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ABSTRACT

ARTICLE INFO

This study experimentally assesses the effects of polypropylene fibers (PPFs) on the
mechanical, bond, durability, and microstructural performance of high-strength con-
crete (HSC) and high-strength flowable concrete (HSFC). A total of six M70-grade
concrete mixes, with a characteristic compressive strength of 70 N/mm? at 28 days,
were prepared: three HSC mixes and three HSFC mixes containing PPF at volume
fractions of 0%, 0.1%, and 0.2%. Mechanical performance was evaluated through
compressive, splitting tensile, and flexural strength tests at 3, 7, and 28 days. Bond
behavior was examined using pull-out tests on deformed steel bars, while corrosion
resistance was assessed using accelerated electrolytic corrosion testing. Microstruc-
tural changes during hydration were characterized by X-ray diffraction (XRD) and
Fourier-transform infrared spectroscopy (FTIR). The results show that PPF improves
tensile, flexural, and bond strength, with an optimum volume fraction of approxi-
mately 0.1%. The HSFC mixes exhibited slightly better post-cracking performance
and bond strength than the HSC mixes, which can be attributed to more uniform fiber
distribution and a denser matrix. Accelerated corrosion tests indicated that the fiber-
reinforced mixes experienced lower steel mass loss and delayed crack initiation. XRD
and FTIR analyses confirmed ongoing hydration and increasing microstructural den-
sity over time. The measured bond strengths exceeded the values predicted by IS
456:2000 and BS 8110, indicating that these code provisions are conservative for the
studied fiber-reinforced high-strength concretes.
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1. Introduction

Plain concrete and reinforced concrete (RC) are
widely used in civil engineering because of their
strength, stiffness, cost efficiency, and suitability for var-
ious structural applications. Fig. 1 summarizes the main
performance-related properties of concrete. However,
the increasing use of cement-based materials has raised
sustainability concerns related to Portland cement pro-
duction, encouraging the incorporation of supplemen-
tary cementitious materials and industrial by-products

as partial binder replacements (Mohamad et al. 2025;
Tanash et al. 2025). At the same time, the long-term per-
formance of RC structures is often limited by deteriora-
tion mechanisms such as reinforcement corrosion, dry-
ing shrinkage, and cracking, which may reduce load-car-
rying capacity and shorten service life. In this context,
high-strength concrete (HSC) and high-strength flowa-
ble concrete (HSFC) have been developed to provide
higher load capacity, improved durability, and better
construction efficiency, particularly in structural mem-
bers where dense reinforcement, bond performance,
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and resistance to aggressive environments are critical.
The high compressive strength of HSC, which is achieved
by using very low water-to-binder ratios and developing
dense microstructures, is far greater than that of conven-
tional concrete (Hasan et al. 2025; Torres-Ortega et al.
2021). However, the dense microstructure and high
strength of HSC may reduce workability, making place-
ment and compaction more difficult in heavily rein-
forced or complex formwork (De Alencar Monteiro et al.
2018; Mazaheripour et al. 2011). HSFC addresses these
workability limitations through high-range water-re-
ducing admixtures, supplementary cementitious materi-
als, and fine-particle packing, which together produce a
flowable and self-compacting mix without vibration
(Abdraimov 2024; Mazaheripour et al. 2011; Uysal and
Tanyildizi 2012).
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Fig. 1. Main properties of concrete.

PPFs are increasingly used in HSC and HSFC to im-
prove tensile resistance, post-cracking behavior, crack
control, and energy absorption (De Alencar Monteiro et
al. 2018; Khaloo et al. 2022; Qin et al. 2019; Resende et
al. 2022). Their low elastic modulus, chemical stability,
and high elongation capacity allow properly dosed PPFs
to bridge microcracks and improve ductility without
causing a substantial reduction in compressive strength
or fresh-state performance. This effect is particularly im-
portant in high-strength and flowable concrete systems,
where dense matrices provide high strength but may
also increase brittleness and create placement difficul-
ties in heavily reinforced or complex structural mem-
bers.

The performance of PPF-reinforced HSC and HSFC is
also strongly influenced by the binder system and mix-
ture proportioning. When PPFs are combined with min-
eral admixtures, nano-additions, or pozzolanic industrial
by-products, these additions can improve strength, re-
fine the pore structure, promote additional hydration
products, increase durability, and help maintain ade-
quate workability when used at suitable dosages
(Abdraimov 2024; Al-Safi et al. 2025; Hasan et al. 2025;
Mohamad et al. 2025; Srivastava etal. 2025; Tanash et al.
2025; Uysal and Tanyildizi 2012). However, excessive
replacement levels, unsuitable particle dispersion, or in-
creased water demand may reduce workability, increase

porosity, and weaken fiber-matrix interaction, indicating
that mixture proportioning remains critical for fiber-re-
inforced high-strength systems (Mohamad et al. 2025;
Srivastava et al. 2025; Tanash et al. 2025). Previous stud-
ies have also shown that the use of PPF in self-compact-
ing or flowable concrete can affect slump flow, passing
ability, viscosity, and superplasticizer demand, espe-
cially when mineral additives, micro-silica, or alternative
fine aggregates are incorporated into the mixture
(Abdraimov 2024; Dubal and Naktode 2024;
Mazaheripour et al. 2011; Uysal and Tanyildizi 2012).

Previous research further indicates that PPF and hy-
brid fiber systems can improve fracture resistance, de-
formability, residual load capacity, ductility, post-peak
behavior, and crack control in high-strength concretes
(Bakhita et al. 2025; De Alencar Monteiro et al. 2018;
Hima Bindu et al. 2024; Khaloo et al. 2022). Under ele-
vated temperature or other severe exposure conditions,
PPF has been reported to reduce explosive spalling, sup-
port residual mechanical performance, and contribute to
strength retention, while fiber type and post-exposure
treatment can further influence the recovery and dura-
bility of fiber-reinforced concretes (Resende et al. 2022;
Urtekin and Celik 2025; Zhao et al. 2022). In addition, re-
cycled polypropylene particles and combined fiber-SCM
systems have been associated with improved sustaina-
bility, chloride resistance, microstructural densification,
and cost-effective crack control (Faraj et al. 2019; Hasan
et al. 2025; Labaran et al. 2024). Overall, these findings
support the use of PPF-reinforced HSC and HSFC in
structural applications where mechanical performance,
durability, bond behavior, and resistance to aggressive
environments are required.

1.1. X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR) analysis

Microstructural characterization methods such as
XRD and FTIR are increasingly used as complementary
tests alongside mechanical and durability assessments
of advanced concretes. These techniques provide infor-
mation on hydration phases, crystalline and amorphous
contents, and chemical interactions among fibers, the ce-
ment matrix, and supplementary cementitious materials
(SCMs) (Hasan et al. 2025; Resende et al. 2022). XRD
analysis identifies crystalline hydration products, such
as portlandite (Ca(OH),), ettringite, and calcium silicate
hydrate (C-S-H), as well as secondary phases associated
with SCMs such as silica fume or nano-silica additions
(Abdraimov 2024; Hasan et al. 2025). In PPF systems,
XRD can reveal changes caused by high-temperature ex-
posure or fiber addition that may alter hydration rates
or lead to decomposition or dehydration of phase-tran-
sition products. At elevated temperatures, XRD patterns
have indicated phase changes such as portlandite de-
composition and the transformation of C-S-H zones into
more crystalline transitional phases, which are related
to residual-strength changes (Resende et al. 2022; Zhao
etal. 2022).

In fiber-reinforced HSC and HSFC, FTIR spectra typi-
cally show prominent peaks corresponding to Si-O
stretching in the C-S-H gel phase, hydroxyl groups asso-
ciated with portlandite, and carbonate (CaCO3) formed
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through carbonation. Combined microstructural and
fracture-property analyses show how PPF affects crack
networks at the micro-level (Torres-Ortega et al. 2021).
Therefore, changes in the intensity or position of these
peaks can indicate modifications in hydration products
caused by fiber inclusion, SCM content, or environmental
exposure. For example, Resende et al. (2022) showed
that FTIR can detect signals related to polymer degrada-
tion and changes in cement-matrix chemistry after ther-
mal loading, confirming the onset of polypropylene melt-
ing and the associated microstructural changes. Hasan et
al. (2025) reported that FTIR observations, together
with mineralogical densification detected by XRD and in-
creased resistance to chloride penetration, support im-
proved durability at higher SCM contents. Thus, com-
bined XRD, FTIR, mechanical, and durability results can
provide a more comprehensive understanding of the
performance mechanisms of HSC and HSFC.

The bond behavior between reinforcing steel and con-
crete is crucial because it enables composite action and
transfers stress between the two materials. Loss of bond
performance directly affects crack spacing, deflection,
anchorage length, and ultimately structural integrity.
Bond degradation is influenced by the physical and me-
chanical properties of the reinforcing steel and concrete,
environmental exposure, and time-dependent defor-
mations caused by drying, corrosion-induced expansion,
and shrinkage.

Fiber reinforcement is an effective approach for im-
proving the strength, durability, and post-cracking be-
havior of concrete. Fibers bridge cracks after their for-
mation, provide additional confinement around rein-
forcing bars, and can therefore influence the bond be-
tween steel reinforcement and the surrounding concrete
(Ranjbar et al. 2016; Varghese et al. 2019). Pull-out-
based studies have also shown that bond resistance and
stress transfer are strongly affected by matrix composi-
tion, fiber surface condition, and interfacial compatibil-
ity, even in different fiber-reinforced cementitious or
earth-based composite systems (Tarhan et al. 2025). In
reinforced concrete, both metallic and non-metallic fi-
bers have been reported to increase bond strength and
delay splitting failure in pull-out tests (Deng and Yang
2024; Tsiotsias and Pantazopoulou 2021).

PPF, basalt, cellulose, and other synthetic fibers have
gained attention because of their corrosion resistance,
low density, and ability to control microcracking (Ah-
med et al. 2021; Chen et al. 2024; Touahri et al. 2021).
Experimental studies have shown that PPF helps retain
bond strength under wet conditions by limiting cracking
and maintaining support around the steel bar (Deng and
Yang 2024; Ranjbar et al. 2016). Hybrid and coarse syn-
thetic fibers are also being evaluated as possible replace-
ments for steel fibers and have shown tensile and bond-
strength performance comparable to that of high-perfor-
mance and ultra-high-performance concrete, while of-
fering durability and sustainability benefits (Lin et al.
2024; Sangkeaw et al. 2025).

The bond between reinforcing steel and concrete is
essential for ensuring composite action and effective
stress transfer in RC members. The bond between ribbed
steel bars and the surrounding cementitious matrix de-
pends on mechanical interlocking and friction between

the bar ribs and the matrix (Diab et al. 2014; Tastani and
Pantazopoulou 2010). Several factors influence bond
performance, including concrete compressive strength,
bar diameter, embedment length, bar surface defor-
mation, and confinement type (Burdzinski and
Niedostatkiewicz 2022; Hadi 2008; Torre-Casanova et
al. 2013). High-strength and high-performance con-
cretes generally provide higher bond strength because of
their dense microstructures and superior mechanical
properties. However, they are also more susceptible to
brittle splitting because of their lower deformation ca-
pacity (Hadi 2008; Tsiotsias and Pantazopoulou 2021).
Previous studies have observed reductions in bond
strength and shifts in pull-out failure modes as reinforce-
ment corrosion increases. Accelerated corrosion tests
further show that bond deterioration decreases peak
bond strength and increases slip, thereby reducing
structural ductility (Hou et al. 2019; Leporace-Guimil et
al. 2021). Drying-shrinkage cracking also affects bond
behavior because reduced confinement pressure around
the reinforcing steel increases slip and decreases bond
strength (Hou et al. 2019).

Corrosion of steel reinforcement is a major cause of
premature deterioration in concrete structures, espe-
cially in environments with high chloride-ion concentra-
tions, such as marine environments or structures ex-
posed to de-icing salts. Chloride ions migrate through
concrete and reach the steel reinforcement, where they
damage the passive film and initiate electrochemical cor-
rosion (Sola etal. 2019; Song and Saraswathy 2007). The
volume of corrosion products exceeds that of the original
steel, generating stresses in the surrounding concrete
and leading to cracking, spalling, and reduced bond
strength. Electrochemical methods allow the initiation
and progression of corrosion in reinforced concrete to
be detected through techniques such as half-cell poten-
tial measurements, corrosion-current-density measure-
ments, and accelerated corrosion tests (Pan et al. 2020;
Song and Saraswathy 2007). In addition to electrochem-
ical techniques, acoustic emission monitoring has been
used as a non-invasive method to detect corrosion-in-
duced microcracking and to develop corrosion-rate pre-
diction models based on recorded signal parameters
(Patil 2025). These methods provide quantitative real-
time information on corrosion activity and facilitate the
evaluation of different concrete types, synthetic materi-
als, fibers, SCMs, and corrosion inhibitors (Aguirre-Guer-
rero et al. 2021; Fahmy et al. 2022; Ouda 2024). Recent
research shows that high-performance concrete and fi-
ber-reinforced concrete can reduce corrosion rates and
improve electrochemical performance by controlling
cracking and refining pore structure, thereby limiting
chloride transport (Baji¢ et al. 2025; Deng and Yang
2024; Leporace-Guimil et al. 2021). Nevertheless, corro-
sion-related bond deterioration remains critical when
shrinkage cracking and sustained loading affect bond de-
velopment (Hou et al. 2019). Fig. 2 illustrates the effects
of PPF in hardened concrete.

Although fiber-reinforced concrete has been widely
studied, most investigations treat mechanical behavior
and durability as separate topics. Previous studies have
examined the effects of PPF on tensile strength, flexural
performance, and crack control, whereas other studies
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have addressed corrosion resistance or microstructural
properties using separate test methods. However, the re-
lationships among mechanical performance, bond be-
havior, durability, and microstructural change remain
insufficiently integrated. In addition, only a limited num-
ber of studies have directly compared HSC and HSFC re-
inforced with PPF under similar mix proportions. The
improved workability of HSFC may influence fiber distri-
bution and interfacial transition-zone properties,

thereby affecting bond strength and corrosion re-
sistance.

This study provides an integrated evaluation of me-
chanical properties, pull-out bond behavior, corrosion
resistance, and microstructural characteristics using
XRD and FTIR within the same experimental framework
for both HSC and HSFC systems at identical fiber dos-
ages. It also assesses bond-strength predictions accord-
ing to BS 8110 (1997) and IS 456 (2000).

PP fibers improve bond strength, reduce shrinkage, and enhance corrosion resistance in high-strength concrete.

Polypropylene Fiber-
Reinforced High-Strength
Concrete

PPFs

Steel Rebar
« Bond Stress & Slip

« Failure Mode

Pull-Out Test Key Findings
ﬂ \

ﬁ Bond Strength
ﬁ(l Shrinkage
Crackmg
i Corrosion
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= Corrosion
« Current

Fig. 2. Effects of PPF in pull-out and accelerated corrosion tests.

2. Research Gap and Novelty

Current research generally focuses on three separate
areas: mechanical performance of PPF-reinforced HSC,
corrosion resistance, and microstructural characteriza-
tion. Direct quantitative comparisons between HSC and
HSFC containing identical PPF dosages remain limited.
Therefore, this study compares HSC and HSFC using the
same fiber contents and evaluates mechanical, bond,
corrosion, and microstructural responses within a single
experimental framework.

The present study aims to:

e Compare the mechanical properties of HSC and HSFC
containing identical PPF contents of 0%, 0.1%, and
0.2%.

e Examine the bond behavior between reinforcing steel
and fiber-reinforced high-strength concrete using
pull-out tests.

e Assess the corrosion resistance of reinforced concrete
using an accelerated electrolytic corrosion test.

e Investigate microstructural changes using XRD and
FTIR techniques.

o Evaluate the reliability of IS 456:2000 and BS 8110
predictions for bond strength in polypropylene-fiber-
reinforced high-strength concrete systems.

3. Materials and Methods

The experimental program used 53-grade ordinary
Portland cement (OPC) conforming to IS 12269 (2013),
manufactured sand as fine aggregate, and crushed
coarse aggregate with a maximum nominal size of 12.5
mm. The HSFC mixes contained both a superplasticizer

and a viscosity-modifying agent (VMA), whereas the HSC
mixes contained only a polycarboxylate ether (PCE)-
based superplasticizer. Table 1 presents the physical
properties of the synthetic micro-PPF used in this study.
Fly ash and silica fume were used as SCMs; fly ash was
incorporated at 15% by weight for HSC and 20% for
HSFC, while silica fume was used at 5% by weight for
both HSC and HSFC. Fig. 3 shows the materials used in
concrete preparation. Concrete mix preparation was car-
ried out in accordance with IS 10262 (2019), and six
mixes were produced: three HSC mixes and three HSFC
mixes with and without fibers. Basic material tests and
fresh-property assessments were performed in accord-
ance with the relevant standards, and all results were
within acceptable limits. Mechanical performance was
evaluated through compressive, splitting tensile, and
flexural strength tests at 3, 7, and 28 days. Water absorp-
tion was measured in accordance with ASTM C1585
(2020). Microstructural analysis was conducted using
XRD and FTIR after 28 days of curing.

Table 1. Physical properties of polypropylene fibers.

Property Value
Shape Triangular
Cut length 12 mm
Effective diameter 30 um
Specific gravity 091
Melting point 160-165 °C
Elongation 90%
Young's modulus 4000 MPa
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Fig. 3. Materials used in concrete preparation.

4. Experimental Work
4.1. Mechanical properties

The compressive, splitting tensile, and flexural
strengths of HSC and HSFC with and without PPF were
evaluated at 3, 7, and 28 days of curing for mixes M1-M6,
as defined in Table 2. Compressive tests were performed
on 100x100x100 mm cube specimens using a calibrated
compression testing machine in accordance with IS 516
(1959). Splitting tensile strength was determined in ac-
cordance with IS 5816 (1999) using 100x200 mm cylin-
drical specimens subjected to diametral loading until
failure. Flexural strength was assessed using a two-point

loading setup on 75x75x450 mm prism specimens in ac-
cordance with IS 516 (1959). Fig. 4 illustrates the me-
chanical strength testing setup.

Table 2. Mix codes used in the study.

M1-HSC (0% PPF) High-strength concrete

M2-HSC (0.1% PPF) High-strength concrete

M3-HSC (0.2% PPF) High-strength concrete

M4-HSFC (0% PPF) High-strength flowable concrete

M5-HSFC (0.1% PPF) High-strength flowable concrete

M6-HSFC (0.2% PPF) High-strength flowable concrete

4.2. Accelerated corrosion test

To determine concrete resistance to corrosion, an ac-
celerated electrolytic corrosion test was performed on
specimens prepared from mixes M1-M6. Cylindrical spec-
imens with a diameter of 100 mm and a height of 200 mm
contained a 10 mm diameter steel bar at the center,
providing a concrete cover of 45 mm, and were cured for
28 days, as shown in Fig. 5. The specimens were then sub-
merged in a 5% sodium chloride solution, where the steel
bar served as the anode and an external stainless-steel
plate served as the cathode. The system was operated un-
der direct current (DC), with voltage maintained through-
out the test while current variations were monitored. Fig.
6 illustrates the testing procedure. Corrosion initiation
was identified by a sudden increase in current and the ap-
pearance of visible surface cracks. After testing, the speci-
mens were broken open, and the reinforcement bars were
extracted, cleaned with Clark's solution, dried, and
weighed to determine corrosion-related mass loss.

Fig. 4. Mechanical strength testing setup.

4.3. Pull-out bond strength test

To evaluate the bond strength between deformed re-
inforcing bars and concrete, pull-out tests were per-
formed on specimens from mixes M1-M6. Each specimen
consisted of a 150x150x150 mm concrete cube with a
central 12 mm diameter deformed bar. The embedment
length was 150 mm to ensure a consistent bond length

during testing. After 24 h, the specimens were demolded
and subjected to 28 days of water curing. Before testing,
the protruding ends of the embedded bars were cleaned
and prepared for placement in the mounting fixture, as
shown in Fig. 7. The specimens were mounted in a 400
kN universal testing machine (UTM), which held the cu-
bes securely while the bars were pulled axially from the
concrete.
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Fig. 7. Test setup for pull-out test.
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The steel bar was pulled at a constant loading rate of
0.5 mm/min until failure occurred by either bar slip or
concrete splitting. At failure, the maximum applied load
(Pmax) was recorded. The average bond stress (7») was
calculated using Eq. (1).

Pmax
mdl (1)

Tp =
where Pumax is the peak pull-out load, d is the rebar diam-
eter (12 mm), and / is the embedded length of the rebar
(150 mm). This procedure follows the recommendations
of IS 2770 (1967) for evaluating the bond performance
of steel reinforcement in fiber-reinforced concrete.

5. Results and Discussion
5.1. Mechanical properties

All concrete mixtures achieved the characteristic
strength of 70 MPa at 28 days, with ultimate compres-
sive strengths ranging from 75.7 to 77.9 MPa for mixes
M1-Mé. Strength development followed a typical hydra-
tion pattern, with approximately 55-60% of the 28-day
strength reached at 3 days and approximately 70-80%
reached at 7 days. The addition of PPF caused only minor
fluctuations in compressive strength, within approxi-
mately £3%. A slight increase was observed at the 0.1%

fiber dosage, which may be attributed to improved mi-
crocrack control and matrix integrity. At 0.2% PPF, the
improvement was limited, possibly because of fiber ag-
glomeration and reduced workability. The HSFC mixes
showed slightly better performance than the HSC mixes,
which may be related to better packing density and more
uniform fiber distribution. Overall, PPF had a limited ef-
fect on compressive strength.

In the splitting tensile strength test, the control mix
reached 5.7 MPa at 28 days, while 0.1% PPF increased
the strength to 6.3-6.5 MPa, corresponding to an im-
provement of approximately 10-18%. The increase at
0.2% PPF was smaller but still noticeable. The improve-
ment is attributed to crack-bridging action and stress re-
distribution, which enhance energy absorption. The
HSFC mixes exhibited slightly higher tensile strength
than the HSC mixes because of their superior fiber distri-
bution and denser microstructure. Based on these re-
sults, the optimum fiber dosage was 0.1% by volume.

Flexural strength also improved in the HSC and HSFC
mixes containing PPF. The control mixes reached 7.1-7.3
MPa at 28 days, while 0.1% PPF increased flexural strength
to approximately 7.9 MPa, corresponding to an improve-
ment of 8-12%. The increase at 0.2% PPF was less pro-
nounced. The fibers improved crack resistance, post-
cracking ductility, and toughness during bending. The
HSFC mixes performed better than the HSC mixes because
of improved fiber-matrix bonding and better structural in-
tegrity. Fig. 8 presents the mechanical strength test results.
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Fig. 8. Mechanical strength test results.

5.2. FTIR and XRD analyses

Fig. 9 shows the FTIR spectrum in the region of ap-
proximately 3640-3700 cm™*, where the sharp band at
about 3640 cm™ is associated with O-H stretching of
structural hydroxyl groups from portlandite or bound
water in ettringite. The broad feature atabout 3400 cm™
and the bending mode at about 1650 cm™ are associated
with molecular water. The asymmetric stretching of car-
bonate ions (CO;>7) appears at about 1410-1480 cm™,

with an out-of-plane bending mode at about 875 cm™.

These bands increased in intensity from early to late
samples, suggesting increased calcite formation. Bands
related to S-O stretching in sulfate phases at about 1100-
1130 cm™* decreased over time as ettringite and gypsum
were consumed during carbonation. The Si-O stretching
modes at about 980-1000 cm™ and Si-O-Si bending
modes at about 450-500 cm™* remained largely un-
changed, confirming the non-reactive nature of quartz.
The band at about 3400 cm™ broadened at intermediate
hydration stages, possibly because of increased hydroxyl
disorder in hydroxyl-containing phases and bound wa-
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ter, and then decreased toward the final stage. These
spectral trends agree with the XRD results, where the
ettringite peak diminished, calcite reflections increased

from M1 to M6, sulfate bands decreased, and carbonate
modes developed, indicating a more crystalline and car-
bonate-rich end product.
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Fig. 9. FTIR analysis results.

The XRD data shown in Fig. 10 for phases M1-M6 in-
dicate clear mineralogical evolution caused by carbona-
tion or phase transformation in the stable samples.

The M1 and M5 specimens exhibited a quartz-domi-
nated crystalline framework. Although this framework
provides structural support, the limited development of
hydration products may increase interfacial porosity and
reduce bond strength. M3 showed reduced quartz inten-
sity and the development of ettringite at approximately
10.3° and C-S-H between 29° and 35°, indicating advanced
chemical conversion. The M2 group exhibited higher bond
strength because ettringite needle growth and C-S-H gel
formation occurred within the capillary pores. This min-
eralogical evolution enhanced mechanical interlocking at
the reinforcement interface. FTIR analysis confirmed sili-
cate polymerization, indicating the formation of a
stronger binder matrix with improved resistance to pull-

out forces compared with the siliceous matrix of M1.
Electrochemical performance depends on the physical
barrier provided by hydrated phases. M4 exhibited amor-
phous characteristics, resulting in a dense structure that
blocked ionic diffusion through more complex pathways,
as indicated by the absence of distinct crystalline peaks.
This micro-densification delayed corrosion initiation. The
presence of calcite in M6 indicates that carbonation may
depassivate the embedded steel; thus, XRD can help eval-
uate the electrochemical stability of the reinforcement.
Table 3 presents the XRD and FTIR results.
e (Calcite formation resulted in pore refinement and re-
duced chloride transport.
e Reduced ettringite indicated stabilization of the ma-
trix.
e Dense C-S-H improved the ITZ and increased bond
strength.
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Fig. 10. XRD analysis results for M1-Mé6.
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Table 3. XRD and FTIR analysis results.

Mix XRD FTIR Bond-strength Corrosion-resistance

code points points mechanism basis

M1, M5 Quartz peaks with hydra- Low silicate polymeriza- The interfacial transition zone Interconnected pores permit
tion products. tion indicated by the (ITZ) shows relatively weak me- chloride-ion ingress because the

main Si-O stretching and chanical interlocking because of hydration products do not suffi-
Si-0 bond-configuration its porous structure, limited C-S-H  ciently block pore pathways.
bands. development, and the presence of

less-reactive filler material.

M2, M3 Main C-S-H diffraction pat-  High silicate polymeriza- The fiber-concrete interface The improved pore structure in-
tern and ettringite-related  tion indicated by silica- shows improved chemical adhe- creases ionic tortuosity and elec-
diffraction pattern, to- oxygen stretching and sil-  sion and mechanical interlocking trical resistivity, resulting in a
gether with vanadium ox- icon-oxygen bond- through the combined presence of lower chloride-diffusion rate.
ide and silicate-based pol-  stretching bands. dense C-S-H and ettringite.
ymer materials.

M4 Broad amorphous hump Broad Al-O-Si asymmetric ~ The highly adhesive amorphous The dense amorphous gel matrix
with minimal crystalline stretching bands are the gel establishes continuous matrix  acts as a barrier that limits chlo-
peaks and the lowest peak ~ dominant spectral fea- links, although the limited crystal-  ride and moisture ingress.
intensity. ture. line content may reduce mechani-

cal bonding.
M6 Distinct calcite diffraction =~ Two carbonate absorp- The filler material increases ma- Carbonation decreases pore-so-

peaks indicating carbona-
tion.

tion bands with strong
absorption intensity.

trix stiffness and confinement,
whereas brittle interfaces may re-
duce ductility and bond strength.

lution pH, removes the protective
film on reinforcing steel, and may
initiate corrosion damage.

5.3. Accelerated corrosion test

The accelerated corrosion test was used to assess the
corrosion resistance of fiber-reinforced concrete by
measuring reinforcement mass loss over time. The initial
and final steel masses for mixes M1-M6 are presented in
Table 4. The control mix M1 showed no mass loss during
the first 45-90 min of testing. Reinforcement mass began
to decrease after 120 min, indicating the onset of corro-
sion. The increasing mass loss over time suggests that
microcracks and ionic-transport pathways developed,
allowing chloride ions to enter and induce corrosion in
plain HSC.

The addition of PPF reduced corrosion-related mass
loss. Mix M2 showed significantly lower mass loss than
the control mix, indicating improved corrosion re-
sistance. Mix M3 also provided better corrosion protec-
tion than M1, although its performance was slightly
lower than that of M2, possibly because the higher fiber
content increased pore connectivity and reduced the
uniformity of fiber dispersion. The HSFC mixes showed
similar trends. M4 experienced moderate reinforcement
mass loss after longer exposure, whereas the fiber-rein-
forced mixes M5 and M6 provided improved protection.
M5 exhibited the lowest mass loss and therefore showed
the best corrosion performance. Overall, the HSFC mixes
demonstrated improved durability through enhanced
resistance to environmental attack.

Some studies suggest that accelerated corrosion tests
reproduce certain features of natural corrosion pro-
cesses observed in the field. However, the applied DC
voltage substantially increases the corrosion rate and
does not fully represent chloride diffusion, moisture var-
iation, and electrochemical-potential changes in real
structures. Therefore, the data should be considered rel-
ative indicators of corrosion resistance rather than di-

rect predictions of long-term service life. Future studies
should include long-term natural-exposure tests and
chloride-diffusion measurements to evaluate durability
under realistic conditions.

5.4. Pull-out bond strength test

The peak bond stress of the HSC mixes increased from
13.61 MPa for M1 with 0% PPF to 14.15 MPa for M2 with
0.1% PPF and 14.32 MPa for M3 with 0.2% PPF. This im-
provement is attributed to the crack-bridging effect of
PPF, which increases the tensile resistance of the con-
crete matrix and limits the development of microcracks
from the reinforcing bar. The fibers provide additional
confinement around the bar ribs, resulting in more effec-
tive mechanical interlock and higher bond resistance.
They also help control splitting cracks, which commonly
govern failure in pull-out tests of high-strength concrete.

The HSFC mixes showed a similar trend. Bond stress
increased from 13.44 MPa for M4 with 0% PPF to 14.50
MPa for M5 with 0.1% PPF and 16.27 MPa for M6 with
0.2% PPF. The higher bond strength of the fiber-rein-
forced HSFC mixes may be attributed to improved parti-
cle packing and better consolidation, which enhance
contact between the steel surface and the surrounding
matrix. The combination of fiber reinforcement and
flowable concrete produced a denser interfacial transi-
tion zone (ITZ), thereby improving resistance to radial
cracking. The slip at peak bond stress increased with fi-
ber content, from 0.65 mm in M1 to 1.29 mm in M6.
These results indicate that fiber-reinforced mixes exhibit
higher ductility and require greater energy for pull-out
failure. PPF bridges cracks and allows stress transfer to
continue through cracked regions, enabling the concrete
matrix to sustain larger deformations before bond fail-
ure. Fig. 11 shows the pull-out test results.
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Table 4. Accelerated corrosion test results.

M1 M4
Mix code Time Initial mass Final mass Mix code Time Initial mass Final mass
M1-1 (45 min) 0.195 0.195 M4 -1 (45 min) 0.202 0.202
M1-2 (60 min) 0.203 0.203 M4 -2 (60 min) 0.192 0.192
M1 -3 (90 min) 0.177 0.177 M4 -3 (90 min) 0.194 0.194
M1 -4 (120 min) 0.207 0.205 M4 - 4 (120 min) 0.206 0.204
M1-5 (150 min) 0.179 0.176 M4 -5 (150 min) 0.195 0.193
M1-6 (180 min) 0.184 0.179 M4 -6 (180 min) 0.194 0.191
M2 M5
Mix code Time Initial mass Final mass Mix code Time Initial mass Final mass
M2-1 (45 min) 0.191 0.191 M5 -1 (45 min) 0.195 0.195
M2 -2 (60 min) 0.204 0.204 M5 -2 (60 min) 0.195 0.195
M2 -3 (90 min) 0.201 0.199 M5 -3 (90 min) 0.205 0.205
M2 -4 (120 min) 0.196 0.195 M5 - 4 (120 min) 0.198 0.197
M2 -5 (150 min) 0.201 0.197 M5 -5 (150 min) 0.207 0.204
M2-6 (180 min) 0.205 0.201 M5 -6 (180 min) 0.204 0.202
M3 M6
Mix code Time Initial mass Final mass Mix code Time Initial mass Final mass
M3-1 (45 min) 0.205 0.205 M6 - 1 (45 min) 0.206 0.206
M3 -2 (60 min) 0.204 0.204 M6 - 2 (60 min) 0.205 0.205
M3-3 (90 min) 0.203 0.202 M6 - 3 (90 min) 0.204 0.204
M3 -4 (120 min) 0.193 0.191 M6 - 4 (120 min) 0.205 0.203
M3-5 (150 min) 0.203 0.199 M6 - 5 (150 min) 0.204 0.201
M3-6 (180 min) 0.203 0.198 M6 - 6 (180 min) 0.204 0.202
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Fig. 11. Pull-out test results.

The experimental bond-strength values were higher
than the values predicted by the design codes, as calcu-
lated using Egs. (2) and (3). This difference is expected
because the code equations are intended for safe design
and include conservative assumptions. In addition, pull-
out tests are conducted under controlled conditions,
whereas structural members may also be affected by
bending stresses, cracking, confinement variation, and
other service conditions. Therefore, although the PPF-
reinforced mixes showed improved bond performance,
the results should be interpreted within the limitations
of the test method.

The theoretical bond strength was evaluated accord-
ing to BS8110 (1997) and IS 456 (2000), and the results

are tabulated in Table 5. According to BS 8110 (1997),
the ultimate bond strength is expressed by Eq. (2).

fou = 0.50\/fu, = fo = 0.508/70 = 418 N/mm?  (2)

where fiu is the theoretical bond strength (N/mm?), B is
the bond coefficient (0.28 for plain bars and 0.50 for de-
formed bars), and fe is the cube compressive strength of
concrete (N/mm?).

According to IS 456:2000, the theoretical bond
strength for plain bars is 1.9 N/mm?. For deformed bars,
this value is increased by 60%, as shown in Eq. (3).

Tpg = 1.9 - 1.6 = 3.04 N/mm? 3)
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Table 5. Bond strength test results.

Mix Peak stress Slip at peak Stress at IS 456 BS 8110
code (MPa) (mm) 0.25 mm slip design value theoretical value
M1 13.61 0.65 5.44 MPa 3.04 MPa 4.18 MPa
M2 14.15 0.85 4.86 MPa 3.04 MPa 4.18 MPa
M3 14.32 0.92 4.42 MPa 3.04 MPa 4.18 MPa
M4 13.44 0.75 4.48 MPa 3.04 MPa 4.18 MPa
M5 14.50 0.95 3.31 MPa 3.04 MPa 4.18 MPa
M6 16.27 1.29 3.15 MPa 3.04 MPa 4.18 MPa

6. Conclusions

This experimental investigation examined the influ-
ence of PPF on the mechanical properties, bond behav-
ior, corrosion resistance, and microstructural character-
istics of HSC and HSFC. The main conclusions are as fol-
lows:

e Overall, the results showed that adding PPF had a neg-
ligible effect on compressive strength, with a varia-
tion of approximately +3%, while notable improve-
ments were observed in tensile and flexural
strengths. The increase in splitting tensile strength
ranged from 10% to 18% at 0.1% PPF, and flexural
strength increased by 8% to 12%.

e The optimum fiber content was 0.1% by volume. Alt-
hough 0.2% PPF improved tensile and bond proper-
ties, the additional benefits were limited, possibly be-
cause of fiber agglomeration.

e Pull-out test results indicated that adding fibers im-
proved the bond between reinforcing bars and con-
crete. Bond strength increased from 13.61 MPa for M1
to 14.32 MPa for M3 and 16.27 MPa for Mé6. This im-
provement resulted from crack bridging and en-
hanced protection against splitting around the rein-
forcing bars, which improved mechanical interlock-
ing.

e HSFC showed superior mechanical properties and
bond strength compared with HSC. Improved particle
arrangement and more uniform fiber distribution en-
hanced workability and produced a denser interfacial
transition zone (ITZ).

o Steel mass loss during accelerated corrosion testing
was lower in the fiber-reinforced mixes, whereas the
control specimens exhibited earlier crack develop-
ment. The fiber-reinforced system therefore provided
better corrosion protection by reducing crack size
and crack number and by limiting chloride ingress
through a more resistant pore structure.

e XRD and FTIR analyses revealed the formation and
development of hydration products such as C-S-H gel,
ettringite, and calcite, as well as ongoing densification
of the cement matrix over time. These results also in-
dicated improved mechanical and long-term perfor-
mance of the fiber-reinforced mixes owing to en-
hanced silicate polymerization and microstructural
development.

e The measured bond strengths exceeded the predic-
tions of IS 456:2000 and BS 8110, suggesting that cur-
rent code provisions are conservative for fiber-rein-
forced high-strength concrete systems.

e The findings demonstrate that PPF-reinforced HSFC
provides a balanced combination of strength, bond
improvement, and durability, making it a suitable ma-
terial for reinforced concrete structures exposed to
aggressive environments.
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