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Abstract: The integration of Recycled Concrete Aggregate (RCA) and Reclaimed Asphalt
Pavement (RAP) into Hot Mix Asphalt (HMA) presents a sustainable solution to mitigate
environmental impacts and reduce reliance on virgin materials. This study investigates
the influence of RCA and RAP as partial replacements for natural limestone aggregates
on the volumetric, mechanical, and performance properties of asphalt mixtures. Replace-
ment levels of 11%, 33%, and 66% (by total aggregate weight) were evaluated through
comprehensive testing, including dynamic modulus, flow number, stiffness factor, and
loss modulus assessments under varying temperatures and loading frequencies. Findings
indicate that recycled aggregate incorporation results in a progressive reduction in opti-
mum asphalt binder content, voids in mineral aggregates (VMAs), and voids filled with
asphalt (VFAs). While all mixtures demonstrated acceptable stiffness-frequency behav-
ior, the 33% replacement mix provided the best balance of rutting resistance and fatigue
performance, satisfying Superpave volumetric criteria. The 11% mix exhibited enhanced
fatigue resistance, whereas the 66% mix, despite showing the highest rutting stiffness,
failed to meet minimum volumetric thresholds and is therefore unsuitable for structural
applications. Statistical analysis (one-way ANOVA) confirmed the significant effect of
RCA and RAP content on the mechanical response across performance zones. The results
highlight the potential of using moderate recycled aggregate levels (particularly 33%) to
produce durable, sustainable, and cost-efficient asphalt mixtures. For regions with mixed
distress conditions, a 33% replacement is recommended, while 11% may be preferable
in fatigue-critical environments. Further research incorporating viscoelastic continuum
damage models and life cycle cost analysis is suggested to optimize design strategies and
quantify long-term benefits.

Keywords: hot mix asphalt; Recycled Concrete Aggregates; Reclaimed Asphalt Pavement;
rutting and fatigue cracking; life cycle assessment; pavement sustainability

1. Introduction and Background Literature
The pursuit of sustainable construction and resilient infrastructure has directed the

incorporation of new materials and techniques. Resilience provides for long-term durability
against many stresses, while sustainability is a mix of recycled and reclaimed materials,
lowers the carbon footprint, and extends pavement life [1]. Conventional asphalt manufac-
turing depletes natural resources and disrupts ecosystems [2]. Consequently, the sector has
come to adopt non-conventional materials because of resource constraints and growing
traffic loads [3]. Sustainable construction also promotes long-term cost advantages by
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building climate-resilient roads for the future of sustainability [4]. Governments are also
turning to waste-derived alternatives in road construction for curbing landfill overflows
and the optimal use of resources [5], of which steel slag, waste rubber, RAP, RCA, and
construction waste have proven to be effective [6–8].

Recycled materials, particularly Recycled Concrete Aggregates (RCAs) and Reclaimed
Asphalt Pavement (RAP), have emerged as among the most prominent studies in pavement
engineering research [9,10]. The construction sector remains one of the leading causes of
waste [11], propelling demand for sustainability strategies that reduce resource dependence,
energy consumption, and greenhouse gas emissions [12]. Construction and Demolition
Waste (CDW), driven by rising landfill costs, is an economy-saving practice [11]. The
incorporation of recycled materials in asphalt mixtures enhances structural performance,
supports environmental conservation, and mitigates landfill overuse. Although landfill-
ing Recycled Concrete Aggregate (RCA) remains a common practice, it poses serious
environmental risks, including leachate generation and groundwater contamination [13].
Recycling (RCA) not only helps reduce waste disposal volumes and preserve natural lime-
stone resources, but its potential application in asphalt mixtures remains underexplored in
current research.

Various studies have investigated the impact of utilizing RCA on pavement perfor-
mance with different percentages of RCA incorporation. Rizvi et al. (2010) demonstrated
optimal performance with 15% RCA, as higher replacement levels compromised both
strength and permeability [14]. Mills-Beale and You (2010) found that although RCA
reduced dynamic stiffness, mixtures remained compliant with performance specifica-
tions [15]. Nwakaire et al. (2020) found that a 40% Recycled Concrete Aggregate (RCA)
content delivered optimal pavement performance [16]. Sanchez-Cotte et al. (2020) re-
ported environmental advantages with stable mechanical properties in Hot Mix Asphalt
(HMA) [17]. Al Hassanieh (2014) proposed using 20% RCA for the best stability with
increased rut resistance and fatigue cracking at different levels [6]. Durango et al. (2023)
found that RCA replacements of up to 15% provided satisfactory mechanical performance
while also offering sustainability benefits [18].

The application of RCA in asphalt mixtures presents several challenges. Due to its
high porosity and water absorption, RCA increases bitumen demand and material costs.
Additionally, residual mortar weakens cohesion, particularly under moisture exposure.
The low density and strength of RCA further reduce mix stability and water resistance,
while its abrasive nature complicates compaction and long-term durability [19].

On the other hand, reusing RAP in asphalt mixtures provides significant benefits, such
as resource conservation, support for circular economy principles, and reduced environ-
mental impacts—including lower leachate and methane emissions [20]. RAP also improves
road durability, decreases dependence on virgin materials, and reduces production costs
and energy consumption [21].

Studies have evaluated RAP’s performance at varying replacement levels. Saha
et al. (2017) reported that mixtures containing 20% RAP demonstrated enhanced rutting
resistance, whereas 24% RAP mixtures exhibited reduced cracking resistance [22]. Similarly,
Winkle et al. (2016) observed that high-RAP mixes maintained strong performance but
became more prone to thermal cracking with prolonged use [23].

Al-Qadi et al. (2012) investigated high-RAP mixtures with various binders and found
that they consistently outperformed conventional mixes especially at 50% RAP content [24].
However, their study emphasized the need for binder grade adjustments when RAP
exceeded 30% to maintain optimal performance [24].

Colbert and You (2012) demonstrated that fractionated RAP significantly enhanced
performance under high-temperature and heavy-load conditions, improving both rutting
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resistance and resilient modulus [25]. Meanwhile, Naser et al. (2022) explored combined
mixes of RAP and RCA, observing that RAP boosted Marshall stability while RCA primarily
affected volumetric properties [26].

Furthermore, Sapkota et al. tested recycled aggregate contents up to 100%, re-
porting substantial gains in stiffness, stability, and moisture resistance [27]. Similarly,
Noura et al. (2023) analyzed stiffness and fatigue life in recycled-material mixes, revealing
superior properties compared to conventional asphalt [28]. The work also yielded a highly
accurate fatigue prediction model, achieving near-perfect correlation [28].

Recent research has demonstrated the growing viability of recycled materials in pave-
ment construction. Pradhan et al. (2023) systematically evaluated RAP incorporation
rates from 0% to 30%, ultimately recommending 20% RAP as the optimal dosage for
achieving balanced strength and durability in bituminous pavements [29]. These findings
are supported by parallel studies from Salehi et al. (2021), Aytekin et al. (2022), and
Mariyappan et al. (2023), which collectively highlight the potential of RAP and RCA to
substantially reduce construction waste, lower emissions, and minimize reliance on vir-
gin materials [30–34]. The mechanical performance of these recycled materials has been
rigorously validated with Rout et al. (2023) and Covilla-Varela et al. (2023) confirming
RAP’s structural suitability for asphalt mixtures and RCA’s durability in concrete applica-
tions [35,36]. Notably, research by Behnood (2019) and subsequent researchers has shown
that properly rejuvenated RAP mixtures can match or exceed the performance of conven-
tional asphalt [37–39]. Similarly, studies by Shaban et al. (2019) and Makul et al. (2021)
have demonstrated RCA’s effectiveness in concrete when appropriate processing methods
are applied [40,41]. Environmental assessments conducted by Yaro et al. (2023) [33] and
Al-Bayati et al. (2018) [42] further reinforce the sustainability benefits, documenting sig-
nificant reductions in carbon footprint and landfill dependency [42–45]. However, several
challenges must be addressed, including material variability due to differing source compo-
sitions and processing histories [46], potential contamination from substances like chlorides
or sulfates [47], and concerns about interfacial bonding between recycled materials and
new binders that may affect long-term performance [47]. These considerations highlight
the need for careful quality control and mix design optimization when implementing
recycled materials in pavement construction. To mitigate these issues, several approaches
have been proposed in the literature and practice: implementing stringent material char-
acterization protocols to manage variability, applying rejuvenators to restore aged binder
properties, incorporating anti-stripping agents to enhance moisture resistance, and estab-
lishing performance-based limits for recycled content in critical pavement layers. These
strategies collectively enable the effective use of RCA and RAP while meeting both sus-
tainability goals and engineering performance requirements in modern pavement design.
These strategies help to ensure that the use of RCA and RAP aligns with both sustainability
objectives and performance-based design requirements in asphalt pavement engineering.

The integration of RAP and RCA presents a promising opportunity to enhance HMA
performance while simultaneously reducing both environmental footprint and material
costs. Current research, however, has primarily examined these materials in isolation
rather than exploring their combined potential. Existing studies have also tended to focus
on conventional performance indicators like Marshall stability and moisture resistance,
potentially overlooking other critical aspects of pavement performance. This limited scope
creates a significant knowledge gap regarding how varying replacement percentages and
material combinations affect overall mixture behavior. This research addresses this gap
by systematically evaluating integrated RAP–RCA mixtures across multiple performance
dimensions. By expanding the assessment beyond traditional metrics, this study provides
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comprehensive insights that could advance the development of more sustainable and
durable road infrastructure solutions.

2. Materials and Methods
2.1. Aggregates

The aggregates used in this study consisted of locally sourced limestone. RCA was
obtained from multiple sources, including various batches provided by a construction
materials testing laboratory and demolition waste from local building sites. Similarly, RAP
aggregates were acquired from distinct local suppliers.

The specific gravity of coarse and fine aggregates was determined in accordance with
ASTM C127 and ASTM C128 standards, respectively [48,49]. The absorption characteristics
and specific gravity values of the different aggregates are presented in Table 1, while their
physical properties are summarized in Table 2. Coarse aggregates are defined as those
retained on sieves with openings exceeding 4.75 mm (No. 4 sieve), while fine aggregates
pass through the 4.75 mm (No. 4) sieve.

Table 1. Absorption and specific gravity of the used materials.

Materials Specific Gravity Absorption

Coarse Limestone Aggregate 2.654 1.47%
Fine Limestone Aggregate 2.685 1.34%
Coarse Recycled Concrete Aggregate 2.347 1.78%
Fine Recycled Concrete Aggregate 2.359 1.62%
Coarse Reclaimed Pavement Aggregate 2.669 1.39%
Fine Reclaimed Pavement Aggregate 2.698 1.17%

Table 2. Physical properties of limestone aggregates.

Physical Properties ASTM Average Superpave Criteria Status

Coarse Angularity D5821 [50] 97.95% Min of 85% Passing
Flat and Elongated D4791 [51] 2.20% Max of 10% Passing
Toughness C131 [52] 20.04% Max of 40% Passing
Surface Texture
(Particle Index) D3398 [53] 14.025% Rounded, smooth: 6 or 7

rough, angular: 14–20 or more Rough, Angular

2.2. Asphalt Binder

A 60/70 penetration grade unmodified asphalt binder was employed for mixture
preparation. The optimal mixing and compaction temperatures were established at 160 ◦C
and 150 ◦C, respectively. In accordance with ASTM D4402 [54] testing procedures, the
binder’s specific gravity was determined to be 1.03 at a standard temperature of 25 ◦C.

Limestone aggregates are widely used in pavement construction due to their favorable
mechanical properties, including adequate compressive strength, durability, and resistance
to environmental degradation. The compressive strength of limestone varies depending
on its geological formation and processing methods. Studies have reported that limestone
aggregates typically exhibit compressive strength values ranging from 40 MPa to 100 MPa,
depending on factors such as mineral composition and porosity [55,56]. Research has
shown that limestone-stabilized pavement layers enhance structural integrity and improve
resistance to fatigue and permanent deformation [55]. Additionally, studies on permeable
asphalt mixtures incorporating limestone aggregates have demonstrated satisfactory com-
pressive strength values, contributing to improved pavement performance [57]. These
findings support the selection of limestone aggregates in asphalt mixtures, ensuring optimal
mechanical performance and long-term durability.
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Furthermore, research has established a significant relationship between the water
absorption capacity of aggregates and their compressive strength. Aggregates with higher
water absorption tend to have increased porosity, which can negatively impact their strength
characteristics. Studies have shown that recycled coarse aggregates, which often exhibit
higher absorption rates, can lead to variations in compressive strength due to local changes
in the water/cement ratio and the presence of weaker particles [58]. Additionally, the
distribution of water absorption within aggregates plays a crucial role in determining
the overall compressive strength of high-performance concrete [59]. The bond between
the aggregate and the cement matrix is also influenced by absorption levels, affecting the
durability and mechanical performance of the final material [60]. Research has further
demonstrated that the water absorption properties of recycled materials significantly impact
pavement performance, influencing fatigue resistance and long-term durability [61].

Compressive strength tests were conducted on 100 mm cubes in accordance with
the procedure outlined in BS 1881: Part 116 [62]. The compressive strength of different
aggregate types reveals a notable disparity between natural and recycled materials. Natural
limestone aggregate demonstrates the highest compressive strength at 76 MPa, indicating
its superior structural performance. In contrast, RCA and RAP exhibit significantly lower
strengths measured at 35 MPa and 44 MPa, respectively. These results suggest that while
recycled aggregates may offer environmental and economic benefits, natural limestone
aggregates remain more suitable for applications demanding higher mechanical strength.

2.3. Mixture

The 11% replacement level provides insights into minimal substitution effects, ensur-
ing comparability with conventional mixtures. This aligns with studies such as Durango
et al. (2023), which demonstrated satisfactory mechanical performance at lower replacement
levels while maintaining sustainability benefits [18]. The intermediate level of 33% allows
the evaluation of a balanced integration, reflecting findings such as those by Nwakaire
et al. (2020), who reported optimal performance at 40% RCA content in pavement appli-
cations [16]. The highest level, 66%, explores the upper limits of material incorporation,
considering challenges such as binder demand, durability, and mechanical performance,
which have been discussed in studies like Rizvi et al. (2010), highlighting performance
trade-offs at higher substitution levels [14].

Limited studies have investigated the incorporation of these specific percentages (11%,
33%, and 66%). However, studies combining RCA and RAP remain scarce with only a few
investigations assessing their joint effects on asphalt mixture performance [26]. According
to the existing literature, RAP has been widely studied at replacement levels of 20%, 30%,
and 50% with research indicating that 30% RAP maintains performance comparable to
virgin mixtures [22–24]. Similarly, RCA has been explored at 15%, 20%, and 40% with
findings suggesting that 20% RCA provides optimal stability and rut resistance [6,14,16].

To address the current gap in research, this study strategically selected replacement
levels of 11%, 33%, and 66%, which extend beyond and fall between the values commonly
explored in previous studies. This selection enables a comprehensive assessment of a wide
range of substitution scenarios, facilitating a more robust understanding of the combined
effects of RAP and RCA in asphalt mixtures.

By incorporating RAP and RCA at these targeted substitution levels, the investiga-
tion aims to generate meaningful insights into optimizing the use of recycled materials
in pavement applications. The outcomes contribute to the advancement of sustainable
infrastructure by promoting environmentally responsible practices without compromising
performance integrity.
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2.4. Mixture Design

The design of the aggregate gradation was aligned with Superpave mix design criteria
in addition to Bailey conformity equations. This approach ensures the effective interlocking
and packing of the aggregates, which is crucial for enhancing the rutting resistance of
the asphalt mixture [63]. The aggregate gradation was selected to ensure dense-graded
mixtures with a nominal maximum aggregate size (NMAS) of 12.5 mm, as represented
in Figure 1. Samples were evaluated to confirm that air voids fall within the range of
4.0 ± 0.5%, in accordance with Superpave requirements [64], and two distinct cylindrical
replicates were prepared for each asphalt mixture to test the dynamic modulus |E*|, and
flow number (FN).
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Figure 1. Aggregate gradation.

The newly sourced aggregates were subjected to individual mechanical sieving using
standardized sieve mesh sizes in accordance with ASTM specifications to enable precise
gradation control in the design of the recycled asphalt mixture [65,66].

To ensure consistency and control in the gradation, all aggregates—natural, RAP,
and RCA—were sieved separately. This approach allowed for a controlled comparison
of performance across varying replacement levels while maintaining uniform gradation
across all mixtures.

Three samples from each mix were sampled, tested, and compacted for bulk specific
gravity (Gmb), and three loose samples were tested for maximum theoretical specific
gravity (Gmm) as per ASTM D2726 [67] and ASTM D2041 [68] procedures.

Trial asphalt binder contents were determined empirically, starting at 4.5% by total
mix weight and incremented by 0.5% until a full coating of aggregates was achieved. The
final optimum binder content for each mix was selected based on Superpave volumetric
criteria (targeting 4.0 ± 0.5% air voids).

All aggregates were dried at 110 ◦C ± 5 ◦C before batching. Mixing was performed at
160 ◦C and compaction at 150 ◦C using a Superpave Gyratory Compactor (SCG) conforming
to AASHTO T312 [69] and ASTM D6926 [70]. Specimens were compacted in molds with
diameters of 150 mm and variable heights (110–120 mm for mix design, 175 mm for
mechanical testing). Bulk and theoretical maximum specific gravities were determined
following ASTM D2726 and ASTM D2041.

To ensure consistency, all mixtures underwent short-term aging for two hours at
compaction temperature before molding, as per NCHRP Report 691. Specimens were cored
and sawed to achieve target air void contents of 7.0 ± 0.75%, following NCHRP Report 702
guidelines. Performance testing (|E*| and FN) was then conducted on two replicates per
mixture, and aging was minimized by conditioning samples at room temperature.
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3. Research Procedure
To comprehensively evaluate the fatigue cracking resistance and rutting potential of

all asphalt mixtures, a series of advanced performance tests were conducted. The |E*| test
was performed at multiple temperature conditions (4 ◦C, 20 ◦C, and 40 ◦C) and loading
frequencies (20 Hz, 10 Hz, 5 Hz, 1 Hz, and 0.5 Hz) to characterize the viscoelastic properties
of each mix. Additionally, the FN test was carried out at 53 ◦C under a constant deviator
stress of 600 kPa to assess the mixtures’ resistance to permanent deformation. Following the
analysis of these test results, an optimal replacement percentage of recycled materials (RAP
and RCA) will be recommended to simultaneously address both rutting and fatigue crack-
ing performance requirements. Figure 2 illustrates the comprehensive experimental plan.
The experimental matrix systematically examines the effects of increasing recycled material
content on critical performance characteristics while maintaining balanced environmental
and economic considerations.

Figure 2. Experimental program.
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3.1. Performed Tests
3.1.1. Dynamic Modulus (|E*|) Testing

All asphalt mixtures were tested for linear viscoelastic properties using the (|E*|)
test method [71]. The viscoelastic characteristics of asphalt mixtures encompass both stiff-
ness and their elastic and viscous behavior [72]. The Asphalt Mixture Performance Tester
(AMPT) was utilized to apply a continuous sinusoidal, stress-controlled load to specimens,
which were tested under different frequencies and temperatures as per ASTM D3497 [73,74].
The samples were evaluated at six distinct frequencies (20, 10, 5, 1, 0.5, and 0.1 Hz) and three
distinct temperatures (4 ◦C, 20 ◦C, and 40 ◦C). Three linear variable differential transducers
were used to record the axial strain. To ensure that all test specimens remained within the
linear viscoelastic range throughout the experimental procedure, the applied load levels
were automatically regulated by the testing apparatus. This control mechanism was imple-
mented to restrict the maximum axial strain to a threshold of 70 microstrains (µε), thereby
maintaining the fundamental stress–strain proportionality required for valid viscoelastic
characterization. The |E*| master curve was created by shifting the data of the test to a
chosen reference temperature by using the time–temperature superposition principle; the
reference temperature in this study was taken as 20 ◦C [75]. Equations (1) and (2) show the
|E*| data fitted and the reduced frequency, respectively.

log(|E*|) = δ +
α

1 + eβ−γ (log( f r))
(1)

f r = f × aT (2)

where:

• |E*| → Dynamic modulus (MPa);
• aT → Time–temperature shift factor;
• δ, α, β, γ → Fitting parameters of the sigmoidal function;
• fr → Reduced frequency (Hz);
• f → Frequency of interest at a specific Temperature (Hz).

3.1.2. Flow Number (FN) Testing

The FN test, originally developed under the National Cooperative Highway Research
Program (NCHRP) Project 9–19, serves as a straightforward yet effective method for evalu-
ating the rutting potential of Hot Mix Asphalt (HMA) mixtures [76,77]. This dynamic creep
and recovery test involves subjecting asphalt concrete specimens to repeated haversine-
shaped compressive loading. Each loading cycle consists of a 0.1 s load pulse followed by
a 0.9 s rest period, simulating real-world traffic-induced stress. As the test progresses, it
records the accumulation of axial permanent strain across successive loading cycles [78].

To mimic pavement conditions typical of hot climates, the test was conducted ac-
cording to the AASHTO T378-17 standard [79]. A peak axial stress of 600 kPa was
applied at a temperature of 53 ◦C, reflecting the thermal and mechanical environment
experienced by pavement surfaces in the study region. The test continued until either
10,000 load cycles were completed or the specimen reached a 7% accumulation of per-
manent strain—whichever came first—following the criteria set by NCHRP Project 9–29.
Figure 3 presents the progression of permanent strain over time, highlighting how spe-
cific material properties, loading patterns, and environmental conditions influence the
deformation behavior of asphalt mixtures.
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Figure 3. Deformation stages of asphalt mixtures under repeated loading.

Permanent deformation in asphalt mixtures typically progresses through three distinct
zones: (1) the primary zone, marked by rapid initial rutting and a progressively decreasing
rate of plastic deformation; (2) the secondary zone, where rutting advances at a relatively
stable rate due to a balance between volumetric changes and shear stresses; and (3) the
tertiary zone, which features significant rutting and an accelerated rate of deformation as
loading continues [80]. In this context, plastic (shear) deformation occurs under conditions
of constant volume [81].

The FN represents the number of loading cycles required for the mixture to transition
from the secondary to the tertiary zone, signaling the onset of rapid deformation [82]. This
transition point corresponds to the minimum slope of the permanent strain curve. To
accurately determine FN, Alamnie et al. [83] proposed a robust and consistent analytical
method. Their approach uses the Francken model, which combines power and exponential
functions to effectively fit a wide range of permanent deformation curves. This model,
incorporated in the AASHTO T378-17 [79] procedure and defined in Equation (3), has
demonstrated the lowest variability among evaluated models and is thus recommended as
the preferred method for calculating FN [84].

εp = AnB + C
(

eDn − 1
)

(3)

where:

• εp → Permanent axial strain (in microstrain);
• n → Number of cycles;
• A, B, C, D → Fitting coefficients of the sigmoidal function.

After fitting the Francken model, the first and second derivatives can be readily
obtained analytically, as demonstrated in Equations (4) and (5), respectively. The FN is
identified by the cycle at which the second derivative transitions from negative to positive.

• The first derivative (Permanent Axial Strain Rate) dεp
dn provides insight into the rate of

plastic strain accumulation per load cycle.
• The second derivative (FN is the cycle where the second derivative changes from

negative to positive) d2εp
dn2 characterizes the curvature of the strain response curve,
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indicating whether the accumulation is accelerating or decelerating with respect to
load cycles.

First Derivative:
The rate of change in plastic strain with respect to the number of load cycles is obtained

by differentiating εp(n) with respect to n. By applying the power rule and the chain rule,
the first derivative is

dεp
dn

= ABnB−1 + CDeDn (4)

• The term AbnB−1 represents the derivative of the power-law component.
• The term CdeDn results from differentiating the exponential component using the

chain rule.

Second Derivative:
To assess the acceleration of plastic strain accumulation, the second derivative is

computed with respect to n:

d2εp
dn2 = AB(B − 1)n(B−2) + CD2 eDn (5)

• The term AB(B — 1) nB−2 is obtained by applying the power rule to the first derivative
of the power-law term.

• The term CD2eDn is derived by differentiating the exponential term again, considering
the derivative of DeDn is D2eDn.

The FN is widely recognized as a reliable indicator of an asphalt mixture’s resistance
to rutting [73]. To provide a more balanced evaluation of rutting performance, researchers
have introduced the FN Index, which accounts for both the number of load cycles and the
amount of strain accumulated before the mixture enters the tertiary flow zone. This dual
consideration allows for a more comprehensive understanding of how asphalt mixtures
respond under sustained loading. The FN Index is defined by Equation (6). In performance
evaluations, a higher FN value signifies stronger resistance to rutting. Conversely, a higher
FN Index suggests that the mixture is more prone to rutting, reflecting lower structural
integrity under repeated traffic loads.

(FN)index =
εp

(FN)
(6)

4. Results and Discussion
4.1. Volumetric Composition

The optimal asphalt binder content was determined to achieve 4% air voids at the
specified number of design gyrations (Ndes). In general, increasing Ndes tends to reduce
the asphalt binder content, which may compromise the durability of the mix. Conversely,
lowering Ndes usually leads to higher binder content, enhancing the mixture’s durability.
In this study, all mixtures were compacted using 75 gyrations, as recommended for mixes
intended for low to medium traffic volumes [85–88].

Given that the mixtures incorporate RCA and RAP, which are both recycled materials,
they are specifically designed for lower traffic categories. The inclusion of such materials
can significantly alter key mixture properties, such as stiffness and viscosity, which in turn
affect the mix’s compaction behavior. These changes may reduce the compactive effort
required to achieve the target density, potentially requiring fewer gyrations to reach optimal
performance levels [89]. The optimal asphalt binder contents for both the control and
modified mixtures along with the volumetric properties of the tested mixtures, which were
designed with progressively higher recycled material replacement rates (11%, 33%, and
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66%) are summarized in Table 3. Additionally, Figure 4 provides a graphical representation
showing how asphalt content influences air voids (a), voids in mineral aggregate (VMAs)
(b), and voids filled with asphalt (VFAs) (c). The recycled content consisted of equal parts
RCA and RAP, each contributing 50% of the total replacement:

• The 11% replacement mixture comprised 5.5% RCA and 5.5% RAP.
• The 33% replacement mixture included 16.5% RCA and 16.5% RAP.
• The 66% replacement mixture contained 33% RCA and 33% RAP.
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Figure 4. Variation in (a) air voids, (b) VMA, and (c) VFA as a function of asphalt content for control
and RCA/RAP replacement mixes.
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Table 3. Optimum binder content and volumetric properties for all mixes.

Mix Properties Control Mix 11% Replacement 33% Replacement 66% Replacement

Replacement Percentage (%) 0 11 33 66
Optimum Binder Content (%) 4.7 4.7 4.3 4.1
Air Voids (%) 4 4 4 4
VMA (%) 16.0 15.3 15.20 8.4
VMA Threshold (%) 14
VFA (%) 70.2 69.1 67.1 51.3
VFA Threshold (%) 65–75
Temperature of Mixing 160 ◦C
Temperature of Compaction 150 ◦C

This systematic increase in recycled content allowed for a comprehensive evaluation
of its impact on volumetric properties, as detailed in Table 3.

The substitution of RCA and RAP in place of conventional limestone aggregates gen-
erally met the Superpave VMA design criteria with the exception of the mixture containing
66% replacement. Meeting these volumetric criteria is essential, as they directly influence
the durability of asphalt mixtures incorporating recycled materials compared to the control
mix. The observed reduction in asphalt binder content across mixtures with RCA and
RAP can be attributed to the VMA specification, which defines a minimum binder volume
necessary to ensure adequate durability.

Mixtures containing RCA and RAP also demonstrated lower VFA values relative
to the control mixture. Although all mixtures satisfied the Superpave minimum VMA
requirement, the 66% replacement mix fell below the acceptable threshold. A similar
pattern was observed for VFA values, where all mixes remained within the Superpave-
specified range, except for the 66% replacement mix, which registered a VFA below the
required minimum.

This particular mix, containing the highest proportion of recycled materials, also
exhibited the lowest optimum binder content. A clear trend emerged: as the level of RCA
and RAP replacement increased, both binder content and VMA/VFA values consistently
decreased. Despite failing to meet the VMA and VFA thresholds, the 66% replacement mix
was still included in the study for experimental purposes. Specifically, it was subjected to
|E*| testing followed by FN evaluation, though it is not considered suitable for practical
pavement construction.

4.2. Dynamic Modulus |E*|

Figure 5 presents a semi-logarithmic plot of the average |E*| master curves for all
mixtures containing RCA and RAP. These mixes, incorporating recycled materials, are
intended for lower traffic categories compared to the control mixture, which consists
entirely of virgin aggregates. For comparison, the master curve of the 0% replacement mix
(control) is also included.

Figure 6 illustrates the corresponding shift factor curves for each mixture, highlight-
ing the time–temperature superposition behavior across varying replacement levels. In
addition, Figures 7–10 display the master curves of the two replicates for each replacement
percentage, offering insight into the consistency and repeatability of the dynamic modulus
results across the different mix designs.
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The |E*| value serves as an important indicator of the stiffness of asphalt mixtures
under cyclic loading. A higher |E*| value reflects a stiffer material, which generally
suggests improved rutting resistance but may also imply a reduction in fatigue performance.
As expected, the |E*| value increased with rising loading frequency for all mixtures. This
trend is consistent with the physical behavior of asphalt materials, as higher frequencies
simulate faster load applications, under which materials tend to exhibit increased stiffness.

Among the tested mixtures, the control mix displayed the highest |E*| values across
most frequencies particularly at the upper end of the frequency spectrum. This indicates
that the control mix possesses the greatest stiffness overall, likely translating to superior
resistance to rutting under repeated heavy loads. However, its relatively high stiffness at
low frequencies may also signal greater susceptibility to fatigue cracking, especially under
long-duration or slow-moving traffic loads.

In contrast, the 11% replacement mix showed the lowest |E*| values across nearly
all frequencies, suggesting that this mixture is the least stiff. Lower stiffness is typically
associated with greater flexibility, which can enhance fatigue resistance by allowing the
material to absorb stresses more effectively. However, this increased flexibility also results in
lower rutting resistance, as evidenced by its modulus values across the frequency spectrum.

The 33% replacement mix demonstrated intermediate stiffness with |E*| values
falling between those of the control and 11% mixes. This mixture may offer a balanced
performance with sufficient stiffness to resist rutting while remaining flexible enough to
mitigate fatigue damage. Such a profile suggests a potential for moderate performance in
both rutting and fatigue resistance.

The 66% replacement mix exhibited a more variable behavior. At low frequencies,
its |E*| values were similar to the 11% mix, indicating lower stiffness under slow or
long-duration loads. However, as the frequency increased, the |E*| values of this mix
approached those of the control, reflecting a significant stiffening effect under rapid loading.
This behavior implies that the 66% mix may perform well in resisting rutting under high-
speed traffic but could be vulnerable to fatigue and thermal cracking under slower or
prolonged loads. Combined with previously observed inadequacies in VMA and VFA
compliance, this mix may not be suitable for broader application.

To facilitate a more nuanced understanding of each mixture’s behavior, the |E*|
master curves can be segmented into three distinct frequency zones, each representing a
different pavement loading condition:

• Zone 1 (reduced frequencies < 1 Hz): represents soft mix behavior, typically occurring
under high temperatures and slow traffic. In this zone, higher |E*| values are desired
to reduce the risk of rutting [90,91].

• Zone 2 (1–103 Hz): corresponds to moderate stiffness under average conditions such
as moderate temperatures and traffic speeds. This zone is where fatigue cracking is
most likely to initiate [90,91].

• Zone 3 (reduced frequencies > 103 Hz): reflects very stiff behavior typically encoun-
tered under low temperatures and high traffic speeds, which increases the risk of
thermal and fatigue cracking [90,91].

Figures 11–13 present the segmented |E*| master curves for the fine aggregate replace-
ment mixtures, which were categorized according to these three zones. This breakdown
enables a more comprehensive evaluation of each mixture’s expected performance under
varying environmental and loading conditions.
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In Zone 1, the substitution of natural aggregates with RCA and RAP resulted in
|E*| values for the 11% and 33% replacement mixtures relative to the control mixture.
In contrast, the 66% replacement mix exhibited a higher |E*| value compared to the
control. The reduction in stiffness observed in the 11% replacement mix indicates a greater
vulnerability to rutting, as lower stiffness is associated with an increased risk of permanent
deformation. This suggests that incorporating RCA and RAP into HMA may lead to
reduced resistance to rutting, particularly at lower substitution levels.

As illustrated in Figure 11, the mixtures with the highest substitution levels demon-
strated the least reduction in stiffness across the frequency range in this zone. At the
lowest reduced frequency (10−5 Hz), both the 33% and 66% replacement mixes exhibited
higher |E*| values than the control mix. The 66% replacement mix maintained higher
stiffness throughout Zone 1 up to the transition frequency of 1 Hz. Meanwhile, the 33%
replacement mix began to converge with the control mix around 10−3 Hz, matched it at
approximately 10−4 Hz, and eventually dropped below the control by the end of the zone.
The 11% replacement mix consistently demonstrated lower stiffness than the control mix
throughout the entire frequency range of Zone 1. These findings suggest that mixtures with
higher levels of aggregate replacement (33% and 66%) may offer improved resistance to
rutting especially under slow or sustained loading conditions.

Similarly, in Zone 2, as shown in Figure 12, the 11% and 33% replacement mixtures
continued to exhibit lower stiffness across the entire frequency range when compared to the
control. However, the 66% replacement mix showed a different trend: it initially presented
higher stiffness than the control mix from 1 Hz to approximately 101 Hz. Beyond this
point, the stiffness of the 66% mix began to decline, ultimately becoming lower than the
control by the end of Zone 2 (around 102 Hz). This shift indicates that the advantage in
stiffness offered by the 66% mix diminishes under faster loading conditions within this
frequency range.

In Zone 3, presented in Figure 13, the replacement of virgin aggregates with RCA
and RAP led to a general decrease in stiffness for all modified mixtures in comparison
to the control at high reduced frequencies. The 11% replacement mix demonstrated the
most significant reduction in stiffness, highlighting its greater flexibility, which is typically
favorable for fatigue resistance. These results imply that while the 11% mix may offer less
rutting resistance, it could be better suited to resist fatigue cracking, especially in conditions
associated with high traffic speeds and low temperatures.

4.3. Flow Number (FN)

A comparative analysis of the FN test results for the asphalt concrete mixtures is
presented in Table 4. In general, higher FN values are indicative of superior rutting
resistance in HMA mixtures, whereas lower values of accumulated permanent strain (εp)
and the FN Index also signify improved resistance. It is important to highlight that a strong
inverse correlation exists between FN and FN Index values: as FN increases, the FN Index
typically decreases and vice versa.

Table 4. Comparison of the results of the εp with FN cycles and index.

Mix FN Cycles εp FN Index

Control 419 30,691.20 109.98
11% Replacement by weight 338 35,823.66 140.14
33% Replacement by weight 1027 27,028.72 26.32
66% Replacement by weight >10,000 <27,028 <26.32

The four fitting coefficients A, B, C, and D were determined using nonlinear regression
based on the experimental data from the FN tests. The optimization was performed using
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a least-squares fitting algorithm, minimizing the error between predicted and observed
values of εp. The resulting coefficients are listed below:

• A = 6.85 × 109;
• B = −2.315;
• C = −25,790.44;
• D = −0.00315.

To further analyze the behavior of the model, the first and second derivatives of εp
with respect to n represented in Equations (4) and (5) were computed:

For mixtures without replacement (0%), the substitution of n = 419 into Equations (3)–(5),
along with the corresponding fitting coefficients A, B, C, and D, yielded the following results:

• εp (Permanent Axial Strain) = 30,691.20;

• dεp
dn (Permanent Axial Strain Rate) =−38.02;

• d2εp
dn2 (FN is the cycle where the second derivative changes from negative to positive) =

0.388.

For mixtures containing 11% replacement, the substitution of n = 338 into Equations
(3)–(5), along with the corresponding fitting coefficients A, B, C, and D, yielded the
following results:

• εp (Permanent Axial Strain) = 35,823.66;

• dεp
dn (Permanent Axial Strain Rate) = −90.97;

• d2εp
dn2 (FN is the cycle where the second derivative changes from negative to positive) =

1.044.

For mixtures incorporating 33% replacement, substituting n = 1027 into Equations
(3)–(5), along with the corresponding fitting coefficients A, B, C, and D, resulted in the
following outcomes:

• εp (Permanent Axial Strain) = 27,028.72;

• dεp
dn (Permanent Axial Strain Rate) = −0.390;

• d2εp
dn2 (FN is the cycle where the second derivative changes from negative to positive) =

0.000774.

This trend aligns closely with the observations made in Zone 1 of the |E*| analysis, as
shown in Figure 11. The mixture containing 33% RCA and RAP replacement demonstrated
favorable performance, which is characterized by a higher number of load cycles to failure
and lower εp and FN Index values compared to the control mixture. These results collec-
tively indicate that the 33% replacement mix exhibits adequate resistance to rutting under
repeated loading conditions.

Conversely, the 11% replacement mix was identified as the least resistant to rutting,
having registered the lowest FN along with the highest εp and FN Index among all mixtures
tested, as depicted in Figure 14. These findings suggest that the performance of asphalt
mixtures in terms of rutting resistance is significantly influenced by the proportion of
recycled materials with intermediate replacement levels yielding the most favorable balance
of mechanical properties.

During testing of the asphalt concrete specimens containing 66% RCA and RAP
replacement, no visible deformation was observed at the completion of 10,000 loading
cycles. This outcome suggests that the second derivative of the Francken model remained
consistently negative, indicating that the tertiary zone typically characterized by an upward
inflection in the permanent strain curve was not reached for this replacement level.
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As a result, the FN could not be determined in the conventional manner, since the
critical transition into tertiary flow did not occur within the testing window. This phe-
nomenon has been previously discussed in the literature [84,92–94], where it was noted
that certain mixtures may fail to exhibit a clear tertiary phase even under extended cyclic
loading, thereby challenging the applicability of FN as a sole indicator of rutting behavior
in such cases.

In this instance, strain failure was identified independently of the FN values. The
accumulated permanent strain curve remained predominantly within the secondary zone,
which typically follows the initial rapid strain accumulation of the primary zone and
precedes the onset of tertiary flow. Based on these observations, it can be inferred that the
66% replacement mix did not reach tertiary flow within the standard 10,000-cycle limit and
that a higher number of cycles would be required to detect the onset of failure.

This behavior is consistent with findings reported in prior studies [84,92–94] and may
be attributed to the extremely low VMA and VFA observed in this mix. These factors
could potentially delay the development of rutting-related failures but also warrant further
investigation to fully understand their influence on the long-term performance of high-
replacement asphalt mixtures.

4.4. Statistical Analysis

A statistical analysis was conducted to validate whether the observed differences
in the average |E*| curves—corresponding to varying percentages of RCA and RAP
replacements—are statistically significant and not merely the result of random variability
between sample replicates. This evaluation aimed to determine if there exists a measurable
difference between the |E*| values of the control mixture and those of the replacement
mixes.

To achieve this, a one-way Analysis of Variance (ANOVA) was performed at three
selected reduced frequencies (10−2, 102, and 104 Hz), which were each representative of
a distinct performance zone as described in prior studies [66]. The hypotheses for this
analysis were established as follows:

Hypothesis H0. (Null Hypothesis) There is no statistically significant difference in the |E*|
values across different percentages of RCA and RAP replacement within the same material type.
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Hypothesis H1. (Alternative Hypothesis) Significant differences exist in the |E*| values between
different replacement levels within the same material type.

The analysis was carried out at a 5% significance level (α = 0.05). In this context, the
p-value indicates the probability of observing the given differences in |E*| values under
the assumption that the null hypothesis is true. If the p-value is found to be less than the
significance level, the null hypothesis is rejected, suggesting that the observed differences
are statistically significant.

The results, summarized in Table 5, reveal p-values of 0.015, 0.017, and 0.018 at the
reduced frequencies of 10−2, 102, and 104 Hz, respectively. These values are all below the
threshold of 0.05, indicating that RCA and RAP replacements exert a statistically significant
influence on the |E*| values at all three frequency zones. Furthermore, the variability
between the average |E*| values for the different replacement levels was found to exceed
the variability within replicates, reinforcing the conclusion that the material modifications
are responsible for the observed trends.

Table 5. p-values of RCA and RAP replacement mixtures at the selected frequencies—one-way
ANOVA.

Predictor: |E*| of Frequency (Hz) p-Value

10−2 0.015
102 0.017
104 0.018

These findings are consistent with the visual differences in stiffness behavior shown
in Figure 12, thereby supporting the assertion that the use of RCA and RAP significantly
alters the mechanical response of asphalt mixtures across varying loading conditions.

4.5. Evaluation of Permanent Deformation and Fatigue Cracking Potential

The permanent deformation stiffness factor is determined by calculating the ratio
of (|E*|) to the sine value of the phase angle [95]. Validation of the dynamic modulus
test and |E*|/sin(φ) parameter for various frequencies, temperatures, and test conditions
was conducted on actual asphalt pavement conditions. Two critical temperatures were
selected: 40 ◦C, which is indicative of rutting resistance, and 20 ◦C, which is associated
with fatigue performance. These tests were conducted under loading frequencies of 0.1 Hz
and 10 Hz, respectively. A higher stiffness factor reflects an improved ability to resist
permanent deformation, while a lower loss modulus is indicative of enhanced fatigue
cracking resistance. The incorporation of these parameters provides a more comprehensive
evaluation of the mechanical behavior of each asphalt mixture under realistic traffic and
environmental conditions. The corresponding values for each mixture are reported in
Tables 6 and 7.

Table 6. Evaluation of the various mixtures based on the permanent deformation stiffness factor at
40 ◦C and a frequency of 10−1 Hz.

Mix Control Mix 11% Replacement 33% Replacement 66% Replacement

E* (MPa) 1134 788.17 1917 2497
Phase Angle (φ) (◦) 30.28 29.46% 24.15 20.64

φ(rad) 0.52 0.51% 0.42 0.36
Sin(φ) 0.50 0.49 0.42 0.35

|E*|/sin(φ) (MPa) 2268 1609 4564 7134



Sustainability 2025, 17, 5472 21 of 27

Table 7. Evaluation of the different mixtures based on the loss modulus at 20 ◦C and a frequency of
10 Hz.

Mix Control Mix 11% Replacement 33% Replacement 66% Replacement

E* (MPa) 7015 4460 5073 9780
Phase Angle (φ) (◦) 20.97 18.85 16.92 15.15

φ(rad) 0.36 0.33 0.29 0.26
Sin(φ) 0.36 0.32 0.29 0.26

|E*| × sin(φ) (MPa) 2525 1427 1471 2543

The findings of this study affirm that both the permanent deformation stiffness factor
and the |E*| test serve as effective tools for distinguishing between asphalt mixtures of
high and low performance [96–98]. Furthermore, this stiffness-based parameter has been
previously employed by [99] to assess the permanent deformation susceptibility of asphalt
mixtures. A strong correlation was identified between the experimentally derived master
curves and the predictive model developed in the study. Two representative temperatures
were selected: 20 ◦C, to evaluate susceptibility to fatigue cracking, and 40 ◦C, to assess
rutting resistance.

To effectively withstand rutting, asphalt mixtures should exhibit elastic behavior
characterized by high |E*| values and low phase angles. A frequency of 0.1 Hz was
selected for this analysis, as it approximates typical loading scenarios where rutting is
most critical. The calculated values of the permanent deformation stiffness factor for each
mixture are presented in Table 7.

According to the results, the inclusion of RCA and RAP in HMA led to an increase
in the permanent deformation stiffness factor compared to the control mix. This suggests
an enhanced capacity to resist rutting with increased replacement content. While the 11%
replacement mix exhibited a reduction in stiffness, a gradual increase was observed at 33%,
where the stiffness was nearly double that of the control. Remarkably, the 66% replacement
continued this trend, indicating a positive contribution to rutting resistance.

To mitigate fatigue cracking, low |E*| and low phase angle values are desirable at
intermediate temperatures. The fatigue cracking stiffness factor, or loss modulus, is calcu-
lated as |E*| × sin(φ) and serves as a key metric in evaluating resistance to fatigue [100].
Lower loss modulus values denote greater fatigue resistance. The values for each mixture,
measured at 10 Hz and 20 ◦C, are summarized in Table 7.

The results indicate that mixtures incorporating RCA and RAP generally exhibit
enhanced resistance to fatigue cracking, especially at 11% replacement, which had the
lowest loss modulus among the mixtures. The 33% replacement mix also demonstrated
improved fatigue performance, with a reduced loss modulus compared to the control.
However, the 66% replacement mixture displayed a higher loss modulus, implying a
decline in fatigue cracking resistance relative to the control.

Overall, the results obtained from |E*| testing, FN evaluation, and the analysis of
rutting stiffness and loss modulus demonstrate consistent trends. These findings validate
the effectiveness of these parameters in assessing the performance characteristics of asphalt
mixtures containing varying levels of RCA and RAP.

5. Conclusions and Recommendations
This research explored the potential of integrating Recycled Concrete Aggregate (RCA)

and Reclaimed Asphalt Pavement (RAP) as partial replacements for natural aggregates
in Hot Mix Asphalt (HMA), aiming to enhance sustainability without compromising
performance. The mixtures were tested at replacement levels of 11%, 33%, and 66%
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and evaluated through volumetric design parameters, dynamic modulus |E*|, and flow
number (FN) tests.

In addition to the demonstrated performance benefits, the use of recycled aggregates
such as RCA and RAP in optimized asphalt mixtures can yield meaningful reductions in
both carbon footprint and material costs. By decreasing the reliance on virgin aggregates
and reducing the energy demands associated with material extraction and processing,
the adoption of these recycled materials supports more sustainable construction practices.
The improved durability and extended service life of the designed mixtures may lead to
lower maintenance requirements and life cycle costs, offering long-term economic and
environmental advantages for pavement infrastructure systems.

Key insights are summarized as follows:

• Increasing RCA and RAP content consistently reduced the optimum asphalt binder
content, VMA, and VFA values. While mixes with 11% and 33% replacement satis-
fied Superpave design requirements, the 66% replacement fell below the VMA and
VFA thresholds, making it unsuitable for standard pavement applications despite
favorable stiffness.

• The 33% replacement mix offered the best overall performance in rutting resistance, as
indicated by high FN values and a strong permanent deformation stiffness factor.

• The 11% mix showed superior fatigue cracking resistance, correlating with lower
stiffness and loss modulus values.

• The 66% mix, although mechanically strong in rutting scenarios, is limited by its non-
compliance with volumetric standards and should be considered only for experimental
or non-structural applications.

• One-way ANOVA confirmed significant differences in |E*| across different replace-
ment levels, supporting the impact of RCA and RAP on mixture performance.

• A 33% combined replacement is recommended for regions susceptible to both rutting
and fatigue.

• An 11% replacement is more suitable in areas where fatigue cracking is the primary concern.

The findings from this study offer valuable insights that can inform the refinement
of asphalt mixture design guidelines such as Superpave and EN standards. In particular,
the observed performance trends at varying RCA and RAP replacement percentages may
support the inclusion of recycled materials within certain thresholds without compromising
mechanical properties, rutting resistance, or fatigue life. Specifically, the 33% replacement
level showed performance characteristics that align with or exceed conventional mixture
requirements, suggesting that this level could be a recommended upper limit in specifica-
tion frameworks. Furthermore, the data may aid in the calibration of performance-based
design criteria, particularly in adapting mix design procedures to accommodate recycled
content while maintaining constructability and long-term durability.

To build on these findings and address long-term performance, the following directions
are recommended:

• Future studies should implement viscoelastic continuum damage (VECD) models
to better simulate the fatigue behavior of RCA and RAP modified mixtures under
repeated loading.

• A comprehensive life cycle cost analysis is essential to quantify the economic benefits
of using recycled materials over the pavement lifespan.

• Long-term field trials across diverse climates and traffic conditions would enhance the
reliability of laboratory results and support the development of climate-responsive
pavement designs using recycled materials.
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