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Abstract:

Concrete airport pavements are subjected to severe mechanical and environmental demands,
necessitating improved crack resistance, fatigue performance, and durability. The object of research is
macro—micro hybrid basalt fiber reinforced concrete (BFRC) as a potential high-performance pavement
material. The work aims to evaluate the influence of basalt fiber dosage and hybridization on crack width
and depth, fracture toughness, fatigue life, chloride ingress resistance, and structural reliability. Method.
Mechanical properties from laboratory tests were integrated with semi-empirical fracture mechanics
models, S—N fatigue relationships, Fick’s second-law chloride diffusion analysis, and reliability-based
statistical assessment. Results. Results indicate that increasing fiber content reduced predicted crack
width and depth, while hybrid systems significantly enhanced fracture parameters. The 1.5A0.5B mix
exhibited the highest fracture toughness and durability performance, whereas the 2A1B mix
demonstrated superior fatigue life and reliability index. Overall, balanced hybrid basalt fiber systems
provided synergistic improvements in cracking resistance, fracture behavior, fatigue performance, and
long-term durability for airport pavement applications.

1 Introduction

Concrete pavements represent the major structural elements of airport facilities. They provide for
safe and efficient aircraft arrival, ground movement, and departure. The runway, taxiway, and apron slab
designs need to meet the most stringent requirements for structural integrity, operational performance,
and durability. These slabs must be able to resist high magnitudes of static and dynamic wheel loads
and repeated landing gear impacts, surface abrasion caused by tires and rubber deposits, and exposure
to fuels, de-icing chemicals, and moisture [1]. For such applications, Portland Cement Concrete (PCC)
represents the basic material due to its high compressive strength, stiffness, and long-term load-carrying
capability. At the same time, PCC tends to crack due to early-age and drying shrinkage, to be subjected
to fatigue under repeated loading conditions, to show freeze-thaw damage, chloride penetration, and
abrasion [2]. In an airport environment, these problems are exacerbated due to higher and more
concentrated wheel loads, higher frequency of loading cycles, and limited opportunities for maintenance.
This condition requires durability and less downtime for both operational and economic continuity [1]-[3].

These limitations are becoming increasingly urgent in view of global trends such as increased
aircraft traffic, heavier single-wheel loads from new aircraft, higher expectations for pavement reliability,
and the need for lower life-cycle costs. Cracking and durability failures of airfield pavements result in high
operational and economic costs. Repairs are usually complex and costly, and disrupt runway availability.
Growing airport demands and tighter scheduling have made these needs even more urgent, placing a
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high demand for improved crack control, better fatigue performance, and greater resistance to harsh
environmental conditions on concrete materials. Consequently, pavement engineering is oriented toward
solutions that would not only reduce early-age cracking but also enhance post-crack toughness and load-
carrying capacity, preventing the ingress of deleterious agents.

Fiber Reinforced Concrete (FRC) has emerged as a promising material class that can overcome
such performance gaps. By adding discrete fibers to the cementitious matrix, FRC improves crack-
bridging capacity, energy absorption, and, in general, fracture resistance. The field has evolved from
early steel macrofibers to a wide range of fiber types, including synthetic fibers, such as polypropylene
and polyolefins, alkali-resistant glass fibers, carbon fibers, natural fibers, and basalt fibers. A substantial
body of research demonstrates that fibers improve mechanical properties, control crack development at
different scales, and enhance the residual strength of concrete under repeated loading [4]-[5]. Hence,
fiber inclusion has become a common strategy in pavement engineering as an effective approach
towards mitigating shrinkage cracking and improving structural performance in the long run.

Among the available fiber alternatives, basalt fibers are the ones that are under focus due to their
origin from naturally abundant volcanic rock, as well as showing attractive tensile and chemical stability
properties; further, compared to certain synthetic alternatives, basalt fibers have favorable durability.
Their unique strength, thermal stability, and environmental compatibility appear to be a promising
reinforcement for high-performance pavement concretes used in aerodrome environments [6]. Basalt
fibers are continuous or chopped filaments of vitreous material produced from melted basalt rock.
Characteristics that may be advantageous in concrete pavements include high tensile strength, good
modulus of elasticity, thermal stability, and resistance to aggressive alkali and chloride environments.
Several studies reported enhancement in the Compressive and Flexuaral strength of Basalt Fiber
Reinforced Concrete, as compared to plain concrete; this study also provides evidence of the importance
of controlled addition of such fibers as a way to determine the optimum dosages.

1.1 Basalt Fiber Reinforced Concrete (BFRC)

Ashteyat et al. (2024) observed that the addition of basalt fibers had a moderate, yet consistent,
enhancement in the compressive strength of BFRC up to an optimum dosage. The results of tests
conducted for 0.05%, 0.10%, and 0.15% fiber contents have shown increases of 2.6%, 3.9%, and 4.4%,
respectively. The maximum compressive strength of 45 MPa was achieved at a dosage of 0.15% BF,
beyond which it decreased slightly to 44 MPa for a higher dosage of 0.20% BF. This implies that after
reaching the optimum dosage, the positive contribution started to diminish. Ashteyat et al. believed this
could be due to the fiber clustering effect and poor dispersion at higher volumes, as might result from an
increase in the difficulty of mixing or loss in matrix continuity in mixtures with high fiber content. Among
all these, based on test results, 0.15% was found to be the optimum dosage that balanced gain in strength
with workability and dispersion of fibers.

In this regard, Hussain and Dubrey 2023 [8] tested BFRC made with higher dosages of fibers,
namely 0.10%, 0.20%, and 0.30%, and found a different optimum. Indeed, their test results showed that
0.20% basalt fiber mixes gave the best compressive strength, split tensile strength, and bending strength,
which were better than the lower and higher dosages tested. It therefore appears that the optimum can
be expected to vary with several factors, including fiber length, surface characteristics, matrix
composition, and the mixing regime applied. The conflicting findings of this work reflect the pattern
observed in many recent BFRC studies: many authors report optimal performance within a narrow
window of dosages. While the exact value is highly sensitive to the physical and mechanical properties
of the basalt fibers tested.

In addition to dosage considerations, basalt fiber size and geometry also play significant roles in
the mechanical behavior of BFRC. The most common forms of basalt fibers are available in micro- and
macro-scaled forms, as shown in Figure 1 below. These micro and macro basalt fibers may either be
used singly or in some combination with other fibers, referred to as hybridization, targeting various scales
of cracking and mechanical response.
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Fig. 1 - Basalt fiber [9]
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Several researchers have highlighted the advantages of hybridization of different fiber types in
concrete. Hybrid methods, which combine basalt fibers with micro-synthetic or steel fibers, have shown
a remarkable improvement in crack-bridging capacity, ranging from early-age microcracks due to
hydration to macrocracks due to repeated aircraft gear loads. The resultant hybrid mixtures exert
complementary effects; whereby mechanical functions are distributed among two or more types of fibers.
These include enhanced energy absorption, improved bonding at the interface, and efficient stress
transfer across the fiber-matrix interface (Gong et al., 2024 [10]; Hussain et al., 2024 [11]). This
reinforcement is essential for airport pavements. Long-term structural performance is not only dependent
on initial strength but also on the ability of the slab to maintain its microstructural resilience under
continued operational demands.

Building on this idea, the effects of fiber length in hybrid basalt fiber systems on normal-strength
(M30) and high-strength concretes (M60) were studied by Johnson et al. (2024) [12]. Here, two fiber
lengths-12 mm (short) and 30 mm (long)-were used in various hybrid combinations. The total basalt fiber
volume of 1.5%. The investigated mixtures included 1.5% short, 1.125% short & 0.375% long, 0.75%
short & 0.75% long, 0.375% short & 1.125% long, and 1.5% long. Test results indicated that even while
fiber addition reduced workability, mostly with longer 30-mm fibers due to an increase in surface area
and internal friction, the compressive strength and modulus of elasticity remained rather unaffected.
However, there was a significant improvement in flexural strength, especially for the HBF4 mix (1.5%
total fiber volume, 25% short and 75% long), which obtained increases of 39% for M30 and 54.35% for
M60. Such improvements were linked to the complementary action of short fibers in arresting microcracks
and of long fibers in bridging wider cracks. Accordingly, SEM analyses showed good fiber-matrix
adhesion and predominant fiber pull-out, reflecting good energy absorption and thus explaining such
superior flexural performances. In all, the test outcomes identify the HBF4 hybrid configuration as the
most effective by remarkably improving the flexural capacity with no loss in the other mechanical
properties of the concrete, hence being very promising as a reinforcing methodology for those
applications where resistance to bending and crack control is imperatively required.

In a related study, Chiadighikaobi et al. (2024) utilized two types of BF, namely Micro and Macro,
to illustrate that hybridizing micro- and macro-scale basalt fibers can result in significant enhancement of
compressive strength in concrete. Their best performing mix was the hybrid B4 mix, with 0.75% micro-
fibers and 0.75% macro-fibers, which attained a 28-day compressive strength of 24.63 N/mm?
representing a 62% improvement over the plain concrete control, B1. This enhancement was
substantially higher compared to the single-fiber mixes, B2 containing 1.5% micro-fibers and B3
containing 1.5% macro-fibers. Such superior performance of the hybrid mix has been attributed to the
complementary action of the two types of fibers, i.e., the bridging action as shown in Figure 2. The micro-
fibers would be effective in controlling micro-cracking at early-age hydration, while the macro-fibers would
bridge the larger cracks that occur under much higher applied stress levels, leading to a more cohesive
and damage-resistant matrix.
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Fig. 2 - Bridging action of the hybrid with different sizes; (a) first phase of loading, and (b) second
phase of loading (Park et al., 2022 [13] as cited in Chiadighikaobi et al., 2024 [9])
Image by the author of the article

Additionally, the Hybrid mix B4 also exhibited the fastest strength gain, which increased by 41%
from day 7 to day 28, demonstrating that fiber hybridization acts not only to improve peak strength but
also to accelerate early-age mechanical development. It is shown that hybrid fiber design plays a key
role in enhancing the performance of concrete; hence, the synergism that arises from the combinations
of fibers at different scales cannot be captured with single-fiber systems. This study places hybrid basalt
fiber reinforcement as one of the most viable strategies toward the development of high-strength, durable,
and resilient concrete for various structural and pavement applications. This observed effectiveness is
partly because of crack-bridging action by the fibers, which controls crack initiation and propagation,
improves post-cracking toughness, and enhances overall mechanical performance of the concrete
composite.

1.2 Fracture mechanics.

Understanding why hybrid fibers yield such improvements requires a reconsideration of the
fundamental principles that underpin crack behavior. Fracture mechanics offers a rigorous and physically
grounded approach to analyzing crack initiation and propagation in concrete, which is inherently
heterogeneous and quasi-brittle. The concrete microstructure, as described by aggregates, cement
paste, pores, and ITZs, suggests that complex fracture behavior cannot be fully captured by the classical
strength-based model. A recent review paper by Barbhuiya et al. (2024) [14] gives a broad basis on
which to explore the mechanisms of crack initiation, stable and unstable crack growth, and size effects,
linking microscale interactions to macroscopic fracture parameters. The synthesis highlights
experimental methods for full-field deformations by means of digital image correlation and acoustic-
emission techniques that detect cracking activity to characterize key fracture mechanical quantities like
initiation toughness and unstable or critical toughness.

These experimental foundations have, in turn, formed the basis for substantial advances in the
numerical simulation of realistic crack propagation, using various state-of-the-art numerical methods. Of
these, one of the most popular for quasi-brittle materials, such as concrete, has been the phase-field
model. For instance, Le et al. (2024) [15] proposed a phase-field model with an imperfect interface to
model concrete at the mesoscale by explicitly accounting for aggregates, the cement matrix, and the
interfaces between them. By adopting smeared scalar fields that represent cracks and interfaces, the
model is capable of capturing complex fracture patterns, including debonding and bulk cracking. The
strength of the interface is identified to critically influence overall fracture behavior, while this study shows
that numerical simulations can be calibrated to reflect microscale physical interactions and thus provide
complementary insights into experimental observations.

Apart from the static fracture behavior, another critical aspect of concrete performance is fatigue,
especially when it is subjected to a sequence of loading that is repeated or cyclic in nature. In view of
this, Baktheer et al. (2024) [16] have enhanced the phase-field cohesive zone method to simulate the
fatigue crack propagation of quasi-brittle materials. Their model replicates experimental fatigue
phenomena, including hysteresis, S—N (stress-life) curves, fatigue creep, and Paris-law behavior. This
work demonstrates that accurate modeling of fatigue is now possible and provides a predictive tool for
the long-term structural performance of concrete, a subject area for which fracture mechanics has
traditionally struggled to find solutions by validating the approach across two- and three-dimensional
boundary-value problems and different crack modes, mode I, and mixed-mode.
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Other numerical frameworks have also emerged. Alrayes et al. (2023) [17] applied the scaled
boundary finite element method (SBFEM) coupled with a cumulative damage-plasticity constitutive law
to simulate cyclic crack growth. The approach they propose allows for detailed modeling of the FPZ due
to the consideration of cohesive traction laws that were corrected for damage accumulation during load
cycles and has been able to capture the monotonic and fatigue-driven crack growth in heterogeneous
concrete under load. These complementary modeling strategies illustrate the increasingly sophisticated
and accurate fracture mechanics tools.

Experimental investigations have continued to provide vital validation to such models. As an
example, Wei Dong (2024) [18] explored the quasi-static and dynamic fracture behavior of mass
concrete, with special attention to large-scale members under extreme loading, such as those
experienced by dam structures. Employing pre-cracked cylindrical specimens under different loading
rates, the investigation showed well-pronounced differences in the fracture response between the quasi-
static and dynamic conditions, thus yielding practical information on fracture energy, crack growth, and
size effects in field-relevant situations.

The principles of fracture mechanics are particularly useful in the design of fiber-reinforced or
modified concretes. Recently, research involving basalt fiber-reinforced expanded-polystyrene
geopolymer concrete has demonstrated how effective fiber bridging is at improving fracture properties.
In the investigation of Tao et al. (2025) [19], critical parameters of fracture, such as initial fracture
toughness, unstable toughness, fracture energy, and ductility index, were determined by notched beam
three-point bending and DIC. These authors demonstrated some impressive gains for these properties,
including a 98.9% gain in fracture energy and a greater than 28% gain in unstable toughness, which was
primarily due to the energy-dissipating, crack-bridging action of the fibers, as confirmed through
microscopy and X-ray micro-CT analyses.

Hybrid fiber systems, which combine fibers of different lengths or types, are increasingly being
examined through a fracture-mechanics lens. Ding et al. (2025) [20] studied hybrid fiber-reinforced
concrete (HFRC) combining basalt fibers (BF) and polypropylene fibers (PPF). Static and dynamic
mechanical tests, in concert with microstructural characterization, demonstrated a synergistic effect at
an optimal BF-to-PPF ratio of 1:2 by volume: the compressive strength was enhanced by 13.7%, the
splitting tensile strength by 76.3%, and the elastic modulus by 116%. These microstructural observations
have demonstrated that, indeed, fibers effectively bridge cracks, distribute stress, and resist pull-out,
leading to enhanced toughness and energy absorption.

These various studies together give evidence of the merging of experimental, theoretical, and
computational efforts in fracture mechanics to understand and improve concrete performance. They have
shown that current modeling techniques allow the engineering of stronger, more damage-tolerant, and
durable concretes under realistic loading and environmental conditions when combined with fiber-
reinforced approaches. Based on this body of work, Khan et al. (2021) [21] further investigated the effects
of basalt fiber length and dosage on fracture behavior, reinforcing the key role of fiber geometry in
tailoring mechanical performance.

1.3 Crack Behaviour of FRC

Cracking in concrete represents the fundamental challenge to pavement durability, especially for
rigid airfield pavements where restrained shrinkage, thermal gradients, and drying shrinkage interact to
cause microcrack formation that can grow into full-depth cracks. Key to FRC's enhanced resistance to
crack formation is the fiber-bridging process. When concrete cracks, the fibers crossing the crack carry
tensile stresses, restrain crack opening, retard propagation, and dissipate energy. Consequently, there
is an increase in the energy involved in crack initiation and growth, thereby enhancing toughness and
residual load capacity. Theoretical underpinnings for this behavior were given by fracture-process-zone
models, such as the cohesive (fictitious) crack model, representing a nonlinear zone of microcracking
and bridging near the tip of the crack that governs post-cracking response Zhang et al. (2024) [22].

Building on this concept, Khan et al. (2021) [21] have quantified the influence of basalt fiber
geometry through tests carried out on mixes containing four kinds of fiber lengths, namely, 12, 25, 37,
and 50 mm. In fact, the FCSF-BF12c composite containing 0.45% of 12 mm basalt fibers performed
better than all other mixes in terms of both the initial fracture toughness and fracture energy. This
enhancement was explained with respect to optimum fiber bridging that restricted the development of
meso-cracks and macro-cracks during both stable and unstable crack propagation modes. SEM
observations also confirmed that energy-absorbing mechanisms such as fiber pull-out, breakage, and
adequate bonding played an important role in improving fracture resistance. The above studies
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demonstrate the importance of fiber length and content optimization towards a balanced and efficient
crack-control system in FRC.

Complementing this work, da Silva et al. (2025) [23] have emphasized the importance of the fiber—
matrix interfacial behavior in controlling crack development. Thus, depending on whether pull-out,
debonding, or breakage is the mode of fiber failure, energy dissipation will take place accordingly during
cracking. For example, in the case of pull-out, the energy will be dissipated through friction and debonding
processes. In agreement with Khan et al. (2021), Da Silva et al. have established that the employment
of shorter fibers provided a more positive contribution to fracture toughness due to the enhancement of
the bridging mechanism and limitation of microcrack opening. Their findings also suggest improvements
in the compressive and flexural strength usually accompanying enhancements in fracture toughness.

Beyond interfacial and bridging mechanisms, the flexural performance of hybrid fiber systems has
been widely explored. One such work is by Fu et al. (2022) [24], where it is observed that the combined
use of basalt and polypropylene fibers at low volume fractions resulted in increased ductility with modified
fracture paths along with improved residual strength. The tortuousness introduced in the crack path by
the multiple fiber types reduced the possibility of straight, catastrophic crack growth. This behavior is of
particular interest for airfield pavements, since concentrated aircraft wheel loads may propagate cracks
rapidly unless effectively resisted by fiber reinforcement.

Further supporting the benefits of fiber addition, a study by Zhang et al. (2025) [25] demonstrated
that with increased volume of steel fibers, compressive strength, fracture toughness, and fracture energy
were enhanced. More specifically, with the increase in the volume of steel fibers by 21%, enhancements
of 45.45% and 2013.4% were recorded with regard to fracture parameters when compared to the control
mix. These observations led the authors to conclude that the incorporation of fibers for maximum
improvement in fracture toughness and fracture energy should be done in a controlled manner.

The environmental durability has also been explored. Pei et al. (2024) [26] conducted Split-
Hopkinson Pressure Bar testing on BFRC to investigate dynamic fracture performance after exposure to
freeze-thaw cycles. They reported that an increase in FTC exposure promotes crack growth and
decreases dynamic Mode | fracture toughness. Of importance, longer basalt fibers oriented
perpendicular to the crack tip were found to decrease Mode | stress intensity factors more effectively
than Mode Il, again highlighting how fiber geometry and orientation influence dynamic fracture resistance
under cyclic freeze-thaw conditions.

Similarly, Tao et al. (2025) [27] explored the properties of basalt fiber-reinforced EPS-geopolymer
concrete. Notched three-point bending and digital image correlation provided significant improvements
in various fracture parameters at the respective optimums of 0.4% fiber and 20% EPS, including 99%
improvement in fracture energy and ~28% gain in unstable toughness. Microscopy and X-ray micro-CT
imaging confirmed that fiber bridging, pull-out, and crack deflection dominated the toughening response.

Overall, the evidence from the studies indicates that there is a direct proportional relation between
fracture parameters related to fiber-reinforced concrete and the resulting crack width and depth, with
implications for fiber design in controlling cracking and improving structural performance. Saouma (2022)

[28] Fracture mechanics notes indicated that K, . is dependent on the crack depth as shown in Equation
1. This shows that the K, is directly proportional to crack depth (d. ) i.e., a greater d would resultin a
greater K, . In addition, proving that a greater Crack width (w ) would also result in a greater K, . This
is because the w is also directly proportional to the d as shown in Equation 2.

K, ,=Yo (ﬂd) , [§18}

where Y is the geometry Factor and o is the applied far-field tensile stress.

d=hkw. (2)
[29]

1.4 Fatigue Life of FRC
Fatigue behavior in pavement concrete differs considerably from the classic fatigue phenomena
observed in conventional structural members. While beams or columns usually experience distributed
stresses over larger areas, pavement slabs are exposed to highly concentrated contact stresses due to
aircraft wheels. The magnitudes of the loads are much higher, while the areas of loading are relatively
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small, and the number of load repetitions on intensively used runways can reach hundreds of thousands
to several millions during the pavement service period. Thus, mechanisms of fatigue crack initiation and
propagation in pavement concrete are controlled not only by the magnitude and frequency of traffic loads
but also by a complex interaction among static and dynamic wheel pressures, subgrade stiffness, joint
conditions, temperature gradients, and long-term environmental deterioration processes such as
moisture ingress or freeze-thaw cycles. This multi-factor nature of pavement fatigue demands a rigorous
understanding of the different methodological approaches used in its assessment.

Various established methods for testing the fatigue performance of concrete pavement specimens
generally fall into experimental, numerical, and empirical categories. Experimental approaches include
flexural fatigue testing, direct tensile fatigue testing, accelerated pavement loading, fracture-based cyclic
testing, and full-scale pavement simulators. These remain some of the most physically representative
techniques for characterizing how cracks initiate, interact, and propagate under repeated stresses [30]-
[31]. Investigation of material heterogeneity, fiber-matrix bonding characteristics, microstructural defects,
moisture effects, and realistic modes of failure should be feasible with such studies, both in the laboratory
and the field, which purely theoretical or computational models can seldom reproduce with high fidelity.
Despite accuracy and realism, these experimental procedures are usually time-consuming, highly
equipment-dependent, and costly; for these reasons, they are less viable for routine design applications
or large-scale assessments.

At the same time, empirical methods are a more practical alternative in those cases when rapid
assessment or interpretation of extensive datasets is required. Several techniques widely used in
practice for preliminary pavement designs or to assess fatigue life in pavement management systems
include S-N relationships of fatigue, the Miner's cumulative damage hypothesis, and regression-based
models of fatigue prediction obtained from historic pavement performance databases [32]-[33]. These
methods simplify the complex fatigue behavior of concrete into tractable mathematical expressions,
whereby engineers can approximate performance without extensive testing. These models lack the depth
and mechanistic accuracy of experimental studies but have been effective at capturing broad trends in
fatigue and for decision-making in large infrastructure networks. It is in the balance between simplicity
and predictive capability that empirical models become indispensable under certain conditions when
resources, time, or equipment availability is lacking.

A growing body of research also underlines the influential role that fibers can play in enhancing
fatigue crack resistance and lengthening service life in asphalt and concrete pavements. The fact that
fiber reinforcement constrains microcrack formation and ultimately suppresses the generation of
macrocracks, as well as improving load transfer across developing fracture planes, has been clearly
demonstrated. However, performance improvements brought about by the application of fibers are very
often quite variable with respect to fiber type, geometry, aspect ratio, surface texture, and dosage. Qin
et al. (2024) [34] pointed out that adding steel fibers significantly improved the mechanical properties of
concrete, including those related to its fatigue performance, mainly because such fibers improve post-
cracking behavior and fracture toughness. This, of course, further reinforces the general principle that
increased fracture toughness is directly proportional to improved fatigue resistance, given that tougher
materials dissipate more energy during crack growth and hence result in slower fatigue degradation.

In this regard, hybrid fiber reinforcement approaches have received greater attention in recent
times. Hybrid systems comprise micro-fibers like polypropylene, basalt micro-fibers, or cellulose fibers,
combined with macro-fibers such as steel, basalt, and other synthetic macro reinforcements. The idea is
to exploit each of the strengths of these fiber types: while micro-fibers are highly effective in controlling
plastic shrinkage and limiting early microcrack development, macro-fibers contribute to post-cracking
load transfer and structural bridging at larger crack widths. Singh et al. (2012) [35] showed that hybrid
fiber concrete had lower crack propagation rates compared to unreinforced and single fiber concrete
mixtures and resists a greater number of load cycles to failure. Besides improving fatigue, hybridization
has also been attributed to broader improvements in durability performance, including resistance to
impact, abrasion, spalling, and environmental degradation. Multiple fiber types combined provide a
synergistic reinforcement mechanism capable of dealing with a wide range of modes of failure in
pavement systems and enable longevity with reduced maintenance needs.

1.5 Durability of BF Pavement
Durability testing of BF pavements has to link material-scale transport and chemical degradation
processes with the pavement-scale mechanical wearing and environmental cycling [36]. Experimental
durability tests of BF concrete commonly address only the permeability and transport properties, such as

water absorption, sorptivity, rapid chloride migration, or RCPT, etc. Besides freeze-thaw resistance, salt
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scaling, and combined salt-freeze tests, abrasion and skid resistance, and microstructural tests also play
an important role in determining the durability of reinforced pavement [37-38]. Standardised, accelerated
tests, such as non-steady state chloride migration and ASTM C666 freeze-thaw and abrasion tests, are
in extensive use because they compress the long-term processes into the laboratory timeframe yet can
still reveal the comparative behaviour across the mixes [37]. Testing is necessary, since the effects of
BF are often indirect. fibers change the cracking patterns, tortuosity, and microcrack bridging that, in turn,
affect transport and surface deterioration more than they directly change the bulk chemistry.

When properly dosed and dispersed, basalt fibers have shown a net positive effect in several
durability metrics in recent laboratory and field studies. These include reports of reduced surface scaling
under salt-freeze cycles and improved retention of dynamic modulus in freeze-thaw testing owing to
crack-control effects. That is, smaller and better-distributed microcracks, enhanced post-crack bridging,
and pore connectivity alterations yield slower ingress. For example, Zhou et al. (2023) [39] determined
that small basalt-fiber additions improved mortar resistance to salt-freeze erosion and significantly limited
mass loss by preserving the pore structure and minimal macrocrack development. Similar improvements
in frost resistance and reduced permeability for BF-modified concretes have been reported by Guo et
al.(2024) [38] from their experimental study. These are consistent with a premise that the principal
durability benefit of BF in pavements is crack control and the associated reduction of pathways for
aggressive agents, rather than large gains in intrinsic chemical resistance.

However, gains in terms of durability are also strongly dependent on fiber content, length,
dispersion, matrix composition, and fiber surface treatment. Several works observe an optimum dosage
of BF beyond which workability and clumping of fibers impair consolidation, increasing entrapped air,
and creating zones of weakness that can further worsen permeability and surface wear [36], [12]. Besides
that, the interface between BF and cementitious matrix-the ITZ-is a critical issue. If some sizing or surface
modifications are not used, eventually, an untreated BF could be susceptible to alkaline attack or poor
bonding with high-alkalinity cement matrices for very long exposure. Wang et al. 2025 [40] pointed out
that modified or nano-treated basalt fibers-silane/nano-SiO, coating to improve chemical stability and
adhesion. First test results show improved durability metrics compared to unmodified fibers. Thus, mix
design and fiber treatment will become the effective prerequisites for assuring that BF's theoretical
advantages are realized in the reliable performance of pavement.

The key weaknesses and degradation pathways of BF in pavement contexts are still under
investigation. Some of the more fundamental issues include long-term chemical stability of basalt fibers
in highly alkaline pore solutions, possible mineral leaching from the fibers, and how repeated mechanical
polishing/abrasion may affect the surface-exposed fibers. Such uncertainties underline the fact that, while
basalt fibers have demonstrated distinct advantages in controlled conditions, their complete performance
over a long period when placed under natural pavement conditions is not yet fully known.

Despite undisputed evidence from the laboratory of basalt fibers and hybrid fiber approaches for
mitigating cracking and enhancing toughness, what still appears to be lacking is holistic, integrated
performance evaluations presenting quantitative measures for cracking behavior, fatigue life under
representative pavement loading, and durability under environmental stressors for basalt fiber hybrid
pavement mixes. This research, therefore, tries to fill such a gap by developing and applying an
integrated multi-criteria performance-evaluation methodology for basalt fiber hybrid concrete pavements.
The goal is to evaluate and rank pavement mix alternatives (Plain concrete, Basalt-fiber-Only, and
Basalt—Hybrid fiber mixes) with respect to a combined set of technical parameters, namely crack width
and density, fatigue life, and chloride ingress. Therefore, the objective in this study is as follows:

1. To investigate the crack width, depth, and propagation of hybrid macro-micro basalt fiber
reinforced pavement concrete through semi-empirical analytical models and using
experimentally determined mechanical properties.

2. Fracture performance, namely fracture toughness and energy release rate of each BFRC mix,
and the role of fiber hybridization in resisting brittle failure.

3. To evaluate the durability and fatigue performance of BFRC pavement mixes by estimating
chloride ingress, deterioration rate, and fatigue life through established analytical approaches
and S—N modeling.

4. To perform a statistical reliability analysis to quantify the expected number of cracks and
structural reliability of each BFRC mix and identify the optimal hybrid fiber combination for
pavement applications.
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2 Materials and Methods

This chapter outlines the methods adopted for characterising the cracking behaviour, fracture
characteristics, fatigue performance, durability, and structural reliability of the laboratory-tested macro-
micro hybrid basalt fiber-reinforced concrete pavement samples. A section on integrated experimental,
analytical, and semi-empirical modeling is presented. According to this approach, the methodology
followed four key steps. First, mechanical properties were extracted from laboratory tests and finite
element (FE) analysis. Second, crack width, crack depth, fracture toughness, fatigue life, and chloride-
diffusion-based deterioration parameters were derived using appropriate and validated semi-empirical
models. Third, the expected occurrence of cracking was estimated using statistical and reliability-based
methods. Finally, a comparative performance assessment was conducted for all concrete mixes.

All the equations and procedures for modeling in this analysis were based on the existing design
frameworks for fiber-reinforced concrete and fracture mechanics models that have been rigorously
supported by recent studies.

2.1 Concrete Mechanical Properties
25 concrete mixes were analyzed in this study. The used Mechanical properties i.e Compressive
strength and Flexural strength, are as in Table 1.

Table 1: Concrete Specimens

S/n | Percentage Percentage | Name Compressive Strength(MPa) Modulus 28-Day
of Basalt of Basalt of samples
Micro fiber Macro fiber . Flexural
(A) (B) 7-Day 14-Day | 28-Day | Elasticity Strength

(GPa)
(MPa)

0 0 K 51.67 58.33 63.6 51.5 8.8
1

2 0 2A 47.45 52.8 58.4 50.4 9.5
2

15 0 1.5A 50.18 54.36 60.76 51.96 9.9
3

1 0 1A 54.9 62.5 70.86 53.57 9.3
4

0.5 0 0.5A 53.152 60.5 67.7 50.98 8.9
5

0.25 0 0.25A | 494 53.5 60.5 49.3 8.6
6

0 2 2B 51.53 57.55 66.67 51.7 9.2
7

0 1.5 1.5B 49.9 56.37 63.03 51.85 9.5
8

0 1 1B 52.72 58.42 68.5 52.73 9.7
9

0 0.5 0.5B 46.66 52.71 58.67 50.3 9.3
10
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2 1 2A1B | 52.7 57.5 64.15 |52.7 9.4
11

2 05 |2A0.5B | 486 52.3 58.8 51.8 9.6
12

15 2 1.5A2B | 48.4 53.8 59.28 | 52.2 9.7
13

15 15 |15A15|51.3 57.63 |63.87 |53.3 10.2
14 B

1.5 1 1.5A1B | 52.1 57.04 |63.74 |52.97 9.5
15

1.5 05 | 1.5A05 | 56.8 63.87 |72.8 53.65 10.4
16 B

15 025 |1.5A0.2 | 52.8 59.18 |67.13 |52.4 9.4
17 5B

1 2 1A2B | 53.96 59.76 | 67.46 |52.13 10.1
18

1 15 | 1A1.5B | 49.34 5465 |60.2 52.7 10.3
19

1 1 1A1B | 51.52 58.4 66.156 |51.3 9.7
20

1 05 | 1A0.5B |49.34 57.3 63.71 |51.05 9.4
21

0.5 2 0.5A2B | 51.34 56.99 |64.8 51.3 9.4
22

0.5 15 | 05A15 |52.23 57.4 64.42 |51.92 9.9
23 B

0.5 1 0.5A1B | 50.6 56.5 65.47 |51.37 9.5
24

0.5 05 | 0.5A0.5 | 49.813 54.2 62.02 |50.52 9.1
25 B

The compressive and Flexural strength of samples were obtained from previously conducted
compressive strength tests, as shown in Figure 3-4 and Equation 3-4 for the 7, 14, and 28-day samples.
The Modulus Elasticity was then derived using Equation 5
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where P is the maximum load; L is the length; b is the width of the sample; d is the depth of the sample

6, 0
E=— (5)

7
€,-¢

where;

o, 0, = stress values within linear portion of stress—strain curve (MPa)

e,, €, = corresponding strain values

2.2 Crack Width and Depth Analysis
The crack width was derived from the Mean crack spacing (S, ), Strain reduction factor ( ), and

tensile strain at the fiber level (&, ) as shown in Equation 6 [1].

_ 6)
wW=S -B-g, (
The Strain reduction factor () is a dimensionless coefficient that shows how much tension the
concrete and fibers still carry between cracks. It adjusts for the difference between the strain at a crack
and the average strain in the concrete. 3 typical values range from 0.4 to 1.0; the 3 value used for the
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control mix (no fibers) was 0.6. While a constant B value used for the rest of the fiber mixes was 0.8. At
28 days, all fiber mixes’ compressive strength was greater than the control mix; thus, the greater the 3

value used [42].
The S value used for the control mix was 0.15m because the cracks observed from the

experimental test were much closer than plain reinforced concrete. This estimation aligns with
Vandewalle's (2023) [43] study. While the S_ value used low fiber content (A+B<1.5%) was 0.12m and

0.10m for large fiber content (A+B>1.5%). The S_ values are dependent on reinforcement spacing,

bond characteristic, and fiber content. Smaller S means more frequent but finer cracks, hence

validating the values used.
The ¢, value of mixes was dependent on several values i.e. tension stress (o, ), Flexural strength

(modulus of rupture) (£ ), compressive strength(f,), Modulus of elasticity (E_ ). (See Equations 7-9).

£ =0.7/f., (7)
[41]

c,=0.3f,, (8)
[41]

e =35 (9)

" E [41]

The Compressive strength values were used from previously conducted compressive tests (see
Table 1). The modulus of rupture of 28-day used was also obtained from a previously conducted 3-point
loading test (see Table 1). While the 7-day and 14-day were estimated using Equation 7. After deriving
the Crack width, the Crack depth was determined using Equation 2 [29]. Under service and shrinkage
loads, several works find a linear depth-width scaling for small cracks, i.e., cracks<0.3mm. Zhu et al.
(2020) [29] study shows near linear scaling; thus, this study adopted a pragmatic linear scaling constant.

2.3 Crack Propagation Analysis

The critical fracture toughness (K, . ) is the value of K, at which unstable crack growth starts. It
is a fundamental parameter in fracture mechanics that quantifies the magnitude of the stress field near
the tip of a sharp crack in a linear-elastic material. As shown in Equation 10, this value is dependent on
several parameters, such as the maximum load (in Newtons, N) recorded during the three-point bend
test (P ) (see Figure 4), and the total weight of the beam between the supports (in kg). The term

0.5Wg accounts for the contribution of the specimen's self-weight to the bending moment, Acceleration
due to gravity(g) (9.81 m/s?), the span length of the beam between the supports (S ), the notch depth (
a ), the width of the beam (b ), and the depth of the beam (d).

SV a
K, (MPaVvm)=3(P+0.5Wg)r—f (10)
« (MPaVim) =30+ 05W) (@), )

1.99-a(1-0)(2.15-3.930+2.7a?)
V a(1+2a)(1-a) 2

The Energy release rate (G ), on the other hand, tells how much potential energy is released per
unit increase in crack area. The derived Energy release rate was dependent on the critical fracture
toughness (K, ), Modulus of Elasticity (E ), and Poisson’s ratio (v) as shown in Equation 11.

where f (a)=

K2 E (plane stress) »
G=—L  whereE= E o, (11)
E' Y (plane strain) [44]
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2.4 Durability Analysis
Durability properties of samples were determined from the deterioration rate and Fatigue life. Fick’s
2nd-Law analytical solution for chloride ingress was used to estimate the Deterioration rate of the
samples. A closed-form solution for time to reach a given threshold chloride concentration at cover depth
(x) was adopted as shown Equation 12

1 Cth 2 2
[erf' (1—7C )] X (12)
t= > , [45]
D

app

Surface chloride concentration (C,) was assumed to be 0.6 (wt% cement), which is typical of

splash/marine exposure [46]-[47]. While the threshold chloride (C, ) value used was 0.4 (wt% cement),

a conservative value which also aligns with many studies [46]. The cover depth (x) used was 50mm. The

Baseline apparent diffusion (Dapp ) value used was dependent on the derived compressive strength, with

several studies reporting that higher denser and compressive strength mixes resulted in a lower diffusion.
In accordance with this, a commonly applied empirical scaling was used as shown in Equation 13.

D o £, (13)
[45]

The Fatigue life was estimated using the stress—life (S—N) approach as the most feasible and widely
accepted method for basalt fiber-reinforced concrete (BFRC) mixes. In this method, a logarithmic S—N
relationship between the cyclic stress level and the number of cycles to failure was established, using the
ratio of applied stress to static flexural strength as the governing parameter. This approach has been
extensively applied in recent BFRC studies, which demonstrated that the inclusion of basalt fibers
enhances fatigue resistance, particularly at optimal fiber contents of around 0.3%. The fatigue behavior
was dependent on several parameters, as shown in Equation 14.

(14)

o .
log,,N=0. +b log,,(S,,) where SJ% , (48]

T

Here, N demotes the number of cycles to failure, o represents the cyclic stress amplitude,

which was derived from Von-Mises stress results, hence it was mix dependent. The fatigue strength
coefficient (a ) used was 4.8908, while the fatigue strength exponent (b) used was -5.0. Typical b can
range from -3 to -7 for fiber-reinforced concrete [48-49].

2.5 Statistical Analysis
The Statistical analysis results were also derived from a commonly used semi-empirical approach.
A combined statistical and reliability-based analysis to evaluate crack occurrence and performance
reliability of macro-/micro-basalt fiber reinforced concrete (BFRC) pavement models. The deformation
results were obtained from the FEA, i.e., 28-day maximum static deformation under aircraft wheel
contact, and were incorporated in Equation 15.

D, ~Nu, o, =COV*p,, (15)
’ ’ [50]

Where each deformation value (D, ) was treated as the mean (,) of a random variable D,

representing the potential deformation of the pavement slab. In the absence of direct experimental
standard deviations, a coefficient of variation (COV) of 2 % was assumed to capture material and model

uncertainties. A serviceability threshold deformation, d_, = 0.00585 mm, . was also adopted to represent

the onset of surface cracking, and the probability of crack occurrence (failure probability) for each mix
was determined (see Equation 16).

dcri _/ui
R o

i
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Where ¢ is the standard normal cumulative distribution function. An expected-crack proxy was

then used to estimate by scaling a baseline poison intensity, i.e., two cracks per slab for the control mix,
as shown in Equation 17.

Jopx tr (17)

‘ ' [50]

f,control.

After the failure probability ( P;; ) value was obtained, it was then input into Equation 18 to determine

the reliability index for each mix. Hence, lower P, values resulted in higher ., indicating improved
resistance to cracking.

ﬂi = _¢_1 (Pf,i/ (18)
[50]

3 Results and Discussion

3.1 Crack Width and Depth Results

The derived W for 7-day and 14-day samples indicate that the 0.5A sample is expected to have
the greatest crack width regardless of the day of the sample. While the derived W for 28-day shows that
1B possessed the highest Crack width. On the other hand, the Min crack results were not constant. The
1.5A2B (7-day) sample possessed the minimum crack width for 7-day samples with a crack width of
0.00224mm (See Figure 5), while the 2A0.5B (14-day) sample possessed the minimum crack width for
14-day samples with a crack width of 0.00235mm (See Figure 5). The 1A1.5B (28-day) sample
possessed the minimum crack width for 28-day samples with a crack width of 0.00247mm (See Figure
5). From the derived results, it was observed that the samples with higher fiber content possessed the
least crack width, thus concluding that an increase in the fiber content would result in a decrease in
expected crack width. These results align with several other studies; for example, Xue et al.(2023) [51]
noted that the importance of early-age hydration and bond development can lead to improved crack
resistance, hence reducing the crack width of concrete. In a related study, Anas et al (2022) [52] noted
that an increase in fiber ratios would result in main crack widths, increase post-crack toughness, and
produce closely spaced, tighter cracks
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Fig. 5 - Crack width of samples
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The d was directly proportional to crack width results, thus the 0.5A sample possessed the
greatest crack depth regardless of the day of the sample (see Figure 6), i.e., 7, 14, and 28 days.
Moreover, the same conclusion was reached that the samples with greater fiber content possessed the
least crack depth, thus also suggesting that an increase in fiber content would result in reduced crack
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depth. These results also align with Anas et al (2022) [52], stating increase in fiber ratios would improve
the cracking resistance of concrete, hence reducing the crack depth.
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3.2 Crack Propagation Results
The derived K, values show 28-day samples possessed higher K, values (See Figure 7), due

to higher compressive and flexural strength to resist higher loads. In addition, it was observed that the
1.5A0.5B sample for 7, 14, and 28 days. Sample possessed the highest K, values among their
counterparts (see Figure 7). Thus, suggesting the 1.5A0.5B sample was the least brittle material. These

results also align with Chiadighikaobi et al. (2022) [53] study, which indicated that an increase in fiber
ratios would reduce the brittleness, hence increasing the fractural toughness of the concrete.
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The derived G values also showed improvement in the 1.5A0.5B sample across the 7-, 14-, and
28-day sample counterparts (see Figure 8). A significant derivation of result was also observed in 2A and
1.5A samples across the 7-, 14-, and 28-day samples, thus suggesting the elastic modulus of concrete
samples have great influence on the G value of the sample than the K, . These results also align with

Chiadighikaobi et al. (2022) [53] study, which concluded that an increase in the fiber content and reduced
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Poisson ratio would result in reduced crack generation of the concrete, thus increasing the Energy
release rate.
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3.3 Durability Results

The values of derived deterioration values show that 1.5A0. 5B is the most durable concrete and
might potentially have the highest matrix strength to resist chemical attack over time. This performance
is directly related to the higher compressive strength, due to which the chloride diffusion rate is low.
Results confirm that modification in mix design, in particular reduction of component B, significantly
enhances durability and prolongs the service life of the structure in comparison with the standard baseline
mix (see Figure 9). These results also align with Razmi et al. (2025) [54] study which noted that mixes
with higher 28-day compressive strengths generally have lower measured chloride diffusivity.
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On the other hand, based on Figure 10, the direct comparison among the different concrete mixes
with respect to fatigue life (N) shows that mix 2A1B has a far superior fatigue performance to the other
samples, likely due to its specific composition matching the optimal 0.3% basalt fiber content. As shown
graphically, mix design plays a crucial role, wherein the huge variation in the derived values of N shows
that not all fiber-reinforced combinations are created equal. Further, by plotting data points, it would show
vividly how steep the logarithmic relation of the S-N model is, indicating that for a small reduction in
applied stress level, the number of cycles to failure for each mix is exponentially increased. These results
also align with Qin et al. (2024) [55] study, which indicated that fiber type, volume fraction, length,
orientation, mixing/dispersion, and specimen size all change fatigue response. Some mixes with higher
nominal fiber volume perform worse if fibers agglomerate or orient poorly.
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3.4 Statistical Analysis Results
The Derived A, values show that the 2A1B sample possessed the least expected cracks.

Moreover, the results show that samples with hybrid fibers possessing higher microfiber ratios would
result in lower expected cracks, i.e., 2A1B,1.5A1.5B, both of which possessed lower expected cracks
than 1.5A2B (see Figure 11). In addition, lower expected cracks resulted in resistance against cracking,
as shown in Figure 12. 2A1B possessed the highest  value, thus indicating that the use of smaller

fibers in fiber reinforced does improve cracking resistance of fiber-reinforced concrete more than the use
of macro fiber-reinforced concrete. These results also align with He et al. (2022) [56], which indicated the
importance of proper fiber hybridization ratios to increase crack bridging capacity to reduce early cracks,
hence improving the crack resistance of concrete.
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4 Conclusions

The present study investigated the influence of basalt fibers and different fiber combinations on the
performance of concrete to be used in airport pavements. With laboratory tests, modeling tools, and
reliability analysis, the investigation also explored the effects of fiber type, dosage, and hybridization on
the overall behavior of pavements. The Conclusion of the study is as follows:

1.

4.

The test results showed that basalt fibers significantly enhanced performance. Greater fiber
content lowered crack width and depth. Hybrid mixes worked best in limiting crack formation
and slowing crack growth. Mix 1.5A0.5B showed the best fracture resistance among all mixes,
evidencing more toughness and energy absorption.

Durability tests highlighted the importance of fiber dispersion: mix 1.5A0.5B achieved the least
chloride penetration and the longest estimated service life

The fatigue modeling showed that performance depends on a balanced mix of fibers, rather
than just the total volume. The best resistance against repeated loading was given for the 2A1B
mix.

Reliability analysis confirmed that microfibers play a key role, and that mixes 2A1B and
1.5A1.5B have the lowest failure probabilities and the highest reliability.

To summarize, the results indicated that balanced hybrid basalt fiber systems provided
improvements in resisting fracture, cracking, and fatigue performance, and durability under long-term
exposure. The testing framework developed herein also provides a useful guideline to improve future
FRC pavement designs. Well-designed hybrid basalt fiber reinforcements could lead to stronger, more
durable, reliable, and sustainable airport pavements.
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