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Highlights

What are the main findings?

• Steel fibers improved the flexural performance of reinforced concrete beams, with the
highest ultimate load obtained for the specimen containing 2.0% steel fibers.

• Polypropylene fibers were more efficient in controlling shrinkage and crack formation,
reducing the shrinkage strain up to 50% and the maximum crack width up to 93% in
comparison with the reference concrete.

What is the implication of the main finding?

• The results suggest that steel and polypropylene fibers are not equivalent reinforce-
ment systems as they provide different performance benefits under the same experi-
mental conditions.

• Steel fibers are more suitable when improved load-bearing capacity and displacement
ductility are required, while polypropylene fibers are more suitable when shrinkage
reduction and crack-control performance are the main design objectives.

Abstract

Fiber-reinforced concrete is increasingly used to improve the mechanical and structural
performance of reinforced concrete elements. This study presents a comparative experi-
mental investigation of reinforced concrete beams incorporating steel and polypropylene
fibers. Seven beams were examined, including a reference concrete and fiber-reinforced
concrete mixtures containing 1.0%, 1.5%, and 2.0% fiber volume fractions. The experi-
mental program included compressive strength tests on 21 cube specimens, shrinkage
measurements on 21 prism specimens, and bending tests on reinforced concrete beams.
The properties studied included compressive strength, shrinkage strain, ultimate load
capacity, load–deflection response, crack initiation, crack width, and post-cracking behav-
ior. Polypropylene fibers provided the greatest crack-control benefit, reducing shrinkage
strain and maximum crack width by up to 50% and 93%, respectively, compared with the
reference concrete. Steel-fiber-reinforced beams achieved the highest ultimate load, with
an increase of up to 22% relative to the reference beam, and showed higher calculated
displacement ductility indices. The results indicate that, under the tested conditions, steel
fibers were more effective in improving load-carrying capacity and displacement ductility,
whereas polypropylene fibers were more effective in controlling shrinkage and crack devel-
opment. These findings support fiber selection according to the required balance between
load capacity, deformation response, crack control, and serviceability.
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1. Introduction
Reinforced concrete is one of the most used construction materials in civil engineering

as it is accessible, durable and resistant to different types of actions on structures. In
reinforced concrete members, concrete mainly resists compressive stresses, while steel
reinforcement carries tensile stresses and contributes to resistance against bending and
shear forces [1]. Despite these advantages, conventional reinforced concrete has several
limitations, especially low tensile strength, cracking under service loads, shrinkage defor-
mation, and brittle behavior after crack formation. These weaknesses affect serviceability,
durability, and long-term structural performance.

The development of fiber-reinforced concrete has become one of the practical ap-
proaches for improving the behavior of cementitious composites. The addition of randomly
distributed fibers improves tensile response, fracture resistance, toughness, ductility, and
energy absorption capacity while reducing crack sensitivity in the concrete matrix [2–7]. As
shown in Figure 1, the addition of fibers into the concrete matrix restrains crack initiation
and propagation by bridging developing cracks and increasing the post-cracking tensile
strength of the material. Plain concrete tends to fail in a brittle manner, usually after reach-
ing its peak load. Meanwhile, fiber-reinforced concrete can sustain additional deformation
prior to failure as the fibers act to bridge cracks [8,9].

Figure 1. Behavior of fiber-reinforced concrete and plain concrete under structural loads.

The effectiveness of fiber reinforcement depends on fiber material, geometry, dosage,
orientation, bond behavior, and distribution within the concrete matrix [2,10–13]. This
flexibility allows concrete mixtures to be designed for specific performance requirements.
At the same time, it also makes general design rules more difficult because each fiber type
influences workability, microstructure, cracking behavior, and load transfer mechanisms
differently [14–16]. Therefore, the behavior of fiber-reinforced concrete must be evaluated
not only through strength results but also through load vs. deflection response, crack
development, post-cracking behavior, and failure mechanism. Steel fibers are widely used
when the main objective is to improve structural resistance, toughness, and post-cracking
behavior. Their high elastic modulus and tensile strength allow effective stress transfer
across cracks. After crack formation, steel fibers bridge the crack surfaces, delay crack
propagation, and improve residual load-bearing capacity [4,17,18]. Previous research
indicated that steel fibers enhance tensile strength, flexural performance, fracture energy,
shear resistance and structural toughness [7,10,19]. The geometry of the steel fibers is also
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significant. Research conducted on hooked, straight, crimped, and other steel fiber shapes
has shown that the fiber shape and the anchorage conditions strongly affect crack-bridging
efficiency, fracture energy, and flexural behavior [10,11,20].

Polypropylene fibers are among the most common synthetic fibers used in concrete.
They have low density, low cost, corrosion resistance, chemical stability in alkaline ce-
mentitious environments, and good dispersion ability [21]. Polypropylene fibers are es-
pecially effective in reducing plastic and drying shrinkage cracking, limiting crack width,
and improving the durability-related performance of concrete [21,22]. They have also
been reported to improve fire-related behavior and spalling resistance of concrete [23].
Polypropylene fibers usually have a lower elastic modulus than steel fibers, and, therefore,
their contribution to the strength of the structure is lower, but they are more effective in the
control of microcracking and shrinkage-related deformation.

In previous studies, steel and polypropylene fibers have been investigated from
various viewpoints. Some studies [10,11,20] looked into the effect of steel fiber shape and
geometry, while others examined different dosages of polypropylene fibers and their effect
on mechanical properties [22,24–26]. Investigations have also been conducted with hybrid
fiber systems incorporating steel fibers together with polypropylene or other synthetic
fibers [15,27–31]. For example, hybrid fiber systems have been shown to improve shear
strength, flexural toughness, crack distribution and post-yield behavior [15,27,29]. Other
studies investigated the behavior of slabs, beams or high-strength concrete reinforced
with steel, polypropylene or macrosynthetic fibers [13,32,33]. These studies confirm that
fiber type and dosage strongly affect compressive strength, flexural behavior, deformation
capacity, crack propagation, and residual load-bearing capacity.

Recent studies also indicate that the effect of polypropylene fibers depends strongly
on dosage and concrete type. Moderate polypropylene fiber contents improve mechanical
behavior in some cases, whereas high fiber contents reduce workability, flowability and
compressive strength [22,25,27]. Steel fibers have similar higher improvements in load-
bearing capacity and fracture energy. However, high steel fiber contents may lead to lower
workability and difficulty in mixing and compaction, especially for fiber volume fractions
beyond 2% [10,34]. These findings show that the optimum fiber dosage depends on the
required performance criterion.

The preliminary results obtained from the experimental program investigated in
the present study were previously reported in a conference paper [35]. However, the
earlier publication was limited to a brief presentation of selected beam test results. The
present work significantly extends the scope of the investigation by incorporating mate-
rial characterization, shrinkage analysis, crack development assessment, load–deflection
behavior, and a comprehensive comparative evaluation of steel and polypropylene fiber
reinforcement systems.

Although steel and polypropylene fibers are normally used for different engineering
purposes, they are the most widely used fiber reinforcement materials in cementitious
composites. Steel fibers are mainly employed for post-cracking strength, toughness and
load-carrying capacity. Polypropylene fibers are most often utilized for shrinkage cracking
control and crack distribution. Their reinforcing mechanisms are different, but a direct
experimental comparison under similar testing conditions is helpful to understand the effect
of each type of fiber on the overall mechanical and structural performance of reinforced
concrete members.

Studies have been performed on the use of steel, polypropylene, synthetic and hy-
brid fibers in cementitious composites and reinforced concrete members under different
material compositions, fiber arrangements and loading conditions. These studies have
been related to single fiber systems, hybrid reinforcement, high-strength and ultra-high-
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performance concrete, and shear behavior, corrosion resistance and elevated-temperature
performance [15,20,25,27,29,30,33,34,36]. Furthermore, it has been found that the flexural
and post-cracking behavior of fiber-reinforced concrete members depends on the fiber
volume fraction, fiber geometry and specimen size [37]. Therefore, the response of dif-
ferent fiber systems should be explained in the context of their material properties and
experimental conditions instead of generalizing to different beam configurations.

However, the reported results are generally confined to a limited set of material or
structural indicators. To select practical reinforcement fibers for normal-strength reinforced
concrete beams, it is useful to evaluate the correlation of material-level properties and
beam-level response in a consistent experimental program. Further assessment of the
balance between shrinkage resistance and crack control and flexural load-carrying capacity,
post-cracking response and displacement ductility for different fiber types and dosages
is recommended.

Therefore, in this study, the behavior of normal-strength reinforced concrete beams
reinforced with hook-ended steel fibers and polypropylene fibers at three volume fractions
is compared under four-point bending. The analysis investigates compressive strength,
shrinkage strain, crack initiation, maximum crack opening, ultimate load capacity, load–
deflection response, post-cracking behavior and displacement ductility under the same
matrix composition, beam geometry, reinforcement setup and testing conditions. The aim is
not to determine the general advantages of steel or polypropylene fibers but to distinguish
their different contributions to performance under the test conditions. The comparison
made in this study should not be interpreted as treating steel and polypropylene fibers as
equivalent reinforcement systems. Rather, it is intended to evaluate the different perfor-
mance contributions of two widely used fiber types and the effect of fiber volume fraction
under the same experimental conditions.

2. Materials and Methods
2.1. Materials

The experimental mixtures were prepared as fine-grained concrete using Portland
cement CEM I 32.5R(Grupa Ożarów S.A., Ożarów, Poland). The aggregate composition
consisted of six fine aggregate fractions with particle sizes ranging from 0 mm to 4 mm.
The quantities of aggregate fractions were equal to 20 kg/m3 for the 0–0.125 mm fraction,
206 kg/m3 for the 0.125–0.250 mm fraction, 514 kg/m3 for the 0.250–0.500 mm fraction,
622 kg/m3 for the 0.500–1.000 mm fraction, 333 kg/m3 for the 1.000–2.000 mm fraction,
and 78 kg/m3 for the 2.000–4.000 mm fraction. Although the maximum aggregate size was
limited to 4 mm, the mixture was designed and used as concrete in accordance with the
laboratory experimental program. The smaller aggregate size was intentionally selected to
improve workability, facilitate uniform dispersion of the fibers and enable proper casting
and compaction of the relatively small reinforced concrete beam specimens. The cement
content was maintained at 400 kg/m3, while the water content was equal to 220 kg/m3. A
superplasticizer dosage of 2 kg/m3 was used to improve the workability and homogeneity
of the concrete mixture.

Two experimental series were prepared depending on the fiber type. Series I consisted
of steel fiber-reinforced concrete mixtures with fiber volume fractions of Vf = 1.0% (ST1),
1.5% (ST1.5), and 2.0% (ST2), corresponding to fiber contents of 79, 118, and 157 kg/m3,
respectively. Series II consisted of polypropylene fiber-reinforced concrete mixtures with
fiber volume fractions of Vf , 1.0% (PF1), 1.5% (PF1.5), and 2.0% (PF2), corresponding to
fiber contents of 9, 14, and 18 kg/m3, respectively. Mass dosages were significantly higher
for steel fibers because of their higher density. Also, the smaller diameter of polypropylene
fibers resulted in a much larger theoretical number of fibers per unit volume and closer
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nominal fiber spacing. These differences are important for crack-control performance, post-
cracking response, and practical mixture design. In addition, a control sample, designated
as RefCon, was prepared without fibers. Similar fiber volume fractions were adopted to
have a common volumetric basis for comparison of the investigated fiber systems. This
method controls the physical quantity of fibers added to the concrete matrix. However, the
equal volume fraction will not mean the same mass dosage, fiber number, spacing, surface
area, workability or crack-bridging capacity due to the large differences in density and
geometry between steel and polypropylene fibers. Therefore, the present results should be
considered as a comparison of the effects of the investigated fiber types at matched volume
fractions but not as a comparison of practically equivalent or interchangeable fiber dosages.

Hook-ended steel fibers, which are commonly used in the domestic construction
market, were used. The fibers had a length of 50 mm, diameter of 1.0 mm, slenderness ratio
equal to 50, and minimum tensile strength of about 800 MPa. They were produced from
cold-drawn round low-carbon steel wire (carbon content less than 0.1%).

The polypropylene fibers were Texa-Fib synthetic fibers (UAB Betono apsaugos sis-
temos, Vilnius, Lithuania) characterized by a length of 19 mm, a diameter of 30.5 µm, a
density of 0.91 g/cm3, Young’s modulus of 3.5 GPa, and tensile strength ranging from
320 to 420 MPa. Such fibers were primarily intended for shrinkage crack control and
crack distribution.

The reinforced concrete beams were reinforced using longitudinal BSt 500S steel bars
consisting of 2Ø6 mm bottom reinforcement, 2Ø6 mm top reinforcement, and Ø3 stirrups
spaced every 50 mm. The reinforcement ratio was equal to 1.18%.

2.2. Experimental Program

The experimental program was designed to compare the influence of steel fibers
and polypropylene fibers on the structural behavior of reinforced concrete beams. Two
independent experimental series were analyzed together with a reference concrete series
without dispersed fibers. Both programs used comparable beam geometry, reinforcement
arrangement, material composition, and testing methodology, enabling a direct comparison
of the influence of fiber type and fiber content on the mechanical and structural performance
of reinforced concrete elements. The study examined the compressive strength, shrinkage
deformation, load-bearing capacity, deflection behavior, crack development, post-cracking
behavior, ductility, and failure mechanism.

The experimental program included cubic specimens of size 100 × 100 × 100 mm for
compressive strength testing, shrinkage specimens of size 100 × 100 × 520 mm and small-
scale reinforced concrete beams of size 80 × 120 × 1100 mm for structural testing. For the
compressive strength tests, the specimen dimensions are relatively small with respect to the
length of the steel fibers. However, the same specimen size was used for all of the mixtures
to provide consistent testing conditions and to enable a direct comparison between the
studied fiber types and volume fractions. The beam program comprised seven individual
reinforced concrete beams, one reference beam without fibers, three beams containing steel
fibers at volume fractions of 1.0%, 1.5% and 2.0% and three beams containing polypropylene
fibers at the same volume fractions. One beam was tested for each configuration. Thus, the
beam analysis results are interpreted as comparative observations under the conditions
investigated and are not a statistical measure of specimen-to-specimen variability. The beam
tests were done on a four-point loading system. Figure 2 includes the assessment of the
bending load capacity, beam deflection and crack opening development under increasing
external load.

https://doi.org/10.3390/fib14080089

https://doi.org/10.3390/fib14080089


Fibers 2026, 14, 89 6 of 19

Figure 2. Experimental setup and cross-sectional details of the tested beam specimens.

The fine-grained concrete mixture was prepared by a conventional laboratory mixing
technique. The cement and aggregates were first mixed together for about 2 min. The fibers
were then added gradually to the mixture and mixed for an additional 3 min to ensure
homogeneous distribution in the concrete matrix. Then water and superplasticizer were
added in three equal portions at an interval of around 0.5 min. Total mixing time was about
8 min. After mixing, the concrete was cast in molds in three layers to improve the fiber
distribution and the homogeneity of the specimens. The fresh concrete was compacted
using a vibrating table. All specimens were cured under standard laboratory conditions
until the testing date.

Following the curing period, the mechanical properties of the concrete specimens were
experimentally measured using standard laboratory procedures. Compressive strength
tests were performed on 100 × 100 × 100 mm cubic specimens based on EN 12390-
3:2009 [38] using a D-250 hydraulic press. The load was gradually increased at a loading
rate of 0.2 MPa/s until specimen failure. Shrinkage strains were measured according to
EN 12390 16:2019 [39] using an Amsler apparatus (Amsler, Schaffhausen, Switzerland) on
specimens measuring 100 × 100 × 520 mm. The strain measurements were recorded over
a period of 44 days. The shrinkage investigation included concrete specimens reinforced
with two different fiber types and three fiber volume fractions for each fiber type, together
with a reference specimen without fibers.

The reinforced concrete beams were tested under four-point loading conditions using
a symmetrical point load scheme (Figure 3). The load was applied gradually in increments
of 2 kN until failure. In the case of specimens that failed abruptly, the load–deflection curve
was stopped at the last stable recorded reading (since a reliable post-peak reading could
not be obtained).

 

Figure 3. Sample beam specimen under four-point bending test.
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Deflection measurements were recorded at the midspan and support regions using
electronic displacement gauges (Limit, Alingsås, Sweden) with an accuracy of 0.001 mm.
Crack width development was monitored using an M1754 microscope (Carton Optical
Industries, Ltd, Saitama, Japan). Crack width measurements were initiated immediately
after the appearance of the first visible crack. The ultimate load-bearing capacity of the
beam was defined as the load corresponding to the onset of a reduction in beam capacity.

3. Results and Discussion
3.1. Compressive Strength

The compressive strength results for the tested concrete specimens are presented
in Figure 4. Both steel fiber-reinforced concrete and polypropylene fiber-reinforced con-
crete exhibited higher compressive strength values compared with the reference concrete
without fibers.

Figure 4. Compressive strength vs. fiber volume fraction for steel fiber- and polypropylene fiber-
reinforced concrete.

The reference concrete achieved an average compressive strength of 19.85 ± 0.77 MPa.
The incorporation of steel fibers resulted in moderate increases in compressive strength
for all the investigated fiber contents. The SF1 series achieved a compressive strength
of 20.04 ± 1.42 MPa, corresponding to an increase of approximately 0.96% compared
with the reference concrete. Increasing the steel fiber content to 1.5% resulted in the
highest compressive strength within the steel fiber series, reaching 20.76 ± 0.47 MPa, which
corresponds to an increase of approximately 4.58% relative to the reference concrete. A
further increase in the content of steel fiber to 2.0% resulted in a compressive strength of
20.57 ± 2.06 MPa, which is an increase of about 3.63% compared with the reference mixture.
The results indicate that moderate steel fiber contents improve the compressive behavior of
concrete due to better crack-bridging mechanisms and improved internal stress distribution
within the cementitious matrix. However, no further increase in compressive strength was
identified with the increase in steel fiber content from 1.5% to 2.0%. The present study did
not directly examine the underlying cause of this trend. Changes in fresh concrete behavior
and fiber distribution may be potential contributing factors, but further workability and
microstructural investigations would be needed to confirm these effects. The random
orientation and distribution of steel fibers in the relatively small cube specimens may have
affected the measured compressive strengths to some extent. However, the use of the same

https://doi.org/10.3390/fib14080089

https://doi.org/10.3390/fib14080089


Fibers 2026, 14, 89 8 of 19

specimen dimensions and testing procedures for all the mixtures allows for the observed
trends to be used for comparative evaluation.

The polypropylene fiber-reinforced concrete series also performed better in compres-
sive strength than the reference concrete. The PF1 series showed a compressive strength of
20.44 ± 0.26 MPa, approximately 2.97% higher than the reference concrete. The highest
total compressive strength was obtained for the PF1.5 series, which was 22.01 ± 0.31 MPa,
an increase of about 10.88% compared to the reference specimen. Compressive strength
was achieved at 20.74 ± 0.49 MPa for the PF2 series, which represents an increase of
about 4.48%.

The results show that the polypropylene fiber series had higher mean compressive
strength values than the steel fiber series in all the tested mixtures, where PF1.5 had the
highest mean value. The observed differences are possibly due to the variations in the
interaction between the fibers and the concrete matrix.

The highest mean compressive strength was obtained for the polypropylene fiber
series, PF1.5, but the differences between the studied mixtures were not significant. The
one-way analysis of variance indicated that the overall differences were not statistically
significant at the 5% level (F (6,14) = 1.37, p = 0.292). Therefore, the compressive strength
results should be viewed as comparative trends among the tested mixtures and not as
statistically confirmed improvements due to fiber addition.

3.2. Shrinkage Behavior

The shrinkage behavior of the investigated fine-grained concrete mixture was evalu-
ated over a period of 44 days. Figure 5 presents the development of shrinkage strains for
the reference concrete and fiber-reinforced concrete specimens containing steel fibers and
polypropylene fibers with different fiber volume fractions.

 

Figure 5. Shrinkage strains vs. time for the investigated concrete series.

The obtained results demonstrate that all the fiber-reinforced concrete mixtures ex-
hibited lower shrinkage strains compared with the reference concrete specimen without
fibers. The reference concrete reached the highest final shrinkage value after 44 days,
equal to approximately 0.72‰. The addition of the fibers greatly minimized shrinkage
deformation, thus demonstrating the effectiveness of fibers in reducing the internal tensile
stresses caused by moisture loss and cement hydration.
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For the series of steel fiber-reinforced concrete, the final shrinkage reduction compared
to the reference concrete was around 31.6% for SF1, 34.0% for SF1.5 and 37.0% for SF2.
The results show that the shrinkage deformation was reduced gradually with the increase
in steel fiber content. For steel fiber specimens, the SF2 series had the lowest shrinkage
strain after 44 days, which means it was the most effective steel fiber specimen in terms of
volumetric deformation control.

The reduction in shrinkage in the steel fiber mixtures is due to the crack-bridging
mechanism of the fibers. Steel fibers redistribute the tensile stresses during drying and
hydration shrinkage and limit the formation and propagation of microcracks in the cement
matrix. Furthermore, the steel fibers themselves do not produce shrinkage deformation,
which can reduce the strain of the composite material.

Overall, there was decreasing shrinkage with increasing steel fiber content, although
the shrinkage curves were not perfectly proportional within the testing period. Local inter-
sections between the shrinkage curves occurred at intermediate curing stages, showing that
the influence of fiber dosage on shrinkage evolution is time-dependent and influenced by
the internal moisture flow as well as the interaction between the concrete matrix and fibers.

The concrete series with polypropylene fibers also had significantly lower shrinkage
strains compared to the reference concrete. At the final analysis, the shrinkage reduction
compared to the reference specimen was about 29.0%, 50.0%, and 47.0% for PF1, PF1.5, and
PF2, respectively. The PF1.5 series showed the lowest overall shrinkage strain of all the
specimens examined, indicating the highest effectiveness in shrinkage control.

The polypropylene fiber specimens achieved a significantly higher shrinkage reduction
efficiency than the steel fiber series. The PF1.5 specimen had a final shrinkage strain about
24.2% lower than that of the SF1.5 specimen at the same fiber volume fraction of 1.5%. The
shrinkage strain of the PF2 mixture was about 13.6% lower than that of the SF2 specimen.
The results indicate that polypropylene fibers are more efficient in controlling shrinkage
deformation than steel fibers in the conditions tested.

The improved shrinkage performance of polypropylene fibers is due to finer ge-
ometry and more uniform dispersion within the cement matrix. Polypropylene fibers
effectively control microcrack formation at early stages by limiting stress concentration
zones and reducing crack propagation during moisture loss. Due to their large number
of fibers per unit volume and their ability to form a dense multidirectional reinforcement
formation, polypropylene fibers provide more efficient restraint against shrinkage-induced
tensile stresses.

The shrinkage development curves presented in Figure 5 show that the greatest rate
of shrinkage growth occurred during the early curing period for all the mixtures. After
approximately 20 to 25 days, the rate of shrinkage development gradually decreased and
the curves approached stabilization. This behavior is considered to be the result of the
gradual reduction in internal moisture flow and hydration-related deformation in the
concrete matrix.

Among all the investigated specimens, the sample PF1.5 showed the best shrinkage
performance. The reference concrete was the most prone to shrinkage deformation and
possible microcracking. The results show that the incorporation of fiber reinforcement
greatly improves the structural stability of concrete and that polypropylene fibers are more
effective than steel fibers in reducing deformation due to shrinkage.

3.3. Ultimate Load Capacity

The ultimate load capacities of the tested reinforced concrete beams are presented in
Figure 6. The corresponding values of the maximum bending moments were calculated
using the four-point loading configuration and are discussed together with the ultimate load
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results. The results show that the load-carrying capacity of the beams had a considerable
effect on the fiber type and fiber content.

 

Figure 6. Ultimate load capacity of the investigated reinforced concrete beams.

The ultimate load of the reference beam without fibers (RefCon) was 32 kN, with a
maximum bending moment of 5.33 kNm. The addition of steel fibers resulted in an increase
in both parameters. The ultimate load of the SF1 beam was 36 kN, an increase of 12.5%
over the reference beam. Upon further increasing the steel fiber content, the performance
improved, where SF1.5 reached 37 kN and SF2 reached the highest recorded load capacity
of 39 kN. These values are 15.6% and 21.9% higher than the RefCon, respectively.

A similar pattern was observed for the maximum bending moment. The bending
moment increased from 5.33 kNm for RefCon to 6.00 kNm, 6.17 kNm and 6.50 kNm for SF1,
SF1.5 and SF2, respectively. The maximum increase was obtained for SF2, which improved
the bending resistance by approximately 21.9% in comparison to the reference beam.

The strength of the steel fiber-reinforced concrete beams is increased due to the crack-
bridging effect of the fibers. The steel fibers transferred tensile stresses to the developing
cracks and slowed down the propagation of cracks and helped in the redistribution of
stresses in the concrete matrix. With an increase in fiber content, the effective bridging
points increased, which caused an increase in resistance to crack growth and an increase in
structural capacity.

The polypropylene fiber-reinforced concrete series shows a different response. PF1
achieved the maximum ultimate load of 35 kN, which corresponds to an increase of about
9.4% with respect to the reference beam. However, as the fiber content increased, the load-
bearing capacity decreased. The PF1.5 beam achieved the same ultimate load as RefCon,
while PF2 achieved only 28 kN, a 12.5% reduction compared to the reference specimen.

A similar pattern was observed for the maximum bending moment. PF1 got a bending
moment of 5.83 kNm, which was about 9.4% larger than RefCon. On the other hand,
PF1.5 achieved the same bending moment as the reference beam. PF2 exhibited the lowest
bending resistance of all the tested specimens with a value of 4.66 kNm.

The results show that, for the tested polypropylene fiber specimens, structural per-
formance improved at relatively low fiber contents. The ultimate load decreased at fiber
contents above 1.0%. This behavior could potentially be related to the decrease in worka-
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bility, compaction problems and an increase in the clustering of fibers, resulting in a less
homogeneous concrete matrix.

Compared with the tested fiber types, the steel fiber-reinforced beams showed higher
ultimate load capacities and corresponding bending moments than the polypropylene fiber-
reinforced beams. In the steel fiber series tested, the ultimate load recorded increased with
fiber volume fraction. The highest ultimate load was recorded for PF1 in the polypropylene
fiber series tested, beyond which there was a decrease in load-carrying capacity. Among the
tested samples, the SF2 beam exhibited the highest overall load capacity, confirming better
strengthening efficiency of steel fibers in reinforced concrete beams under bending. The per-
formed test demonstrates that the structural efficiency of fiber reinforcement depends not
only on its influence on material properties but also on its ability to transfer stresses across
macrocracks. Although polypropylene fibers provided a greater increase in compressive
strength, this improvement did not translate directly into increased load-bearing capacity of
reinforced concrete beams. The structural response of the beams was governed primarily by
crack propagation and post-cracking stress transfer mechanisms. Due to their considerably
higher elastic modulus and tensile strength, steel fibers were more effective in bridging
developing cracks and maintaining load transfer after cracking. Consequently, steel fibers
produced higher improvements in ultimate load capacity, whereas polypropylene fibers
mainly enhanced serviceability-related performance, such as shrinkage resistance and
crack control.

3.4. Load–Deflection Response, Ductility and Energy Absorption

The load–deflection curves from the four-point bending tests are shown in Figure 7.
The results provide valuable data regarding the stiffness, deformation capacity, ductility
and post-cracking behavior of the investigated reinforced concrete beams.

 

Figure 7. Load–deflection curves of the investigated reinforced concrete beam specimens.

The reference beam reached a maximum measured load of 32 kN at a deflection of
3.41 mm. The specimen failed abruptly after this point, and no stable post-peak measure-
ment could be obtained under the applied incremental loading procedure. Therefore, the
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curve ends at the last reliable recorded point. The small deformation capacity and sudden
loss of structural integrity indicate a brittle response.

The addition of steel fibers significantly changed the performance of the beams. The
ultimate loads increased with an increase in steel fiber content. The midspan deflection
at peak load increased from 4.79 mm for SF1 to 5.68 mm for SF1.5 and 7.46 mm for SF2.
These values correspond to increases of 40.46%, 66.57% and 118.77% over the reference
beam, respectively.

The steel fiber-reinforced concrete beams showed a more progressive post-peak re-
sponse. The load-bearing capacity declined gradually, not suddenly, after the maximum
load was attained. This behavior is a characteristic of efficient stress transfer across cracks
through a fiber bridging mechanism.

The load-bearing capacities of the polypropylene fiber-reinforced concrete beams
were lower than those of the steel fiber-reinforced concrete beams, but the post-cracking
behavior was much more stable than the reference beam. After reaching the peak load,
the load-bearing capacity decreased gradually with continuous deformation. This result
shows that the polypropylene fibers were effective in delaying the total structural failure
and improving the deformation behavior of the composite.

The load–deflection curves of the fiber-reinforced beams showed lower apparent
global stiffness than the reference beam. This observation should not be considered as a
reduction in the elastic modulus of concrete since the elastic modulus was not measured in
this study. All the beams had the same typical steel reinforcement details, so the observed
differences in stiffness cannot be attributed to differences in longitudinal bar reinforcement.
Although steel fibers have a high Young’s modulus, they are short, discontinuous, and
randomly oriented within the concrete matrix, and they do not contribute to flexural
stiffness in the same manner as continuous longitudinal steel bars placed near the extreme
fibers of the beam section. Only a small portion of the steel fiber population is positively
oriented and active prior to cracking. Their main contribution becomes more apparent
after crack formation due to crack bridging, post-cracking stress transfer and residual
load-bearing capacity. The reduction in apparent stiffness with increasing steel fiber content
should therefore be considered as part of the global measured load–deflection response
of the tested beams, while the positive effect of steel fibers was mainly observed in higher
ultimate load, larger deformation capacity and improved post-peak response.

The area under the load–deflection curve in Figure 7 is commonly considered to be
an indicator of energy absorption capacity and structural toughness. Visual examination
of the curves shows that all the fiber-reinforced beams exhibited significantly larger areas
under the load–deflection curves than the reference beam. The increase was noticeable for
the steel fiber-reinforced concrete beams, especially SF1.5 and SF2, which had high ultimate
loads together with considerable deformation capacity.

The overall structural response of SF2 was the best of all the specimens tested. Despite
the highest midspan deflection at peak load, the beam achieved the highest ultimate load
and the best apparent energy absorption capacity. In contrast, the reference beam displayed
the smallest area under the load–deflection curve and the most brittle failure mode.

The results show that both fibers significantly enhance the ductility and toughness of
reinforced concrete beams. The steel fibers were especially effective in improving both the
load-bearing capacity and the energy absorption, while the polypropylene fibers mainly
increased the deformation capacity and promoted a more gradual failure process.

Displacement Ductility Assessment

The deformation behavior of the beams tested was compared quantitatively by com-
puting the displacement ductility index from the experimental load–deflection curves. The
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displacement ductility index was defined as the ratio between the midspan deflection
corresponding to the peak load and the equivalent yield deflection, following the gen-
eral approach commonly used for reinforced concrete members [40,41], mathematically
described as

µ∆ = ∆u/∆y (1)

where ∆u is the midspan deflection corresponding to the peak load, and ∆y is the deflection
at the point of yielding. Since the yielding of the longitudinal reinforcement was not
measured directly, ∆y was obtained based on a 75% secant idealization of the ascending
branch of each load–deflection curve. The deflection at 75% of the peak load ∆0.75Pu was
obtained by interpolation, and the equivalent yield deflection was calculated as

∆y = ∆0.75Pu /0.75 (2)

The displacement ductility indices obtained from the calculations are shown in Table 1.

Table 1. Equivalent yield deflection and displacement ductility indices of the tested reinforced
concrete beams.

Specimens Maximum Load,
Pu (kN) ∆0.75Pu (mm) Equivalent Yield

Deflection, ∆y (mm)
Midspan Deflection at

Peak Load, ∆u(mm) µ∆

RefCon 32.0 2.12 2.83 3.41 1.20

SF1 36.0 2.93 3.91 4.79 1.23
SF1.5 37.0 3.31 4.41 5.68 1.29
SF2 39.0 3.99 5.33 7.46 1.40

PF1 35.0 4.79 6.39 6.51 1.02
PF1.5 32.0 5.23 6.97 7.39 1.06
PF2 28.0 4.40 5.86 6.46 1.10

The displacement ductility index of the reference beam was 1.20. The ductility indices
of the steel fiber-reinforced beams were higher than the reference beam and varied from
1.23 to 1.40. The highest value was obtained for SF2, which also had the highest ultimate
load and the largest deflection at peak load among the tested specimens. This shows that
the steel fibers not only enhanced the load-bearing capacity of the beams but also improved
the deformation response at the peak load.

The displacement ductility indices of the polypropylene fiber-reinforced beams were
in the range of 1.02–1.10, close to or slightly lower than that of the reference beam. Hence,
polypropylene fibers are not considered to provide a significant increase in displacement
ductility under the peak-load definition adopted. Their main contribution was found in
terms of delayed crack initiation, reduced crack opening, improved crack distribution and
retention of specimen integrity during the post-cracking stage.

3.5. Crack Development and Failure Mechanism

The development of cracks and the failure mechanisms of the tested reinforced concrete
beams were significantly influenced by both the type and content of dispersed fibers. Table 2
summarizes the deflection at peak load, first crack load, and maximum crack opening at
peak load obtained for all the tested specimens. To ensure a consistent comparison among
all the specimens, the deflection used in Table 2 was defined as the midspan deflection
corresponding to the peak load. A post-peak residual load criterion, e.g., the displacement
at 20% reduction from the peak load, was not used because this load reduction was not
achieved consistently for all the specimens. Therefore, using the deflection at peak load
avoids extrapolation and provides a uniform basis for comparison. The maximum crack
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opening was defined as the largest opening of an individual visible flexural crack measured
at the same peak-load stage using the crack-width microscope.

Table 2. Summary of cracking and deformation parameters of the tested beam specimens.

Fiber Type Sample Deflection at Peak
Load (mm)

Load to First Crack
(kN)

Maximum Crack Opening at
Peak Load (mm)

- RefCon 3.41 8 0.56

Steel
SF1 4.79 10 0.1

SF1.5 5.68 10 0.15
SF2 7.46 10 0.2

Polypropylene
PF1 6.51 14 0.06

PF1.5 7.39 14 0.10
PF2 6.46 12 0.04

The response of all the beams at the first loading stage was approximately linear–
elastic. The first visible crack occurred in the reference beam at a load of 8 kN. More cracks
were formed in the tensile zone with increasing applied load. Upon exceeding a load of
14 kN, several concentrated flexural cracks were observed along the span of the beam.
Further loading did not cause a significant increase in the number of cracks but did cause a
progressive increase in the width of cracking. The maximum crack width was found to be
0.14 mm at 30 kN load and increased to 0.56 mm at the peak load of 32 kN.

The incorporation of steel fibers delayed crack initiation and improved crack control.
For all the steel fiber-reinforced specimens, the first visible crack appeared at approximately
10 kN, corresponding to a 25% increase compared with the reference beam. Following crack
initiation, numerous fine microcracks developed over a larger area of the beam surface
rather than forming a limited number of concentrated cracks (Figure 8). This behavior
indicates that steel fibers promoted a more uniform distribution of tensile stresses within
the concrete matrix.

 

Figure 8. Crack pattern in steel fiber-reinforced concrete sample.

Concrete beams with polypropylene fiber had the maximum resistance to crack initia-
tion. The first crack occurred at 14 kN for PF1 and PF1.5 and at 12 kN for PF2. Compared
with the reference beam, these values represent increases of 75%, 75%, and 50%, respectively.
The results show that, in delaying the formation of cracks, the polypropylene fibers were
more effective than steel fibers.

The effect of the fibers on crack width development was even more significant. The
maximum crack width in the reference beam at peak load was 0.56 mm. On the other hand,
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the maximum crack widths at peak load for polypropylene fiber-reinforced specimens were
only 0.06 mm, 0.10 mm and 0.04 mm for PF1, PF1.5 and PF2, respectively. The highest
reduction in crack width was observed in the PF2 specimen, which corresponds to around
a 92.9% reduction in crack width compared to the reference beam. From these results it is
evident that the polypropylene fibers are more effective in the control of crack opening and
limiting crack propagation.

The maximum crack widths of concrete beams with steel fibers at their corresponding
peak load were 0.10 mm, 0.15 mm, and 0.20 mm for SF1, SF1.5 and SF2, respectively.
However, the values obtained were much lower than the reference beam values. In general,
the polypropylene fiber specimens showed better crack control. The improved ability of
polypropylene fibers to restrain microcrack formation and propagation is likely due to the
finer geometry and more uniform distribution of polypropylene fibers.

The smaller maximum crack openings measured for the fiber-reinforced beams should
not be taken as evidence of lower ductility. Crack opening is a local measure of crack
control, while ductility is a measure of the total deformation capacity and post-cracking
behavior of the beam. The reference beam developed a large localized crack and failed
abruptly, while the fiber-reinforced beams developed more distributed cracks with smaller
individual openings and sustained greater midspan deflections before failure.

The failure mechanisms also differed considerably between the tested specimens. The
reference beam failed in a brittle manner immediately after reaching its ultimate load.
Failure was characterized by extensive cracking across the entire beam depth, crushing of
concrete within the compression zone, and the formation of concentrated cracks within the
tension zone (Figure 9). No significant increase in deflection was observed after the peak
load was reached.

 

Figure 9. Reference reinforced concrete beam specimen at failure.

In contrast, all the fiber-reinforced beams exhibited a more gradual failure process. The
beams continued to deform after maximum load and still had some load-bearing capacity.
This behavior is due to the crack-bridging effect of the fibers and the progressive pull-out
of fibers from the surrounding concrete matrix. The fiber-reinforced concrete beams kept
their structural integrity throughout the failure process instead of sudden fracture.

The concrete crushing in the compression zone occurred in the steel fiber-reinforced
concrete beams similar to the reference beam. However, in contrast to the reference speci-
men, the presence of steel fibers favored crack bridging and progressive fiber debonding
and pull-out in the tension zone, resulting in a more gradual post-peak response, increased
deformation capacity and slower reduction in load-bearing capacity. The SF2 beam showed
the steadiest post-peak behavior of the specimens with steel fiber.
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The concrete beams with polypropylene fiber showed gradual failure and retained
their geometric integrity after cracking (Figure 10). The beams also failed by concrete
crushing in the compression zone, but the polypropylene fibers effectively controlled the
crack propagation and maintained the integrity of the cracked concrete and delayed the
loss of load-carrying capacity after peak load. The polypropylene fibers interacted with
the surrounding cement matrix to produce quasi-plastic behavior in the composite mate-
rial. Although the ultimate load capacities of some of the polypropylene fiber specimens
were lower than those of the concrete beams with steel fiber, their ability to control crack
development and prevent sudden failure remained very effective.

 

Figure 10. Reinforced concrete beam specimen with polypropylene fiber at failure.

The overall results indicate that both types of fibers significantly improved the cracking
behavior and failure characteristics of reinforced concrete beams. The steel fibers were more
effective in improving the structural resistance and maintaining the load-bearing capacity
after cracking. The polypropylene fibers were more effective in controlling cracking and
delaying the initiation of cracks.

The limitation of the present study is that only a single beam was tested for each fiber
type and dosage. The observed trends of this study provide a controlled comparative
indication of the influence of fiber type and volume fraction, but repetitions of the beam
tests are needed to quantify the variability and statistically determine the significance of the
effects on ultimate load, deflection, crack development, displacement ductility and failure
response. Additionally, a workability test on fresh concrete was not measured. Therefore,
it was not possible to quantify the potential influence of fiber type and dosage on slump,
compaction and fiber dispersion. Also, an equal volume fraction did not produce an equal
mass dosage or equivalent fiber population for the two fiber types. Future studies should
include fresh concrete tests, fiber distribution assessment, beam specimen verification, and
practical dosage analysis to establish the relation between fiber content, workability, crack
control, and structural response.

4. Conclusions
The study investigated the effect of steel fibers and polypropylene fibers on the me-

chanical and structural response of reinforced concrete beams. Based on the experimental
results, the following conclusions are drawn:

• The addition of steel and polypropylene fibers improved the performance of concrete
in comparison to the reference concrete without dispersed fibers. The properties
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observed were compressive strength, shrinkage resistance, crack control, deformation
capacity, post-cracking response and load-carrying capacity under four-point loading.

• PF1.5 achieved the highest average compressive strength of 22.01 MPa among the
tested samples, which was 10.9% higher than the reference concrete. The maximum
mean value was obtained in the steel fiber series for SF1.5, which showed an increase
of 4.6%. However, the overall differences in compressive strength between the in-
vestigated mixtures were not statistically significant at the 5% level according to the
one-way ANOVA.

• The specimens with both fiber types showed a substantial decrease in shrinkage
deformation. The maximum reduction in shrinkage was reached with PF1.5, which
had approximately 50% lower shrinkage strain than the reference concrete. In the
steel fiber series, SF2 showed the highest reduction of 37%. These results suggest that
polypropylene fibers provide better restraint to shrinkage-induced deformation.

• Among the tested specimens, the SF2 beam showed the maximum ultimate load
and bending moment of 39 kN and 6.50 kNm, respectively, which is an increase of
about 21.9% compared to the reference beam. The results demonstrate the better
strengthening efficiency of steel fibers in reinforced concrete beams.

• Within the tested polypropylene fiber series, PF1 showed the highest ultimate load,
with a 9.4% increase compared with the reference beam. The load-bearing capacity
decreased with the increase in polypropylene fiber content. This behavior is likely
related to changes in the concrete matrix and fiber interaction at higher fiber contents,
but further workability and microstructural investigations are required to confirm the
underlying mechanism.

• Concrete beams with polypropylene fibers were particularly efficient in controlling
the development of cracks. The first crack load was increased up to 75% with respect
to the reference concrete beam, and the maximum crack width was decreased by about
92.9%. These results show the better crack control behavior of the polypropylene
fibers than the steel fibers.

• The displacement ductility indices based on the peak-load deflection criterion were
found to be greater for the steel fiber-reinforced beams as compared to the refer-
ence beam, and the maximum value was obtained for SF2. The polypropylene
fiber-reinforced beams had slightly lower displacement ductility indices than the
reference beam.

• The results suggest that the selection of fiber type should be determined by the
intended structural performance. Steel fibers are more suitable for strength enhance-
ment and load-bearing-capacity requirements, while polypropylene fibers are more
advantageous for shrinkage reduction, crack control and durability-related perfor-
mance requirements.

• The comparative evaluation demonstrated that compressive strength alone is not
sufficient for assessing the structural efficiency of fiber-reinforced concrete. The
load-bearing capacity of reinforced concrete beams was governed primarily by crack-
bridging efficiency and post-cracking stress transfer mechanisms, which were signifi-
cantly more pronounced in steel fiber-reinforced concrete.
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