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Abstract 

In this study, the workability and mechanical characteristics of concrete containing different types of fibers 
and cement substitutes of concrete under standard, thermal, and sulfate environment curing conditions were 
compared. Normal concrete was made with a water-to-cement ratio of 0.43, and high-performance concrete 
was produced with smaller water-to-cement ratios (0.38, 0.33, and 0.28). Macro steel fibers in three different amounts 
and with two length sizes (60 mm and 30 mm), including polypropylene fibers (PP), and high-performance polypro-
pylene fibers (HPP) in combination with steel fibers, blast furnace slag, and silica fume were used as cement substi-
tutes. The tests performed include slump tests, compressive, flexural strength, and Brazilian tensile and microstructure 
images. Results showed that thermal curing (without moisture) reduces compressive, tensile, and flexural strength 
compared to standard curing conditions, and using the steel fibers this weakness was not reduced. In standard 
curing, by adding steel fibers, the mechanical properties increase significantly, and by increasing the percentage 
of steel fibers, the mechanical properties also improve. Concretes with a combination of different types of fibers did 
not favorably affect the mechanical properties of concrete compared to steel fiber concretes.

Keywords  High-performance concrete (HPC); fibers, Supplementary cementitious materials, Thermal curing, Sulfate 
attack

1  Introduction
The American Concrete Institute (ACI) defines high-
performance concrete (HPC) as concrete that exhibits 
enhanced workability, mechanical properties, or durabil-
ity when compared to standard concrete (Russell, 1999). 
This type of concrete typically features a low water-to-
cement ratio (less than 0.35), high-quality aggregates, a 
substantial cement content (450–550 kg/m3), the inclu-
sion of silica fume (5–15% of the cement’s weight), and 

a superplasticizer (Afroughsabet, 2020). In addition, in 
high-performance concrete (HPC), increasing the sig-
nificant proportion of cement and incorporating mineral 
additives can significantly enhance the properties of the 
concrete. However, this may also lead to increased sus-
ceptibility to premature cracking, which can reduce the 
service life of concrete structures. The application of fib-
ers is an appropriate solution to overcome this weakness, 
and by preventing crack propagation, it produces a mate-
rial with high tensile, flexural strength, plasticity, and 
energy absorption (Afroughsabet et al., 2016).

In recent years, the construction industry has seen 
a rise in the use of an innovative technology known as 
high-performance fiber-reinforced concrete (HPFRC). 
The desired characteristics influence the materials 
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chosen for HPFRC, and the local economy determines 
the availability of appropriate alternative materials. Fib-
ers can be added to cement concrete to enhance its ten-
sile strength, ductility, toughness, and durability. The 
HPFRC is a specialized form of HPC designed to improve 
concrete quality in several aspects. It achieves this by 
employing a low water-to-cement ratio, incorporating 
pozzolanic materials as replacements, and adding fibers. 
The most important effect of fibers is the capability to 
delay the propagation of cracks in concrete. Fibers can be 
categorized as metallic, polymeric, or natural. Of these, 
steel fibers (metallic) are the most commonly utilized for 
both structural and non-structural applications (Gu et al., 
2016).

The properties of high-performance concrete are mean-
ingfully affected by the preparation process, especially 
the curing conditions. Due to the exceptional quality of 
high-performance concrete, steam curing is commonly 
employed as an effective curing method (Li et al., 2020a). 
Although steam curing provides high mechanical proper-
ties and durability at an early age, in the long term, it may 
have an adverse impact on the performance of concrete, 
since the high temperature accelerates the hydration of 
cement materials, which accelerates the distribution of 
heterogeneous hydration products and possibly the for-
mation of a relatively looser structure and more porosity. 
Similarly, acceleration of hydration by processing at high 
temperatures in some cases causes a delay in the forma-
tion of ettringite (Shen et al., 2019; Shin & Yoo, 2020).

Several researchers have studied using different fibers 
in HPC, such as Yu et  al. (2014a), which indicated that 
the addition of microsteel fibers negatively affects the 
workability of concrete. They observed that as the pro-
portion of steel fibers increased from 0.5 to 2.5% of the 
concrete volume, the slump decreased. Li et  al. (2024) 
concluded that steel fibers are basically added to concrete 
to increase flexural properties. However, the increase 
in flexural strength depends on the type of concrete, 
type of fibers, and size, which leads to different growth 
rates of flexural strength. On the other hand, Bolkbache 
et  al. (2010a) revealed that when fiber-reinforced con-
crete does not have sufficient workability, it reduces the 
effect of fibers on the mechanical performance of con-
crete. In a study of two metal fibers with two different 
sizes, Wu et al. (2019a) concluded that metal fibers with 
longer lengths are more effective in growing compres-
sive strength. However, the combination of two fibers in 
two lengths, short and long, is more effective in control-
ling crack propagation. Aiamsri et al. (2024) investigated 
the bond strength in conventional concrete and high-
performance concrete with steel fibers. They found that 
the bond strength increased with increasing compressive 
strength of concrete.

Li et al. (2020b) concluded that with the increase in the 
amount of steel fibers, the value of the tensile strength is 
enhanced. They also verified the relationship between the 
increase in the steel fibers and the strain rate in high-per-
formance steel fiber-reinforced concrete (HPSFRC) using 
the theory of energy conversion. In other studies on the 
effect of two types of steel fibers (smooth and sinusoidal) 
on microcracks, Shin and Yoo (2020) found that concrete 
reinforced with sinusoidal fibers is more vulnerable to 
corrosion than concrete reinforced with smooth fibers, 
which was determined by the earlier deterioration of ten-
sile performance. In examining the volume of steel fibers 
used in concrete, the effect of a volume of steel fibers of 
0.5–1.5% leads to a 43% increase in maximum failure load 
capacity and a 165% increase in displacement between 
frames compared to samples with fewer fibers (Maglad 
et al., 2023). Various researchers have proposed the com-
bined use of different types of fibers, including steel fib-
ers and synthetic fibers, in high-performance concrete 
to improve its performance (Li et al., 2019; Wang & Guo, 
2018; Yoo & Kim, 2019). Typically, incorporating a com-
bination of metal fibers and polypropylene into rein-
forced concrete significantly enhances its resistance to 
cracking across various dimensions and locations (Wang 
et al., 2023).

Xei et  al. (2018) studied the characteristics of self-
shrinkage and drying shrinkage of ultra-high-perfor-
mance concrete (UHPC). They found that porosity and 
the amount of unreacted paste material are the two fac-
tors that affect the shrinkage characteristics of UHPC. 
They replaced half of the mixed water with crushed ice 
to reduce self-shrinkage. One of the typical applica-
tions of fibers is to reduce cracking in concrete due to 
shrinkage and thermal variations. Accordingly, fibers 
can also improve durability (Abdi Moghadam & Izadi-
fard, 2021; Nogueira et al., 2021; Shen et al., 2022). Shen 
et  al. (2019) used double-ended steel fibers to find the 
effects on the cracking potential of concrete in ring sam-
ples. They found that the cracking potential and residual 
stress decreased with an increase in the volume of double 
hooked-ended steel fibers. Lv et al. (2021) found that as 
steel fibers undergo corrosion, their capacity to control 
cracks diminishes, leading to a rapid increase in crack 
width.

Shen et  al. (2019) also studied the effect of different 
heat curing on various properties of reinforced concrete. 
They emphasized that heat curing with steam with and 
without pressure improves the mechanical properties and 
durability of concrete. Lessly et  al. (2020) examined the 
flexural characteristics of reinforced concrete incorporat-
ing supplementary cementitious materials (SCMs) under 
various curing conditions. They discovered that using hot 
water and steam during curing significantly improved 
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the compressive and flexural characteristics in compari-
son with standard curing methods of the same duration. 
Helmi et  al. (2016) studied the impact of high-pressure 
steam curing on concrete microstructure development. 
They discovered that the curing process, involving ther-
mal expansion of solid phases, volumetric air expansion, 
and increased pressure in voids, accelerates the diffusion 
rate of fine cracks formed during shrinkage. Crystalline 
hydrate is primarily formed within the network of narrow 
capillary pores.

Matar and Assaad (2019) investigated various SCC 
mixtures and polypropylene fibers (PPF), in different 
ratios of water-to-cement conditions. They found that 
adding PPF significantly decreases the rheological char-
acteristics and passing ability of SCC, especially for the 
mixes containing higher rates of replaced RCA. Matar 
and Zéhil (2019) investigated a mixture of recycled con-
crete aggregates and PPF in concrete. Using PPF, the 
compressive strength and the density of the concrete did 
not change significantly. In addition, the modulus of elas-
ticity of concrete and the Poisson’s ratio of concrete mar-
ginally decreased using PPF.

Chen et al. (2023) studied the combination impacts of 
using recycled tire polymer fiber and steel fiber on con-
crete characteristics. They found that by adding the fib-
ers, the workability of the concrete decreased. However, 
increasing the fibers improved the flexural toughness of 
the concrete and the average strength of the concrete. A 
combination of glass fiber and polypropylene fiber was 
used by Hadeed et al. (2023) to produce lightweight con-
crete (LWC) and high-strength concrete (HSC). They 
found that using glass fiber (GF), the flexural strength, 
compressive strength, and splitting tensile strength 
of the samples increased notably. Sharma and Senthil 
(2023) found that the workability of the sample decreased 
using synergic consumption of manufactured sand and 
recycled coarse aggregates. Antarvedi et  al. (2023) uti-
lized two varieties of steel fibers (crimped steel fiber and 
hooked-end steel fiber), each separately combined with 
polypropylene fibers in concrete. Results showed that the 
steel fibers increased flexural strength characteristics. In 
addition, the steel fibers decreased the crack propaga-
tion. Hosseinzadeh et al. used different types of fiber in 
normal concrete and HPC curing in standard conditions. 
The addition of fibers reduces the workability of concrete. 
Incorporating 0.5% polypropylene fiber enhances the 
compressive and tensile strength of the concrete. In addi-
tion, lowering the water–cement ratio (w/c) decreases the 
concrete’s water absorption (Hosseinzadeh et al., 2023).

Most research on fiber-reinforced concrete focuses 
on the influence of fiber types on the mechanical prop-
erties of the concrete cured under standard conditions. 
However, in practical applications, curing often occurs 

in environments with high temperatures or exposure to 
aggressive sulfate ions. This study aims to address the 
impact of these challenging curing conditions and envi-
ronments, a topic that has received limited attention in 
previous research. In this study, the effects of using steel 
fibers on the workability and mechanical characteristics 
of high-performance concrete (HPC) were determined. 
Another objective of this study is to clarify the impact 
of combining steel fibers with PP fibers and HPP fibers 
on the mechanical properties of HPC. In addition, the 
effects of thermal curing, curing in a sulfated environ-
ment, and the use of silica fume on the mechanical char-
acteristics of HPC were determined.

2 � Materials and Methods
2.1 � Materials
The characteristics of the cement are presented in 
Tables  1 and 2. Type 2 Portland cement sourced from 
Abyek, Qazvin, Iran, was used, meeting the requirements 
of the ASTM C150/C150M (ASTM C150 & C150M-18, 
2018) standard. Table 1 also indicates silica fume proper-
ties. The silica fume is light gray. The specific gravity and 
the relative density of silica fume are 250 g/cm3 and 2.21, 
respectively.

The maximum size of coarse aggregate and sand aggre-
gate were 9 mm and 4.75 mm, respectively. The coarse 
aggregate used in this research consists of 50% crushed 
river gravel and 50% natural aggregate. The aggregated 
was prepared from Hashgard Mine 11. A sieve analysis 
(ASTM C136-84) of fine and coarse aggregate is pre-
sented in Fig. 1. (ASTM C136–84a, 1984). The density of 
the polycarboxylate-based superplasticizer is 1.1 ± 0.02 g/
cm3 at 20ºC. The company producing superplasticizers is 
Shimi Sakhteman Company. The increase in concrete air 
content due to the use of this superplasticizer is less than 
2%.

Two types of macro steel fibers, available in two differ-
ent lengths, were utilized, featuring both long and short 
variations. In addition, macro-polypropylene fibers were 
combined with other fibers. These fibers were prepared 
by Sirjan Yarn and Granule Company (Table  3). High-
performance polypropylene fibers (HPP) are a new type 
of fiber with high efficiency in concrete. These fibers 
are also prepared by Sirjan Yarn and Granule Company 
(Fig. 2).

2.2 � Concrete Mix Designs
Table  4 indicates the 22 samples with different con-
crete mix designs. The national concrete mixture 
design of Iran (Mesbah Irandoost & S. A., 2010) was 
utilized to achieve the design of the final mixes. Two 
w/c ratios of 0.43 and 0.38 were considered for obtain-
ing ordinary and high-performance concrete. Likewise, 
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Table 1  Chemical characteristics of silica fume and cement

Chemical compound Portland cement ASTM C150/C150M (ASTM C150 & 
C150M-18, 2018) Limits

Silica fume ASTM C1240 (ASTM 
C, 1240. 2003) 
Limits

%

SiO2 27.52 Min 20 93.6 90–95

Al2O3 1.58 Max 6 0.8 0.6–1.2

Fe2O3 6.68 Max 6 0.87 0.3–1.3

CaO 82.26 0.5 0.5–1.5

MgO 6.62 Max 5 0.97 0.5–2

SO3 9.62 Max 3 – –

Na2O 7.65 0.5 0.3–0.5

K2O 7.86 0.4 0.2–0.5

Insoluble residue 0.69 Max 0.75 – –

C – 0.3 0.2–0.4

S – ISIRI389 (Matar & Assaad, 2019) 0.05 0.04–0.08

MnO – Min 20 0.06 0.02–0.07

P2O5 – Max 6 0.03 0.04

LOI – Max 6 2 0.4–3

pH – 7 6.8–8

Table 2  Cement’s physical characteristics

Characteristic Results ASTM C 150/C 150M –09 (ASTM 
C150 & C150M-18, 2018) limits

Longitudinal expansion (%) 0.21
3081

Max 0.8
Min 2800

Fineness (Blain) (cm2/kg)

Retained on a 90-micron sieve (%) 5.7

Water percentage (%) 23

Initial setting time (min) 153 Min 45 (min)

Secondary setting time (min) 212 Max 6 (hrs)

Compressive strength at 2 days (kg/cm2) 160 –

Compressive strength at 3 days (kg/cm2) 208 Min 100

Fig. 1  Sieve analysis: a coarse and b fine
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due to the desired workability, which is also affected by 
the use of fibers, a proportion of sand 60% and gravel 
40% was used to achieve a uniform paste. Three differ-
ent percentages of steel fiber were used: 1, 1.5, and 2%. 
Since better results were obtained with 1.5% fiber, this 
percentage of fibers was used as a fixed percentage. 
In addition, polypropylene and HPP fibers were used 
in combination with steel fibers, and the selection of 
the percentages of these two types of fibers was based 
on the manufacturer’s recommendation and previous 
research (Antarvedi & Banjara, 2023).

In Table 4, the samples are coded in such a way that 
the control sample is marked with the letter C, and the 
w/c of each design is next to its name, St is added to 
the samples with steel fibers, and the number in front 
of St shows the percentage of fibers, and SF is added to 
the samples with silica fume. The number in front of 
SF indicates the silica fume percentage, and the sam-
ples with slag are identified by adding letters G. Again, 
the number in front of the letters G describes the per-
centage of slag used. Likewise, samples with PP and 
HPP fibers are shown with the addition of these let-
ters. In addition, in the test results and analysis, heat-
cured samples indicate the CH symbol.

2.3 � Test Procedure and Curing Conditions
The slump test based on ASTM C143/C143M-20 stand-
ard was done to determine the workability of concrete 
(ASTM C143 & C143M-20, 2020). Nine cube samples of 
100 × 100 × 100 mm for ages 7, 28, and 90 were used by 
BS EN 12390-3:2019 were used to test the compressive 
strength of concrete (BSEN, 2019). 300 × 150 mm cylin-
drical molds at 28 days, ASTM C496-17 (ASTMC496, 
2017) standard, were used to test the tensile strength. 
For the flexural strength experiment at 28 days, pris-
matic molds measuring 400 × 100 × 100 mm were used in 
accordance with the ASTM C1609-19a standard (ASTM 
C, 1609, C1609M-19a 2019). In all experiments, three 
series of samples were tested for each age.

Three types of concrete curing, including Standard cur-
ing according to ASTM C192/C192M-19 (ASTM C192., 
2019), thermal curing, and sodium sulfate environment 
curing, were carried out by ASTM C 1012-04 (ASTM C, 
1012. 1012).

Thermal curing clarified the effect of heat on the fresh 
and hardened mechanical properties of concrete as 
simulated samples of bulk concrete or curing concrete 
on thermal conditions and compared it with standard 
curing samples. In addition, the curing of concrete 

Table 3  Characteristics of fibers

Specification Steel fiber with two hooks-ends Polypropylene fibers High-performance 
Polypropylene 
Fiber

Special weight (kg/m3) 7850 0.91 0.91

Diameter (mm) 0.8 0.035 0.4

Length (mm) 3050 12 50

Modulus of elasticity (GPa) 205 3–3.5 6.0

Tensile strength (MPa) 1100 350–400 500–600

Color White white

Fig. 2  Fibers a steel; b polypropylene; c high-performance polypropylene fibers
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samples in the presence of sodium sulfate simulates the 
conditions of exposure of concrete to harmful chemi-
cal environments, including environments containing 
sulfate ions. In the standard curing process, the sam-
ples were removed from the mold after 24 h and then 
cured in a tank of tap water maintained at a tempera-
ture of 22 ± 3 degrees Celsius. In curing concrete under 

temperature (according to Fig.  3), after casting, the 
samples are cured for 2 h at ambient temperature. After 
proper moisture insulation of the samples, the curing 
temperature reached 70 °C from 25 °C with a tempera-
ture gradient of 15 °C per hour for 3 h. It was cured at 
70  °C for 8 h, and then at the same slope, the samples 
reached a temperature of 25 °C within 3 h. For the sul-
fate curing condition, the concretes were immersed in 
an aqueous environment with a 5% sodium sulfate con-
centration for 365 days after taking the cast.‌

A scanning electron microscope (SEM) was done 
according to the ASTM C1723-2016 (C-16 A., 2016) 
standard. The age of the samples was 28 days. The core 
of the samples was removed in such a way that the 
concrete sample would not be severely damaged for 
testing, and it was sent to the Rayan Rostak radiation 
laboratory in Tehran. In addition, the XRD test was 
conducted in accordance with ASTM E1621/E1621M 
(ASTM E, 1621–13 2013).

Table 4  22 concretes mix design

1. Polypropylene fiber

2. Superplasticizer

3. Percent of concrete volume

4. percent of binder content (weight)

*The experiments were reported by Hosseinzadeh et al. (2023) (Abdi Moghadam & Izadifard, 2021)

Code of samples W/B Water Cement Silica fume Slag Sand Gravel Steel fiber PP1 HPP fiber SP2

kg/m3 %3 %4

C0.43* 0.43 193.5 450 0 0 1027 684 0 0 0 0.4

C0.43 + St1.5 0.43 193.5 450 0 0 1027 684 1.5 0 0 0.6

C0.38* O.38 182.4 480 0 0 1029 686 0 0 0 0.6

C0.38 + St1.5 0.38 182.4 480 0 0 1029 686 1.5 0 0 0.9

C0.33* 0.33 168.3 510 0 0 1037 691 0 0 0 0.7

C0.33 + St1.5 0.33 168.3 510 0 0 1037 691 1.5 0 0 1

C0.28* 0.28 170.8 610 0 0 982 654 0 0 0 1.3

C0.28 + St1 0.28 170.8 610 0 0 982 654 1.5 0 0 1.4

C0.28 + St1.5 0.28 170.8 610 0 0 982 654 1.5 0 0 1.5

C0.28 + St2 0.28 170.8 610 0 0 982 654 2 0 0 1.8

C0.28 + St1.5 + SF20 0.28 170.8 488 122 0 955 637 1.5 0 0 1.3

C0.28 + St1.5 + SF20 + G30 0.28 170.8 305 122 183 942 628 1.5 0 0 1

C0.28 + St1.5 + SF20 + G50 0.28 170.8 183 122 305 933 622 1.5 0 0 0.9

C0.28 + SSt1.5 0.28 170.8 610 0 0 982 654 1.5 0 0 1.6

C0.28 + St0.75 + PP0.15* 0.28 170.8 610 0 0 982 654 0.75 0.15 0 1.9

C0.28 + St1 + PP0.1 0.28 170.8 610 0 0 982 654 1 0.1 0 1.7

C0.28-St1.5PP0.2* 0.28 170.8 610 0 0 982 654 1 0.2 0 2

HPP0.5* 0.28 170.8 610 0 0 982 654 0 0 0.5 1

HPP1* 0.28 170.8 610 0 0 982 654 0 0 1 1.5

HPP0.5 + St1* 0.28 170.8 610 0 0 982 654 1 0 0.5 1.1

HPP0.5 + PP0.2* 0.28 170.8 610 0 0 982 654 0 0.2 0.5 1.5

HPP0.5 + St1 + PP0.2* 0.28 170.8 610 0 0 982 654 1 0.2 0.5 1.7

Fig. 3  Heat curing regime of concretes
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3 � Results and Discussion
3.1 � Fresh Properties of Concretes
Table 5 presents the result of the slump test under stand-
ard curing. The volume of superplasticizers (SPs) was 
added to the concretes in such a way that the concretes 
had the same slump with the same ratio of water to 
cement. The incorporation of steel fibers in all concrete 
samples with w/c = 0.43, 0.38, 0.33, and 0.28 required 
a higher dosage of superplasticizer to achieve the same 
slump consistency.

Therefore, the use of steel fibers decreased the work-
ability of the concrete. Yu et  al. (2014b) also found that 
macro steel fibers decreased the slump of concrete. The 
result of this study is in line with the results of Edigton 
et al. (1974).

For w/c = 0.28, for the samples with silica fume and 
slag, a smaller amount of superplasticizer was used 
to achieve an equal slump as compared to the control 
sample and the sample with steel fibers. Several stud-
ies have indicated (Boulekbache et al., 2010b; Richard & 
Cheyrezy, 1995) that using the silica fume in HSC, the 
workability of the samples improved. Other research 
revealed that in HSC, using a significant amount of silica 
fume and cement, the viscosity of the mixture increased 
(Wu et al., 2019b). In addition, the lowest slump amount 
was obtained in the composite samples containing PP 

fibers. Therefore, based on the results of the present 
study, in general, the use of fibers reduces workability, 
which requires the use of more superplasticizers to com-
pensate for the reduction in workability.

3.2 � Mechanical Properties of Concretes in Standard Curing
3.2.1 � Compressive Strength
Fig.  4 shows the compressive strength of concrete sam-
ples with different w/c (0.43, 0.38, and 0.33). In this fig-
ure, the samples contained 1.5% steel fibers cured under 
standard conditions. The compressive strength increased 
using the steel fibers in the samples. It is more evident in 
low-age (7 and 28 days) samples. By increasing the age of 
the sample to 90 days, the difference between the com-
pressive strength of concrete containing steel fibers and 
without fibers decreases. It is due to the effects of the fib-
ers in delaying the propagation and formation of cracks 
(Ibrahim et al., 2017; Yu et al., 2014b). At w/c = 0.38, the 
28-day compressive strength of the sample with fibers is 
27% higher than that of the control sample. Many stud-
ies indicated that the steel fibers increased the compres-
sive strength of HSC (Jin et al., 2018; Yu et al., 2014b). At 
w/c = 0.33, using steel fibers, the compressive strength of 
7-day samples increased by 42% compared to the control 
sample. However, using the fiber increased the 28-day 
compressive strength of the sample by 8% compared to 
the control sample. Another noteworthy point is that in 
the lowest w/c (0.33), the effect of using fibers decreased 
in comparison with the higher w/c samples.

Fig. 5 indicates the compressive strength for w/c = 0.28, 
and different ratios of fibers. Increasing the percentage of 
fibers leads to an increase in compressive strength. For 
example, the 7-day compressive strength of the sample 
containing 1.5% steel fibers is 14% greater than the sam-
ple with 1% fibers. Similarly, the compressive strength of 
the sample with 2% steel fibers is 3.5% higher than the 
sample with 1.5% fibers and 22% more than the sample 
with 1% fibers.

Considering the compressive strength results, the 
difference with the sample with 1.5% fibers is not 
noticeable, and by increasing the fibers the concrete 
workability decreases. Hence, to reach a slump equal 
to the percentage of lower fibers, more superplasticizer 
is needed. The use of this volume of fibers is not jus-
tified economically, and the C0.28 + St1.5 sample was 
selected as the optimal sample. As indicated in Fig.  5, 
SCMs, including silica fume and slag, were also used in 
fiber concrete with a w/c = 0.28. In concrete with 20% 
silica fume powder, the compressive strength of 7 days 
is 2% greater than the strength of the fibrous sample 
without silica fume and 20% greater than the control 
sample. However, the 28-day compressive strength of 
this sample is 26 and 57% larger than the fiber sample 

Table 5  Slump test results of different concrete mix designs

Sample code W/B SP% Slump(mm)

C0.43 0.43 0.4 200 ± 2

C0.43 + St1.5 0.43 0.6 200 ± 2

C0.38 0.38 0.6 175 ± 2

C0.38 + St1.5 0.38 0.9 175 ± 2

C0.33 0.33 0.7 165 ± 2

C0.33 + St1.5 0.33 1 165 ± 2

C0.28 0.28 1.3 140 ± 2

C0.28 + St1 0.28 1.4 140 ± 2

C0.28 + St1.5 0.28 1.5 140 ± 2

C0.28 + St2 0.28 1.8 140 ± 2

C0.28 + St1.5 + SF20 0.28 1.3 140 ± 2

C0.28 + St1.5 + SF20 + G30 0.28 1 140 ± 2

C0.28 + St1.5 + SF20 + G50 0.28 0.9 140 ± 2

C0.28 + SSt1.5 0.28 1.6 140 ± 2

C0.28 + St0.75 + PP0.15 0.28 1.9 130 ± 2

C0.28 + St1.5 + PP0.1 0.28 1.7 130 ± 2

C0.28-St1.5PP0.2 0.28 2 130 ± 2

HPP0.5 0.28 1 150 ± 2

HPP1 0.28 1.5 150 ± 2

HPP0.5 + St1 0.28 1.1 150 ± 2

HPP0.5 + PP0.2 0.28 1.5 150 ± 2

HPP0.5 + St1 + PP0.2 0.28 1.7 150 ± 2



Page 8 of 25Taleghani et al. Int J Concr Struct Mater           (2025) 19:78 

without silica fume and the control sample without 
fiber and silica fume, respectively. Based on extensive 
research, substituting silica fume, a highly effective 
pozzolan, leads to the transformation of Ca(OH)2 com-
pounds into CSH, thereby decreasing concrete porosity 
and enhancing the fibers–matrix bond (Chan & Chu, 
2004; Wu et al., 2016) leading to increases in the com-
pressive strength of concrete.

The results of concretes containing silica 
fume and slag (C0.28 + St1.5 + SF20 + G30 and 
C0.28 + St1.5 + SF20 + G50) (Fig.  6) indicate that using 
slag as a substitute reduces the compressive strength so 
that replacing 30% of slag with 20% of silica fume reduced 
the compressive strength by 25% in comparison with the 
fiber sample with silica fume, 22% of the fiber sample, 

Fig. 4  Compressive strengths in W/C of 0.43, 0.38, and 0.33 with and without steel fibers (1.5%), a C0.43; b C0.38; c C0.33

Fig. 5  Compressive strength in w/c = 0.28 Fig. 6  Compressive strength in w/c = 0.28 with silica fume and slag 
with without steel fiber
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and 10% of the control sample at 7 days. However, this 
reduction in the strength of the sample containing 30% 
slag at the age of 28 days is partially compensated so that 
this sample has 10% more compressive strength than the 
control sample, which may be due to the slow reaction 
of the slag. This process is intensified for concrete with 
50% replacement of slag. The decrease in compressive 
strength can be attributed to the unavailability of free cal-
cium hydroxide to create the pozzolanic reaction (Özbay 
et al., 2016).

For w/c = 0.28, the effects of various types of fib-
ers, from long steel fibers (St), short steel fibers (SStl), 
PP, and HPP fibers as the combination was analyzed 
(Fig.  7). Using short steel fibers (SStl1.5), the compres-
sive strength of this sample at 28 days is only 0.1% less 
than the strength of steel fibers with longer lengths. 
The 28-day compressive strength of the sample with 
0.75% steel fibers (half the amount of steel fibers of the 
optimal sample) and 0.15% PP fibers is 8% less than the 
C0.28 + St1.5 sample. The compressive strength of the 
concrete is the highest for the C0.28-St1.5PP0.2 sample, 
which is about 5% less than the C0.28 + St1.5 sample. 
However, a comparison between the results of the sam-
ple breakage indicates that by combining the steel fibers 
and PP fibers, the concrete is more cohesive after break-
ing. Previous research showed that using a combination 
of steel fibers and PP, the properties of crack propagation 
improved, and its effect on the strength of the sample 
decreased (Deng et al., 2020; Ding et al., 2020).

Fig.  8 describes the compressive strength of con-
cretes containing HPP. The 28-day compressive strength 
of HPP0.5 and HPP1 samples is much smaller than the 
C0.28 + St1.5 sample. In addition, by increasing HPP 
fibers, the compressive strength of concrete does not 
change significantly.

By adding 1% of steel fibers to samples with 0.5% 
of HPP fibers, the compressive strength of concrete 

increases. This increase is the impact of the steel fib-
ers, and it may be concluded that HPP fibers do not 
increase compressive strength. However, the combi-
nation of PP fibers with HPP fibers does not perform 
well and has the lowest compressive strength of fiber 
concretes. Adding 1% of steel fibers to concrete which 
contains PP fibers and HPP fibers increased the com-
pressive strength. In other words, in the range of fib-
ers used in this research, long steel fibers significantly 
amplified the compressive strength of the samples.

The fracture appearance of the samples varies with 
various fibers. Comparing the failure of concrete with 
and without steel fibers, as indicated in Fig.  9a, b, the 
sample with fibers did not break after bearing the final 
load, and the concrete sample kept its overall shape and 
is relatively coherent. On the other hand, the control 
sample (without fiber) is entirely disintegrated, and the 
concrete sample does not disintegrate with the use of 
fiber, which can be considered a desirable feature. The 
mentioned trend can be observed in concrete contain-
ing steel fibers, PP fibers, and HPP fibers. In addition, 
among the silica fume and slag cement substitutes, the 
fracture of concrete containing silica fume is much 
more brittle than concrete containing slag. Griffith’s 
theory suggests that brittle materials like concrete 
experience brittle fractures at low pressure due to the 
material’s heterogeneous structure and the presence of 
numerous defects, such as microcracks and variously 
sized pores.

As the stress intensifies, the crack spreads quickly, 
with the number, length, and severity of the cracks 
continually growing. Stress concentration develops 
at the crack’s tip and ultimately results in the crack 
propagating further. Crack development causes large 
cracks and destroys the structure of the material. Add-
ing fibers to mixed concrete decreases the stress con-
centration caused by its heterogeneous distribution, 
leading to a more even distribution of stress within 

Fig. 7  Compressive strength in w/c = 0.28 containing short steel 
fibers and the combination of steel fibers and PP

Fig. 8  Compressive strength in w/c = 0.28 containing composite 
fibers
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the material. The fibers inhibit crack formation and 
reduce the length of any cracks that do appear (Wu 
et al., 2019a).

The most important results of the compressive 
strength include the more significant effect of fibers 
on the compressive strength of early concrete ages (7 
days), increasing the compressive strength of concrete 
by increasing the use of fibers up to 2%, the appropri-
ate effect of fiber combination and replacing micro-
silica by 20%, the limited and even reducing effect of 
combining steel fibers and polypropylene fibers, and 
combining steel fibers with high-performance fibers.

3.2.2 � Tensile Strength
Fig.  10 shows the tensile strength of the samples with 
w/c = 0.43, 0.38, 0.33, and 0.28, each containing steel fib-
ers and subjected to standard curing. The tensile strength 
of the sample with steel fibers is approximately 20% 
greater than that of the control sample. For w/c = 0.38, 
the tensile strength of the sample containing fibers is 
13% larger than that of the control sample. The tensile 
strength of the C0.33 + St1.5 sample is 47% greater than 
the C0.33 sample. For w/c = 0.28, incorporating 1.5% fib-
ers boosted the tensile strength by approximately 31%. 
According to the results of this research, long steel fibers 

Fig. 9  Failure appearance of concrete in compressive strength test a without fiber; b with steel fiber; c with steel and polypropylene and HPP fiber; 
d contain silica fume; e contain slag
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increase tensile strength notably. In general, the effect of 
increasing tensile strength is more significant in lower 
w/c values.

A comparison between the usage of different fiber per-
centages shows that by increasing the fiber volume, the 
tensile strength of concrete samples improves. The result 
is in line with previous research (Boulekbache et  al., 
2010b; Ibrahim et  al., 2017; Richard & Cheyrezy, 1995; 
Wu et al., 2019b). For instance, the tensile strength of the 
C0.28 + St1 sample with 1% fibers was 30% more than the 
control sample. For a sample with 1.5% fibers, the tensile 
strength is 15% greater than that of the concrete sam-
ple with 1% fibers and 50% higher than that of the con-
trol sample. The sample with 2% steel fibers has only 1% 
more tensile strength than the sample with 1.5% fibers 
(Fig.  10d), which is not significant. Therefore, consider-
ing both economic factors and the impact on concrete 
workability, the C0.28 + St1.5 sample was chosen as the 
optimal one.

Fig.  11 indicates the tensile strength of concrete for 
w/c = 0.28 with 1.5% of steel fibers, silica fume cement 
substitutes, and iron furnace slag.

The tensile strengths of the concrete sample contain-
ing silica fume and the one with steel fibers but no silica 
fume were not significantly different. However, the more 

slag is used, the more tensile strength decreases. Hence, 
the tensile strength of the samples with 50% slag is 15% 
less than the sample with 30% slag and 44% less than the 
fiber sample (without cement substitute).

For w/c = 0.28, SStl and combinations of steel fib-
ers with PP and HPP fibers were also used (Fig. 11b, c). 
The tensile strength of concrete using SStl is 21% smaller 
than the sample with long-length steel fibers. By reduc-
ing steel fibers and adding PP fibers, the tensile strength 
of the concrete sample decreased by about 30%. The best 
combination of steel fibers and PP in terms of tensile 
strength is C0.28 + St1.5 + PP0.2. In addition, in the use 
of HPP fibers, the optimal tensile strength using these 
fibers in concrete was not obtained, and using HPP1, a 
40% decrease in tensile strength in comparison with the 
C0.28 + St1.5 sample occurred. The combination of these 
fibers with metal fibers leads to an increase of the ten-
sile strength by 15% compared to HPP1 usage. Fig.  11 
shows that the decrease in the w/c increased the tensile 
strength. For example, the tensile strength of the con-
crete sample with w/c = 0.28 is 4, 25, and 44%, more sig-
nificant than the samples with w/c = 0.33, 0.38, and 0.43, 
respectively.

The results of the tensile strength test revealed an 
intriguing observation. During the splitting test, all 

Fig. 10  Tensile strength in different w/c containing steel fibers at the age of 28 days; a w/c = 0.43; b w/c = 0.38; c w/c = 0.33; d w/c = 0.28
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cylindrical samples containing fibers remained unbro-
ken, exhibiting only minor cracks (Fig. 12b). In contrast, 
the samples without fibers were completely fractured in 
half (Fig.  12a). In addition, Fig.  12c illustrates a sample 
reinforced with high-performance polypropylene fibers 
(HPP) and steel fibers.

The most effective type of fiber in tensile strength is 
steel fiber, and its optimal value is 1.5%, which has the 
most significant effect at a w/c = 0.33.

3.2.3 � Flexural Strength
Fig. 13 indicates the flexural strength of the samples. Sim-
ilar to the results of the compressive strength and tensile 
strength, the steel fibers increased the flexural strength of 
the samples.

The flexural strength of the C0.43 + St1.5 sample at 
w/c = 0.43 is about 3% higher than the C0.43 sample. In 
the w/c of 0.38, the flexural strength value is 12.42 MPa, 
which is 32% greater than the control sample. Eldin 
et  al. (2014) stated that using steel fibers, the flexural 
strength increased even 40% more than that of samples 

without steel fibers. Eldin et al. (2014) incorporated up 
to 3% steel fiber in concrete with a w/c = 0.4, achieving 
a 40% increase in flexural strength at that dosage. In the 
present work, only 1.5% steel fiber was incorporated 
into the concrete, with a w/c = 0.38, resulting in a 32% 
increase in flexural strength compared to the control 
sample.

By decreasing w/c, the flexural strength also increases. 
The flexural strength of the C0.33 + St1.5 sample is 5% 
higher than the C0.38 + St1.5 sample. This sample has 
30% more flexural strength than the control sample.

By increasing the percentage of fibers in the concrete 
samples, the flexural strength increased (Fig.  13d). The 
flexural strength of the C0.28 + St1.5 is 14% greater than 
the flexural strength of the C0.28 + St1 sample. According 
to research (Abbas et al., 2015; Yu et al., 2014a), the flex-
ural strength after cracking, three-point bending strength 
parameters, and fracture energy increase almost linearly 
with the fiber volume increase. The flexural strength of 
the C0.28 + St2 sample with 2% fibers is 4% higher than 
C0.28 + St1.5 concrete.

Fig. 11  Tensile strength for w/c = 0.28 at the age of 28 days; a containing long steel fibers, silica fume, and slag; b containing long, and short steel 
fibers, and polypropylene fibers; c contains long steel fibers, polypropylene, and high-performance polypropylene
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Fig. 14a presents the result of the samples, where part 
of the cement is substituted with silica fume powder 
and slag. By replacing silica fume, the flexural strength 
increased by 1%, but by replacing slag in fiber concrete, 
the flexural strength decreased by 32 and 35%, respec-
tively, at 30 and 50% replacement with slag.

Fig. 14b shows the effect of fiber types on the flexural 
strength of samples. A comparison of concrete con-
taining short and long steel fibers indicates the flex-
ural strength of short steel fibers in concrete samples 
is almost equal to that of long steel fibers. However, 
the addition of 0.15% of PP fibers to the concrete sam-
ples with steel fibers (to the amount of 0.75%) reduced 
the flexural strength of the samples by 47%. Despite 
the samples containing a high proportion of steel fib-
ers (1.5%) combined with PP, their flexural strength 
decreased by 40–45%.

One of the important reasons for these results is that 
the purpose of using PP fibers is not to enhance the 
mechanical properties of concrete samples, and one 
of the most important reasons for its use is to prevent 
microcracks caused by shrinkage. In addition, among 
other causes, it can be stated that the bond quality 
between cement matrix and PP fibers is poor (Lv et  al., 
2021).

In concrete with HPP fibers in combination with 
PP and steel fibers (Fig.  14c), the flexural strength of 
concrete with HPP0.5 and HPP1 samples is 54 and 
51% less than the control fiber concrete (C0.28 + St1.5 
sample). By adding 1% of steel fibers along with these 
fibers, the flexural strength increased by 66%, and by 
adding PP fibers along with HPP fibers, the flexural 
strength decreased by 6% compared to the case with 
steel fibers. However, using all three types of fibers, 

Fig. 12  Failure appearance of concrete samples in tensile strength test a without fiber; b with steel fiber; c with steel and HPP fiber



Page 14 of 25Taleghani et al. Int J Concr Struct Mater           (2025) 19:78 

a flexural strength decreased by 29 and 33% com-
pared to the concrete samples using HPP0.5 + St1 and 
HPP0.5 + PP0.2, respectively. The flexural strength of 
concrete with fiber composition is less than that of 
concrete reinforced with steel fibers.

The form of breaking the flexural samples is simi-
lar to the other two tests of compressive strength and 
tensile strength (bisection) so that the sample without 
fibers is split in half after reaching the breaking force 
threshold and the whole sample is broken (Fig.  15). 
However, concrete with steel fibers only cracks after 
bearing the final load. It can maintain its structure, 
and the sample is not divided into two halves.

The behavior of concrete with fibers in the three-
point flexural strength is very similar to the tensile 
strength. However, the weakening effect of non-steel 
fibers in flexural strength is more significant.

3.3 � Thermal Curing Effects on HPC
3.3.1 � Compressive Strength
Table  6 presents the compressive strength of 7 and 28 
days of concrete in different w/c in thermal and standard 
curing. For w/c = 0.43, in the comparison of two standard 
and thermal curing, at the age of 7 days, the compressive 
strength of CH0.43 is 18% less than the sample curing 
under standard conditions (C0.43). Even the thermal cur-
ing made fiber concrete, CH0.43 + St1.5 sample, reached 
37% lower compressive strength than C0.43 concrete.

Fig.  16 indicates the compressive strength of samples 
in different w/c containing steel fibers in standard and 
thermal curing at the ages of 7 and 28 days. At 7 days, 
the compressive strength of the C0.43 + St1.5 is 10% 
greater than the thermally cured specimen. At the w/c of 
0.38 at 7 days, the compressive strength of the CH0.38 is 
42% greater than the compressive strength of the C0.38 

Fig. 13  Flexural strength in different w/c containing steel fibers at the age of 28 days; a w/c = 0.43; b w/c = 0.38; c w/c = 0.33; d w/c = 0.28
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sample and 9% higher than the CH0.38 + St1.5 sample. 
The C0.38 + St1.5 concrete sample has 10% more com-
pressive strength than the CH0.38 + St1.5 sample.

For w/c = 0.33, the decrease in the compressive strength 
of the thermally cured sample in comparison with the 
standard sample at the age of 7 days in concrete without 

Fig. 14  Flexural strength in w/c = 0.28 at the age of 28 days; a containing long steel fibers, micro-silica, and slag; b containing long, short, 
and polypropylene steel fibers; c contains long steel fibers, polypropylene, and high-performance polypropylene

Fig. 15  Failure appearance of concrete samples in flexural strength test a without fiber; b with steel fiber



Page 16 of 25Taleghani et al. Int J Concr Struct Mater           (2025) 19:78 

fibers is 34%, and in fiber concrete (CH0.38 + St1.5) is 
27%.

In this study, it was found that thermal curing (without 
steam) generally disrupts the achievement of compres-
sive strength in concrete. This effect occurs in both fiber-
reinforced and non-fiber-reinforced concrete. However, 
incorporating steel fibers into the concrete mitigated 
the adverse impact of thermal curing on compressive 
strength.

3.3.2 � Tensile Strength
Fig.  17 indicates the tensile strength of thermal and 
standard curing concrete samples at the age of 28 days. 
The heat treatment decreased the tensile strength of the 
sample. For w/c = 0.43, thermal curing reduced the ten-
sile strength of concrete by 37%. In this ratio of water to 
cement and with the use of fibers, the tensile strength of 
concrete decreased by 65% due to thermal curing, which 
can point out the negative effect of thermal without 
moisture on concrete.

Table 6  Compressive strength of samples in different w/c 
containing steel fibers in standard and thermal curing at the ages 
of 7 and 28 days

Concrete type Curing Concrete 
code

Compressive strength

7 days 28 days 90 days

Without fiber Thermal CH0.43 26.7 32.1 –

CH0.38 54 56.6 –

CH0.33 38.4 43.5 –

Standard C0.43 32.3 46.5 60.56

C0.38 38.9 51.5 61.83

C0.33 57.9 63.3 70.16

With steel fiber Thermal CH0.43 + St1.5 41.8 51.6 –

CH0.38 + St1.5 49.2 61.5 –

CH0.33 + St1.5 52.4 56.8 –

Standard C0.43 + St1.5 46.1 53.50 61.2

C0.38 + St1.5 54.3 65.66 67.6

C0.33 + St1.5 63.0 68.60 70.5

Fig. 16  Compressive strength in different curing conditions [standard (C) and thermal (CH)], a C0.43, CH0.43; b C0.38, CH0.38; c C0.33, CH0.33
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In the w/c of 0.38, the tensile strength of the CH0.38 
sample decreased by 60% compared to C0.38 + St1.5. It 
is clear that using the St fiber, the tensile strength of the 
samples increased by about 33% and 13% in C0.38 + St1.5 
and CH0.38 + St1.5 compared to the C0.38 and CH0.38 
samples, respectively. The thermal curing decreased the 
tensile strength of the samples. For example, the tensile 
strength of the CH0.38 and CH0.38 + St1.5 decreased 
by 41% and 19% compared to C0.38 and C0.38 + St1.5, 
respectively.

In the w/c of 0.33, the C0.33 + St1.5 sample also has 
40% more tensile strength than the CH0.33 + St1.5 sam-
ple, and the sample without heat-cured fibers has a 28% 
reduction in tensile strength from its standard condi-
tion. According to the results of this research, heat cur-
ing has had an adverse effect on tensile strength, which is 
more unfavorable in tensile strength than in compressive 
strength.

3.3.3 � Flexural Strength
Fig.  18 presents the flexural strength of the cured sam-
ples in thermal and standard conditions. Thermal curing 

without steam decreases the flexural strength of concrete. 
The flexural strength of the C0.43 + St1.5 sample is 15% 
higher than CH0.43 + St1.5. For identical w/c, the sample 
without fiber with thermal curing has 35% less flexural 
strength than the sample cured in standard conditions.

For w/c = 0.38, the flexural strength of the CH0.38 
is 43% smaller than the C0.38. In addition, the 
CH0.38 + St1.5 sample had a 29% reduction of flexural 
strength in comparison with the C0.38 + St1.5 sample. In 
the w/c of 0.33, the flexural strength of the C0.33 + St1.5 
sample is 30% higher than the CH0.33 + St1.5 sample. 
The flexural strength of the CH0.33 sample is smaller 
than that of the C0.33 and CH0.33 + St1.5 samples by 
41 and 40%, respectively. Thermal curing without steam 
contains a destructive impact on the flexural strength of 
concretes in different w/c. This negative effect persists 
with the addition of steel fibers, although it is reduced.

3.4 � Effect of Sulfate Environment on HPC
For modeling the concrete exposure to a sulfate environ-
ment, which can be due to contact with water containing 
sulfate ions or wet soils containing this ion, cubic samples 

Fig. 17  Tensile strength in different curing conditions [standard (C) and thermal (CH)], a C0.43, CH0.43; b C0.38, CH0.38; c C0.33, CH0.33
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(10 cm) after 28 days of standard curing, up to 365 days 
were immersed in sulfate solution with a concentration 
of 5% (Fig. 19).

Due to the limitations of the experiments, only the 
compressive strength test was carried out on the sam-
ples. The 365-day compressive strength value in the sul-
fate environment was compared with the 90-day concrete 
compressive strength results in standard conditions. For 
w/c = 0.43, the compressive strength of the fiber-free con-
crete specimen (C0.43) after 1 year of curing in a sulfated 
environment has a 58% drop in compressive strength as 
compared to the 90-day standard concrete.

Using steel fibers in concrete with w/c = 0.43 reduced 
the decrease in compressive strength to just 15%. For 
w/c = 0.43, the compressive strength of the sample with-
out fibers after 1 year in sulfate curing was decreased 
by almost 16%, and using the steel fibers, this reduction 
reached 7% (Fig. 20).

The impact of reducing the sulfate curing on compres-
sive strength using steel fibers for w/c = 0.33 and 0.28 

can also be observed. In the w/c of 0.33, the use of fib-
ers caused a decrease in compressive strength from about 
19% to approximately 7%. In the w/c of 0.28, the com-
pressive strength reduction decreased from 14 to 10%.

Therefore, in concretes with different w/c, the use of 
fibers meaningfully limits the damage caused by the sul-
fate environment in samples. The amount of damage is 
more significant in high w/c. It also shows how the con-
crete breaks the application of fibers, making the overall 
structure of the concrete remain somewhat in the form of 
the original cube after the break (Fig. 17).

At w/c = 0.28, the study explored the effects of fiber 
application, cement substitutes, and different types of 
fibers. In concrete with w/c = 0.28, after 365 days, a 14% 
drop in compressive strength occurred, which reached 
10% with the use of 1.5% fibers. One of the key reasons 
for the reduced destructive effects in concrete containing 
steel fibers is that the fibers delay the initiation and prop-
agation of microcracks. This mechanism minimizes dam-
age and failure in concrete during freezing and thawing 

Fig. 18  Flexural strength of concretes in different curing conditions [standard (C) and thermal (CH)], a C0.43, CH0.43; b C0.38, CH0.38; c C0.33, 
CH0.33
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cycles as well as under sulfate attack conditions. Moreo-
ver, the enhancement of fiber-reinforced concrete’s fail-
ure mechanism correlates with its capacity to bridge and 
restrain the cracking of steel fibers (Abbas et al., 2015).

For identical w/c value and comparing the samples 
with silica fume and slag, the C0.28 + St1.5 + SF20 

sample has only a 7% loss of compressive strength and 
has the best performance against sulfate attack. When 
silica fume substitutes cement, it reacts chemically with 
cement hydration products to form calcium silicate 
hydrates, thus inhibiting the formation of gypsum and 

Fig. 19  Compressive strength of concretes with and without fibers at 90 days (standard curing) and 365 days (curing in sulfate environment); a 
w/c = 0.43; b w/c = 0.38; c w/c = 0.33; d w/c = 0.28 with steel fibers; e w/c = 0.28 with fiber and cement substitute; f w/c = 0.28 with all kinds of fibers
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ettringite by halting the reaction of sulfate salts with 
cement hydration products.

Moreover, as the pozzolanic effect of the substitu-
tion materials increases, the production of cement gel is 
enhanced. Consequently, the formation of weak materi-
als due to sulfate attack is minimized, and the porosity of 
the concrete is reduced (C. et  al., 2002). However, con-
crete with 30 and 50% slag has a reduction in strength 
of 37.5 and 21.5%, respectively. In the examination of 
the samples with mixed fibers, the reduction of con-
crete compressive strength in sulfate conditions in 
C0.28 + St1 + PP0.1, HP0.5 + St1, and HP0.5 + St1 + PP0.2 
concretes is 8, 13, and 24%, respectively.

3.5 � Microstructure
The difference in mechanical properties and durability 
of concretes can be described by evaluating their micro-
structure. In this research, SEM imaging (Fig.  21) was 
employed to analyze the microstructure of concrete. The 
study examined the microstructure and morphology of 
three types of concrete samples: (1) the C0.28 concrete 
sample, used as the reference (control) sample; (2) the 
C0.28 + St1.5 + SF20 sample, containing steel fibers and 
silica fume; and (3) the C0.28 + St1.5 + SF20 + G30 sam-
ple, incorporating steel fibers, silica fume, and slag.

The image of concrete sample C0.28 indicates that the 
cement paste has good uniformity, and it is evident that 
the calcium silicate hydrates gel is extensively distributed 
in the high-performance concrete (HPC) paste structure 
(Fig.  21a). The SEM image indicates that the hardened 
paste structure is dense. This is because of the low w/c 
and cement hydration, and most calcium silicate hydrate 
products are uniform. In addition, this figure shows 
that for w/c = 0.28, the interfacial transition zone (ITZ) 
between the aggregates and the paste matrix exhibits low 
porosity and few pores.

Fig.  21b indicates the SEM of concrete with silica 
fume (C0.28 + St1.5 + SF20 sample). The presence of 
silica fumes in the sample increases the calcium sili-
cate hydrate gel and decreases C–H. Silica fume reacts 

with calcium hydroxide (Ca (OH)2) to generate extra 
calcium silicate hydrates gel. In addition, owing to the 
pozzolanic reaction of silica fume, the cement paste is 
denser and more uniform. The ITZ region in this con-
crete sample also looks like a dense matrix.

In C0.28 + St1.5 + SF20 + G30 concrete sample, 
where 30% of slag is also replaced by cement (Fig. 21c), 
C–S–H gel has less cohesion and uniformity than C0.28 
and C0.28 + St1.5 + SF20 concretes. Slag mainly acts as 
filler material (Georget et  al., 2021; Gupta, 2014; Tah-
wia et al., 2021).

Also, through the EDX test, the compo-
sitions of C0.28, C0.28 + St1.5 + SF20, and 
0.28 + St1.5 + SF20 + G30 samples were determined 
through spectroscopic analysis (Fig. 22). When 20% of 
cement is substituted with silica fume, a rise in micro-
silica content is observed as compared to the control 
sample. The attendance of silica fume in the mixture 
increased the silica and led to the generation of calcium 
silicate hydrates gel, which is the key product of the 
pozzolanic reaction. Therefore, the mechanical charac-
teristics and durability of these samples are enhanced 
by filling the internal voids with C–S–H gel.

In the case of mixtures containing 30% substitution 
of cement with slag, the silica content is reduced com-
pared to the other two samples. The main product of 
hydration in samples with silica fume is calcium silicate 
hydrates, and the Si/Ca are significantly increased in 
comparison with the control concrete. In addition, Ca/
Si decreases, which indicates increasing compressive 
strength of the concrete specimen.

Fig.  23 illustrates that Ettringites were absent in all 
the analyzed concrete samples. A lot of C–S–A–H gel 
was observed in the control sample, which was not 
present in the other two samples. The amount of nano-
silica that contributes to the structure and strength 
of concrete in the other two samples is much higher 
than in the control sample. In fact, using cement sub-
stitutes such as micro-silica, the amount of nano-
silica increases. In addition, the C0.28 + St1.5 + SF20 

Fig. 20  Appearance of concrete with steel fiber in compressive strength a before testing; b after testing
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Fig. 21  Analysis of the scanning electron microscope (SEM) images of the samples at the age of 28 days; a C0.28; b C0.28 + St1.5 + SF20; c 
C0.28 + St1.5 + SF20 + G30
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sample has more nano-silica compared to the other two 
samples.

4 � Conclusions
In this study, the characteristics of concrete, including 
workability, mechanical, and durability, were investi-
gated experimentally. The experiments were conducted 
for different fibers and water-to-cement ratios in stand-
ard, thermal, and sulfate environmental curing. The 
results are summed up as follows:

1.	 Using the fibers in the concrete samples, the work-
ability of the concrete decreases. This reduction is 
more apparent in mixtures of mixed fibers with steel 
fibers, especially polypropylene fibers.

2.	 The use of steel fibers in concrete improves mechani-
cal characteristics and durability. Therefore, for 
water-to-cement equal to 0.28, the application of 
1.5% of metal fibers enhanced the compressive 
strength by 25%, tensile strength by 50%, and flexural 
strength by 20% at 28 days in comparison with the 
sample without fibers. By increasing the percentage 
of steel fibers in a concrete sample, the mechanical 
properties such as compressive, tensile, and flex-
ural strengths also rise. The difference in strength 
between using 2 and 1.5% steel fibers is negligible.

3.	 Among all samples, a sample that contains 20% silica 
fume has the highest compressive strength. On the 
other hand, the 28-day compressive strength of this 
sample is 25% higher than the sample without micro-
silica. Likewise, the tensile and flexural strength of 
this sample is greater than that of other samples, but 

Fig. 22  EDX test results of samples at the age of 28 days; a C0.28; b C0.28 + St1.5 + SF20; c C0.28 + St1.5 + SF20 + G30
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the change in strength is minimal in comparison with 
the compressive strength. However, using blast fur-
nace slag in samples, the compressive, tensile, and 
flexural strength of the samples decreased, which 
increases with the increase in the amount of slag. 
One of the reasons for this decrease in resistance can 
be due to the low quality of slag used in this study.

4.	 Using combined fibers, including steel, PP, and HPP 
fibers, the best compressive strength occurred for the 
samples with 1% steel fibers and 0.2% PP fibers. The 
compressive strength of this concrete is 81.73 MPa. 
It is 5% smaller than the sample with 1.5% steel fib-
ers. In addition, among the samples with different 
fibers, the sample with 1% steel fibers, 0.5% HPP fib-
ers, and 0.2% PP fibers has the best tensile strength 
(7.53 MPa). The flexural strength of the sample with 
1% steel fibers and 0.5% HPP fibers has the highest 
flexural strength (11.68 MPa) among concretes with 
mixed fibers.

5.	 The amount of steel fibers was tested in three 
amounts: 1, 1.5, and 2%. Results showed that the 
amount of 1.5% is the optimal amount of use, 
because the amount higher than 1.5% of steel fibers, 
the concrete mixture is faced with a more significant 
decrease in workability, and molding, compaction 
and surface finishing was more difficult

6.	 Curing concrete at high temperatures without suf-
ficient moisture (steam), even with a temperature 
range with appropriate growth and temperature drop 
at a maximum temperature of 70 °C, causes weakness 
in the mechanical characteristics of the concrete, 
such as compressive strength, tensile strength, and 
bending strength. Using steel fibers in concrete does 
not prevent the damage caused in concrete.

7.	 Placing concrete in a sulfated environment causes 
weakness in concrete and decreases its mechani-
cal properties. In the concretes that were exposed 
to sodium sulfate solution after 28 days of standard 
curing up to 365 days, the compressive strength of 
the concrete decreased as the water-to-cement ratio 
decreased. Using steel fibers in concrete limited the 
compressive strength reduction. Using the silica 
fume caused the concrete to obtain the least loss in 
the sulfate environment.

8.	 According to SEM images and XRD results, the sam-
ple with micro-silica has a denser structure and more 
C–S–H gel than other samples. In addition, the sam-
ple containing slag has fewer pores than the other 
two samples, which is due to the filling property of 
the slag.

Fig. 23  XRD results of concrete samples at the age of 28 days; a C0.28; b C0.28 + St1.5 + SF20; c C0.28 + St1.5 + SF20 + G30
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The data of this study improve the knowledge of the 
effects of the fibers on the workability and mechanical 
characteristics of concrete containing different types of 
fibers, as well as cement substitutes of concrete under 
standard, thermal, and sulfate environment curing con-
ditions. For future research, the force–displacement 
curve of the flexural test and the stress–strain curve of 
the compression test can be analyzed. These data provide 
critical insights (such as ductility, post-failure behavior, 
etc.) that may be used for structural design.
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