to the ascending stage. How-
ever, the descending stage became relatively flat with 
the increase of the strain. In addition, there was a sharp 

decrease as the strain reached to 0.0035με of the nor-
mal concrete. The crack resistance of the normal con-
crete is mainly attributed to the bond between matrixes. 
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Fig.5  Relationship between strengths of HFRC and volume fractions. a Compressive strength. b Tensile strength. c Flexural strength.
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Moreover, the bonding force among the concrete 
matrixes will disappear as the concrete matrix emerges 
creaks subjected to load. Although there are mechanical 
bite force and friction between matrixes, the crack resist-
ance is still weak.

In addition, the overall performances of the single type 
of carbon fiber-reinforced concrete presented the best 
behavior in contrast to the others, corresponding to the 
maximum stress at 62.52Mpa. Moreover, the addition 
of high-elastic modulus fibers, including AF and CF, 
led to an increase in the concrete compressive strength. 
The low-elastic modulus fiber (PPF) generated the low-
est stress in concrete compressive strength compared 
with other types of concrete. Meanwhile, the HFRC has 

the highest energy absorption, and the incorporation of 
CF in concrete also exerts a great influence on the energy 
absorption capacities. Nevertheless, the addition of PPF 
and AF not only cannot improve the energy dissipa-
tion capacity of the concrete but also weakens it, espe-
cially adding the PPF. Moreover, with the occurrence of 
cracks in the concrete matrix, the bonding force between 
the fibers and concrete matrix can consume part of the 
energy, as well as the bonding force between the fibers 
and concrete matrix on both sides of the crack. The bond 
behavior can alleviate crack propagation and mitigate the 
decreasing rate of stress. In conclusion, CF and hybrid 
fibers can increase the strength of concrete, as well as the 
ductility and energy absorption capacities.

Fig.7  Failure modes based on the variation of additional ratio of fibers (CF: PPF: AF). a 1:0:0. b 0:1:0. c 0:0:1. d 2:1:1. e 1:2:1. f 1:1:2.
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4.3.2 � Ratio of Peak Stress to the Cubic Compressive Strength
In general, the axial compressive strength is higher than 
the peak stress because of the higher loading speed and 
hoop effect in the testing. The peak stress and cubic com-
pressive strengths of all the specimens are exhibited in 
Table 7.

The fck /fcu,k values of the five kinds of concrete are 
between 0.67 and 0.95. Meanwhile, the fck/fcu,k values of 
C50 and C60 concrete calculated according to GB50010-
2010 are only 0.60 and 0.64, respectively, which are 
significantly lower than the experimental values. The 
phenomenon was mainly due to that the transverse 
expansion of the steel loading plate is smaller than that 

of the concrete specimen subjected to load. Therefore, 
the frictional force is emerged on the pressure surface 
of the concrete specimen, which restrains the transverse 
expansion of the specimen, thus enhancing the strength 
of specimens. Besides, the loading end of the axial com-
pressive specimen is restrained to the surrounding and 
upper of the loading end, while the loading end of the 
compressive specimen only constrains the upper. There-
fore, the transverse expansion constraint of the loading 
end for the axial compressive specimen is stronger than 
that of the compression specimen, so the measured con-
crete strength is also higher.
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Fig.8  Mechanical properties based on cube specimens. a CF-VF. b PPF-VF. c AF-VF.
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5 � Experimental Analysis
5.1 � Correlations Between the Fiber Volume Fraction 

and Compressive Strength of HFRC
Under a fixed aspect ratio of 650 of the carbon fibers, 
400 of the polypropylene fibers and 900 of the aramid 
fibers, Tables 4, 5, and Figs. 5 and 8 exhibit the interrela-
tion among CF-VF, PPF-VF, AF-VF and the compressive 
strength of the HFRC. Based on the analysis mentioned 
above, the multifactor calculation method for determin-
ing the HFRC compressive strength is proposed with the 
influence of three kinds of fiber volume fractions. This 
formula is as follows:

where fck-HFRC and fck refer to the standard values of 
HFRC and normal concrete, respectively, and VPP-F, VC-F, 
and VA-F denote the volume fractions of the PPF, CF and 
AF within 0.2%, respectively. The average ratio of the 54 
effective test values of the HFRC referring to the calcu-
lated values is 0.73 (Fig. 10), and the maximum error is 

(1)
fck - HFRC

= (−572.27 · VPP−F − 182726.21 · VC−F · VA−F + 0.98)fck,

5.73%. The formulas can be utilized to calculate the com-
pressive strength of the concrete cooperated with CF, 
PPF, and AF in practical projects as reference.

5.1.1 � Prediction of the Compressive Stress–Strain of HFRC 
and Normal Concrete

The complexity of concrete performance is due to the 
different properties of the constituent materials and the 
constraints of external conditions. It is difficult to find 
a mathematical model that can accurately characterize 
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Fig.9  Axial stress–strain relationship. The test datum of each point is 
derived from the average of three replicates.

Table 6  Characteristic values of compressive stress–strain curves.

Specimen Proportion Peak stress
(MPa)

Peak strain
(10–4)

Elastic modulus
(104 MPa)

Energy 
absorption
(kJ/m3)CF-VF PPF-VF AF-VF

C1 – – – 46.73 18.06 4.80 157.63

Z1 0.12 – – 62.52 15.13 4.93 198.18

Z2 – 0.12 – 48.64 11.06 4.37 128.94

Z3 – – 0.12 43.44 14.88 5.00 143.36

Z8 0.03 0.06 0.03 54.62 14.28 5.78 198.21

Table 7  Peak stress and cubic compressive strength.

fcu,k is the cubic compressive strength, fck is the axial compressive strength

Strength Normal 
concrete

Carbon 
fiber 
concrete

Polypropylene 
fiber concrete

Aramid 
fiber 
concrete

HFRC

fcu,k 63.7 62.8 59.6 61.9 63.1

fck 44.4 59.4 46.2 41.3 51.9

fck/fcu,k 0.70 0.95 0.78 0.67 0.82

Fig.10  Comparison of experimental values and predictions. The test 
datum of each point is derived from the average of three replicates.
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(a) (b)

(c) (d)

(e)
Fig.11  Comparison of experimental results and predictions. The test datum of each point is derived from the average of three replicates. a Normal 
concrete. b Polypropylene fiber reinforced concrete. c Carbon fiber reinforced concrete. d Aramid fiber reinforced concrete. e HFRC.
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different types of concrete constitutive relation curves. 
However, the segmented constitutive mathematical 
model has been proposed by the code for the design of 
concrete structures (50010–2010, 2010). The theoretical 
formulas for ascending and descending sections are as 
follows:

 where y = f
f0

 represents the ratio of the test stress to the 
peak stress; x =

ε
ε0

 denotes the test strain-to-peak strain 
ratio; a denotes the ratio of the initial elastic modulus to 
the secant modulus at the peak stress, and b is the plas-
ticity index.

Based on the aforementioned tests and Eqs. (2), (3) can 
be used to calculate the strain–stress of HFRC and nor-
mal concrete:

where c and d denote the strain adjustment coefficient 
and plastic coefficient compensation values, respectively.

Equation  (3) is used to fit the stress–strain curve of 
normal concrete, a single type of fiber-reinforced con-
crete and HFRC (Fig.  9). Fitting curves are shown in 
Fig.  11. It can be found that there is a good agreement 
with the experimental values and predicted values.

6 � Conclusions
Based on the comprehensive investigation, the following 
conclusions can be drawn:

(1)	 The increase in the volume fraction of carbon fiber, 
aramid fiber, and polypropylene fiber had a posi-
tive effect on the tensile and flexural strengths of 
HFRC. Meanwhile, the compressive strength of the 
HFRC decreased linearly with increasing hybrid 
fiber volume fraction. In addition, the splitting ten-
sile strength reached its maximum at 0.12% volume 
fraction, while the flexural strength first increased 
and then decreased with increasing hybrid fiber 
volume fraction, reaching a maximum when the 
volume fraction is 0.36%. In all, the optimal volume 
fraction of hybrid fibers was 0.12%.

(2)	 The additional ratio among fibers generated posi-
tive and negative effects on the HFRC properties. 
The reinforcing effects of the aramid fibers and 
polypropylene fibers on the concrete strength were 
better than those of the carbon fiber. The overall 

(2)
y = ax + (3− 2a)x2 + (a− 2)x3, 0 ≤ x ≤ 1

y =
x

b(x − 1)2 + x
, x ≥ 1







,

(3)
y = ax + (3− 2a)x2 + (a− 2)x3, 0 ≤ x ≤ 1

y =
x

b(x − 1)2 + cx + d
, x ≥ 1







,

mechanical properties of the HFRC with 3 types 
of fibers were better than those of a single type of 
fiber-reinforced concrete. Moreover, the HFRC 
with an additional ratio of fibers of 25:50:25 had the 
best hybrid effect.

(3)	 The fck /fcu,k value of the HFRC was significantly 
higher than those of the normal concrete and the 
predicted value by code, specifically in respect of 
the carbon, polypropylene, and hybrid fibers.

(4)	 An equation was proposed to predict the HFRC 
compressive strength for specimens with various 
volume fractions (0–0.60%) of carbon fibers, aramid 
fibers, and polypropylene fibers. The equation can 
be used in practical projects as a reference.

(5)	 The addition of carbon fibers and hybrid fibers with 
a fiber ratio of 25:50:25 significantly influenced the 
energy consumption capacities.

(6)	 Based on the constitutive theoretical model pro-
posed by previous research, a uniaxial compression 
constitutive mathematical model of normal con-
crete and HFRC was established to provide a theo-
retical basis for the HFRC stress and strain predic-
tion. The calculated values were in good agreement 
with the testing data.
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