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1. Introduction

In recent decades, concrete has remained the 
predominant material in construction due to 
its high compressive strength, availability, and 
versatility. However, its inherent weaknesses, 
notably low tensile strength and brittle 
post-cracking behavior, have necessitated 
enhancements via fiber reinforcement. 
Among fiber-reinforced concretes (FRCs), 
macro-synthetic fibers (e.g., polypropylene, 
polyethylene terephthalate) have been adopted 
widely for improving crack control, toughness, 
and ductility [1]. Synthetic fiber reinforcement 
provides a three-dimensional distribution within 
the concrete, increasing tensile strength and 
improving crack resistance. 
Thanks to their homogeneous distribution in the 
concrete matrix, they bridge micro cracks that 
may occur and prevent their widening. By being 
resistant to corrosion, they enhance the durability 
performance of concrete and contribute to the 
production of long-lasting concrete structures 

[2]. Simultaneously, environmental concerns—
such as resource depletion, energy consumption, 
and greenhouse gas emissions—plus waste 
management challenges have driven the 
construction materials community toward more 
sustainable solutions. The reuse of industrial 
by-products and waste materials in concrete 
is emerging as a promising route to reduce 
environmental impact while maintaining or 
improving mechanical performance.
Recycled synthetic fibers, particularly, offer 
potential not only in reducing waste but also in 
substituting virgin fibers in concrete applications 
[3, 4]. Therefore, as shown by recent reviews, 
there is increasing interest in using recycled 
fibers (mainly steel and polymeric fibers) in 
FRC [5-7].
Recent literatures demonstrate that incorporating 
recycled synthetic fibers into concrete can 
enhance flexural, tensile, and sometimes 
compressive properties, under certain fiber 
dosages. For example, a critical review noted 
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that up to ~2% fiber volume (by concrete 
volume) yields improvements in strength and 
toughness, while higher dosages often lead to 
adverse effects on workability and sometimes 
on mechanical behavior [8-11]. Moreover, fully-
recycled plastic macro-fibers have been shown to 
significantly improve energy dissipation (post-
cracking behavior) and peak strength under 
flexural, provided that fiber–matrix bonding and 
fiber geometry are optimized [12, 13]. Another 
study determined the optimum fiber content by 
adding 0.5% Polyethylene Terephthalate fiber 
to cement by weight, significantly improving 
crack control and ductility [14]. These studies 
show that it is possible to reprocess waste fibers 
and make them usable, and that this provides 
environmental benefits [15].
In response to the growing demand for both 
structural performance and sustainability in 
construction materials, this study explores 
the potential of utilizing recycled fibers 
derived from macro-synthetic fiber waste as 
reinforcement in concrete [16]. Recycled macro- 
polypropylene fibers increased the tensile 
strength performance in concrete by 41.9% 
[17]. Not only polypropylene but also synthetic 
polymers such as polyethylene have shown 
that adding recycled polyethylene fibers to 
concrete improves the tensile strength and crack 
resistance of concrete, increasing environmental 
sustainability [18]. These wastes, originally 
left over from the production or processing of 
macro-synthetic fibers [19] used in concrete, are 
first granulated and then reprocessed into fiber 
form with consistent geometry. This engineered 
two-step recycling approach aims to enhance 
the compatibility of the recycled fibers with 
the cementitious matrix, while also promoting 
uniform dispersion within the concrete mix.
The overarching goal of the research is to 
evaluate whether these recycled fibers can 
serve as a viable alternative to virgin synthetic 
fibers, which are traditionally used in their pure, 
unprocessed form. A comprehensive comparison 
is conducted between concretes reinforced with 
virgin fibers and those incorporating recycled 
fibers, focusing on key mechanical properties 
such as tensile strength and modulus of elasticity. 
Structural performance is assessed through 
residual flexural strength and moment capacity 
testing, in accordance with the EN 14651 
standard [20]. Furthermore, microstructural 
analyses are carried out to investigate fiber–
matrix interactions, fiber morphology, and the 

presence of micro-defects potentially introduced 
during the recycling process.
By eliminating the risk of corrosion inherent 
in traditional steel reinforcements, these PF 
especially in their recycled form are expected 
to contribute to improved durability and 
facilitate the production of longer-lasting, more 
sustainable concrete structures. Ultimately, this 
study seeks to demonstrate that the controlled 
reintegration of PF waste into concrete offers 
not only offers environmental and economic 
benefits while maintaining structural integrity 
and long-term performance.

2. Materials and Methods 

2.1. Materials

Aggregates used in the experiments were 
obtained from the aggregate facilities of Bilecik 
Oz Dag Is Concrete. Three different aggregate 
types were used: 0-0.5 mm (crushed stone dust), 
4-16 mm No. 1 (natural gravel), and 16-32 mm 
No. 2 (crushed stone). Aggregate granulometry 
curve standards were determined according to 
TS 706.
CEM II 42.5 R Portland cement from Çimsa 
company was used.
PF obtained from Company A was used. The 
properties of the fibers used are given in Table 
1 (The data were obtained from the Polyfibers). 
The recycling of PF waste into reusable granules 
is primarily based on mechanical recycling 
processes. Initially, RPF is collected and 
carefully sorted to ensure polymer homogeneity, 
as the presence of mixed polymers negatively 
affects the quality of recycled products. The 
sorted material is then washed to remove surface 
contaminants such as dirt and oils, followed 
by shredding into flakes to facilitate uniform 
melting. These flakes are subsequently melted 
and extruded under controlled conditions, and 
the resulting polymer strands are cooled and 
pelletized into RPF granules. The obtained 
granules can be used directly or blended with PF, 
with quality verified through standard tests such 
as melt flow index and mechanical performance 
evaluation. This process contributes to 
sustainable material management by promoting 
circular use of PF and reducing environmental 
burdens associated with plastic waste [21].
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Floor Grade® S 37 brand was used as an additive 
in concrete production. It is a high-performance 
concrete additive that gives concrete high 
fluidity and increases strength by providing this 
fluidity with less water. The admixture complies 
with the TS EN 934-2 standard [22] and is free 
from calcium chloride. It was used at a dosage of 

1% by weight of cement, and its characteristics 
are presented in Table 2 (The data were obtained 
from the Polyfibers Company). The codes, PF 
amounts and mixing ratios of the samples used in 
concrete are presented in Table 3. The contents 
in Table 3 are given in kg (weight). 	

Table 1. Physical and mechanical properties of PF fibers
PF

Medicine Macro fiber twist form Fiber Count 100,000+/kg
Available Lengths Standard 54 mm Corrosion None
Length/Width ratio  112 Absorption Non-absorptive
Colour White or gray Chemical Resistance Alkali resistance
Specific gravity 0.91gr / cm³ Magnetism Antimagnetic
Elasticity Module 5.0-5.5 GPa Melting Point 165° C
Pull Strength 600-650 MPa Combustion Point >360° C

Table 2. Chemical and physical properties of the additive material used
Form Homogeneous, Liquid
Colour Brown
Density (20°C) 1.050 ± 0.020 g/cm3 (TS 781 ISO 758)
pH (20°C) 5.0 ± 1.5 (TS 6365 EN 1262)
Total Chlorine Amount: <0.10 M.-%   (TS 1116 EN ISO 1158)
Amount of Chlorine Dissolved in Water <0.10 M.-%  (TS EN 480-10)
Alkali amount: <7.0 M.-%  (TS EN 480-12)
Recommended dosage 0.5-2.0% of the total binder amount

Table 3. Mixing ratios of materials used in concrete

Specimens
code Cement Fine aggregate

(0-4 mm)   
Aggregate
(4-11 mm)

 Aggregate
(11-22 mm) 

Super
plasticizer PF RFP 

R* 320 916.2 374.8 564.3 3.2    
F0-2 320 916.2 374.8 564.3 3.2 2 0
F0-3 320 916.2 374.8 564.3 3.2 3 0
F5-2 320 916.2 374.8 564.3 3.2 1.90 0.10
F5-3 320 916.2 374.8 564.3 3.2 2.85 0.15
F10-2 320 916.2 374.8 564.3 3.2 1.80 0.20
F10-3 320 916.2 374.8 564.3 3.2 2.70 0.30
F15-2 320 916.2 374.8 564.3 3.2 1.70 0.30

F15-3 320 916.2 374.8 564.3 3.2 2.55 0.45
*R: Fiber-free reference sample

2.2. Methods

The concrete used in the study is class C30/37. 
The slump value used in the calculation was 
kept high because the mixture contained fibers, 
and was taken as 20 cm for reference concrete. 
In the produced concrete specimens, fresh 

concrete tests such as fresh unit weight, air 
content determination, and slump flow were 
conducted, while hardened concrete was 
subjected to flexural strength, compressive 
strength, and microstructural analysis tests. 
The tests were conducted using the concrete 
laboratory at the Polipropilen Elyaf ve Dış Tic. 
A.Ş. plant.
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The slump test was performed on the prepared 
concrete in accordance with the TS EN 12350-2 
[23] standard.  
To determine the fresh concrete unit weight, the 
prepared concrete specimens were measured 
using an 8 dm³ unit volume container and a 
laboratory balance with a precision of 5 g to 
determine the air content, the concrete was 
placed in an air meter container in three stages. 
At each stage, it was rammed 25 times by its 
own weight and compacted with a tamper. After 
the final layer was applied, the surface was 
smoothed with a trowel. The concrete placed 
in the air meter container was filled with water 
by opening two opposite valves. When water 
was observed escaping from the opposite valve, 
the valves were closed, releasing the pressure. 
The air content was determined in this manner 
(Figure 1).

Figure 1. Concretes prepared for determination of fresh 
concrete unit volume weight

2.2.1. Hardened Concrete Tests

Concrete specimens were prepared using a 
metal mixer and poured into molds (60*15*15 
cm) in three layers, with each layer compacted 
by rodding 25 times. Once the molds were 
completely filled, they were placed on a 
vibrating table to eliminate any entrapped air. 
After vibration, the surface was topped off with 
concrete and finished using a steel trowel. The 
specimens were demolded after 24 hours and 
then placed in a curing tank. Following a 28-
day curing period, the specimens were tested 
for compressive strength using a concrete 
compression testing machine, as illustrated in 
Figure 2. For each concrete series, four cube 
specimens measuring 150 × 150 × 150 mm 
were produced to ensure compliance with the 
TS 3114 [24] standard for compressive strength 
evaluation.

Figure 2. Compressive strength test

According to the EN-14651 standard specimens 
shall be rotated over 90° around their longitudinal 
axis and then sawn through the width of specimen 
at mid-span. As illustrated in Figure 3, the area 
marked as (1) represents the top surface during 
casting, (2) indicates the notch location, and (3) 
shows the cross-section of the test specimen. As 
in Figure 3, the notch width should be 5 mm or 
less, and the distance between the tip of the notch 
and the top of the test specimen in the mid-span 
section (hsp) distance should be 125 mm ± 1 mm. 

Figure 3. Flexural test setup, notch location, and crack 
mouth opening displacement (CMOD) gauge

2.2.2. Proportionality Limit 

The limit of proportionality (LOP) is an important 
parameter in determining the mechanical 
performance of fiber-reinforced concrete and 
is determined by three-point flexural tests 
performed on notched prismatic specimens. 
LOP is defined as the stress at the notch tip, and 
this stress is assumed to act in the cross-section 
at the midpoint where cracking does not occur. 
The key variables in the formula used for this 
calculation are fct, L (limit of proportionality 
stress), FL (load at limit of proportionality), 
l (support span), b (specimen width), and hsp 
(distance between the notch tip and the top 
elevation of the flexural specimen). According 
to the EN-14651 standard, the calculation of fct, 
LOP is as follows. 
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)                           (1)

The FL load value at the proportionality limit is 
measured using the crack opening displacement 
(CMOD) graph. During this process, a line 
parallel to the load axis is drawn on the CMOD 
graph at a distance of 0.05 mm. The maximum 
load value between this line and the load CMOD 
curve on the graph is accepted as the FL for the 
proportionality limit. This method allows for 
precise determination of the LOP. 
Residual Flexural Tensile Strength 
The residual flexural tensile strength is calculated 
using the formula:

fR,j=(3.Fj.l) / (2.b. hsp²)                                     (2)

Here, fR,j is the residual flexural tensile strength, 
Fj is the residual flexural tensile strength at crack 
opening values, l is the support span, b is the 
specimen width, and hsp is the distance between 
the notch tip and the top of the specimen. The 
recorded load value at the crack opening values ​​
(CMODj) is shown schematically in Figure 
4. FJ values ​​are shown from a typical fiber-
reinforced concrete load-CMOD graph with a 
specific fiber dosage. In the Figure 4 graph, F1 
shown on the Y-axis represents the load value 
at a crack opening of CMOD1 = 0.5 mm, F2 
represents the load value at a crack opening of 
CMOD2 = 1.5 mm, F3 represents the load value 
at a crack opening of CMOD3 = 2.5 mm, and F4 
represents the load value at a crack opening of 
CMOD4 = 3.5 mm.

Figure 4. Load-CMOD diagram and FJ (j = 1, 2, 3, 4) (EN 
14651)

2.2.3. Test Procedure

In the central cross-section of the specimen, 
the distance between the notch tip and the top 
surface, as well as the average width of the 

specimen, are determined using a caliper. These 
measurements are taken at the notched section 
with a maximum precision of 0.1 mm from two 
different points.
If the crack (or notch) mouth opening 
displacement is to be measured, a displacement 
transducer should be mounted at the mid-width 
of the specimen along the longitudinal axis. The 
vertical distance (y) between the measurement 
line and the bottom of the specimen must be 5 
mm or less. 
Loading must begin only after all rollers 
uniformly contact the specimen. If a CMOD-
controlled device is used, CMOD should 
increase at 0.05 mm/min, then 0.2 mm/min after 
reaching 0.1 mm. Load and CMOD should be 
recorded at ≥5 Hz for the first 2 minutes, and 
≥1 Hz thereafter, continuing until CMOD ≥ 4 
mm. If the minimum load between CMODFL 
and 0.5 mm is <30% of the load at 0.5 mm, the 
procedure should be checked for instability. 
Deflection-controlled tests may be used if 
CMOD parameters are appropriately converted. 
Tests with cracks initiating outside the notch are 
invalid.

3. Results and Discussion 

3.1. Slump Test 

In the slump test, the measured slump value for 
the reference concrete (R) was 20 cm, while it 
decreased to 17 cm for the mix containing 2 kg/
m³ of fiber (A), and to 15 cm for the mix with 
3 kg/m³ of fiber (B). This reduction in slump is 
attributed to the presence of fibers, which help 
hold the concrete matrix together, resulting in 
lower flowability compared to the reference mix 
(Figure 5) [25]. 

Figure 5. Slump Values
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3.2. Compressive Test

The fibers we used contain more than 100,000 
filaments per kilogram. Although the highest 
strength value was observed in the F15-2 
specimen, the reference specimen generally 
exhibits higher compressive strength compared 
to the other specimens. This can be attributed to 
the absence of fibers—and therefore filaments—
in the concrete, which prevents the formation 
of voids within the matrix. As shown in Figure 
6, the reference specimen demonstrates the 
highest compressive strength. In general, as the 
fiber dosage increases, the compressive strength 
tends to decrease; however, this reduction is 
negligible at low dosage levels.
In the other study conducted, mixtures containing 
a fiber dosage of 4 kg/m³ were compared 
with plain concrete; the highest compressive 
strength, 55.8 MPa, was obtained for the plain 
concrete, followed by 52.5 MPa for the mixture 
reinforced with virgin PP fibers. These results 
indicate that fiber addition may have a limited 
and generally adverse effect on the compressive 
strength of concrete.
The compressive strength results obtained in the 
present study exhibit a similar trend. Compared 
to plain concrete, PP fiber-reinforced concretes 
showed a reduction in compressive strength, 
which can be attributed to the high filament 
count of the fibers, leading to the formation 
of local voids within the concrete matrix and 
discontinuities at the fiber–matrix interface [26].

Figure 6. Cube Compressive Strength

3.3. Calculation of Moment Capacity From 
Notched Beam and Tests Flexural Test 

Based on notched beam tests performed 
according to the EN 14651 standard, the values 
of fR1 (stress at 0.5 mm crack opening) and fR4 

(stress at 3.5 mm crack opening) were obtained. 
Using these values, the average axial tensile 
strengths were calculated as;

σr1 = 0.45 × fR1                                                (3)

σr4 = 0.37 × fR4                                                (4)

At the ultimate limit state, it is assumed that 
the axial tensile strength at the crack tip is σr1, 
and that the tensile stress distribution at the 
crack surface follows a triangular shape with 
a maximum of σr4. The stress block in fiber-
reinforced concrete is illustrated in Figure 7.
The ultimate moment capacity of an in-situ 
concrete slab, with thickness h and material 
safety factor γm, is calculated using the formula:

Mu = h² × (0.29σr4 + 0.16σr1) / γm.                    (5)

Since the slab thickness and safety factor remain 
constant for the same concrete slab, the moment 
coefficient (MCC) can be simplified as:

MCC=0.29σr4 + 0.16σr1.                                   (6) 

According to the EN 14651 test standard, six 
beam specimens were prepared for each series 
(R, F0-2, F0-3, F5-2, F5-3, F10-2, F10-3, F15-2 
and F15-3), and tested for flexural performance 
after 28 days.

Figure 7. Tension block in fiber reinforced concrete 
(Technical Report 34

The Moment Calculation Coefficient (MCC) 
was calculated using the fr1 and fr4 values ​​of the 
fractured specimens, due to the same specimen 
(h and γm are constant), and the load CMOD 
graphs are shown.
The CMOD and MCC values ​​reference (R) 
obtained from the fractured specimens and the 
change in load CMOD are shown in Figure 8. 
After R fractures, the graph suddenly drops to 
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zero because there is no reinforcement to bridge 
the crack. R concrete has no crack-bridging or 
crack-limiting properties.
In Figure 8, Flexural tests performed in 
accordance with EN 14651 demonstrated that 
both fiber dosage and RPF granule content 
significantly influence the post-cracking 
behavior of concrete. As illustrated in Figure 8, 
increasing fiber dosage improves mechanical 
performance, whereas increasing granule 
content generally leads to a reduction in post-
cracking strength.
The reference concrete without fibers (Figure 
8a, R) exhibited very low post-cracking 
strength (fR1 ≈ 0.5 MPa). All fiber-reinforced 
mixtures (Figures 8b–8i) showed substantial 
improvements. Compared to the reference 
mix, fR1 increased by approximately 180% for 
F0-2 (Figure 8b), 200% for F0-3 (Figure 8c), 
and between 140% and 200% for the mixtures 
containing 5% granules (Figures 8d and 8e). 
These results confirm that even low fiber 
dosages increase post-cracking strength by 
approximately 2–3 times.
Effect of fiber dosage; In granule-free mixtures 
(Figures 8b and 8c: F0-2 and F0-3), increasing 
the fiber dosage from 2 to 3 kg/m³ resulted in 
increases of 7% in fR1, 36% in fR3, and 28% in 
moment capacity. The pronounced improvement 
in fR3 at CMOD = 2.5 mm (Figure 8c) highlights 
the positive effect of higher fiber content on 
energy absorption capacity at advanced crack 
openings.
A similar trend was observed in granule-
containing mixtures. For mixtures with 5% 
granule content (Figures 8d and 8e), increasing 
the fiber dosage improved fR1 and fR3 by 
approximately 25% and 33%, respectively. 
For higher granule contents (Figures 8f–8i), 
increasing fiber dosage partially compensated 
for performance losses; however, overall 
strength remained lower than that of mixtures 
with lower granule contents.
Effect of granule content; at a constant fiber 
dosage, increasing the recycled granule content 
led to a gradual decrease in post-cracking 
performance. For mixtures with 2 kg/m³ fiber 
(Figures 8b, 8d, 8f, and 8h), reductions of 14–
21% in fR1 and 14–29% in fR3 were observed 
as granule content increased from 0% to 15%. 
For mixtures with 3kg/m³ fiber (Figures 8c, 8e, 
8g, and 8i), the reductions were less pronounced, 
with maximum decreases of 13% in fR1 and 

26% in fR3. This indicates that higher fiber 
dosages effectively mitigate granule-induced 
bond degradation, although performance losses 
become unavoidable at granule contents of 10% 
and above. Increasing the fiber dosage from 
2 to 3 kg/m³ enhances post-cracking strength 
by approximately 20–50%, while increasing 
recycled granule content from 0% to 15% 
reduces performance by about 15–30% (Figure 
8). Considering both mechanical performance 
and sustainability, the mixture containing 5% 
RPF granules and 3 kg/m³ fiber (Figure 8e, F05-
3) provides the most balanced solution. The 
highest mechanical performance was achieved 
by the granule-free mixture with 3 kg/m³ fiber 
(Figure 8c, F0-3) [27]. 
The graphs corresponding to the fR1, fR4, 
and MCC parameters presented in Figure 8 
are illustrated in detail in Figure 9, where a 
pronounced decreasing trend is observed in all 
parameters with increasing RPF content.
A comparison of the flexural performance of 
concrete reinforced with PF and RPF fibers 
indicates that mixtures incorporating recycled 
polymer granules exhibit lower residual 
flexural strength than those reinforced with 
virgin PP fibers. This reduction in residual 
strength can be attributed to the comparatively 
inferior mechanical properties and bonding 
characteristics of recycled polymer materials. 
Similar observations have been reported in 
EN 14651 flexural tests conducted on 40 MPa 
concrete, where mixtures containing 0.67% 
recycled PP fibers demonstrated noticeably 
lower residual strength values. This decrease in 
performance became more pronounced at higher 
CMOD levels, indicating a reduced ability of 
the fibers to effectively bridge cracks as crack 
openings increased. In addition to the loss in 
residual strength, a corresponding reduction in 
moment-carrying capacity was also observed, 
highlighting the influence of fiber quality on 
structural performance.
The results of the present study are consistent 
with these previously reported findings, 
confirming the trends observed in the literature. 
Although all fiber-reinforced mixtures exhibited 
significant improvements in post-cracking 
behavior when compared to the reference 
concrete, variations in fiber type and composition 
led to notable differences in performance. The 
highest fR1 and fR3 values were obtained from 
the granule-free mixture with a fiber dosage of 
3 kg/m³, indicating the superior efficiency of 
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virgin fibers in enhancing flexural response. 
Increasing the fiber dosage generally resulted 
in improved post-cracking performance due to 
enhanced crack-bridging capacity and energy 
absorption. 
Conversely, increasing the recycled granule 
content caused a gradual reduction in residual 

strength, reflecting the trade-off between 
sustainability and mechanical efficiency. 
Overall, limiting the recycled granule content to 
approximately 5% appears to offer a balanced 
compromise between maintaining adequate 
mechanical performance and achieving 
sustainability objectives [28].

Figure 8.a) Reference(without fibers) MCC values and CMOD- load chart, b) F0-2 MCC values and CMOD- load chart, 
c) F0-3 MCC values and CMOD- load chart, d) F05-2 MCC values and CMOD- load chart, e) F05-3 MCC values and 
CMOD- load chart, f) F10-2 MCC values and CMOD- load chart, g)F10-3 MCC values and CMOD- load chart, h) F15-2 

MCC values and CMOD- load chart, ı) F15-3 MCC values and CMOD- load chart
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Figure 9. Average a) fR1, b) fR4 and c) Moment Calculation 
Coefficient, MPa values

3.4. Characterization of Tensile and 
Elongation Performance of Yarn

The ISO 2062 standard [34] defines the 
method for determining the tensile strength and 
elongation at break of yarns using a single-end 
tensile test with a constant rate of extension 
(CRE) testing machine. In this method, yarn 
specimens are conditioned under standard 
atmospheric conditions (20 ± 2 °C temperature 
and 65 ± 4% relative humidity), clamped at a 
specified gauge length, and stretched at a 
constant speed until breakage. The device 
automatically records the maximum breaking 
force, elongation, and stress-strain data. In 
this study, tests were carried out using a Zwick 
Roell device in accordance with ISO 2062:2009 
(CRE method, see Figure 10) to evaluate the 

mechanical performance of PF yarns containing 
various amounts of recycled content. 
Yarn samples were prepared with 0% (F-0), 
5% (F-5), 10% (F-10), and 15% (F-15) RPF 
granules. These tables present the results of yarn 
tensile strength tests performed in accordance 
with ISO 2062.  
The purpose of the tests was to evaluate the 
effect of RPF granule content on the mechanical 
properties of the yarns.
The yarns were produced by incorporating 
0%, 5%, 10%, and 5% recycled granules, 
respectively. Each table shows the average 
values of maximum tensile force (Fₘₐₓ), specific 
strength (σ/den), elongation at break (dL at 
Fₘₐₓ), titer, and elastic modulus (Eₘₒd) for the 
corresponding granule ratio.
Series “a” and “b” represent repeated 
measurements for the same yarn type, ensuring 
the repeatability and reliability of the results.
According to the data, as the granule content 
increases, a gradual decrease in tensile strength 
(Fₘₐₓ) and elastic modulus (Eₘₒd) is observed. 
This trend indicates that higher granule content 
slightly reduces the molecular alignment and 
inter-fiber bonding within the yarn structure. 
However, the elongation at break values remains 
relatively stable, suggesting that the ductility of 
the yarns is largely preserved.
Based on the results presented in Figure 11 and 
Figure 12, the yarn test results conducted in 
accordance with the ISO 2062 standard indicate 
that the tensile strength and elastic modulus 
decreased with increasing recycled content. 
F-0 exhibited values of 650 MPa and 8.5 GPa, 
while F-5 showed 630 MPa and 8.2 GPa. For 
F-10, these values decreased to 600 MPa and 
8.0 GPa, and F-15 recorded the lowest values 
of 590 MPa and 7.9 GPa. These trends are 
also illustrated in Figure 13. The reduction in 
mechanical properties is attributed to molecular 
degradation, shorter polymer chain lengths, 
and reduced crystallinity resulting from the 
incorporation of recycled material.
The tensile strength and elastic modulus 
decreased with increasing recycled content: 
F-0 exhibited 650 MPa and 8.5 GPa, F-5 had 
630 MPa and 8.2 GPa, F-10 showed 600 MPa 
and 8.0 GPa, and F-15 recorded 590 MPa and 
7.9 GPa. These trends are also illustrated in the 
reduction in mechanical properties is attributed 
to molecular degradation, shorter polymer 
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chains, and lower crystallinity due to the 
addition of recycled material [29].

Figure 10. Yarn tensile test according to ISO 2062:2009 
standard CRE m

Figure 11. Results of a) F-0 and b) F-5 yarn samples 
according to ISO 2062 standard

Figure 12. Results of F-10 and F-15 yarn samples according 
to ISO 2062 standard

Figure 13. Tensile stress variation with granule rat and 
elasticity mode change with dosage-granule ratio

4. Microstructural Analysis

SEM analyses revealed that PF containing 
recycled granules exhibited a loss of surface 
homogeneity and microstructural irregularities. 
While the reference sample displayed a 
smoother and more continuous surface (Figure 
14), the recycled fibers showed micro-voids and 
discontinuities along the fiber–matrix interface 
(Figure 15). This observation indicates that 
increasing the recycling ratio weakens the fiber–
matrix interaction. In PF, the interface appeared 
more compact and homogeneous, whereas 
fibers containing recycled material exhibited 
increased roughness, surface heterogeneity, and 
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interfacial discontinuities [30].
The surface irregularities observed in the 
recycled fibers are the primary factors that 
reduce interfacial adhesion at the microscopic 
level [31]. Chain scissions in the polymer 
structure, oxidative degradation, and additive 
residues generate micro-roughness and melting 
anomalies on the fiber surface. These anomalies 
hinder the complete contact between the cement 
matrix and the fiber surface, leading to micro-
voids and low-density interfacial transition 
zones. Consequently, these defects directly 
contribute to the reduction of mechanical 
properties (Figure 16). 

5. Conclusion

This study investigated the effects of various 
proportions of recycled granule (0%, 5%, 10%, 
and 15%) and fiber dosage (2 kg/m³ and 3 kg/
m³) used in fibers used in field concrete on 
the mechanical performance of concrete. The 
average residual strength values (fr1), (fr4), 
and moment coefficients obtained from the 
experimental data were evaluated graphically.
The results show that the fiber addition provides 
significant improvements in the post-cracking 
behavior of concrete. At all recycling ratios, 
the 3 kg/m³ fiber dosage produced higher fr1, 
fr4, and moment coefficient values compared to 
the 2 kg/m³ dosage. This demonstrates that the 
tensile 
ductility and energy absorption capacity of the 
concrete increase with increasing fiber content.

Figure 14. Non-recycled fiber appearance in sample 
F03 (a. 400 and b. 4K)

Figure 15. Recycled fiber appearance in sample 
F10-2 (400 and 4K)
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Figure 16. Recycled fiber appearance in sample F10-3 
(400 and 4K)

However, a significant decrease in both fr1 and 
fr4 values was observed as the recycled granule 
ratio increased. Particularly at 10% and 15% 
recycling rates, the adhesion capacity of the 
fibers to the concrete matrix decreased, resulting 
in a decrease in post-crack strength. This resulted 
in a loss of performance due to the second heat 
treatment of the recycled granules.
When the moment coefficient calculation was 
examined, it was seen that as the recycling rate 
increased, the stiffness and toughness values 
contributing to flexural strength decreased. 
The highest average moment coefficient value 
was0.32 for the 0% recycled sample with 3 kg/
m³ fiber. The lowest value was 0.18 for the 15% 
recycled sample with 2 kg/m³ fiber.
Consequently, it was observed that the mechanical 
benefits obtained from fiber addition in concrete 
decreased as the recycled granule ratio increased. 
However, this loss remained limited in mixtures 
up to 5% recycling rates, and the concrete's 
performance remained acceptable from an 
engineering perspective. This demonstrates 
that the use of recycled fibers is appropriate for 
sustainable material use. We observe that when 
the recycling rate is maintained between 0% and 
5%, the effect on the mechanical performance of 

concrete is acceptable.
In this study, the granule content used in waste 
fiber production (0% → 15%) caused a decrease 
in both tensile strength and modulus of elasticity. 
While the reference sample (F-0) exhibited the 
highest mechanical performance, a 5% granule 
dosage (F-5) appears to be the optimal starting 
point in terms of the performance-sustainability 
balance. There is a decrease in mechanical 
properties at 10% and especially 15% dosages. 
SEM images, XRD, and porosity measurements, 
as well as examination of the granule-matrix 
interface, will confirm the weakening mechanism. 
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