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Abstract

With rising global temperatures and increasing sustainability demands, the need for ad-
vanced pavement solutions has never been greater. This study breaks new ground by
integrating phase change materials (PCMs), including paraffin-based wax (Rubitherm
RT55), hydrated salt (Climator Salt S10), and fatty acid (lauric acid), as binder modifiers
within warm mix asphalt (WMA) mixtures. Moving beyond the traditional focus on binder-
only modifications, this research utilizes recycled cigarette filters (CFs) as a dual-purpose
fiber additive, directly reinforcing the asphalt mixture while simultaneously transforming a
major urban waste stream into valuable infrastructure. The performance of the developed
WMA mixture has been evaluated in terms of stiffness behavior using an Indirect Tensile
Strength Modulus (ITSM) test, permanent deformation using a static creep strain test, and
rutting resistance using the Hamburg wheel-track test. Laboratory tests demonstrated
that the incorporation of PCMs and recycled CFs into WMA mixtures led to remarkable
improvements in stiffness, deformation resistance, and rutting performance. Modified
mixes consistently outperformed the control, achieving up to 15% higher stiffness after
7 days of curing, 36% lower creep strain after 4000 s, and 64% reduction in rut depth at
20,000 passes. Cost-benefit analysis and service life prediction show that, despite costing
USD 0.71 more per square meter with 5 cm thickness, the modified WMA mixture delivers
much greater durability and rutting resistance, extending service life to 19-29 years com-
pared to 10-15 years for the control. This highlights the value of these modifications for
durable, sustainable pavements.

Keywords: warm mix asphalt (WMA); phase change materials (PCMs); cigarette filters
(CFs); pavement sustainability; rutting resistance; service life prediction; cost-benefit
analysis
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1. Introduction
1.1. Research Background

In hot climate regions, asphalt pavements often suffer from excessive heat accumula-
tion, leading to premature distress such as rutting, bleeding, and surface degradation [1],
as shown in Figure 1. This is particularly evident in regions like Iraq, where the average
annual air temperature exceeds 25 °C and summer pavement surface temperatures can
reach up to 70 °C [2]. In contrast, Central European regions experience significantly lower
average annual temperatures, typically below 15 °C, across elevations ranging from 0 to
1100 m above sea level [3]. To address this thermal challenge, phase change materials
(PCMs) have emerged as a promising solution due to their ability to absorb, store, and
release heat during phase transitions, thereby regulating pavement temperature [4].

Figure 1. Heat-induced distress on asphalt pavement in hot climate regions.

This study explores the integration of paraffin-based wax (Rubitherm RT55), hydrated
salt (Climator Salt S10), and fatty acid (lauric acid) as PCMs in warm mix asphalt (WMA)
mixtures to enhance thermal regulation and reduce production temperatures. In addition,
shredded cigarette filters (CFs) are introduced as a novel waste-derived micro-fiber ad-
ditive, contributing to sustainability by utilizing a persistent and toxic urban waste. The
combination of PCMs and CFs aims to improve the mixture’s heat resistance, workability,
and environmental footprint, offering a multi-functional and eco-friendly approach to
asphalt pavement design [5].

Paraffin-based wax (Rubitherm RT55) is a synthetic phase change material with a
melting point of around 55 °C, used in warm mix asphalt (WMA) to absorb excess heat
and stabilize pavement temperature [6]. Hydrated salt (Climator Salt S10) is designed
to undergo a solid-liquid phase change at approximately 10 °C, absorbing heat during
melting and releasing it upon solidification [7]. Fatty acid (lauric acid) is a natural PCM
derived from coconut or palm oil, with a melting point of approximately 44 °C, offer-
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ing biodegradable, non-toxic thermal regulation within WMA mixtures [8]. In addition,
cigarette filters (CFs) are among the most commonly littered waste materials globally, with
an estimated 4.5 trillion improperly discarded each year [9]. They are composed primarily
of non-biodegradable cellulose acetate fibers. Incorporating PCMs into asphalt binder
helps lower peak pavement temperatures and reduce rutting in hot climates, while adding
CFs as a waste-derived fiber enhances mixture stability and promotes sustainability by
utilizing a common urban litter [9]. The developed WMA mixtures are evaluated using key
performance tests, including indirect tensile stiffness modulus (ITSM), creep strain analysis,
and the Hamburg wheel-tracking test, to assess their mechanical behavior and resistance to
rutting. Besides that, a cost-benefit analysis is performed to compare the cost of construc-
tion materials and additives used in both the control and modified WMA mixtures, and an
analytical prediction of their service life is presented based on rutting performance.

1.2. Literature Review

The incorporation of phase change materials (PCMs)—including Rubitherm RT55,
Climator Salt 510, and lauric acid—into warm mix asphalt (WMA) mixtures demonstrates
notable potential for improving both thermal regulation and mechanical performance.
Jamshidi A. et al. [10] reported that WMA modified with Sasobit® also showed improved
stiffness and rutting resistance due to wax crystallization within the binder. However, un-
like Sasobit®, the PCMs in the present study offer dynamic thermal regulation by absorbing
and releasing heat during phase transitions, providing both structural and thermal benefits,
while the inclusion of cigarette filters (CFs) as a waste-derived fiber enhances mixture
stability and contributes to sustainability. Similarly, Ma F. et al. [11] investigate the inte-
gration of microencapsulated binary eutectic phase change materials (PCMs) into asphalt
binders, demonstrating significant improvements in thermal energy storage and pavement
temperature regulation. Their study highlights the effectiveness of PCM microcapsules in
reducing temperature-induced damage, while maintaining the mechanical integrity of the
asphalt. In the present study, Rubitherm RT55, Climator Salt S10, and lauric acid are se-
lected as potential PCMs for warm mix asphalt (WMA) mixtures to achieve similar thermal
regulation benefits. Furthermore, Fu Z. et al. [12] investigated the rheological behavior of
asphalt binders modified with low-temperature microencapsulated eutectic phase change
materials (PCMs). Their findings indicated that the incorporation of these PCMs enhanced
the binder’s resistance to thermal fluctuations, particularly at low service temperatures,
while preserving satisfactory viscoelastic properties. In comparison, in addition to explor-
ing various PCM candidates for thermal regulation across both binder and mixture levels in
WMA, the study also utilizes shredded cigarette filters (CFs) as a reinforcing waste material,
introducing a parallel sustainability strategy through waste valorization. While Fu Z. et al.
focus primarily on binder-scale rheological properties, the current research expands the
investigation to include mixture-scale mechanical performance.

Milad A. et al. [13] conducted a comparative review of hot and warm mix asphalt
technologies, focusing on their environmental and economic impacts. Their findings
emphasized the advantages of WMA in reducing energy consumption, greenhouse gas
emissions, and overall production costs, positioning WMA as a more sustainable alter-
native to conventional hot mix methods. Building on this foundation, the present study
explores the integration of PCMs into WMA mixtures to further enhance sustainability by
improving thermal regulation and extending pavement service life. In addition, Saboo N.
and Das A. [14] reviewed the state of asphalt pavement design and performance in the
context of Indian transportation infrastructure, highlighting challenges related to increasing
traffic loads, temperature extremes, and material limitations. Their work emphasized the
need for innovative materials and technologies to enhance pavement durability and adapt
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to evolving climate and loading conditions. In response to these challenges, this study
explores the use of PCMs in WMA mixtures to enhance thermal regulation and mechan-
ical performance, while also introducing CFs as a novel fiber reinforcement to support
environmental sustainability and material efficiency.

1.3. The Novelty of the Study

This study introduces the use of PCMs, Rubitherm RT55, Climator Salt S10, and
lauric acid into WMA mixtures to enhance thermal regulation and rutting resistance in
hot climates. Unlike previous studies focused on binder-level modifications, this research
evaluates PCM effects at the mixture scale. To further support sustainability, shredded CFs
are incorporated as a waste-derived fiber additive, offering reinforcement benefits while
addressing a major urban litter issue. Additionally, a cost-benefit analysis compares the
material and additive costs of control and modified WMA mixtures. Their service life is
analytically predicted based on rutting performance, which is considered the dominant
distress mechanism under Iraq’s high-temperature climate and heavy traffic conditions.
Given the characteristics of WMA, resistance to permanent deformation is a primary
concern for field performance.

1.4. The Objectives of the Study

This study aims to improve the performance of WMA mixtures by utilizing PCMs for
enhanced thermal regulation and increased rutting resistance under elevated temperatures.
Simultaneously, shredded CFs are incorporated as sustainable fiber reinforcement to im-
prove mixture stability and promote waste valorization. The mechanical behavior of the
modified mixtures is evaluated through laboratory testing. Additionally, a cost-benefit anal-
ysis compares the construction material and additive costs of control and modified WMA
mixtures, while an analytical approach predicts their service life based on rutting perfor-
mance. Collectively, these innovations support the development of more climate-resilient
and environmentally responsible asphalt pavements.

2. Experimental Work

2.1. The Incorporated Materials
2.1.1. Asphalt Binder

Asphalt binder grade 60/70 or PG 64-16 is a medium-hard penetration grade bitumen,
widely used in road construction, particularly in hot-to-moderate climates. It has a penetra-
tion range of 60 to 70 (0.1 mm) at 25 °C, indicating a balance between flexibility and stiffness.
This makes it suitable for resisting rutting under high temperatures while maintaining
good workability during mixing and compaction. In WMA applications, 60/70 binder is
often preferred for its compatibility with additives and its ability to perform well under
reduced production temperatures [15]. The main physical properties of the used binder are
shown below in Table 1.

Table 1. The main physical properties of 60/70 asphalt binder.

Test Property Result Requirement
Penetration @ 25 °C 64 dmm 60-70
Softening Point (R&B) 52°C 48-56 °C
Ductility @ 25 °C 110 cm >100 cm
Flash Point 240 °C >230 °C
Specific Gravity @ 25 °C 1.03 1.01-1.06

Viscosity @ 135 °C 400 cP 300-600 cP
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2.1.2. The Adopted Aggregate

Crushed basalt is used as the coarse aggregate due to its high strength, as shown
in Figure 2, angularity, and excellent resistance to rutting and deformation, making it
ideal for hot climate conditions. For the fine aggregate, basalt sand derived from crushed
gravel, as shown in Figure 3, is selected for its adequate gradation and ability to fill voids,
improving workability and compaction. This combination ensures a strong interlock,
good binder adhesion at lower mixing temperatures, and overall durability of the WMA
mixture [16]. The physical properties of both coarse and fine aggregates are shown below
in Tables 2 and 3.

Figure 3. Fine aggregate crushed gravel.

Table 2. Coarse crushed basalt physical properties.

Test Property Result Standard Requirement
Specific Gravity 2.85 ASTM C127 [17] >25
Water Absorption 1.2% ASTM C127 [17] <3%
Los Angeles Abrasion 25% ASTM C131 [18] <40%
Bulk Density 1550 kg/ m? ASTM C29 [19] -

Table 3. Fine crushed gravel physical properties.

Test Property Result Standard Requirement
Specific Gravity 2.65 ASTM C128 [20] >2.5
Water Absorption 1.0% ASTM C128 [20] <3%
Fineness Modulus 2.8 ASTM C136 [21] -
Bulk Density 1550 kg/m3 ASTM C29 [19] -
Silt Content 1.5% ASTM C117 [22] <3%

The middle aggregate gradation from Iraqi specifications for roads and bridges (SCRB,
R/9), [23] was used for the surface wearing course in this study, as shown below in
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Figure 4. It provided a balanced mix that improved strength, workability, and durability,
ensuring good resistance to rutting and cracking while matching local materials and
construction practices.

Aggregate Gradation Curve for Surface Wearing Layer
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Figure 4. The middle aggregate gradation for the surface wearing layer.

2.1.3. The Elected Filler

Ordinary Portland Cement (OPC) was used as a filler in the asphalt mixture to improve
its mechanical properties. The addition of OPC enhanced the stiffness and early strength of
the mixture, enabling it to better withstand traffic loads and environmental conditions [24].
Furthermore, the cement improved adhesion between the asphalt binder and aggregate,
which helped reduce stripping and moisture damage. Due to its availability and cost-
effectiveness, OPC proved to be a practical filler choice for enhancing the performance of
the warm asphalt mixture [24]. Its main physical properties are shown below in Table 4.

Table 4. Ordinary Portland Cement physical properties.

Test Property Result Standard Requirement
Fineness (m?/kg) 330 ASTM C204 [25] >320
Specific Gravity 3.12 ASTM C188 [26] 3.10-3.15

2.1.4. Paraffin-Based Wax (Rubitherm RT55)

Paraffin-based wax, specifically Rubitherm RT55, is a phase change material commonly
used to improve thermal performance in various applications, as shown in Figure 5. With a
melting point around 55 °C, it absorbs and releases heat during phase transitions, helping
regulate temperature and reduce thermal fluctuations. In asphalt mixtures, Rubitherm
RT55 can be added to enhance temperature stability, reduce thermal cracking, and improve
durability by moderating the temperature changes during heating and cooling cycles [27].
Its main physical properties are shown below in Table 5.
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Figure 5. Rubitherm RT55.

Table 5. Rubitherm RT55 physical properties.

Test Property Result Standard Requirement
Appearance White waxy solid Visual inspection White, waxy solid
Melting Point (°C) 55 ASTM D3418 [28] 51-57 °C
Heat of Fusion (k] /kg) 190 ASTM D3418 [28] 180-200 k] /kg
Density (kg/m?®) 780 1SO 1183 [29] 770-790 kg/m?>
Flash Point 210 ASTM D93 [30] 190-230 °C

2.1.5. Hydrated Salt (Climator Salt S10)

Climator Salt 510 is a hydrated salt-based phase change material (PCM) extensively
utilized in thermal energy storage systems due to its high latent heat capacity and reliable
phase transition characteristics, as shown below in Figure 6. This material exhibits efficient
thermal regulation by absorbing and releasing significant amounts of latent heat during
melting and solidification processes.

Qamnsel
$§ S-sexies

\\‘“ SOLD-T0- LD,
AL O ©520% O9.  NONMAZARRQUS
% :yz.\ 50\3"‘° QNS SALT HYDRATE
R\ e Cii
XN ImSel~
AN eSS\ SouD 7o S
$'s:°‘“qxs\g§ c_\\v(\‘\ = \ | ~o~.,,4§';\goum_
2\

Figure 6. Climator Salt S10.

Its consistent melting point and thermal stability render it particularly suitable for
incorporation into construction materials, such as asphalt mixtures, where it can mitigate
thermal stresses, enhance temperature uniformity, and ultimately improve material dura-
bility and performance under fluctuating temperature conditions [31]. Its main physical
properties are shown below in Table 6.
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Table 6. Climator Salt S10 physical properties.
Test Property Result Standard Requirement
Appearance White crystalline solid Visual Inspection White/off-white crystals

Melting Point (°C) 30 ASTM D3418 [28] 28-32°C
Heat of Fusion (k] /kg) 175 ASTM D3418 [28] 150-200

Density (kg/m?) 1650 ISO 1183 [29] 1600-1700

Thermal Conductivity

(W/m-K) 0.6 ASTM C177 [32] 0.5-0.7

2.1.6. Fatty Acid (Lauric Acid)

Lauric acid, chemically known as dodecanoic acid, is a saturated medium-chain fatty
acid commonly found in natural oils such as coconut oil and palm kernel oil, as shown in
Figure 7. It has favorable thermal properties, including a suitable melting point and high
latent heat capacity, which make it an effective PCM for temperature regulation in asphalt
mixtures. Its inclusion contributes to improved thermal stability and energy efficiency in
pavement applications [33]. Its main physical properties are shown below in Table 7.

Figure 7. Lauric acid.

Table 7. Lauric acid physical properties.

Test Property Result Standard Requirement
Appearance Whltesc(i}i/(sitalhne Visual Inspection White waxy solid
Melting Point (°C) 43.8 ASTM D3418 [28] 43.5-44 °C
Density (g/cm?) 0.85 ASTM D4052 [34] 0.84-0.85
Flash Point (°C) 200 ASTM D93 [30] 200-210 °C

2.1.7. Cigarette Filters (CFs)

Cigarette filters (CFs) are one of the most prevalent forms of urban litter, composed
primarily of non-biodegradable cellulose acetate fibers. In this study, CFs were collected
mainly from local cafés, offering a readily available and underutilized waste stream as
shown in Figure 8. Their incorporation into asphalt mixtures presents a sustainable
approach to waste management, while potentially enhancing pavement performance
through fiber reinforcement [35]. Before incorporating CFs into asphalt mixtures, proper
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preparation is essential to ensure safety, performance, and compatibility. Below are the
recommended steps:

e Air-dry in a ventilated area or oven-dry at 80-100 °C for 2448 hr.

e  Cut or shred CFs into small fibers or flakes, as shown in Figure 9.

e  Store shredded CFs in dry, sealed bags or containers to prevent moisture reabsorption
and contamination.

Figure 8. Collected cigarette filters.

Figure 9. Shredded flakes of CFs.

2.2. Lab-Based Performance Analysis
2.2.1. Asphalt Binder Modification Process

The additive dosages used in this study were determined based on the findings from
earlier research and practical insights into asphalt binder modification, as well as after
many mixing trials to determine the optimum dosages that achieved high Marshall stability
and density at 4% air voids for generated WMA specimens:

e The adopted dose of paraffin-based wax (Rubitherm RT55) is 2% by weight of
binder [6].
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e The adopted dose of hydrated salt (Climator Salt S10) is 1% by weight of binder [36].
o  The adopted dose of fatty acid (lauric acid) is 1% by weight of binder [37].

Rubitherm RT55 at 2% effectively reduces mixing and compaction temperatures, con-
sistent with the typical 1-3% range for paraffin-based waxes [6]. Climator Salt S10 at 1%
aligns with the effective range of hydrated salts used to promote binder foaming and
improve workability [36]. A 1% dosage of lauric acid was selected based on prelimi-
nary mixing trials, which yielded high Marshall stability values. This aligns with typical
practices for fatty acid-based additives, ensuring improved thermal performance without
compromising binder integrity [37]. These dosages represent balanced, mid-range values
that ensure efficient modification while maintaining mix integrity.

The mixing process begins by heating the 60/70 asphalt binder to 140-150 °C until it
reaches a fully fluid state, ensuring uniform temperature through gentle stirring. Once the
binder is adequately heated, it is transferred into a metal mixing container placed under a
fabricated high-shear mixer, as shown in Figure 10. The mixer is initially set to a low speed
(1000 rpm) to avoid splashing. Rubitherm RT55 (2% by weight of binder) is added first, as
it melts and disperses quickly, followed by Climator Salt S10 (1%), which may be pre-dried
to eliminate moisture and prevent foaming. Finally, lauric acid (1%) is introduced due to
its fast-reacting and low-melting characteristics. After all additives are added, the mixing
speed is gradually increased to 3000-4000 rpm and maintained for 3045 min at a constant
temperature (140-150 °C) to ensure thorough dispersion and homogeneous modification
of the binder [38]. The developed binder was then evaluated in terms of its new physical
properties, as shown below in Table 8.

Figure 10. Fabricated high-shear mixer.
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Table 8. The physical properties of the developed binder.

Test Property Result Standard
Penetration @ 25 °C 58 dmm ASTM D5 [39]
Softening Point (R&B) 53 °C ASTM D36 [40]
Ductility @ 25 °C 78 cm ASTM D113 [41]
Flash Point 272 °C ASTM D92 [42]
Specific Gravity @ 25 °C 1.04 ASTM D70 [43]
Viscosity @ 135 °C 355 cP ASTM D4402 [44]

2.2.2. WMA Specimen Preparation

Determining the optimum binder content is a key part of designing WMA mixtures.
Using the Marshall method, engineers test properties like stability, flow, air voids, and
density to find the best balance for durability and performance. In this study, the optimum
binder content for the WMA surface layer was determined to be 4.6%, which ensures a
strong, long-lasting, and sustainable pavement. After determining the optimum binder
content, WMA specimens were prepared by heating aggregates and the binder to the
required mixing temperature (115-135 °C) and then thoroughly mixing them with WMA
additives. The mixture was molded and compacted using standard procedures, making
the specimens ready for testing. Three groups of specimens were prepared. The first
group, which is the control, consisted of an unmodified WMA mixture produced using
the selected binder and aggregate gradation without any additives. The second group is
a WMA mixture modified with PCMs, which were blended into the binder at specified
percentages. The third group is a WMA mixture modified with both PCMs and CFs, with
CFs added based on the filler weight. All other mix design parameters were kept consistent
across the groups, as shown in Figure 11. Based on previously published works, the mixing
percentage of CFs was investigated as a partial replacement for mineral filler in WMA
mixtures within the range of 2% to 6% by weight of the filler. For this study, 3% CFs
by weight of the filler were selected as the adopted replacement percentage for further
evaluation [45].

Figure 11. WMA specimens.



CivilEng 2025, 6, 41

12 of 22

2.2.3. The Indirect Tensile Stiffness Modulus (ITSM) Test

The ITSM test is widely used to assess the stiffness characteristics of asphalt mixtures,
including WMA specimens, under conditions similar to those experienced in the field. Fol-
lowing ASTM D4123 [46], the test involves placing cylindrical WMA specimens, typically
100 mm in diameter and 63.5 mm in height, in the horizontal direction between two loading
strips inside a compression testing machine. Repeated load pulses, typically 5 to 10 cycles
with a haversine waveform, are applied vertically along the central axis of the specimen,
generating indirect tensile stress in the horizontal direction across the sample, as shown
in Figure 12. Horizontal deformation is captured by a sensitive gauge, and the stiffness
modulus is then calculated as the ratio of applied stress to the resulting strain. Conducted
at a controlled temperature (25 °C), this test provides a reliable measure of the mix’s elastic
response and overall structural performance, which is essential for evaluating its suitability
for road applications.

Figure 12. ITSM test apparatus.

2.2.4. Static Creep Strain Test

The creep strain test is a fundamental laboratory procedure for evaluating the resis-
tance of asphalt mixtures to permanent deformation when exposed to prolonged loading. In
this study, the test was performed following ASTM D5365 [47]. Cylindrical specimens mea-
suring 100 mm in diameter and 63.5 mm in height were subjected to a constant static load
at a temperature of 40 °C, as shown in Figure 13. The accumulated strain was continuously
recorded and expressed as a percentage over a test period ranging from 1000 to 4000 s. This
approach closely simulates the long-term stresses pavement materials experience in service.
Lower percentages of accumulated strain indicate better rutting resistance, providing a
reliable measure of the asphalt mixture’s durability and structural performance.
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Figure 13. Creep strain test apparatus.

2.2.5. Hamburg Wheel-Track Test (HWTT)

The HWTT, conducted according to the European standard EN 12697-22 [48], is
a key laboratory method for evaluating the rutting of warm mix asphalt (WMA) mix-
tures. In this procedure, WMA is compacted into rectangular slab specimens, typically
260 mm x 320 mm X 50 mm, using a roller compactor to ensure uniform density and air
voids, as shown in Figure 14. The slab is then placed in the wheel-tracking device, where a
steel wheel applying a standard load of 700 N repeatedly rolls over the specimen surface at
a controlled temperature, commonly 50 °C, as shown in Figure 15. The device automatically
records the development of rut depth as the wheel passes back and forth for a set number
of cycles, providing a direct measure of the mixture’s resistance to rutting damage. This
European slab-based method offers a realistic and reliable evaluation of WMA performance
under simulated traffic loading conditions.

Figure 14. A roller compactor.
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Figure 15. HWTT apparatus.

3. Results and Discussion

For each laboratory test, three specimens were prepared and tested for each mixture
type (control WMA, modified WMA with PCMs, and modified WMA with PCM + CF) to
reduce experimental variability and improve the reliability of the findings. The average of
the test results was used for analysis.

3.1. The Results of the ITSM Test

The results of the indirect tensile stiffness modulus (ITSM) test at different curing peri-
ods reveal a clear improvement in stiffness performance for the modified WMA mixtures
compared to the control mix. After just 1 day of curing, the control specimen registered an
ITSM value of 4000 MPa, while the mixture containing PCMs reached 4400 MPa, showing
a notable increase of 10%. Incorporating 3% cigarette filters further elevated the ITSM to
4700 MPa, which is a 15% improvement over the control. As the curing period extended to
3 days, all mixtures demonstrated increased stiffness.

The control mix rose to 4200 MPa, the PCM-modified mix reached 4650 MPa, and
the mix with both PCMs and cigarette filters climbed to 4960 MPa. By the seventh day,
this positive trend became even more pronounced: the control achieved 4450 MPa, while
the PCM-based modified specimen reached 4870 MPa, roughly a 9% improvement. The
inclusion of cigarette filters led to the highest ITSM at 5200 MPa, outperforming the control
by approximately 15%. Figure 16 demonstrates the achieved results of the ITSM test.

Overall, these results indicate that adding PCMs, and especially CFs, not only boosts
the initial stiffness of WMA but also promotes better stiffness development over time. This
suggests a strong potential for these additives to enhance the durability and mechanical
properties of warm mix asphalt in practical applications.
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B Modified WMA Mixture with PCMs + CFs
6000
5200
4960 4870
5000 aa0p 700 1200 4650 2450
4000
4000
g
E 3000
2 2000
=
1000
0
At 1 Day At 3 Days At 7 Days
Time by Days

Figure 16. The results of the ITSM test for both control and modified WMA mixtures.

Mazhari Pakenari M. and Hamedi G.H. [49] investigated how different additives affect
the stiffness modulus and fatigue cracking of warm mix asphalt. Their results showed
that using conventional additives, such as organic waxes and chemical foaming agents,
led to moderate improvements in the stiffness modulus. The maximum increase reported
was around a 10% higher ITSM compared to the control mix. Although these additives
enhanced stiffness and contributed somewhat to fatigue resistance, the overall performance
gains remained within this limited range. Their work highlighted the potential of warm mix
asphalt technologies but also pointed to the need for more effective, innovative solutions
to achieve greater performance improvements. On the other hand, the current study
introduces an innovative blend by incorporating not only paraffin-based wax, hydrated
salt, and lauric acid, but also recycled cigarette filters as a sustainable approach. This
combination resulted in stiffness modulus improvements of up to 16%, surpassing the
gains reported in the previous study. Most importantly, the use of recycled cigarette
filters as a functional additive is a novel approach not explored in earlier research, directly
addressing environmental concerns and material sustainability. In summary, our results not
only outperform prior laboratory outcomes but also fill a significant gap by demonstrating
the mechanical benefits and environmental advantages of integrating recycled waste into
WMA technology.

3.2. The Results of the Static Creep Strain Test

The creep strain test results clearly demonstrated differences in permanent deforma-
tion resistance among the studied WMA mixtures. After 4000 s, the control WMA exhibited
the highest creep strain at 1.32%. The mixture modified with PCMs showed a reduced creep
strain of 1.06%, representing a 20% decrease compared to the control. The most significant
improvement was observed in the mixture containing both these additives and 3% CFs,
which achieved a creep strain of just 0.84%, corresponding to a 36% reduction relative to the
control. These findings highlight the effectiveness of both conventional and novel additives
in enhancing the rutting resistance of WMA mixtures. Figure 17 demonstrates the achieved
results of the creep strain test.

When compared to the findings of Abed A. et al. [50], who investigated WMA mix-
tures modified with various additives and typically reported final creep strain values in
the range of 1.1% to 1.4% after similar loading periods, our study demonstrates notable
advancements. While Abed et al. established that certain WMA additives could marginally
improve resistance to permanent deformation, our results show a more substantial re-
duction, especially with the introduction of recycled cigarette filters, lowering the creep
strain to 0.84% (a 36% reduction versus the control). By building on previous research and
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introducing innovative, sustainable additives, our study not only continues the exploration
of WMA modification but also fills prior gaps, offering practical solutions for enhanced
rutting resistance and material sustainability in asphalt technology.

W Control WMA Mixture B Modified WMA Mixture with PCMs
B Modified WMA Mixture with PCMs + CFs

14 1.32
1.2 1.06 1.06
1 0.85 0.84
£ 08 0.74 0.67

= 0.59
T 06 0.47
& 041 (34
0.4 0.28
0

1000 2000 3000 4000

Creep Time (s)

Figure 17. The results of the creep strain test for both control and modified WMA mixtures.

3.3. The Results of the Hamburg Wheel-Track Test (HWTT)

The Hamburg wheel-track test results demonstrated that the modified WMA mixture,
incorporating PCMs and 3% CFs, significantly enhanced rutting resistance compared to
the control WMA. After 20,000 passes, the control WMA exhibited a rut depth of 12.2 mm,
while the PCM-modified mixture showed a rut depth of 7.0 mm, representing a 43%
reduction compared to the control. Furthermore, the mixture modified with both PCMs
and CFs achieved a substantially lower rut depth of 4.4 mm, corresponding to a 64%
reduction. These results clearly highlight the effectiveness of the selected additives in
reducing permanent deformation and improving the durability of WMA mixtures under
repeated wheel loading. Figure 18 demonstrates the achieved results of the Hamburg
wheel-track test.

W Control WMA Mixture B Modified WMA Mixture with PCMs
B Modified WMA Mixture with PCMs + CFs

14 12.2
12
— 9.5
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- 8 6.7 7/
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% 6 43 4.4
b 34 : 3.8 :
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5000 10,000 15,000 20,000

Number of Wheel Passes

Figure 18. The results of the Hamburg wheel-track test for both control and modified WMA mixtures.

When compared to the findings of Fakhri M et al. [51], who reported rut depths of
8-13 mm for various glass fiber-modified WMA mixtures after 20,000 Hamburg wheel
passes, our results demonstrate a notable advancement in rutting resistance. While their
study established the positive impact of glass fibers on rutting performance in WMA,
our work further enhances this approach by introducing a multi-component modification,
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combining paraffin-based wax, hydrated salt, lauric acid, and recycled cigarette filters. As
a result, our modified mixture achieved a rut depth as low as 4.4 mm after 20,000 passes,
representing a substantially greater reduction compared to both their control and fiber-
modified WMA. By integrating additional sustainable additives and thoroughly evaluating
performance, our research builds upon previous work and addresses existing gaps, offering
a more robust and environmentally conscious solution to improving the durability and
rutting resistance of WMA pavements.

4. Analytical Assessment
4.1. Cost—Benefit Analysis

The following cost-benefit analysis compares control and modified WMA mixtures
using up-to-date prices for construction materials and additives based on current market
rates in Iraq. This approach ensures that the calculated costs and economic comparisons ac-
curately reflect the real-world conditions and material expenses relevant to local pavement
construction practices. The prices of construction materials and additives are presented
in Table 9.

Table 9. Local prices of construction materials and additives in Iraq.

Used Material Price in USD
Aggregates USD 15 per ton = USD 0.015 per kg
60/70 Asphalt Binder USD 195 per ton = USD 0.195 per kg
Filler USD 82 per ton = USD 0.082 per kg
Paraffin Wax
(Rubitherm RT55) USD 3.30 per kg
Hydrated Salt
(Climator Salt S10) USD 0.75 per kg
Lauric Acid USD 5.0 per kg
Cigarette Filters (CFs) USD 0.5 per kg

The quantities of construction materials and additives used to cast the 1 m? x 0.05 m
WMA slab were determined based on the selected aggregate gradation, the optimum binder
content, and the specified percentages of PCMs and CFs.

The measured density of the control compacted WMA mixture was 2350 kg/m3;
therefore, the weight of the slab was calculated as 1 m? x 0.05 m x 2360 kg/m?> = 118 kg.
These details are summarized in Table 10 below.

Table 10. The quantities of construction materials within the control WMA mixture.

Component Conducted Percentage Amount by kg

Aggregates 88.4% by mix 0.884 x 118 =104.3
Filler 7% by mix 0.07 x 118 =8.26
Binder 4.6% by mix 0.046 x 118 =5.43

The cost of construction materials to cast a 1 m? x 0.05 m control WMA slab is
as below:

e Aggregates: 104.3 kg x USD 0.015 = USD 1.57
e  Filler: 8.26 kg x USD 0.082 = USD 0.68

e  Binder: 5.43 kg x USD 0.195 = USD 1.06

e Total: USD 3.31
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The measured density of the modified compacted WMA mixture was 2330 kg/ m3;
therefore, the weight of the slab was calculated as (1 m? x 0.05 m x 2330 kg/m? = 116.5
kg). These details are summarized in Table 11 below

Table 11. The quantities of construction materials and additives within the modified WMA mixture.

Component Conducted Percentage Amount by kg
Aggregates 88.4% by mix 0.884 x 116.5 =103
Filler 7% by mix 0.07 x 116.5=8.16
Binder 4.6% by mix 0.046 x 116.5=15.36
Paraffin Wax 2% of binder 0.02 x 5.36 = 0.108
Hydrated Salt 1% of binder 0.01 x 5.36 =0.053
Lauric Acid 1% of binder 0.01 x 5.36 = 0.053
CFs 3% of filler 0.03 x 8.16 =0.245

The cost of construction materials to cast a 1 m? x 0.05 m modified WMA slab is

as below:

e Aggregates: 103 kg x USD 0.015 = USD 1.55

o  Filler: 8.16 kg x USD 0.082 = USD 0.65

e  Binder: 5.36 kg x USD 0.195 = USD 1.04

e  Paraffin Wax: 0.108 kg x USD 3.30 = USD 0.36

Hydrated Salt: 0.053 kg x USD 0.75 = USD 0.04
e  Lauric Acid: 0.053 kg x USD 5.0 = USD 0.26
o CFs:0.245kg x USD 0.5 =0.12
e Total: USD 4.02

The difference in cost between the control and modified WMA mixtures equals USD
4.02 — USD 3.31 = USD 0.71; the modified WMA mixture costs approximately USD 0.71
more per square meter than the control mixture for a 5 cm thick slab.

4.2. Analytical Prediction of Service Life
Step 1: Choosing the Design Service Life of the Control WMA Mixture

Most agencies and specifications (AASHTO and Iraqi SCRB) assume 10-15 years as the
typical design service life for surface asphalt, depending on road class and traffic; therefore,
the lower bound is 10 years and the upper bound is 15 years.

Step 2: Calculating the Service Life of the Modified WMA Mixture Using the Rut Depth Ratio

The measured rut depths for both control and modified WMA mixtures at 20,000 passes
were 12.2 mm and 4.4 mm, respectively. Therefore, the life ratio is calculated as

Rut Depth for Control WMA 122
Rut Depth for modified WMA 4.4

Life Ratio = =277 (1)

The life ratio was based on rut depths at 20,000 passes, assuming proportional rutting
beyond that point for comparative purposes.

Step 3: Projected Service Life for Modified WMA Mixture

Modified Service Life(lower bound) = 10 years x 2.77 = 27.7 years ()

Modified Service Life(upper bound) = 15 years x 2.77 = 41.6 years 3
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Step 4: Applying a Correction Factor

To ensure that laboratory-based service life predictions more accurately reflect real-
world pavement performance, a field correction factor, typically ranging from 0.5 to 0.7, is
applied to the lab-measured values. This adjustment accounts for the effects of weathering,
environmental exposure, traffic variability, construction inconsistencies, and other service
conditions that are not fully replicated in laboratory testing. The use of such correction
factors is widely supported in the literature, including Pavement Analysis and Design
(2nd Edition) [52] and Federal Highway Administration (FHWA) TechBriefs [53], where
it is recognized that ideal laboratory conditions often overestimate the actual durability
of pavement mixtures in the field. By introducing this calibration, the projected service
lives of the control and modified mixtures become more representative of their expected
field performance.

Correcting the Modified Service Life(lower bound) = 0.7 x 27.7 years = 19.4 years  (4)

Correcting the Modified Service Life(upper bound) = 0.7 x 41.6 years = 29.1 years (5)

The control WMA mixture is assumed to have a service life of 10-15 years, while
the modified WMA mixture with both PCMs and CFs is estimated to achieve a service
life of 19-29 years after applying a field correction factor. This demonstrates a substantial
enhancement in pavement durability as a result of the modification.

5. Conclusions

This study explored the incorporation of PCMs and shredded CFs into WMA mixtures
to enhance thermal regulation, rutting resistance, and sustainability. By evaluating PCM
effects at the mixture scale and comparing material costs and predicted service life, the
research demonstrates practical improvements over conventional WMA approaches. Based
on the study’s findings and prior discussions, the following conclusions were reached:

1. Blending paraffin-based wax, hydrated salt, lauric acid, and recycled cigarette filters
into warm mix asphalt is not just innovative; it delivers real results. Compared to
the control, the modified mixes showed stiffness improvements of up to 10-15% after
just 1 day, and by the 7th day, the specimen containing cigarette filters achieved
a 15% higher stiffness modulus than the standard mix. This proves that not only
do these additives, especially the recycled filters, make WMA stronger and more
durable, but they also give a valuable new use for waste materials, turning trash into
tougher roads.

2. The static creep strain test demonstrated that modifying WMA mixtures with PCMs
and CFs significantly reduces permanent deformation under sustained loading. The
observed decrease in creep strain values, up to 36% lower than the control, highlights
the effectiveness of these additives in enhancing the long-term stability and durability
of warm mix asphalt pavements.

3. The Hamburg wheel-track test results confirmed that modifying WMA mixtures with
PCMs and CFs greatly improved rutting resistance, achieving up to a 64% reduction
in rut depth compared to the control. The combination of additives, with or without
CFs, effectively minimized permanent deformation and significantly enhanced the
durability of WMA mixtures under repeated loading.

4. The modified WMA mixture costs USD 0.71 more per square meter than the control for
a 5 cm thick slab, but this small increase is offset by its improved performance. With
the inclusion of PCMs and recycled cigarette filters, the modified mixture shows higher
rutting resistance and durability, resulting in an estimated service life of 19-29 years
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compared to 10-15 years for the control. These results indicate that the modifications
offer a practical and effective way to enhance pavement longevity and sustainability.

This study enhances WMA mixtures with PCMs and recycled fibers to improve
performance and sustainability, evaluates their properties through lab tests, compares ma-
terial costs, and predicts service life, supporting more climate-resilient asphalt pavements.
However, a key limitation of this study is the absence of certain important performance
evaluations, such as fatigue resistance, moisture susceptibility, aging characteristics, and
low-temperature cracking. Without these additional assessments, the long-term durability
and comprehensive behavior of the modified WMA mixtures under diverse service condi-
tions remain uncertain. Future research should address these aspects to provide a more
complete understanding of the mixtures’ performance.
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