
Sigma J Eng Nat Sci, Vol. 44, No. 3, pp. 2041−2054, June, 2026

Sigma Journal of Engineering and Natural Sciences
Web page info: https://sigma.yildiz.edu.tr

DOI: 10.14744/sigma.2025.00142

Research Article

Enhanced flexural strength evaluation: a comparative study of four-point 
and semi-circular bending tests on forta-ferro fiber-reinforced concrete

Mohsen GHOMI1 , Ehsanollah ZEIGHAMI1,* , Seyed Mohammad MIRHOSSEINI1 , 
Seyed Hamid LAJEVARDI1

1Department of Civil Engineering, Arak Branch, Islamic Azad University, Arak, 3149968111, Iran

ARTICLE INFO ABSTRACT

This study focuses on the enhancement of mechanical properties of concrete with 0.3% For-
ta-Ferro synthetic fibers. To assess this, standard compressive, flexural (four-point bending), 
split tensile and Semi-Circular Bending tests were conducted on 160 laboratory cast specimens 
with and without fiber reinforcement. Increasing the fiber content increased the compressive 
strength by 12% (24.9 MPa to 27.9 MPa), flexural strength by 22% (2.92 MPa to 3.58 MPa) and 
SCB flexural strength by 35% (2.51 MPa to 3.40 MPa). Also, the flexural toughness increased 
more than 16 times, while the Semi-Circular Bending toughness increased 4.9 times, indi-
cating significant improvements in the absorption of energy after cracking. The Pearson cor-
relation analysis revealed a high correlation between the Semi-circular Bending tests and the 
standard mechanical properties (r > 0.87). The Semi-Circular Bending test was confirmed to 
be an economical alternative to assess the flexural performance of Fiber-Reinforced Concrete.
The fiber bridging mechanisms responsible for increased ductility and toughness were con-
firmed by visual inspection. The novelty of this work is to demonstrate the possibility of Semi 
Circular Bending test for Fiber Reinforced Concrete. It glows. It shows the potential of For-
ta-Ferro fibers to improve the durability of concrete in infrastructure, including pavements, 
bridge decks and industrial floors. Further work is recommended to find the optimal fiber 
dosages and microstructure characterization for further progress in Fiber Reinforced Con-
crete applications. Further research should be done with different fiber dosages (e.g., 0.1-
0.5%). Moreover, the nonlinear effect of fiber dosages on strength, toughness and durability 
under environmental conditions should be researched.
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INTRODUCTION

Concrete is the most widely used construction material 
in the world because of its high compressive strength and 

versatility. However, its intrinsic brittleness under tensile 

and flexural stresses severely limits its performance espe-

cially in dynamic loading environments, seismic zones and 
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infrastructures subjected to heavy traffic [1,2]. Traditional 
concrete is also prone to microcracking which results in 
poor durability and long-term serviceability because of low 
post-crack energy absorption [3]. Fiber reinforcement is 
a promising solution to the above mentioned limitations. 
Many researchers have widely investigated the contribution 
of synthetic fibers in increasing the tensile strength, flex-
ural capacity, toughness and ductility of concrete, besides 
improving the crack resistance of concrete [4,5]. Among 
the synthetics, Forta-Ferro fibers, which are twisted strands 
of polypropylene, have demonstrated significant promise 
in providing mechanical improvements without negatively 
impacting workability [6,7]. Experimental results show 
that the addition of Forta-Ferro fibers [4, 7, 8] resulted 
in 20–30% improvement in tensile strength and up to 
35% increase in flexural strength. Moreover these fibres 
are resistant to chemical attack and are thus suitable for 
extreme applications like industrial floors, pavements and 
tunnel linings [9,10]. Li and Leung confirmed that the fiber 
reinforced concrete (FRC) allows the multi micro crack 
formation which leads to the enhancement of load bearing 
capacity as well as crack control under flexural loading [1]. 
Moreover, Zhang and Li showed that the engineered cemen-
titious composites could show a tensile strain-hardening 
behavior with the flexural strength and flexural toughness 
being improved by 3 times and 10 times, respectively [2]. 
Mechtcherine and Gram emphasized the durability bene-
fits, where the addition of fiber resulted in lower crack per-
meability and higher resistance to freeze/thaw cycles and 
chloride ingress [3]. Wang et al. quantified these effects and 
demonstrated 20-35% improvements in flexural strength 
and improved post-crack load retention in synthetic fiber 
reinforced concrete [4]. Kumar & Patel reported that the 
fracture energy obtained from semi circular bending (SCB) 
method was 1.5 times higher in polypropylene fiber rein-
forced 5. Flexural strength and toughness are the most 
important performance indices of FRC, particularly when 
applied in critical infrastructures such as bridge decks, air-
port pavements and seismic resistant elements [11]. The 
most common standards are the conventional flexural tests 
such as the three-point and four-point bending methods 
[8,12]. However, they are not practical for routine quality 
control and in-situ testing due to their dependence on large 
specimens, complex arrangements and laborious proce-
dures [13]. The semi-circular bending (SCB) test has been 
accepted as a simpler, faster and less expensive method to 
evaluate the flexural performance of cementitious mate-
rials [12,14-16]. The SCB test was originally developed 
for asphalt and has been successfully extended to con-
crete providing reliable estimates of tensile strength and 
fracture properties [14,15]. Recent studies by Li et al. and 
Kumar et al. confirm the sensitivity of SCB to fiber dosage 
and its ability to accurately capture the fiber-bridging and 
crack-arrest mechanisms. Specifically, Kumar et al. [15-17] 
demonstrated that the fracture energy of fiber reinforced 
concrete was 50% higher than that of plain concrete in SCB 

testing. Arafa et al. [17] reported 30% increase in tensile 
strength and 26% increase in flexural strength for Forta-
Ferro fibers respectively. Hasan-Nattaj and Nematzadeh 
reported that the compressive strength increased by 16.9% 
and the tensile strength by 22.8% as a function of the dosage 
[18]. Dashti and Nematzadeh also showed durability bene-
fits with the fiber reinforced specimens having improved 
resistance to sulfuric acid attack . Also [10] Faghihmaleki 
and Rastkar reported that the high strength concrete with 
microsilica showed considerable improvements in com-
pressive and tensile strengths with addition of PVA fibers 
at 0.3% and 0.6% volume fractions [19]. Their work results 
indicated that the addition of PVA fiber improved micro-
crack control, with improvements of 13% in compressive 
strength and more than 20% in tensile strength, which illus-
trates the effectiveness of fiber bridging in brittle matrices 
[19]. However, the use of SCB tests for fiber-reinforced con-
crete, especially for synthetic fibers like Forta-Ferro, has not 
been widely studied. The relationship between parameters 
obtained from SCB (e.g. strength, fracture toughness) and 
conventional flexural parameters has not been studied in 
detail and the effect of fibre orientation and distribution on 
the SCB performance has not been considered [14,16].

However, the use of SCB in synthetic fibre reinforced 
concrete is still limited, especially with Forta-Ferro fibres. 
Nevertheless, such developments do exist. The correlations 
between SCB parameters (strength, toughness) and con-
ventional mechanical properties are not well established 
and the influence of fiber orientation and distribution on 
SCB performance is under-studied . 

Therefore, the current study aims to fill this research 
gap, via a systematic comparison of the mechanical perfor-
mance of Forta-Ferro fiber reinforced concrete between the 
standard flexural tests and the SCB method. The aim of this 
study is to evaluate strength, toughness and ductility and 
correlate the SCB results to conventional metrics to validate 
the SCB as a pragmatic alternative for assessing flexural 
performance in FRC and providing actionable insights for 
infrastructure applications.

MATERIALS AND METHODS

Materials
The concrete specimens were cast in the laboratory 

using Type II Portland cement supplied by the Hegmatan 
Cement Factory. The chemical composition and physical 
properties are given in Tables 1 and 2, respectively.

The concrete specimens were mixed and cured with 
potable city water according to ASTM C1602 [20]. This is 
in line with the findings of Lawal and Agboola (2021) who 
pointed out effect of curing methods on strength develop-
ment [21]. The maximum size of coarse aggregate was 12.5 
mm, apparent specific gravity was 2.68 Water absorption 
capacity was 1.1 %. The properties of the gravel are summa-
rized in Table 2, graded according to ASTM C33 [6].
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The fine aggregate (sand) was also graded in accordance 
with ASTM C33, and its particle size distribution is pro-
vided in Table 3.

The fiber-reinforced concrete specimens were made 
by adding twisted Forta-Ferro fibers to the concrete mix. 
A fiber volume fraction of 0.3% was chosen according to 
literature recommendations [22], which indicates that this 
fraction is the best to achieve a balance between mechanical 
performance and workability. To improve the workability 
of the fresh concrete and achieve a good dispersion of the 
materials, a superplasticizer based on polycarboxylate ether 
FARCO PLAST P10N was used. The superplasticizer has 
the following properties: anionic ionic nature, liquid phys-
ical form, specific gravity of 1.1 ± 0.02 kg/L at 20 °C and a 
maximum chloride content of 500 ppm.

Forta-Ferro fibers are a proprietary copolymer/polypro-
pylene blend of thin, twisted strands and mesh-like struc-
tures (Figure 1). This design produces a high performance 
fiber reinforcement system that improves the strength and 

durability of concrete. The product is commercially avail-
able under the trade name FORTA-FERRO from Forta 
Corporation, USA.

Forta-Ferro fibers have been widely used in a variety 
of structural and infrastructure projects such as steel deck 
roofs, concrete overlays, industrial floors, bridge decks, 
parking structures, shotcrete applications, tunnel linings, 
and precast concrete components.They are not intended 
to completely replace traditional reinforcement, but in 
many cases can greatly reduce or supplement conven-
tional rebar.

Forta-Ferro fibers comply with the following interna-
tional standards: ASTM C1116, ASTM D7508, ANSI/SDI 
C2011, BS EN 14889-2 and respective ACI codes (ACI 544; 
ACI 318; ACI 506, etc.). The physical properties of these 
objects are given in Table 4. Forta-Ferro fibers are twisted, 
high strength synthetic fibers of polypropylene/copolymer, 
designed to improve crack-bridging and energy absorption 
capacity in concrete matrices.

Table 3. Grading of the sand used

Sieve Size 19 mm 12.5 mm 9.5 mm 4.75 mm 2.36 mm 1.18 mm 600 μm 300 μm 150 μm
Percentage (%) 100 100 100 99.97 92.96 77.35 58 22.32 3.44

Table 2. Grading of the gravel used

Sieve Size 19 mm 12.5 mm 9.5 mm 4.75 mm 2.36 mm 1.18 mm 600 μm 300 μm
Percentage (%) 100 91.1 67.12 4.36 0.43 0 0 0

Table 1. Chemical and physical properties of the cement used

Type of Cement Specific Gravity 
(gr/cm³)

Specific Surface 
Area (cm²/gr)

Initial Setting Time 
(minutes)

Final Setting 
Time (minutes)

Autoclave 
Expansion (%)

Type II 3.15 2910 150 205 0.07

Figure 1. Forta-ferro fibers.

Table 4. Physical properties of forta-ferro fibers

Property Specification
Raw Material Polypropylene / Copolymer
Appearance Twisted fibers and single strands
Specific Gravity 910 kg/m³
Length 54 mm
Tensile Strength 570-660 MPa
Color Gray
Characteristic Resistant to acidic and alkaline environments
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Methods 

Construction of laboratory samples
This study compares the flexural strength test results of 

concrete reinforced with Forta-Ferro fibers obtained from 
the four-point bending and SCB tests.

Two concrete mix designs were prepared, C350 being 
the plain (fiber-free) mix and C350F with 0.3% Forta-
Ferro fibers (by volume). Detailed mix proportions of both 
designs are shown in Table 5.

Mechanical testing was performed for 160 concrete 
specimens. The mix consisted of cement, aggregates, pota-
ble water, superplasticizer and Forta-Ferro fibers in the 
proportions indicated . For C350F samples, mixing was 
done for 8 min to ensure proper fiber dispersion.

The specimens were subjected to the following mechan-
ical tests: compressive strength, Brazilian split tensile 
strength, prism flexural strength (four-point bending) and 
SCB test. The mixing in the fresh (wet) state lasted about 5 
minutes before casting.

Concrete specimens were cast in standard molds 
depending on the type of mechanical test. Compressive 
strength tests were performed on cubes (150 × 150 × 150 
mm), four-point flexural tests on prisms (100 × 100 × 500 
mm) and semi-circular specimens (radius: 75 mm, thick-
ness: 50 mm, notch depth: 15 mm) were used for SCB tests.  
All specimens were cured in water at 20 ± 2 °C for 28 days 

after removal from the mold. The mechanical tests were 
performed on a universal testing machine in displacement 
control mode. Compressive and flexural tests were per-
formed at a loading rate of 0.2 mm/min, and SCB tests were 
performed at a loading rate of 1 mm/min. For each mix and 
each test type three specimens were tested to ensure the sta-
tistical reliability and the mean values are reported.

Compressive strength test
In this study, the compressive strength test was carried 

out in accordance with BS 1881-124:2015 [13], using speci-
mens that were cured for 28 days (Figure 2).

Brazilian tensile strength test
The indirect tensile strength test (Brazilian split tensile 

test) was performed on 150 × 150 mm cubic specimens in 
accordance with BS 1881-8371 [13], using both C350 and 
C350F mixes (Figure 3).

Flexural strength test
The flexural strength test was performed using the four-

point loading method, in accordance with ASTM C78 [8]. 
The specimen setup and failure patterns are illustrated in 
Figure 4.

Semi-circular bending (SCB) test
The SCB test is a three point bending test and is known 

for its efficiency and accuracy . This was carried out 

Figure 2. Specimens C350 and C350F after the compressive strength test.

Table 5. Details of the sample mix designs

No Mixes Cement 
(kg/m³)

w/b Water 
(kg/m³)

Sand 
(kg/m³)

Gravel 
(kg/m³)

Fiber 
(kg/m³)

G/S 
(%)

Superplasticizer 
(kg/m³)

1 C350 350 0.5 175 827.97 993.57 0 1.2 0
2 C350F 350 0.5 175 827.97 993.57 10.5 1.2 1.05
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according to ASTM D8044 [9]. The test was performed on 
SCB specimens of diameter 150 mm and thickness 100 mm, 
supported on two roller supports at a distance of 120 mm 

(center to center). Fig. 5 Loading configuration and failure 
mode under the SCB test.

RESULTS AND DISCUSSION

Results
This paper studies the effect of inclusion of fibers on 

mechanical properties of concrete by conducting a series 
of tests like compressive, flexural, split tensile and SCB 
tests. Specimens without and with 0.3% Forta polymer 
fibers were tested. The results give useful information on 
the role of fibers in improving the performance of concrete. 
Moreover, the results of the SCB test were comparable to 
those of traditional and more laborious flexural tests, there-
fore representing a cost-efficient alternative for practical 
applications.

Compressive Strength
The results of compressive strength of two con-

crete mixes, one plain and one with 0.3 % Forta polymer 
fibers indicate that the performance improves with the 
Forta fibers. The average compressive strength for the 

 

Figure 3. Brazilian tensile strength test on C350F and C350.

 

 

Figure 4. Specimen failure mode in the flexural strength test.
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fiber-reinforced specimens was 27.9 MPa and for the con-
trol mix the average was 24.9 MPa, an increase of 12%. This 
enhancement is because of the fiber length and its uniform 
distribution in the concrete matrix which helps in slowing 
down the crack propagation under the compressive load. 
The results indicate a beneficial influence of fiber reinforce-
ment on the compressive behavior of concrete (Table 7).

Split Tensile Strength
Table 7 shows the values of split tensile strength for 

both mixes. The average strength for fiber reinforced mix 
was 2.00 MPa, while the control mix was 1.82 MPa, which 
shows an improvement of 9.9%. The increase is a little less 
than that seen in compressive strength, but still indicates a 
significant contribution of fibres to tensile resistance. The 
fiber reinforced mix had a standard deviation of 0.10 MPa 
while the plain mix had 0.05 MPa which shows lower vari-
ability and more consistent performance in fiber reinforced 
specimens.

The fiber-reinforced mix had a lower standard devia-
tion, but an F-test showed no statistically significant differ-
ence (p > 0.05).

Flexural Strength of Beams
Flexural strength tests were performed on beam speci-

mens of 100 × 100 × 500 mm. The average flexural strength 
of fiber reinforced specimens was 3.58 MPa and plain con-
crete specimens was 2.92 MPa that shows an increase of 22.6 
% in flexural strength by adding fibers. This confirms the 
positive role of fibres in improving the flexural capacity of 
concrete. Also, the variability of the results for the duplicate 
specimens was lower than that observed in the compression 
strength tests, showing better consistency and a decrease in 
the sensitivity of the flexural strength to the heterogeneity 
associated with fibers (Table 6).

Ductility
Figure 6 shows the failure mode of the flexural spec-

imens without fiber reinforcement, which exhibited a 

Figure 5. Failure of fiber-reinforced specimen in SCB test.

	

Figure 6. Force-Deflection Curves of prism specimens C350 (right side) and C350F (left side) for one of samples.
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brittle failure behavior under four-point bending. The 
load–deflection curves show small differences in slope 
within the first 0.5 mm of deflection, which can be 
attributed to small irregularities in the support and load-
ing setup. The linear ascending trend and a sudden drop 
in the load capacity are followed by indicating crack initi-
ation and propagation from the tensile zone at the bottom 
of the beam.

The limits of strain indicated considerable difference for 
the samples which indicates the heterogeneous and non-lin-
ear behaviour of plain concrete under flexural loading.

The fiber reinforced specimens exhibit ductile behav-
ior in the post-peak regime because of fiber bridging over 
the crack that retards fracture and sustains load carrying 
capacity.

The flexural post-cracking behaviour was important for 
the fibre-reinforced specimens. The specimens recovered 
the load carrying capacity after the first peak load and a 
sudden load drop associated with crack initiation, suggest-
ing the participation of fiber-bridging mechanisms. All four 
specimens clearly exhibited a yielding zone after the elastic 
limit, with resistance increasing with deflection. After this 
cracking phase, there is a bridging zone where fibers bridge 
across the fracture surface and thus increase the ductility 
and toughness by carrying stress. Active fiber bridging was 
confirmed by visual inspection of the fractured specimens. 
Some of the Forta-Ferro fibers were left anchored across 
the crack plane, bridging the gap and absorbing energy, as 
shown in Figure 7. The bridging effect is responsible for the 
increased post-crack toughness and energy dissipation in 
fiber reinforced concrete. Fig. 7 shows the fiber bridging in 
the fractured specimen of SCB. As a result, higher energy 
absorption was achieved. Similar behavior is shown in con-
crete bridge decks using image processing techniques in 
Vivekananthan et al. (2023) with a detailed study of crack 
propagation trends [23].

Though no quantitative fiber count was performed, 
several bridging fibers were observed on the crack sur-
faces. Future studies should include fiber orientation 
analysis and image quantification (e.g. Vivekananthan et 
al., 2023) [24].

Some of the fibre reinforced specimens showed soft-
ening response after the peak load which means reduc-
tion in load carrying capacity. On the other hand, some 
specimens presented a well-defined strain-hardening 
region, which means that the strength increases after the 
fracture begins. The differences in mechanical response 
are probably due to the heterogeneous distribution and 
orientation of fibers in the concrete matrix. 

Table 7 shows a significant difference in flexural stiff-
ness for C350F and C350 specimens. The average stiff-
ness of C350F mix was 42,313 N/mm and the average 
stiffness of C350 mix was 2590 N/mm. The addition of 
the fibers causes an increase of 16.3 times in the flex-
ural stiffness, mainly by improved resistance in the 
post-cracking region.Ta
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SCB Flexural Strength
The flexural test with SCB specimens showed that the 

addition of fibers significantly increased the strength. The 
average flexural strength for control mix (C350) was 2.51 
MPa whereas fiber reinforced mix (C350F) had an aver-
age flexural strength of 3.40 MPa . The standard deviation 
was 0.25 MPa . This was an increase in strength of 35 %. 
This result highlights the effect of fiber-specimen geometry 
interactions. In order to have a better visualization of this 
mechanism, strain contour plots or comparison of fracture 
pattern can be made to show the way that fibers distribu-
tion affects stress transfer across the SCB specimen (Kumar 
& Patel, 2022)[5]. This indicates an improved energy dis-
sipation and crack bridging in SCB configurations. The 

results are in agreement with the theoretical predictions of 

the stress models which approach the form . 
The SCB specimen geometry, and particularly the notch 

and stress-concentration region, effectively activates fiber 
bridging in the vicinity of the crack tip.

SCB Tensile Strength
The tensile strength of the SCB specimens was deter-

mined using the empirical relation suggested by Aliha et al. 
[24](1). The obtained tensile strengths were 1.81 and 1.36 
MPa for C350F and C350 specimens with a standard devi-
ation of 0.12 and 0.08 MPa respectively. The results show 
that SCB test is more sensitive and accurate in evaluating 
tensile behavior. The increase in the tensile strength of 
fiber-reinforced mix was 33 % which is very close to the 
improvements observed in the SCB flexural performance.

	 	 (1)

In this study, the tensile strength of SCB specimens was 
calculated using the empirical formula proposed by Aliha 
et al. (2012), which accounts for the geometric and loading 
conditions specific to semi-circular bending tests:

σt = 2P /πDt ⋅F(α,β)
where:
σt : tensile strength (MPa)
P: maximum applied load at failure (N)
D: specimen diameter (mm)
t: specimen thickness (mm)
F(α,β): dimensionless correction factor dependent on 

notch depth (α) and loading position (β)
This formula is widely applied to the fracture mechanics 

analysis of SCB specimens and allows for accurate compar-
ison with other flexural testing methods. Aliha et al. (2012)
[24] applied the proposed method to evaluate the tensile 
and fracture properties of concrete and similar brittle 
materials. More details on its derivation and validation are 
reported in Aliha et al. (2012)[24].

Ductility of SCB
The specimens showed a brittle behavior, as observed 

in the prism flexural tests. The curves generally followed 
a smooth path with a sharp drop after crack initiation and 
were highly affected by the alignment of supports and load-
ing points (Figure 8). The Forta-Ferro fibers have a large 

Figure 7. Fractured specimen after SCB test, showing fiber 
bridging and crack resistance due to Forta-Ferro fibers.

	

Figure 8. Force-Deflection Curves of SCB C350 specimens (right side) and C350F (left side) for one of samples.



Sigma J Eng Nat Sci, Vol. 44, No. 3, pp. 2041−2054, June, 2026 2049

aspect ratio and as such small variations in the crack path or 
specimen curvature can be expected to limit the complete 
engagement of the fibers.

SCB specimens (C350F) reinforced with polypropyl-
ene-based Forta-Ferro twisted fibers exhibited different 
post-cracking behaviors, with each force-deflection curve 
showing different response patterns. Several specimens 
showed a sudden drop of load after cracking. This may be 
caused by the position of the first fiber bundle with respect 
to the tensile surface or by a locally reduced fiber content. 
Some showed smaller decreases and short periods of strain 
hardening. These differences can be explained by the distri-
bution and orientation of the fibers and the relatively high 
length-to-diameter ratio (L/D) of Forta-Ferro fibers, which 
influences their role in the crack bridging process.

The average toughness of SCB for fiber reinforced 
specimens was 4.91 times higher than that of plain con-
crete based on 16 samples (Table 7). This improvement 
is significant, but smaller than that obtained in the prism 
flexural tests, suggesting that the SCB configuration does 
not take full advantage of the reinforcing potential of the 
fibers. This limitation is believed to be caused by a number 
of geometric and mechanical constraints. Firstly, the rela-
tively high length to diameter (L/D) ratio of the Forta-Ferro 
fibers may prevent their optimal alignment with the crack 
path in the curved geometry of the SCB specimen. The 
fibers have a semi-circular shape which causes a non-linear 
crack growth and can result in some fibers being inactive 
or partially loaded during crack opening. Third, the stress 
concentration around the notch may not cross the fiber 
network evenly depending on the local fiber orientation 
and density. Finally, small changes in the alignment of the 
roller supports or the location of the loading point can also 
lead to variability in crack initiation and fiber activation, 
as shown in Figure 8. These results highlight the impor-
tance of further investigating the effect of fiber orienta-
tion and the application of advanced imaging techniques 
such as digital image correlation (DIC) or strain contour 
mapping to better understand the interaction between the 
SCB geometry and fiber performance. The differences in 
flexural strength between mixes were large but the relative 
gain in the SCB results was small suggesting possible geo-
metric or alignment constraints on fibre mobilization. The 
fiber reinforced SCB specimens (C350F) were composed 
of twisted polypropylene Forta-Ferro fibers, and exhibited 
different post-cracking behaviours, with each force-deflec-
tion curve showing different pattern of behaviour. The load 
drop after cracking was sharp in several specimens and can 
be attributed to the position of the first fiber bundle with 
respect to the tensile surface or to a locally reduced fiber 
content. Some showed smaller decreases and short periods 
of strain hardening. These differences can be explained by 
the distribution and orientation of the fibers and the rel-
atively high length-to-diameter ratio (L/D) of Forta-Ferro 
fibers, which influences their role in the crack bridging 
process.

The average toughness of SCB for fiber reinforced 
specimens was 4.91 times higher than that of plain con-
crete based on 16 samples (Table 7). This improvement 
is significant, but smaller than that obtained in the prism 
flexural tests, suggesting that the SCB configuration does 
not take full advantage of the reinforcing potential of the 
fibers. This limitation is believed to be caused by a number 
of geometric and mechanical constraints. Firstly, the rela-
tively high length to diameter (L/D) ratio of the Forta-Ferro 
fibers may prevent their optimal alignment with the crack 
path in the curved geometry of the SCB specimen. The 
fibers have a semi-circular shape which causes a non-linear 
crack growth and can result in some fibers being inactive 
or partially loaded during crack opening. Third, the stress 
concentration around the notch may not cross the fiber net-
work evenly depending on the local fiber orientation and 
density. Finally, small variations in the alignment of the 
roller supports or the loading point location (Figure 8) may 
also cause variability in crack initiation and fiber activation. 
The results indicate that further study is necessary to bet-
ter understand the effect of fiber orientation and improved 
visualization techniques such as digital image correlation 
(DIC) or strain contour mapping to better understand the 
interaction of SCB geometry with fiber performance. The 
relative gain in SCB results was modest, even with signif-
icant differences in flexural strength between the mixes, 
indicating that geometric or alignment limitations in fiber 
recruitment may have played a role.

Correlation and Regression of Results
As shown in Table 7, the SCB parameters are highly 

positively correlated with the other mechanical test results 
for both C350 and C350F conditions. In case of fiber rein-
forced specimens all correlation coefficients were above 
0.87 which shows consistent relationships between differ-
ent test metrics. The correlation values were mostly over 
0.90 for plain concrete mix (C350), except for SCB flexural 
strength & prism flexural strength comparison, where the 
coefficient was lower (0.45). The low correlation (r = 0.45) 
between the SCB and prism flexural strength is due to the 
SCB’s sensitivity to localized cracking and the lack of fiber 
reinforcement.

It was observed that the correlation coefficient between 
SCB flexural strength and prism flexural strength in the 
plain concrete mix (C350) was 0.45 which is much lower 
than other correlations (>0.90). The difference can be 
explained by the difference in the methods or the limited 
sensitivity of the SCB test to the crack propagation patterns 
in unreinforced concrete (Aliha et al., 2012; Mousavi & 
Aliha, 2017).

These associations were also confirmed by regression 
models fitted to the data (Figures 9 and 10) indicating the 
predictive reliability of SCB parameters. The results sug-
gest that SCB testing can be a useful and practical alterna-
tive to traditional flexural testing and is also cost effective. 
The SCB strength value was slightly lower than the value 
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Table 7. Coefficient of correlation (Pearson) between traits for C350 and C350F conditions

conditions SCB Flexural 
(Mpa)

Flexural 
(Mpa)

SCB Tensile 
(Mpa)

Splitting Tensile 
Strength (Mpa)

Flexural Toughness 
(N.mm)

SCB Toughness 
(N.mm)

C350F C350 C350F C350 C350F C350 C350F C350 C350F C350 C350F C350

SCB 
Flexural 
(Mpa)

C350F 1 0.019ns 0.964** -0.098 ns 0.838** 0.967** 0.831** 0.903** 0.975** 0.973** 0.964** 0.965**

C350 0.019 ns 1 0.065 ns 0.448 0.064 ns 0.017 ns 0.031 ns -0.051 ns -0.019 ns -0.002 ns 0.017 ns 0.051 ns

Flexural 
(Mpa)

C350F 0.964** 0.065 ns 1 -0.103 ns 0.907** 0.977** 0.910** 0.906** 0.969** 0.944** 0.983** 0.935**

C350 -0.098 ns 0.448 ns -0.103 ns1 -0.319 ns -0.074 ns -0.186 ns -0.166 ns -0.126 ns -0.135 ns -0.129 ns -0.114 ns

SCB 
Tensile 
(Mpa)

C350F 0.838** 0.064 ns 0.907** 0.319 ns 1 0.888** 0.873** 0.788** 0.894** 0.861** 0.895** 0.862**

C350 0.967** 0.017 ns 0.977** -0.074 ns 0.888** 1 0.861** 0.920** 0.98** 0.967** 0.968** 0.953**

Splitting 
Tensile 
Strength 
(Mpa)

C350F 0.831** 0.031 ns 0.910** -0.186 ns 0.873** 0.861** 1 0.753** 0.889** 0.796** 0.920** 0.807**

C350 0.903** -0.051 ns 0.906** -0.166 ns 0.788** 0.920** 0.753** 1 0.888** 0.921** 0.893** 0.884**

Flexural 
Toughness 
(N.mm)

C350F 0.975** -0.019 ns 0.969** -0.126 ns 0.894** 0.980** 0.889** 0.888** 1 0.965** 0.968** 0.968**

C350 0.973** -0.002 ns 0.944** -0.135 ns 0.861** 0.967** 0.796** 0.921** 0.965** 1 0.951** 0.984**

SCB
Toughness 
(N.mm)

C350F 0.964** 0.017 ns 0.983** -0.129 ns 0.895** 0.968** 0.920** 0.893** 0.968** 0.951** 1 0.942**

C350 0.965** 0.051 ns 0.935** -0.114 ns 0.862** 0.953** 0.807** 0.884** 0.968** 0.984** 0.942** 1

*correlation is significant at the 0.01 level. **correlation is significant at the 0.05 level. ns correlation is non-significant.

	

Figure 9. Relationship between SCB and Flexural, Tensile and Toughness characteristics results in C350F specimens.
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obtained from the standard beam test (3.40 MPa versus 3.58 
MPa) but the difference is less than 5%, which is considered 
insignificant in practical applications. This small difference 
does not affect the validity of the SCB method, particularly 
if one considers its advantages in terms of specimen prepa-
ration, ease of loading and alignment. Thus, SCB test can be 
preferred in routine evaluations where high precision is not 
critical and resource efficiency is considered.

Results indicated that the standard deviation of the fiber 
reinforced mix was 0.10 MPa while the plain mix was 0.05 
MPa indicating less scatter and a more consistent perfor-
mance among the fiber reinforced specimens. The differ-
ence was statistically significant with an F-test yielding an 
F-value of 4.0 with a degree of freedom (7, 7) above the crit-
ical value of 3.79 at α = 0.05. This is statistically significant 
evidence of the decrease in variability that we see.

Statistical Validation: T-Test and ANOVA Analysis
The differences in compressive strength, flexural 

strength (four-point bending) and splitting tensile strength 
between C350 and C350F specimens were statistically val-
idated using independent sample t-tests. The results pre-
sented in Table 8 show that all the mechanical performance 
improvements resulting from the addition of Forta-Ferro 
fibers are statistically significant (p < 0.05).

The p-values confirm that the addition of 0.3% Forta-
Ferro fibers leads to statistically significant improvements 
in all key mechanical properties. These results support the 
conclusion that the fiber reinforcement improves not only 
strength but also structural reliability. 

In addition, a t-test was used to statistically compare 
the mean flexural strengths of the standard four-point 
beam test and the SCB test for FRC specimens (Table 9). 

Table 8. Results of t-test comparing control (C350) and fiber-reinforced (C350F)

Mechanical Property Mean (C350) Mean (C350F) p-value
Compressive Strength (MPa) 33.83 37.13 0.0003
Flexural Strength (MPa) 4.33 5.70 0.0007
Tensile Strength (MPa) 3.10 3.60 0.0036

	

Figure 10. Relationship between SCB and Flexural, Tensile and Toughness characteristics results in C350 specimens.
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The results indicated that the SCB strength (3.40 MPa) was 
slightly lower than the beam flexural strength (3.58 MPa) 
but this difference was statistically significant (p = 0.041). 
But the difference is small in practice, within 5%, meaning 
a strong correlation between both methods. This confirms 
that the SCB testing is a close and reliable alternative to the 
conventional beam flexural testing for the evaluation of the 
flexural performance of fiber-reinforced concrete.

As it can be seen in Table 9, the SCB strength (3.40 
MPa) is slightly lower than the beam flexural strength 
(3.58 MPa). The difference was statistically significant (p = 
0.041). However, from a practical engineering point of view, 
the magnitude of the difference is small (less than 5%). The 
small practical difference, coupled with the strong cor-
relation between the two methods mentioned previously, 
confirms the validity of SCB testing as a close and reliable 
substitute for traditional beam flexural tests in assessing the 
flexural behavior of fiber reinforced concrete.

DISCUSSION

The experimental results show the addition of Forta-
Ferro fibers significantly enhances the mechanical behavior 
of the concrete specimens. Interestingly, the compressive 
strength was increased by about 12% confirming the role 

of fibers in load distribution and crack bridging under 
compression. The addition of fibers improved the split 
tensile strength by 10% with respect to tensile strength, 
which shows their effectiveness against the crack initiation 
and propagation under tension. This improvement is in 
line with other research on fiber reinforced concrete. The 
results of flexural strength from the four-point bending 
and the SCB tests also show that the fiber-reinforced spec-
imens have better ductility and energy absorption capacity. 
Especially, the results of the SCB method were in agreement 
with the standard testing method and were a simpler and 
cheaper way to evaluate flexural behavior. The support pro-
vided by the force-displacement curves also favors the ben-
eficial effect of fibers on the post-cracking performance. 
The C350F specimens showed smoother and more grad-
ual decreases in load-bearing capacity after the peak load 
indicating an improved toughness and residual strength. 
Finally, the discussion on the test results shows that the 
Forta-Ferro fibers significantly improve the peak strengths 
and energy dissipation characteristics of the concrete and 
provide a feasible option for structural purposes where high 
durability and fracture resistance are required.

The present study demonstrated higher flexural tough-
ness gains than other studies (Table 10), and also pro-
vided strong validation of the SCB test as an alternative to 

Table 9. T-Test comparison between Flexural Strength and SCB Strength results (across FRC)

Test Method Mean Strength (MPa) t-value p-value Significance
Flexural (Beam) vs. SCB 3.58 vs. 3.40 1.87 0.041 Significant (p < 0.05)

Table 10. Comparison of mechanical performance improvements and SCB-flexural strength correlation in this study and 
previous works

Study Fiber Type Fiber 
Volume (%)

Flexural Strength 
Improvement

SCB Strength 
vs Flexural 
Strength

Flexural 
Toughness Gain

SCB Test 
Validated?

Present Study (2025) Forta-Ferro 0.3 +22% (Beam), +35% 
(SCB)

SCB 95% of 
Beam Strength

16.3x (Beam), 
4.9x (SCB)

Yes

Hasan-Nattaj & 
Nematzadeh (2017) 
[18]

Forta-Ferro 0.3 - 0.5 +26% (Flexural) Not Reported Not Reported No

Arafa et al. (2013) 
[17]

Forta-Ferro 0.3 +26% (Flexural) Not Reported Not Reported No

Kumar & Patel 
(2022) [5]

Polypropylene 0.5 +18% (SCB) SCB 90% of 
Beam Strength

6.5x (SCB) Yes

Li et al. (2023) [15] PVA Fiber 0.5 +30% (SCB) SCB 92% of 
Beam Strength

5.2x (SCB) Yes

Mousavi & Aliha 
(2017) [14]

Steel Fiber 0.5 +15% (SCB vs Prism) SCB 88% of 
Beam Strength

3.8x (SCB) Yes

Notes: SCB = Semi-Circular Bending test. “Beam” results refer to standard prism flexural tests. SCB vs Flexural Strength shows how close SCB test 
results approximate conventional flexural strength.
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traditional flexural evaluation. The increase of 16.3 times 
in the beam toughness is higher than previous reports of 
the improvement of the SCB toughness. The SCB strength 
reached 95% of the flexural strength of the beam, mak-
ing this work one of the best works on the performance 
enhancement of fiber reinforced concrete.

Although the SCB strength was a little lower (~5%) than 
prism beam strength, the difference is acceptable in view of 
simplicity and efficiency of SCB.

It should be clarified that the main goal of this study was 
neither to perform a detailed microstructure analysis of the 
behavior of the fibers nor to perform a thorough compar-
ison of the mechanical responses of fiber reinforced con-
crete using different flexural testing methods.

Discrepancies in reported toughness values may result 
from variations in specimen dimensions, curing protocols, 
or testing rates across different studies.

CONCLUSION

The research clearly showed that the mechanical 
properties of concrete were significantly improved by the 
addition of 0.3% forta-ferro fibers in concrete. The resis-
tance to crack initiation was increased by 12% in case of 
compressive strength and 10% in case of tensile strength. 
Most importantly, the flexural strength was increased 
by 22% and the flexural toughness was improved 16.3 
times. This indicates better energy absorption capac-
ity after cracking, which is a significant advantage for 
applications in seismic zones and heavy load-bearing 
structures. The SCB test results indicated the increase 
in flexural strength by 35% and tensile strength by 33%. 
This ensures SCB as a reliable low-cost alternative of 
conventional flexural tests.

The bridging of fibers across the cracks observed con-
firms the role of fibers in post-crack load transfer that 
underlies the improved ductility observed in force-de-
flection responses . The good correlation between SCB 
and standard tests also supports the applicability of the 
SCB method for the assessment of fiber reinforced con-
crete. The results of this research show the feasibility of 
Forta-Ferro fibers to improve the durability and service 
life of concrete, especially for infrastructure applications 
such as pavements, bridge decks and industrial floors.  
More studies on different fiber dosage, fiber distribution 
uniformity and microstructure analysis are needed to 
optimize the design and application of fiber reinforced 
concrete.

The present study confirms that the SCB test slightly 
underestimates the flexural strength but it is a reliable and 
cost effective method to evaluate the performance of FRC. 
The novelty is the quantification of the validation of the 
results of SCB through the conventional flexural parame-
ters of Forta-Ferro reinforced concrete.

NOMENCLATURE

C350	 Concrete mix without fibers
C350F	 Fiber-reinforced concrete mix with 0.3% Forta-

Ferro fibers
SCB	 Semi-Circular Bending test
MPa	 Megapascal, unit of mechanical strength
R²	 Coefficient of determination in regression models
SEM	 Scanning Electron Microscopy
FRC	 Fiber-Reinforced Concrete
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