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Abstract. In this study, asphalt and Portland Cement Concrete (PCC) pavements are developed to include
nano-encapsulated paraffin-based phase-change nanomaterials (PCNs) to thermoregulate smart
transportation infrastructure. At 38-45° C phase transition temperature, PCN stores latent heat during peak
sunlight exposure and lowers the surface temperatures and thermal gradients leading to rutting and fatigue
cracking. Sol-gel and polymeric microcapsules stabilization is used in the nano-encapsulation to sustain the
stability of the nano-encapsules at mechanical loads and temperature cycle up to 200° C. The performance
issues are tested with TESIM finite element simulation and real-time diurnal thermocouple monitoring.
Findings indicate maximum 11°C surface temperature savings (55°C—44°C), briefer thermal fielding, 5-
10°C lagging and 15% longer fatigue lifestyles as compared to traditional pavements. Mechanical testing:
Stability retention of 5-10 wt% PCN loading of 95% of baseline, 5-10 wt% Marshall stability at 5-10 wt%
loading. Stability Less than 500 thermal cycles is less than 2% leakage. These adaptable pavements are
more sustainable as it minimizes the urban heat islands, prolongs life span of pavements by 20-25%, and
removes the need to use mechanical cooling and still maintains structural integrity to be used in smart cities.

the urban heat island phenomenon, where dense
networks of dark pavements and roofs store large
amounts of heat during the day and slowly release it at
night, keeping ambient temperatures elevated and
stressing both infrastructure and human health. In
transportation corridors, this can alter tire—pavement
interaction, increase the risk of softening in asphalt
layers, and accelerate the degradation of markings and
sensors that are critical for intelligent transport systems.
Therefore, pavements are increasingly viewed not only
as structural elements but also as active components of
the urban climate system that must be thermally
engineered. Beyond the construction industry, there is a
growing need for urban infrastructure to adapt to
changing needs. The smart transportation infrastructure
requires a multifunctional pavement material to be able
to integrate structural performance, sensory functions,
and energy control along with other functionalities in
one system. Herein, this has seen a progressive change in
performance criteria that were mainly mechanical
standards to more comprehensive ones comprising of
thermal comfort, energy efficiency, and climate
variability resilience. This has created new prospects in
the exploitation of new materials, such as nano-
engineered additives and functional fillers, which can

1 Introduction

The expansion of public transport systems has drawn
attention to the climatic impact of urban infrastructure.
Asphalt and concrete pavements not only thermally
stress but also weaken years ahead of their expected
lifespan due to surface rutting and cracking [1]. In many
rapidly growing cities, traffic volumes, axle loads, and
extreme  weather events are all increasing
simultaneously, which amplifies the rate of thermo-
mechanical distress in pavements and shortens their
service life. Rehabilitating or reconstructing damaged
road surfaces not only imposes high direct economic
costs but also contributes indirectly to congestion, fuel
consumption, and emissions, making traditional
maintenance strategies increasingly unsustainable in the
context of smart transportation planning. As a result,
materials and systems that can autonomously regulate
temperature and reduce heat-induced damage are
attracting significant research interest as a complement
to conventional pavement design  approaches.
Furthermore, these materials emit considerable amounts
of solar radiation, which worsens the Overheating Cities
Effect. This urban overheating is closely connected to
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confer on the conventional asphalt and cementitious
matrices properties which are tunable without
necessarily changing the current methods of
construction. The construction geometry has come up
with energy efficient pavements using reflective
aggregates, polymer modified binders and even
chromogenically charged phase change material which
are aimed at enhanced thermal management [2].
Although reflective and very emissive surface treatments
can reduce the surface temperatures to a certain degree,
its application is in some way sensitive to soiling and
aging, as well as local climatic conditions. On the same
note, the purely geometric or structural solutions
available, e.g. thicker layers or other gradations, tend to
consume more of the material and raise costs without
necessarily tackling transient thermal loading. Therefore,
substances that are capable of temporarily holding and
giving up of thermal energy by being converted into
different phases, provides a more inherent approach of
decreasing extreme temperatures of the pavement body.
The pavements can be modified in terms of weather
responsiveness by using phase-change nano-engineered
materials that can buffer the temperatures passively in
the form of latent heat. These phase-change inclusions
can be spread evenly across the pavement at the nano-
scales, enhancing quicker thermal conductivity and
reducing the chances of leakage or debonding of the
mixture and service. They are small in size, as well,
which is beneficial to their ability to fit within the binder
phase and minimize negative impacts on rheological
characteristics, critical to sustaining the ability to
maintain load-bearing capacity under repeated traffic.
This offers more flexibility of the transport systems
which must adjust dynamically to changing conditions.
In asphalt and cement coatings focused on Smart
Transport Systems, this paper proposes the use of PCNs
as multifunctional, sustainable, and responsive solutions
for infrastructure that is flexibly adapted towards
climate-smart Terraforming cities [3].

Considering these drivers, the present work situates
PCN-modified pavements within the broader agenda of
smart and climate-responsive transport infrastructure. It
is concerned with the concept of how nano-encapsulated
paraffin-based PCNs may be incorporated into asphalt
and cementitious layers in the manner that does not
entail significant thermal advantages without affecting
the structural integrity and constructability. The
proposed study will comprise numerical simulation with
the help of TESIM and real-time measurements of
instrumented pavement areas in order to produce
quantitative evidence of temperature reductions, thermal
buffering and possible life-extension effects. This
combined outlook contributes to the creation of
pavements which do not merely have to be long-lasting
and secure, but which also play an active role in the
creation of energy-efficient and climate-responsive
metropolitan transportation networks.

The purpose of the paper is to design pavement based
on the usage of phase change nanomaterials (PCNs) that
would help to address the overheating issue and increase
the life of infrastructure. The Introduction, Section 1
deals with the necessity of climate-responsive materials

and the problems of thermal stress on pavements.
Section 2, Literature Review, focuses on thermal
regulation PCNs and their mechanical reinforcement, as
well as their encapsulation techniques, based on prior
studies. A PCN nano-encapsulation method within
asphalt and cement matrices is simulated using TESIM
software, supported by real-time temperature monitoring,
as described in Section 3: Proposed Method. The Results
and Discussion section (Section 4), appraises both
simulation and field information analysis results that
attest to improved thermal buffering, reduction of peak
temperatures. In Section 5, Conclusion, the text focuses
on smart, sustainable, and long-lasting CC construction
of future transport infrastructure, housing that are
allegedly multifunctional, resilient pavements that
should be augmented with the focus on PCN integration,
improving the performance discrepancies throughout the
lifecycle of operation.

2 Literature Review

The application of phase-change nanomaterials (PCNs)
in smart pavements aims to eliminate thermally induced
structural fatigue [4] [8]. Early studies on thermally
responsive pavements primarily focused on macro-
encapsulated PCMs embedded in surface layers or
voided aggregates, which demonstrated noticeable
temperature reductions but suffered from issues such as
leakage, poor mechanical compatibility, and difficulties
during mixing and compaction. Later studies were to
focus on the use of micro- and nano-encapsulated
structures, the smaller size of the particle and engineered
shell materials increased dispersion within the binder,
and resistance to cyclic loading and high-temperature
processing. These advancements have provided a basis
in more robust PCN formulations which can endure the
integrated impacts of traffic loads together with the
environmental cycles that are found in actual pavements.
The nanomaterials we study are most commonly
paraffin-based composites which copes with solid-to-
liquid phase transitions caused by temperature
oscillations [5][6]. Selection of the phase-change
temperature range is critical, as it must overlap with the
most damaging pavement temperature window to be
effective. Many paraffin-based systems are designed to
melt and solidify in the range of approximately 30—
60°C, which covers common daytime peak surface
temperatures in many climates and allows the material to
repeatedly absorb and release heat over daily cycles. By
tailoring chain length, blending different paraffin
fractions, or combining organic and inorganic PCMs,
researchers have been able to fine-tune both the melting
point and latent heat capacity to better match specific
climatic and traffic conditions. The PCNs have a passive
control of the temperatures of asphalt and cement
mortars because they have a significant latent heat
capacity and high thermal stability [11]. The
effectiveness of PCNs is evident from the reduction of
thermal gradients across layers, thereby improving
resilience against rutting, fatigue cracking, and other
overheating damage [12]. Experimental and numerical
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investigations are uniformly indicating that even small
changes in the peak temperatures and thermal gradients
may result in major gains in fatigue performance and less
depth of rutting throughout the service life of the
pavement. This is because thermal stresses often act in
combination with traffic-induced stresses, and lowering
the thermal component delays the onset of micro-
cracking and reduces the accumulation of permanent
deformation. As a result, PCN-enhanced mixtures are
being considered not only for extreme climates but also
for heavily trafficked corridors and critical urban routes
where maintenance interventions are particularly
disruptive. Research on dispersibility or leakage during
phase change has focused on microencapsulation for
enhancing the performance of PCN-bound frameworks.
Maintaining core encapsulated structures under cyclic
thermal loading using sol-gel or polymer shell
techniques has shown potential for microcapsules [15].
There are many ways to encapsulate something, such as
polymeric shells, inorganic shells, or hybrid organic-
inorganic systems. Each has its own pros and cons in
terms of mechanical strength, thermal conductivity, and
chemical compatibility with the host matrix. As an
example, inorganic shells that are rigid are more likely to
give good resistance to high-temperature mixing and
abrasion, and polymeric shells that are flexible can allow
the volume to change on phase transition with a lesser
chance of cracks. Efficiency of shell thickness, core to
shell ratio and surface chemistry is thus one of the design
considerations that have a direct impact on both the
thermal behavior and durability of PCN-modified
pavements in the long run. In addition, the incorporation
of high-conductivity nanofillers, such as metal oxides or
carbon-based compounds, has increased the rate at which
heat flows within the composites and throughout the
pavement surfaces, responding quickly to changes in
temperature and resulting in ultimate enhanced
performance pavements [7][13]. The behaviour of the
coupled heat transfer and phase-change processes in
PCN-enhanced pavements under the realistic conditions
has been modelled by employing advanced modeling
techniques such as finite element and finite difference
techniques. Solar radiations, convective exchange of heat
with the atmosphere, conductive exchange of heat with
the underlying layers and nonlinear behavior of latent
heat in case of phase transitions are some of the factors
that have been incorporated in these models. Some field
tests, including temperature data recorded with inbuilt
sensors, have been shown to be in good agreement with
validation, which boosts the opinion of using such tools
in optimization of PCN content, layers and distribution
to real full-scale application. While the use of PCN
integrated composites offers some advantages, issues
persist with maintaining rheological compatibility and
structural cohesion within the PCNs under mechanical or
environmental stress. It has been studied how changes in
PCN particle morphology, such as shell thickness,
volume fraction, and even molecular geometry, affect the
viscoelasticity, stiffness, and fatigue life of the
composite. These studies aimed to strike a balance
between mechanical properties and thermal storage.
Simultaneously, it is also evident that a high PCN

loading can negatively influence stiffness and resistance
to permanent deformation, which is why the need to find
the optimal range of dosage becomes apparent. A
number of studies hence stress the importance of having
some form of balance between thermal advantage and
mechanical disadvantage in the way of coming up with
some form of formulations of reduced peak temperature
and reduced thermal stress against the small compromise
of stiffness or strength. This is particularly necessary in
intelligent transportation systems where pavements need
to support not only standard vehicles but also more
massive traffic, automated systems and sensing or
communicative devices embedded within it [10].
Furthermore, due to the integration of PCNS, other
formulations aimed at maintaining isostatic compressive
loads designed hybrids with nano-infused PCMs that
focus on altering both thermal and mechanical responses
for certain climatic zones without compromising load-
bearing capabilities [9]. More recently, studies are also
underway to extend to multi-functional PCN systems,
where thermal regulation is added with other functions,
e.g. self-sensing, de-icing, or electromagnetic shielding,
by introducing conductive or magnetic nanofillers within
the encapsulation matrix. These new formulations
indicate that more holistic transport management
strategies may be implemented in the future by smart
pavements incorporating thermal management, structural
performance, and data collection in the same material
system. PCN-pavements are being field tested and also
simulated diurnal cycles of temperature under both
advanced finite element thermal simulations along with
coupled thermal-mechanical models [14].

2.1 Research Gap

Even though the utilization of phase-change materials
(PCMs) and nano-encapsulated  phase-change
nanomaterials (PCNs) as thermal regulators in
pavements is well researched, the current literature
predominantly looks at either the material-level
attributes or individual thermal simulations without
considering the material design, numerical models, and
real-time field simulation. Very little consideration has
been devoted to assessing dynamic thermal response
properties including peak temperature delay, heat
retention and gradient reduction in realistic
environmental conditions. Also, it is not clear how stable
encapsulation can be in the context of repeated thermal
cycling as well as the best trade-off between thermal
performance and mechanical integrity. The gaps indicate
the necessity to have an extensive framework that links
PCN material behavior to verified field scale thermal
performance.

2.2 Contribution

1. Integrated Framework Development:

Suggests an integrated solution that works with nano-
encapsulation design, thermal simulation by use of
TESIM and real-time field monitoring to evaluate
pavements.
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2.  Quantitative Thermal Performance Analysis:

Offers analytic evaluation of the top temperature
drop, thermal lag, heat retention, and thermal gradient
alleviation in modified pavements with PCN.

3. Model Validation with Experimental Data:

Through validation of TESIM simulations with real-
time field measurements of thermocouples, determines
the reliability of TESIM simulations.

4. Practical Insights for Smart Infrastructure:

Shows that PCN-reinforced pavements are applicable
in making smart transportation systems more durable
and thermally resilient.

3 Proposed Method

This study introduces a novel pavement system that
utilizes  phase-change nanomaterials (PCNs) in
conjunction with asphalt or cementitious composites.
This is planned to enhance their thermal measures by the
storage and release of latent heat of the smart
transportation systems to alleviate the thermal caused
stresses and damages. Nano-paraffin wax is poured into
capsules which are known to possess high latent heat and
constant melting points in the range of 38-45°C. To
ensure long-term cyclic thermal stability, encapsulation
prevents leakage during heated cycles pavements.

3.1 Material Characterization of Nano-
Encapsulated PCNs

The nano-encapsulated phase-change materials (PCNs)
that are employed in this study would be paraffin-based
cores that are encased in a hybrid polymer-inorganic
shell to provide thermal and mechanical stability. The
basic component is a commercial grade paraffin wax,
which has a melting point of between 38-45 °C as well
as latent heat of about 180-220 kJ/kg, which is suitable
in regulating the thermal properties of pavements in
extreme solar loading conditions.

A sol-gel and polymerization method is used to
synthesize the encapsulation shell, where silica (SiO2) is
used as the backbone inorganic material and a cross-
linked polymer matrix (e.g. polymethyl methacrylate,
PMMA) is used to provide flexibility and crack
resistance during repeated thermal loading. This type of

shell structure is a hybrid that enhances mechanical
strength and leakage resistance.

The effective size distribution of the nano-
encapsulated PCNs is between 80 nm and 250 nm with
the average diameter of about 150 nm which guarantees
uniform dispersal of the PCNs in asphalt and
cementitious matrices without any significant changes in
the rheological properties.

The thermal stability test shows that the paraffin core
passing through phase transition in the specified
temperature range, the encapsulation shell remains
structural at higher processing temperatures to 180-
200 °C, which is typical of asphalt mixing.

All  these material characteristics guarantee
successful latent heat storage, low leakage, and that they
can be used in standard pavement construction
procedures.

In simpler terms, this technique achieves high-
fidelity modeling while capturing each defined stage
through a separate submodel that relies on both sensible
and latent contributions of storages during their active
phases, upon shifting temperature trajectories aimed at
stabilization.

= + (1)

Where:

: Total heat exchanged (Joules)
. : Mass of PCNs in the mixture (kg)

. . Specific heat capacity of nanomaterials
(J/kg'K)
. : Temperature change in pavement surface (K)

. : Latent heat of fusion (J/kg)

Equation (1) provides a comprehensive account of
the thermal response of pavements modified by PCN.
The first component is sensible heat. absorbed in heating
the pavement. The second component captures latent
heat associated with the phase change of nano-paraffin.
This dual mechanism, which moderates surface
overheating during the daytime and the release of heat
during temperature drops, enhances thermal regulation
over time and reduces material fatigue. This emerging
approach focuses on the transforming PCMs, phase
change materials, using improved methods or with
increased heat transfer systems. These techniques are
aimed at developing phase change nanocomposites
(PCNs) for smart pavements applications. The detailed
sequence of this process appears below.
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Fig. 1. Flow diagram representing the methodology for PCM heat transfer enhancement techniques

Figure 1 illustrates two methods for enhancing heat
transfer in phase change materials (PCMs). The left side
explains the method of enhancing thermal conductivity
with non-metallurgical additives, such as expanded rock,
graphite flakes, and even metal oxide nanoparticles.
These nonmetals stimulate rapid heating and cooling.
The right side utilizes metal fins (both pin and plate) to
enhance the contact area at the interface, as well as
encapsulation techniques on both micro and macro

scales. Encapsulation also improves the stability of the
material PCM by containing it during leakage while it
undergoes phase changes. Both methods are used to
make advanced PCNs, which stands for Phase Change
Nanocomposites. These nanocomposites are then added
to pavement mixtures to help keep the temperature
stable. The last step is to test how well they work and
how long they last in real life.

Normal pavement without PCM

Solar Panel

Data Logger

Thermocouple wires

PCM in ccnrporate pavement

Fig. 2. Schematic and real-time setup of PCM-integrated pavement system with monitoring architecture

In Figure 2, both the schematic and real-time setups
are shown for evaluating the thermal behavior of
pavements enhanced with phase change materials
(PCMs). A solar-powered data logger gathers thermal
readings in situ from thermocouple wires embedded
within two sections of pavement: one is conventional,
while the other has PCNs integrated. This monitored
PCM section contains a surface layer configured to
capture and modulate thermal energy. As shown in this
example, self-sustaining systems can be deployed
outdoors for performance evaluation of continuous
monitoring, proving their effectiveness. TESIM-based
thermal modeling, combined with advanced techniques
for heat transfer enhancement, enables the simulation
and measurement of heat buffering during temperature
extremes.

4 Results and Discussion

This section describes the simulated field and laboratory
experiments to assess the thermal properties of
pavements with phase-change nanomaterials (PCN)
embedded within them, focusing on their heating and
cooling performance. Surface temperature fluctuations,
heat retention capability, responsive latency during
temperature cycle intervals, and several other factors
were also studied. Temperature data was gathered
through TESIM-based simulations alongside real-time
monitoring of PCM-modified pavements and standard
tempered pavement samples. The results have been
compiled in Figure 3, which illustrates the impact PCNs
have on paving materials regarding their recurrent
heating/cooling effectiveness over multiple seasons,
along with life span enhancement.

Figure 3 indicates that the diurnal temperature of the
traditional and PCN-modified pavements have a

significant difference in the peak temperature and the
thermal response behaviour. The traditional pavement
has a surface temperature of about 55 °C at the peak
solar radiation time, but the PCN-modified pavement has
a lower peak temperature of about 44 °C, which implies
that the temperature of the surface decreases by almost
11°C.

Conventional vs. PCN-Modified Pavement

100

TEMPERATURE
o

TIME OF DAY

— Conventional Pavement (°C)

mme PCN-Modified Pavement (°C)

Fig. 3. Daily Thermal Response Curve of Conventional vs.
PCN-Modified Pavement.

Besides suppression of peak temperature, the PCN-
integrated pavement exhibits a sluggish thermal response
with the peak temperature taking place at a longer period
by about 60-90 minutes in comparison to the traditional
surface. It is believed that this is due to the absorption of
the latent heat in the phase change of PCNs made of
paraffin. In the same manner, at the cooling stage, the
PCN pavement has a reduced rate of temperature
fluctuation with the surface retaining temperatures 5-
7 °C above the control sample over some period after
sunset as a result of the dissipation of the latent heat.

It was also noted that the thermal gradient between
pavement depth was also reduced by about 18-22
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