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Abstract 

This study is a part of the study to simplify the reinforcing details of reinforced concrete (RC) structural members by 
substituting the conventional reinforcement with hooked‑end steel fibers (SFs). This paper investigates the effects 
of SF strength, dosage and aspect (l/d) ratio on the compressive and flexural behaviors of normal strength concrete 
with specified compressive strength of 30 MPa. In this study, hooked‑end SFs of high strength (2000–2400 MPa) and 
normal strength (1100–1200 MPa) were used with three l/d ratios of 64, 67 and 80. Hooked‑end SFs were incorpo‑
rated with three dosages of 20 kg/m3 (0.25 vol.%), 40 kg/m3 (0.50 vol.%) and 60 kg/m3 (0.75 vol.%). Eighteen steel fiber 
reinforced concrete (SFRC) mixes were mixed. To evaluate the compressive and flexural performance of each SFRC 
mixture, three SFRC cylindrical and prismatic specimens for each mixture were manufactured and tested, respectively. 
The test results that the inclusion of hooked‑end SFs had little effect on the compressive strength, while it improved 
the toughness of concrete. Hooked‑end SFs were also found to be effective in enhancing the flexural performance 
of concrete. The dosage and properties (strength and l/d ratio) of SFs significantly affect the residual flexural tensile 
strength (fR1 and fR3) at serviceability (SLS) and ultimate limit state (ULS) defined in fib Model Code 2010 (MC2010).

Keywords Steel fiber reinforced concrete (SFRC), Compressive behavior, Flexural behavior, Toughness, Residual 
flexural strength

1 Introduction
Concrete has become the most popularly used construc-
tion material for civil infrastructures over the worldwide 
due to its easy material supply, simple manufacturing 
process, low cost, superior compressive strength and 
durability. However, plain concrete has inherent draw-
backs such as low tensile strength and brittle behavior. 
The addition of SFs into concrete matrix has been recog-
nized as an effective methodology to improve the tensile 
strength and the post-cracking behavior of plain concrete 
(Pakravan et al., 2017; Wang et al., 2021).

The first scientific research on the use of SFs on con-
crete was conducted in the 1960s (Romualdi & Bat-
son, 1963). During the early 1960s, the studies were 
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concentrated on the evaluation of the potential for SFs 
to control concrete cracks. In addition, the influence of 
adding SFs on the properties of freshly mixed steel fiber 
reinforced concrete (SFRC) was investigated (Balaguru 
& Ramakrishnan, 1988; Johnston, 1984). The tendency 
of a SFRC mixture to produce fiber balling in the freshly 
mixed state was found to be a function of the maximum 
size and the particle size distribution of aggregate, the 
method of adding SFs into the concrete mixture, and 
properties, such as the l/d ratio, the volume fraction and 
the shape, of SFs.

Since 1970s, numerous studies have been performed 
to investigate the SFs reinforcing effects on the hard-
ened properties of plain concrete. From these works, it 
is known that discrete, short and randomly distributed 
SFs in hardened concrete is effective to control crack’s 
width due to the ability of SFs to transfer the developed 
tensile stresses across a cracked section called as crack-
bridging after cracking. In market, various shapes of SFs 
were supplied as a reinforcement for concrete. It has 
been reported that the hooked-end SFs are very effec-
tive for improving the post-cracking properties of con-
crete due to the higher bond strength and superior stress 
transmission between cement matrix and hooked-end 
SFs. The incorporation of hooked-end SFs into concrete 
resulted in improving the flexural and shear strength 
(Abbass et  al., 2018; Shoaib & Lubell, 2021), energy 
absorption capacity (ACI Committee 544, 2009; Zollo, 
1997), shrinkage resistance (Li et al., 2020), permeability 
(Marcos-Meson et al., 2018), spalling and impact resist-
ance (Soufeiani et  al., 2016; Zhang et al., 2020). Despite 
better mechanical properties of SFRC evinced in these 
many studies, the SFs was limitedly used for thermal and 
shrinkage cracking control in the concrete members and 
the structural contribution of SFs was not considered due 
to the lack of international codes and design guidelines 
for the structural design of SFRC members.

In particular, the favorable characteristics of SFRC 
under tension, i.e., improved residual strength and duc-
tility, showed the feasibility of using short hooked-end 
SFs as a promising reinforcement which can fully or 
partially replace the conventional reinforcement in con-
crete elements. Mertol et al. (2015) investigated the effect 
of hooked-end SFs’ addition on the flexural behavior of 
reinforced concrete beams with different longitudinal 
reinforcement ratios. The test results indicated that the 
incorporation of SFs increased the strength, stiffness and 
ductility of reinforced concrete beams with longitudinal 
reinforcement ratio of less than 1.5%, while for over-rein-
forced sections, it is not clear to improve the flexural per-
formance by adding SFs. Kytinou et al., 2020 investigated 
analytically the contributions of SFs on the initial stiff-
ness, flexural strength, deformation capacity, cracking 

behavior, and residual stress of RC beams through the 3D 
finite element analysis (FEA) model, which was verified 
with a test database of 17 large-scale reinforced SFRC 
beams collected from the literature.

Recently, (Shoaib & Lubell, 2021) proposed the rela-
tionship between the compressive, flexural and direct 
shear responses for SFRC containing hooked-end SFs 
with yield strength of 1100 MPa and l/d ratio of 55 at 0 to 
1% by volume for use in member-scale structural design. 
Choi et  al., 2019 proposed a probabilistic analysis tech-
nique using SDEM (Simplified Diversity Embedment 
Model) to evaluate the multiple cracking mechanism of 
high-performance fiber-reinforced concrete (HPFRC). 
The analysis results showed that the actual strain-harden-
ing tensile behavior of HPFRC specimens can be reason-
ably predicted by the number of segments selected based 
on fiber length. Bhogone & Subramaniam, 2021 reported 
that steel fibers provide the highest σ as a function of w 
compared to polypropylene fibers. The difference in the 
σ–w response between polypropylene and steel fiber-
reinforced concrete increases with age, while the energy 
of failure increases steadily with age. The improvement 
of the post-cracking behavior of steel fibers over time is 
due to the increased resistance to crack propagation and 
fiber pull-out. The blend of micro and macro polypro-
pylene fibers shows higher resistance to crack propaga-
tion and fiber pull-out compared to macro polypropylene 
fibers al one. The torsional behavior and analysis of steel 
fiber reinforced concrete (SFRC) beams were examined 
by Deifalla et  al., 2021. The comparison of predicted 
strengths to experimental values from performed torsion 
tests indicated potential for improvement. The applica-
tion of the proposed model showed greater compliance 
and consistency with experimental results compared to 
available design models that provide validated and safe 
predictions. Gao & Wang, 2021 investigated the effects 
of recycled fine aggregate and SFs with yield strength 
of 1160 MPa and l/d ratio of 65 on the compressive and 
splitting tensile properties of high strength concrete. 
Guler & Akbulut, 2022 evaluated the mass loss, com-
pressive and flexural strength, and toughness capacities 
of normal strength SFs with modified end geometries. 
Chen et  al., 2022 examined the effects of novel multi-
ple hooked-end SFs on the flexural tensile behavior of 
notched high-strength concrete beams by BS EN 14651. 
Therefore, it is thought that conventional reinforcement 
might be partially replaced with SFs as structural rein-
forcement to prevent the brittle failure of critical struc-
tural members in the civil infrastructure.

Over the last decades, the utilization of SFs as partial or 
total replacement material of traditional reinforcement 
bars or meshes in the structural elements has been rec-
ognized as a popular solution to reduce the construction 
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period and to control the width of thermal or shrink-
age cracks (ACI committee 544, 2009; Serna et al., 2009; 
The Concrete Society, 2007). The SFs are being applied 
to various types of concrete, such as cast-in-place con-
crete, precast concrete, and shotcrete. Through the 
research, development and application spanning more 
than 50 years, the national codes covering the design of 
SFRC elements have been established (ACI Committee 
318, 2008; fib Bulletin 65/66: Model Code 2010, 2012). 
The shear capacity of SFRC elements with no shear rein-
forcement was reviewed by Lantsoght (Lantsoght, 2019), 
who pointed out the shortcomings in our understand-
ing of the shear behavior of such elements and proposed 
the necessary steps to address these shortcomings. Using 
experimental data, Kytinou et al., 2020 proposes a model 
that incorporates nonlinearities of the materials, includ-
ing constitutive relationships for SFRC under compres-
sion and tension. A new smeared crack approach for 
the tensional response of SFRC is proposed, which uses 
stress versus crack width relations with tension softening 
instead of stress–strain laws. The study extensively com-
pares numerical and experimental results, demonstrat-
ing that the model accurately captures key aspects of the 
response, such as SFRC tension softening, tension stiffen-
ing, bending moment–curvature envelope, and the ben-
eficial effect of steel fibers on the residual response. The 
efficiency of steel fibers as a replacement for minimum 
conventional steel stirrups in RCA-based deep beams 
with web openings was investigated by Kachouh et  al., 
2022. It was found that the use of 1% steel fiber volume 
fraction in the RCA-based beam with openings without 
steel stirrups was sufficient to restore 96% of the original 
shear capacity of the NA-based beam with conventional 
steel stirrups. The effectiveness of a wireless SHM system 
in detecting damage caused by cracking was investigated 
in FRC with synthetic fibers under compressive repeated 
load in Voutetaki et al., 2022’s study. The study found that 
the measurements of the PZT transducers were influ-
enced by distance-, direction-, and damage-level triggers, 
and the RMSD index was found to be a reliable statistical 
tool for assessing structural da mage.

Early design provisions were prescribed by (ACI Com-
mittee 318, 2008) which introduced the use of SFs with 
reference to minimum shear reinforcement. The fib 
Model Code (MC2010) (fib Bulletin 65/66: Model Code 
2010, 2012) provides the design methodology for the 
bending, axial compression, shear and torsion of rein-
forced SFRC members. In both codes, the design of 
SFRC and the introduction of its properties in struc-
tural calculations are based on the pre- and post-crack 
flexural response from SFRC standard beam tests. It is 
commonly known that the flexural performance of SFRC 
depends on concrete strength, fiber volume fraction and 

the properties, such as the geometry, tensile strength 
and l/d ratio, of SFs (ACI Committee 544, 2009); Serna 
et al., 2009; The Concrete Society, 2007). Similar to this 
approach, for hybrid fiber-reinforced cement composites, 
Abadel et al., 2016 and Almusallam et al., 2016 developed 
the fiber reinforcing index as a parameter to character-
ize the mechanical properties, taking into consideration 
the effect of fibers, similar to FRC. The fiber reinforc-
ing index is calculated based on variables, such as fiber 
strength, content, and aspect ratio, and research (Li et al., 
2018) has also been conducted to investigate the rela-
tionship between the mechanical properties of hybrid 
fiber-reinforced cement composites and this index. In 
particular, fiber dosage is the most effective factor in the 
flexural tensile behavior of SFRC. The flexural toughness 
and flexural residual strength of SFRC can be improved 
by increasing the amount of SF addition (Abbass et  al., 
2018; Choi et al., 2019). However, it is very important to 
have the homogeneous distribution and random orienta-
tion of SFs and to prevent the segregation or balling of 
SFs during mixing. To obtain the superior flexural resid-
ual strength of SFRC, the amount of SF addition should 
be increased. Higher content of SFs alters the rheology of 
the concrete and gives rise to an apparent loss of consist-
ence (ACI Committee 544, 2009); Serna et al., 2009; The 
Concrete Society, 2007). The workability of SFRC is rec-
ognized as one of the major obstacles in applying SFRC to 
structural members. Therefore, it is required to provide a 
methodology for improving the structural performance 
of the SFRC, especially the flexural residual strength, 
within the range that does not impair the manufacturing 
and construction performance of the SFRC.

As an effective alternative to improving the flexural 
performance without degrading the workability of SFRC, 
the addition of high strength steel fibers into concrete 
may be considered. Although extensive research is being 
conducted on SFRC, the effects of high tensile strengths 
of hooked-end SF with various l/d ratios and contents on 
the flexural performance of normal concrete have been 
rarely reported in the available literature. In the study 
by Chen et  al., 2021, the tensile strength of steel fib-
ers was used as an experimental variable, but since the 
length, diameter, aspect ratio, and hook shape of steel fib-
ers differ, it is not possible to quantitatively evaluate the 
effect of the tensile strength of steel fibers on the flexural 
behavior of FRC.

The purpose of this study is to address the limitations 
of previous research on SFRC by evaluating the influence 
of various steel fiber parameters on the compressive and 
flexural performance of concrete with an uncompressed 
strength of 30  MPa. Specifically, this study focuses on 
the impact of parameters, such as the l/d ratio, which 
is known to vary greatly depending on the type of steel 
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fiber, and particularly the tensile strength of the steel 
fibers, on the compressive and flexural performance of 
concrete. By providing a quantitative evaluation of the 
impact of these parameters on the compressive and flex-
ural behaviors of SFRC, this study offers valuable insights 
into the design and optimization of SFRC. In addition, 
the results of this study have the potential to provide 
information for the development of international stand-
ards and guidelines for SFRC, thereby advancing the state 
of practice and promoting the widespread adoption of 
SFRC in civil engineering applications.

2  Experimental Investigation
The experimental investigation was programmed to 
investigate the compressive and flexural performance of 
SFRC using hooked-end SFs. The test variables designed 
in the study consist of fiber type (tensile strength and l/d 
ratio) and fiber dosage. In evaluating compressive per-
formance of SFRC, the test variables effect on the com-
pressive strength, stress–strain curve, Poisson’s ratio and 
toughness of SFRC was examined. To investigate the SF 
properties effect on the flexural performance, the load-
crack mouth opening displacement (CMOD), failure 
mode, flexural residual strength and fracture energy were 
examined.

2.1  Materials and Mixture Proportion
All the SFRC and control concrete mixtures were pre-
pared using ordinary Portland cement (Type I) from a 
local cement plant. Locally available crush natural lime-
stone with particle sizes between 5 and 20 mm was used 
as coarse aggregates. Crushed sand with the fineness 
modulus of 2.92 was used for the preparation of mixes. 
Six different hooked-end SFs were used to produce the 
SFRC. The physical properties and configurations of the 
hooked-end SFs are provided in Table  1. The identifier 
of SFs represents the strength and l/d ratio of SFs. For 
instance, NSF64 and HSF64 indicate the normal strength 
and high strength SFs with l/d ratio of 64, respectively.

The proportion and description of control concrete 
mixture is summarized in Table 2. Control concrete mix-
ture is a target 28-day compressive strength of 30 MPa. 
Water to cement (W/C) ratio is 0.55. To produce SFRCs, 
six types of SFs with different tensile strength and aspect 
ratio were used. Three different dosages of the SFs were 
added to the concrete mixture at 20 kg/m3 (0.25 vol.%), 
40  kg/m3 (0.50 vol.%) and 60  kg/m3 (0.75 vol.%). The 

Table 1 Properties and configurations of hooked‑end SFs

Designation Length 
(mm)

Diameter (mm) Aspect ratio 
(l/d)

Tensile strength (MPa)

NSF64 35 0.55 64 1100

NSF67 60 0.90 67 1200

NSF80 60 0.75 80 1100

HSF64 35 0.55 64 2000

HSF67 60 0.90 67 2400

HSF80 60 0.75 80 2100

NSF/HSF64 NSF/
HSF64

NSF/HSF67 NSF/HSF67
NSF/HSF80

NSF/HSF80

Table 2 Mixture design proportion of concrete

Mixture W/C (%) Water (kg/
m3)

Cement 
(kg/m3)

Sand (kg/
m3)

Aggregate 
(kg/m3)

Concrete 55 129 235 557 669
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designation of SFRC mixture is denominated in the com-
bination types and dosages of SFs. For instance, NSF64-
20 refers to the SFRC mixture reinforced with NSF64 
steel fibers at the dosage of 20 kg/m3.

2.2  Specimen Preparation
A single batch was used for manufacturing all specimens 
in the given designation of concrete and SFRC. Concrete 
was prepared in 100 L horizontal shaft mixer. First, dry 
components, such as cement, sand and aggregate, were 
mixed for 1  min. Then, water and the polycarboxylate 
superplasticizer were added into the dry mixture and 
mixed again for 3  min. The mixer was stopped and the 
control concrete mixture was cast in different molds to 
manufacture three cylindrical and three prismatic speci-
mens. For preparing SFRC specimens, SFs were dis-
persed manually into the fresh concrete mixture after the 
preparation of concrete mixture in the mixer and mixed 
well for 5 min.

For each SFRC mix, three cylindrical specimens of 
150 × 300  mm were prepared to evaluate the compres-
sive performance of SFRC. Three prismatic specimens 
of 150 × 150 × 550 mm were cast for the flexural strength 
test in the rigid steel molds. The flexural specimens were 
cast according to the procedure of filling the mold in EN 
12350–1 EN 12350–1, (2009). All specimens were cov-
ered with plastic sheet to maintain moist conditions. The 
specimens were demolded after 24  h and stored under 
100% relative humidity at the temperature of 22 ± 2 ℃ 
until the age of testing.

2.3  Testing Procedure
The concrete and SFRC cylindrical specimens for com-
pressive strength were load-controlled and tested at the 
age of 28  days. A compressive testing machine with a 
capacity of 1000 kN was used to compress the concrete 

and SFRC cylindrical specimens. To measure the longitu-
dinal and transverse strain along the length of cylindrical 
specimens during compressive loading, two strain gauges 
for each direction were attached on the surface of cylin-
der. Two LVDTs were also mounted through compres-
someter to measure the displacement in the center gauge 
length of 150  mm of cylindrical specimen. According 
to Korean standard KS F 2405 (Korean standard, 2017), 
the loading rate for the compressive strength test was 
0.6 MPa per second. Each result is the average strength of 
the three specimens.

The flexural pre- and post-cracking response of SFRCs 
was evaluated by means of monotonic three-point bend-
ing tests. According to BS EN 14651 (EN 14651, 2005), 
the test is performed on 150 × 150 × 550 mm SFRC beam 
with a span of 500 mm and a small notch of 25 mm depth 
at the midspan. A clip gauge was mounted along the lon-
gitudinal axis across the notch at the midspan to measure 
the CMOD, as shown in Fig. 1. The flexural loading rate 
was controlled using the CMOD and 0.2 mm per minute. 
Three prismatic specimens were tested for each SFRC 
mixture.

3  Results and Discussion
3.1  Compressive Behavior
The mean compressive strength results of three cylin-
drical specimens for all mixes are shown in Table  3. 
Table  3 presents the compressive strength, characteris-
tic strength, secant modulus of elasticity, Poisson’s ratio, 
peak strain and compressive toughness. The elastic mod-
ulus, Poisson’s ratio, peak strain and compressive tough-
ness were obtained from mean compressive strain based 
on the measurement of two strain gauges attached on the 
surface of specimens.

Fig. 1 Flexural test setup a schematic representation (unit: mm) and b photo for setup
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3.1.1  SFs’ Properties Influence on the Strength
The compressive strength of control concrete and SFRC 
cylinders were measured after 28 days of water curing. 
As shown in Table 3, mean and characteristic compres-
sive strength of conventional concrete at the age of 28 
days were 24.1 and 21.6  MPa, respectively. The charac-
teristic compressive strength is defined as the level of 
strength below which no more than 5% of the test result 
are expected to fall (fib Bulletin 65/66: Model Code 2010, 
2012).

The maximum compressive strength was achieved in 
SFRC mixture with HSF67 SFs. The SFRC mixture with 
HSF67 SFs at the dosage of 20  kg/m3, 40  kg/m3, and 
60  kg/m3 had 0.9%, 19.0%, and 28.2% higher character-
istic compressive strengths than that of conventional 
concrete, respectively. Fig. 2 shows that the characteristic 
compressive strength of SFRCs except for HSF67 mixture 
was not significantly affected by the addition of SFs up to 
a dosage of 60  kg/m3 (0.75%) used in the investigation. 
However, it can be concluded that the usage of SFs with 
higher tensile strength and lower l/d ratio at the same SF 
content is advantageous for improving the compressive 
strength. Secant modulus of elasticity shows a similar 
trend of compressive strengths.

3.1.2  SFs’ Properties Influence on the Failure Patterns
Typical compressive failure pattern of SFRC mixtures 
with different dosage and properties of hooked-end SFs 
is shown in Fig. 3. Concrete specimen failed due to verti-
cal cracks induced by the tensile stress perpendicular to 
the loading direction and the wide spalling of concrete 
around the vertical cracks at its peak stress. Meanwhile, 
with adding SFs into concrete mixture up to 20  kg/m3, 
40  kg/m3, and 60  kg/m3, the spalling of concrete in the 
SFRC specimens was remarkably reduced and diago-
nal cracks with angles of about 60° are shown due to the 

Table 3 Test results on compressive properties of cylindrical specimens

fcm: mean compressive strength;  fck: characteristic compressive strength by MC2010;  Ecm: mean secant modulus of elasticity; εco: mena strain at compressive strength; 
ν: mean Poisson’s ratio;  Tc: compressive toughness by JSCE-SF5 JSCE-SF5, 1984; σ: standard deviation

Mixture fcm (σ) MPa fck MPa Ecm (σ) GPa εco (σ)  10–6 ν (σ)  10–2 Tc (σ) Joule

Concrete 24.1 (± 1.5) 21.6 27.3 (± 1.4) 1336.5(± 133.7) 13 (± 1.0) 288.8 (± 69.2)

NSF64‑20 22.3 (± 1.1) 20.5 25.0 (± 0.6) 1838.5(± 134.1) 20 (± 1.0) 328.5 (± 25.0)

NSF64‑40 22.7 (± 0.8) 21.4 22.9 (± 0.7) 1789.7(± 115.5) 19 (± 1.0) 507.0 (± 36.7)

NSF64‑60 24.2 (± 0.3) 23.7 22.7 (± 0.5) 2013.3(± 132.9) 19 (± 0.0) 818.6 (± 36.2)

NSF67‑20 24.5 (± 0.3) 24.0 27.4 (± 1.1) 1836.5(± 14.8) 18 (± 1.0) 358.2 (± 49.7)

NSF67‑40 23.9 (± 1.2) 21.9 26.8 (± 0.9) 1467.5(± 121.1) 18 (± 1.0) 454.5 (± 46.6)

NSF67‑60 24.8 (± 0.9) 23.3 26.9 (± 0.6) 1935.1(± 25.2) 20 (± 2.0) 846.2 (± 28.0)

NSF80‑20 21.7 (± 0.2) 21.4 25.6 (± 1.2) 1763.3(± 48.9) 17 (± 2.0) 348.3 (± 10.6)

NSF80‑40 21.5 (± 0.9) 20.0 22.3 (± 0.3) 2001.0(± 204.3) 18 (± 2.0) 645.9 (± 82.6)

NSF80‑60 22.9 (± 1.6) 20.3 22.2 (± 0.2) 1967.5(± 129.4) 21 (± 4.0) 940.1 (± 53.4)

HSF64‑20 24.3 (± 0.4) 23.6 31.6 (± 3.7) 1445.7(± 229.3) 20 (± 2.0) 532.3 (± 69.9)

HSF64‑40 21.8 (± 0.9) 20.3 27.3 (± 0.1) 1481.5(± 489.7) 18 (± 1.0) 497.9 (± 173.3)

HSF64‑60 24.5 (± 1.3) 22.4 27.5 (± 0.2) 1703.4(± 210.1) 21 (± 2.0) 622.1 (± 6.9)

HSF67‑20 25.1 (± 2.0) 21.8 28.2 (± 0.1) 1541.1(± 263.7) 18 (± 3.0) 585.2 (± 132.5)

HSF67‑40 27.3 (± 1.0) 25.7 28.0 (± 0.9) 1726.2(± 107.5) 21 (± 1.0) 737.4 (± 114.8)

HSF67‑60 30.2 (± 1.5) 27.7 26.9 (± 0.5) 1969.2(± 141.8) 19 (± 1.0) 844.3 (± 22.5)

HSF80‑20 23.0 (± 1.3) 20.9 27.7 (± 1.5) 1431.7(± 262.1) 17 (± 0.0) 505.4 (± 107.1)

HSF80‑40 24.6 (± 0.7) 23.4 30.0 (± 0.7) 1504.1(± 133.4) 19 (± 1.0) 664.4 (± 29.0)

HSF80‑60 24.9 (± 0.7) 23.7 27.8 (± 0.6) 1921.2(± 255.3) 20 (± 2.0) 710.1 (± 102.4)

Fig. 2 Characteristic compressive strength of SFRC cylinders
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shear mechanism of SFs. The widths of cracks in SFRC 
specimens is slightly smaller than that of conventional 
concrete. The failure of SFRC specimen is dominated 
by shear cracks. When the dosage of SFs was increased, 
SFRC specimens exhibited a failure pattern with multiple 
vertical or oblique cracks (Ding & Kusterle, 2000; Li et al., 
2017; Yazıcı et al., 2007).

From Fig.  3, it can be seen that the failure pattern of 
SFRC specimen under compression is considerably 
affected by the added SF content. The SFs incorporated in 
the concrete matrix bridge cracks in the cement matrix 
and control the width of cracks after cracking. With 
increasing the SF content, SFRC cylinder in compres-
sion exhibits from brittle failure mode by several verti-
cal cracks and wide spalling to ductile failure mode by 
multiple shear and vertical cracks. As shown in Fig. 3, the 
properties, such as tensile strength and l/d ratio, of SFs 
have little effect on the failure mode of SFRC cylinder in 
compression.

3.1.3  SFs’ Properties Influence on Stress–Strain Response
Stress and strain curves of structural materials are not 
only regarded as one of the significant indexes to charac-
terize the mechanical behavior, but also are required for 
modeling and analyzing structural members numerically. 

Thus, the compressive stress and strain curves of SFRC 
specimens with different content and properties of SFs 
have been provided in this study.

Fig.  4 illustrates SF content and properties effect on 
typical stress and strain behavior of SFRC specimens. For 
each mixture, three specimens were tested and during 
compressive loading, axial strain was measured by two 
concrete gauges bonded at the center of cylinder. Strain 
in Fig. 4 is an average value of axial strains measured by 
two strain gauges. For all the SFRC mixtures, the shapes 
of stress and strain curves are similar.

In the ascending region which the stress increases with 
increasing strain, the curve shows initially linear elastic-
ity and approaches to the peak stress. The stress–strain 
relationships showed no significant difference up to a 
point at approximately 70–80% of peak stress, where 
micro-crack begin to generate and propagate. Then, as 
the strain was increased, the stress and strain response 
showed a slight difference according to the dosage of SFs.

Compressive toughness  (Tc) is defined as the area 
below the stress and strain curve (JSCE-SF5, 1984). In 
this study, for the compressive toughness calculation 
based on JSCE-SF5, both the ascending curve in this 
compression experiment and the descending curve pre-
dicted using the formula proposed by Lee et  al., 2015) 

Fig. 3 Typical failure pattern of SFRC cylinders in compression
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were used. As shown in Table 3, compressive toughness 
increased as the dosage of SFs increased. The compres-
sive toughens of SFRC incorporating high strength steel 
fiber was highest when the l/d ratio was 67. This increase 
in toughness is believed to be due to the increase in the 
bonding area, since the diameter of HSF67 is the largest 
at 0.90 mm. When the SFs dosage was low, the effect of 
steel fiber strength on compressive toughness was clearly 
evident. However, when the SFs dosage was 80  kg/m3, 
the influence of steel fiber strength was almost negligible. 
The elastic modulus showed a slight decrease as the dos-
age of SFs increased, while the influence of l/d ratio or 
tensile strength of SF was negligible.

3.2  Flexural Behavior
To investigate the influence of the dosage and properties 
of hooked-end SFs on the flexural performance of normal 
strength concrete, three notched SFRC beams for each 
SFRC mixture were manufactured and tested according 
to EN 12350–1 and EN 14651, respectively. The average 
flexural strength properties of the three prismatic speci-
mens for all the concrete and SFRC mixes are shown in 
Table 4.

3.2.1  SFs’ Properties Influence on the Failure Mechanism
The typical failure patterns of SFRC notched prismatic 
specimens under three-point bending were shown in 
Fig. 5. It is observed that the dosage and properties of SFs 
have positive effect on the failure behaviors of normal 
strength concrete with specified strength of 30 MPa.

For notched plain concrete specimens, the formation 
of the first crack started from the tip of the notch and 
the width of the crack increases as the CMOD increases. 
Upon failure, the crack extends to the top side of the 
cross section. The plain concrete specimens were frac-
tured immediately after initial cracking and showed an 
obvious brittle failure mode.

Due to the fiber crack-bridging effect in SFRC speci-
mens, the initial crack started from the tip of the notch 
propagated gradually upwards and changed its orienta-
tion as the bending load increases. Compared with plain 
concrete specimen, SFRC specimen showed multiple 
cracking behavior and effectively controlled the crack 
widths up to final failure.

As shown in Fig.  5, the length of main crack started 
from the tip of the notch decreases with the increase 
of SF dosage. In addition, higher l/d ratio and tensile 
strength of SFs are also effective to control the propaga-
tion of main crack. The main crack extends the middle 
height of the cross section in SFRC specimens mixed 
with NSF67-60, NSF80-60, HSF67-60 and HSF80-60, 

Fig. 4 Typical stress–strain responses of SFRC cylinders in compression
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Table 4 Test results on flexural properties of prismatic specimens

fL: flexural tensile strength corresponding to the limit of proportionality (LOP) or peak flexural tensile strength in the interval 0–0.05 mm of CMOD;  fRi: residual flexural 
tensile strength corresponding to  CMODi (i = 1, 2, 3, 4 mean the CMOD of 0.5, 1.5, 2.5 and 3.5 mm);  fRiK: the characteristic strength corresponding to  fRi;  GF: fracture 
energy defined by RILEM 50-FMC; σ: standard deviation

Mixture fL (σ) MPa fR1 (σ) MPa fR3 (σ) MPa fLK (σ) MPa fR1K MPa fR3K MPa fR1K/fLK fR3K/fR1K (class) GF (σ)  103 × J/m2

Concrete 3.5 (± 0.1) – – 3.3 – – – – –

NSF64‑20 3.8 (± 0.3) 1.8 (± 0.4) 2.1 (± 0.5) 3.3 1.1 1.3 0.33 1.18 (1.0c) 1.210 (± 0.279)

NSF64‑40 4.4 (± 0.1) 2.8 (± 0.5) 4.1 (± 0.6) 4.2 2.0 3.1 0.47 1.55 (2.0e) 2.053 (± 0.328)

NSF64‑60 4.6 (± 0.1) 3.3 (± 0.4) 4.8 (± 0.7) 4.4 2.6 3.6 0.59 1.38 (2.5e) 2.460 (± 0.331)

NSF67‑20 3.6 (± 0.0) 1.4 (± 0.1) 1.9 (± 0.2) 3.6 1.2 1.6 0.33 1.33 (1.0e) 0.987 (± 0.008)

NSF67‑40 4.8 (± 0.0) 3.4 (± 0.1) 3.9 (± 0.1) 4.8 3.2 3.7 0.66 1.15 (3.0d) 2.118 (± 0.003)

NSF67‑60 4.5 (± 0.3) 4.3 (± 0.1) 5.6 (± 0.2) 4.0 4.1 5.3 1.02 1.29 (4.0d) 2.873 (± 0.102)

NSF80‑20 4.3 (± 0.1) 2.0(± 0.2) 2.3 (± 0.2) 4.1 1.7 2.0 0.41 1.17 (1.5d) 1.331 (± 0.109)

NSF80‑40 4.5 (± 0.3) 3.5(± 0.3) 4.8 (± 0.2) 4.0 3.0 4.5 0.75 1.50 (3.0e) 2.505 (± 0.104)

NSF80‑60 5.3 (± 0.5) 5.8(± 0.6) 8.1 (± 0.8) 4.5 4.8 6.8 1.06 1.41 (4.0e) 4.119 (± 0.380)

HSF64‑20 3.5 (± 0.1) 2.1(± 0.1) 2.6 (± 0.0) 3.3 2.0 2.5 0.60 1.25 (2.0d) 1.346 (± 0.021)

HSF64‑40 3.8 (± 0.1) 3.0(± 0.3) 4.3 (± 0.4) 3.6 2.5 3.7 0.69 1.48 (2.5e) 2.149 (± 0.183)

HSF64‑60 5.0 (± 0.3) 3.9(± 0.2) 5.7 (± 0.5) 4.5 3.6 4.9 0.80 1.36 (3.0e) 2.838 (± 0.208)

HSF67‑20 3.8 (± 0.5) 1.9(± 0.2) 2.0 (± 0.2) 2.9 1.5 1.7 0.51 1.13 (1.5d) 1.146 (± 0.050)

HSF67‑40 3.9 (± 0.2) 2.7(± 0.0) 4.4 (± 0.2) 3.6 2.7 4.1 0.75 1.66 (2.5e) 2.161 (± 0.056)

HSF67‑60 4.2 (± 0.3) 4.5(± 0.1) 7.2 (± 0.1) 3.7 4.3 7.0 1.16 1.62 (4.0e) 3.511 (± 0.051)

HSF80‑20 4.3 (± 0.2) 1.9(± 0.0) 2.8 (± 0.0) 4.0 1.9 2.8 0.47 1.47 (1.5e) 1.466 (± 0.009)

HSF80‑40 4.5 (± 0.4) 3.8(± 0.0) 5.4 (± 0.0) 3.8 3.8 5.3 1.00 1.39 (3.0e) 2.675 (± 0.080)

HSF80‑60 5.5 (± 0.5) 6.1(± 0.0) 8.1 (± 0.8) 4.7 6.1 6.8 1.29 1.11 (6.0d) 4.072 (± 0.227)

Fig. 5 Typical failure patterns of SFRC notched specimens in bending
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while in the SFRC specimen with lower l/d ratio, tensile 
strength and content of SFs, main crack almost propa-
gates through the whole cross section of specimens at 
final failure. The finding on the failure patterns of SFRC 
specimens with different dosage and properties of SFs is 
consistent with the results in existing studies (Li et  al., 
2018; Liu et al., 2019) on the effects of fiber type, content 
and l/d ratio on the cracking patterns of PVA and steel 
fiber-reinforced concrete prisms in bending.

3.2.2  SFs’ Properties Influence on Stress–CMOD Response
The flexural stress and CMOD curves of three SFRC 
notched prismatic specimens containing different fiber 
tensile strengths, l/d ratios and dosages were provided 
in Fig.  6. Each curve is an average flexural stress and 
CMOD relationship obtained from three specimens for 
each mixture. The flexural tensile strengths are also indi-
cated on each curve in terms of the limit of proportional-
ity (fL) and residual flexural tensile strengths (fR1, fR2, fR3, 
and fR4 defined as the flexural strength corresponding to 
the specified CMOD of 0.5, 1.5, 2.5, and 3.5 mm, respec-
tively). The curves indicate that the dosage and properties 
of hooked-end SFs have a significant effect on the flexural 
performance of SFRCs.

For SFRC mixtures with NSF64 and HSF64 SFs, the 
average flexural stress and CMOD curves of SFRC speci-
mens show softening behavior irrespective of the dosage 
of SFs. The hooked-end SFs could increase the flexural 
stress up to CMOD of 3.5  mm without SF pull-out or 
breakage. From the zoomed-in curves in Fig. 6a, d, it can 
be seen that flexural stress increases with the increasing of 
CMOD and the initial slope of flexural stress and CMOD 
curve decreases slowly as CMOD increases before initial 
crack occurs. After the initial crack occurred, the flexural 
tensile stress decreased rapidly as the CMOD increased. 
The decrease in flexural tensile stress was more pro-
nounced for SFRC specimens with lower tensile strength 
and smaller dosage of SFs. It is thought that the ability of 
SFRC to dissipate the fracture energy emitted during ini-
tial cracking process improves as the tensile strength and 
dosage of SFs increase. The flexural tensile stress gradu-
ally increased until the CMOD reached about 2.5  mm, 
and then remained constant until the CMOD of 3.5 mm 
and then gradually decreased. With adding SFs with l/d 
ratio of 64 into normal strength concrete, the flexural 
performance of SFRC was improved. There was no signif-
icant difference in the overall flexural behaviors of SFRC 
specimens reinforced with normal and high strength SFs. 
it is considered, because the normal and high strength 
SFs with lower l/d ratio were pulled out at crack surface, 
as shown in Fig. 7.

As shown in Fig. 6b, e, the overall flexural tensile stress 
and CMOD relationship curves of the SFRC specimen 

with SFs having l/d ratio of 67 showed no significant dif-
ference from those of SFRC specimen reinforced with 
SFs with l/d ratio equal to 64. However, compared with 
NSF64-60 and HSF64-60 specimens, the flexural ten-
sile stress less decreased in the NSF67-60 and HSF67-60 
specimens after initial cracking. In particular, the SFRC 
specimen using the HSF67-60 mixture showed a flex-
ural strain hardening response without flexural tensile 
stress degradation even after initial cracking. Both the 
NSF67-40 and HSF67-40 specimens showed a slight 
decrease in flexural tensile stress after initial crack-
ing, but the HSF67-40 specimen showed flexural strain 
hardening behavior in which the flexural tensile stress 
increased as the CMOD increased. From Fig.  6e, it can 
be seen that high strength SFs with l/d ratio of 67 incor-
porated into normal strength concrete effectively bridge 
the cracks without reducing the flexural tensile stress 
until the CMOD reaches 4.0 mm. As a result of compar-
ing the post-peak response of steel fiber reinforced con-
crete (SFRC), it was found that the behavior immediately 
after initial cracking did not show significant differences 
among specimens. However, the strain-hardening char-
acteristics were more clearly observed in SFRC speci-
mens reinforced with high-strength steel fibers. This 
is because the high tensile strength of the fibers allows 
them to perform an effective crack-bridging role even 
at larger crack widths resulting from crack progression. 
This is believed to result in less fiber pullout or fracture 
compared to normal strength SFs.

As described above, the overall flexural behavior of the 
NSF67-20 and HSF67-20 specimens did not show a sig-
nificant difference, but for SFRC specimens with the SF 
dosage of more than 40 kg/m3, the flexural performance 
depended largely on the SF tensile strength.

The NSF80-60 and HSF80-60 specimens clearly showed 
flexural strain hardening behavior and no significant dif-
ference in flexural behavior. As shown in Fig. 7, normal 
strength SFs with higher l/d ratio in normal strength con-
crete bridge the crack surface until the fibers break, while 
high strength SFs with higher l/d ratio were pulled out, 
because the bonding strength between the SFs and the 
concrete matrix is relatively small compared to the ten-
sile strength of the SFs. Regardless of the tensile strength 
and dosage of SFs, the SFRC specimen including NSF80 
and HSF80 SFs showed a tendency to increase in flexural 
tensile stress until the CMOD reached from 2.5  mm to 
3.0 mm. Then, as the CMOD increased, the flexural ten-
sile stress decreased.

In conclusion, the content, tensile strength, and l/d 
ratio of SFs in normal-strength concrete have a signifi-
cant effect on the flexural performance of SFRC, and it 
was found that the flexural performance of SFRC was 
sensitively affected by the amount and l/d ratio of SFs.



Page 11 of 18Jang et al. Int J Concr Struct Mater           (2023) 17:46  

Fi
g.

 6
 A

ve
ra

ge
 fl

ex
ur

al
 te

ns
ile

 s
tr

es
s 

an
d 

C
M

O
D

 re
la

tio
ns

hi
p 

cu
rv

es
 o

f S
FR

C
 n

ot
ch

ed
 s

pe
ci

m
en

s 
in

 b
en

di
ng



Page 12 of 18Jang et al. Int J Concr Struct Mater           (2023) 17:46 

3.2.3  SFs’ Properties Influence on the Strength
Nominal values of SFRC properties can be evalu-
ated from the flexural tensile stress and CMOD curves 
obtained by performing a three-point bending test on 
a notched beam according to EN 14652, as shown in 
Fig. 1a. These nominal values for SFRC mixtures investi-
gated in the study are provided in Table 4 and Fig. 6.

3.2.3.1 The Limit of Proportionality,  fL The value of limit 
of proportionality (LOP) fL is defined as the maximum 
flexural stress at the initial stage, i.e., CMOD value of less 

or 0.05 mm. Average fL of three specimens for each mix-
ture illustrated in Fig. 8.

As shown in Table 4, the average fL of all the SFRC mix-
tures was higher than that of concrete. As the dosage of 
NSF64 SFs increased from 20 to 60  kg/m3, the average 
fL of the SFRC mixes increased by 8.5, 25.7, and 31.4% 
compared with that of concrete, respectively. In the SFRC 
specimens with the same amount of NSF67 SFs, the aver-
age fL increased by 2.8, 37.1, and 28.6%, respectively. For 
SFRC mixes with NSF80 SFs, the average fL was improved 
by 22.9, 28.6, and 51.5% compared with that of concrete, 
respectively. A similar trend was observed for SFRC mix-
tures using high strength SFs. As shown in Fig.  8, the 
maximum increase in average fL of concrete reinforced 
with normal and high strength SFs was found in the 
NSF80-60 and HSF80-60 mixture, respectively. In par-
ticular, for the SFRC mixes with HSF80 SFs, an average 
fL increased by 22.8, 28.6, and 57.1%, respectively, com-
pared to concrete as the SF content increased from 20 
to 60 kg/m3. Similar results were also reported by Chen 
et al. (Almusallam et al., 2016).

From the above results, it can be concluded that the 
higher l/d ratio and the larger content of hooked-end 
SFs, the more beneficial to average fL of normal strength 
concrete.

3.2.3.2 The Residual Flexural Tensile Strength,  fRj The 
MC2010 defines the parameters such as residual flex-
ural tensile strength (fRj) to describe the post-cracking 

Fig. 7 Broken section of SFRC notched beams in flexure

Fig. 8 Average value of LOP (fL) of SFRC
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behavior of fiber-reinforced concrete (FRC). The residual 
flexural tensile strength is evaluated from flexural stress 
and CMOD relationship curve, as shown in Fig. 6. Aver-
age residual flexural tensile strength in the flexural tensile 
stress and CMOD relationship curves for each SFRC mix-
ture is included in Fig. 6. In addition, the residual flexural 
tensile strengths (fR1 and fR3) at the serviceability limit 
state (SLS) and ultimate limit state (ULS) are summarized 
in Table 4.

Fig. 9 shows the variation in the average residual flex-
ural tensile strength of three SFRC beam specimens 
with different amount, tensile strength and l/d ratio of 
SFs. As shown in Fig.  9a and Table  4, the residual flex-
ural strength (fR1) at SLS (CMOD = 0.5 mm) for NSF65-
20, NSF67-20, and NSF80-20 specimens are 1.8, 1.4, 
and 2.0  MPa, respectively. At ULS (CMOD = 2.5  mm), 
the maximum and minimum residual flexural strengths 
(fR3) are 1.9 MPa in NSF64-20 and 2.3 MPa in NSF80-20, 
respectively. The post-cracking behavior of SFRC speci-
mens with SF amount of 20 kg/m3 can be characterized 
by maintaining the residual flexural tensile strength at 
SLS until the CMOD reached 4.0 mm. The post-cracking 
behavior in the SFRC specimens with SF contents of 40 
and 60  kg/m3 can be characterized by strain-hardening 
behavior in which the residual flexural strength gradually 
increases as the CMOD increases to 4.0 mm. These char-
acteristics became more pronounced as the l/d ratio of 
SFs increased.

Fig.  9b shows that fR1 for HSF65-20, HSF67-20, and 
HSF80-20 specimens are 2.0, 1.9, and 1.90 MPa, respec-
tively. The fR3 for HSF65-20, HSF67-20, and HSF80-20 
specimens was 24, 10, and 45% larger than fR1, respec-
tively. Unlike the SFRC specimens with normal strength 

SFs, SFRC specimens with lower amount (20  kg/m3) 
of high strength SFs clearly exhibited strain hardening 
properties as post-cracking behaviors.

From the experimental results analysis on the residual 
flexural tensile strength (fRj) of SFRC mixed in the study, 
it can be concluded that the post-flexural cracking behav-
ior of SFRC improves as the tensile strength, the l/d ratio, 
and the dosage of hooked-end SFs increases, because 
higher strength, dosage and l/d ratio of SFs result in a 
stronger bridging effect across the crack surface. This 
result is in agreement with the results reported in the 
existing studies by Venkateshwaran et al., 2018 and Chen 
et al., 2021.

To classify the post-cracking strength of FRC, the 
MC2010 also defines the characteristic strength, denoted 
by fRjk, as the strength value of each group below which 
no more than 5% of the test results may be expected to 
fall in. The classification is based on two post-cracking 
residual strengths (fR1k and fR3k) at CMOD = 0.5 mm and 
CMOD = 2.5 mm, which characterize the material behav-
ior at SLS and at ULS, respectively (fib Bulletin 65/66: 
Model Code 2010, 2012; Prisco et  al., 2013). An FRC 
material can be classified using a couple of parameters: 
the first one is a number denoting the fR1k class, the sec-
ond is a letter denoting the ratio of fR3k/fR1k. More infor-
mation can be obtained from MC2010.

For each SFRC mixture considered in the study, param-
eters required for the classification according to MC2010 
are illustrated in Fig. 10. As shown in Fig. 10a, the char-
acteristic flexural strength (fR1k) of NSF64-20, NSF67-20, 
and NSF80-20 mixtures at SLS is 1.1, 1.2, and 1.4 MPa, 
respectively. The fR1k of HSF64-20, HSF67-20, and 
HSF80-20 mixes ranges from 1.5 to 2.0 MPa according to 

Fig. 9 Average residual flexural tensile strength (fRj) of SFRC specimens
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l/d ratio of SFs. Compared to SFRC mixtures with normal 
strength SFs, SFRC specimens including high strength 
SFs showed 1.1–1.8 times higher characteristic flexural 
strength (fR1k) at SLS. In SFRC specimens with SF dos-
ages of 40 and 60 kg/m3, the fR1k increases as the tensile 
strength and content of SFs increase.

Since plain concrete subjected to tensile force exhibits 
brittle failure pattern, brittle failure must be prevented 
of concrete structural members. Therefore, reinforce-
ment such as reinforcing bars or welded mesh must be 
properly placed for bearing the tensile stress applied to 
the structural members. The MC2010 permits the full or 
partial replacement of conventional reinforcement with 
fiber reinforcement at ULS. The following relationships 
are suggested as the acceptance criteria:

fR1k/fLk and fR3k/fR1k for all the SFRC mixtures are pro-
vided in Fig.  10b, c. The fR1k/fLk ratio of both NSF64-20 
and NSF67-20 mixtures was the same as 0.33. Except for 
these mixtures, the first criterion was satisfied in all SFRC 
mixtures. The fR3k/fR1k ratio of all the SFRC mixtures was 
more than 0.5 and the second criterion was fulfilled in all 
the SFRCs mixed in the study.

Therefore, with the exception of the both SFRC mix-
tures with 20  kg/m3 of normal strength SFs having l/d 
ratio of 64 and 67 (NSF64-20 and NSF67-20), it was con-
firmed that all SFRC mixtures considered in this study 

(1)
fR1k

fLk
> 0.4

(2)
fR3k

fR1k
> 0.5

could be substituted with a part of the reinforcing bars 
which resist the applied tensile stress to the structural 
member.

At using FRC for structural members, MC 2010 stipu-
lates that the designer should specify the residual flex-
ural strength class as well as the material of the fiber. As 
shown in Table 4 and Fig. 10, the classification defined by 
MC2010 varied from 1.0c to 4.0e for SFRC mixtures with 
normal strength SFs, while for SFRC mixtures incorpo-
rating high strength SFs, their classes varied from 2.0d 
to 6.0d. Chen et  al., 2021 reported that for SFRC with 
normal strength SF dosage of 20 kg/m3 and compressive 
strength ranging from 31 to 36 MPa, the classification of 
SFRC reinforced with hooked-end SF aspect ratio of 65, 
80, and 100 was 1c, 1.5d, and 1.5c, respectively. Similar 
tendencies were also found by Mudadu et al., 2018.

Fig.  11 shows the variation of residual flexural tensile 
strength fR1 at SLS and fR3 at ULS according to dosages 
of normal and high strength SFs. Based on the experi-
mental results, a linear regression line was derived and 
included in Fig. 11. Regardless of the tensile strength of 
the SFs, fR1 and fR3 tend to increase as the dosages of SFs 
increases. At the same content of SFs, fR1 and fR3 of SFRC 
mixtures with high strength SFs were higher than those 
of normal strength SFs. This trend was more pronounced 
in fR3 than in fR1. When the tensile strength of fibers that 
cross a crack is high, their ability to resist being pulled-
out or broken is improved compared to when their ten-
sile strength is low. Therefore, this leads to an increase in 
the crack bridging performance of steel fibers as cracks 
propagate, resulting in increased toughness. This finding 
is consistent with other research (Choi et  al., 2019). As 
the dosage of SFs increased from 40 to 60, the residual 

Fig. 11 Residual flexural tensile strength of concrete beams with different strength of SFs
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flexural strength at SLS showed a proportional increase, 
as shown in Fig. 11a. In particular, the effect of the dos-
age of SFs on residual flexural strength at SLS became 
more significant as the l/d ratio of SF increased. This is 
because, under the same dosage conditions, a higher l/d 
ratio of SF results in a lower number of fibers, leading to 
a higher probability of individual fibers being arranged 
in a separate manner, which is believed to be effective 
in crack control. Based on these results, it can be con-
cluded that even of a smaller dosage of high strength SFs 
is added, the residual flexural tensile strength comparable 
to that of SFRC mixture with normal strength SFs can be 
obtained.

3.2.3.3 The Fracture Energy, GF To evaluate the frac-
ture energy for each SFRC mix used in this experimental 
program, the area under the load and CMOD curve for 
notched beam specimen was calculated up to the speci-
fied CMOD of 4 mm. Hillerborg work-of-fracture method, 
which is adopted by the RILEM TC 50-FMC (Hillerborg, 
1983), was used to calculate the fracture energy. The mean 
value of the fracture energy for three specimens of each 
SFRC mix is given in Table 4 and the mean value of frac-
ture energy is plotted in Fig. 12.

As can be observed from Fig. 12, the dosage, l/d ratio, 
and tensile strength of hooked-end SFs have a signifi-
cant effect on the flexural fracture energy absorption 
capacity of SFRC beam specimens. For SFRC mix with 
normal strength SFs, the fracture energy of NSF64-
20, NSF67-20, and NSF80-20 mixes is 1.21, 0.99, and 
1.33 kJ/m2, respectively. The amount of energy absorbed 
by NSF67-20 is the least, while the fracture energy of 
NSF80-20 is the largest. In addition, a similar trend is 
shown in the SFRC with high strength SF content of 
20 kg/m3. However, for SFRC mixes with SF dosages of 
40 and 60  kg/m3, the fracture energy clearly increases 
as l/d ratio and dosage of SFs increase. The fracture 

energy of HSF64-60 and HSF67-80 is 1.15 and 1.22 
times higher than those of NSF64-60 and NSF67-60, 
while the energy absorbed by HSF80-60 is comparable 
to that by NSF80-60. The fracture energy of HSF64-40 
and HSF80-40 is 1.04 and 1.07 times higher than those 
of NSF64-40 and NSF80-40, while the fracture energy 
of HSF67-40 is similar to that of NSF67-40. As a result, 
it can be concluded that the fracture energy of SFRC is 
more sensitive for the dosage of SFs than for the tensile 
strength of SFs.

4  Conclusions
This study concerns the mechanical properties, such as 
compressive and flexural behavior, of normal strength 
concrete reinforced with different l/d ratio, tensile 
strength and dosage of hooked-end SFs. Based on results 
achieved the following conclusion can be stated:

1. The compressive toughness, Poisson’s ratio ( ν ) and 
strain ( εco ) at compressive strength increased with 
the increase of the SFs content, while the increase of 
compressive strength and elastic modulus were not 
significant. The tensile strength and l/d of SFs had lit-
tle effect on the compressive properties of SFRC.

2. Higher tensile strength, higher content and larger 
l/d ratio of SFs have a positive effect on the 
improvement in the flexural response of SFRC, 
while the normal strength concrete with SF dos-
age exhibits a combination of both flexural strain 
softening and hardening behavior, HSF67-60, and 
HSF80-60 SFRC mixes show a distinct strain hard-
ening behavior.

3. The limit of proportionality (LOP), fL of SFRC is 
higher by 8–57% than that of conventional concrete. 
The fL increased with increasing with the dosage 
of SFs. The enhancement of fL is in the SFRC mix 
remarkable as l/d ratio of SFs increases.

4. To substitute partially conventional reinforcement 
for preventing the brittle failure of structural mem-
bers as stipulated in MC2010, it is recommended that 
the dosage of normal strength SFs with l/d ratios of 
64 and 67 is less than 30 kg/m3, while the dosage of 
SFs with l/d ratio of more than 67 could be reduced 
up to 20 kg/m3. For high strength SFs, a minimal con-
tent of 20 kg/m3 is recommended.

5. In normal strength concrete, the fracture energy 
showed little difference according to the tensile 
strength of SFs. However, an increase in the dosage 
and l/d ratio of SFs had a positive effect on the frac-
ture energy  (GF).

Fig. 12 Fracture energy of SFRC
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