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Abstract: Under low-temperature conditions in winter, asphalt pavement is prone to cracking,
icing and other distresses, which affect its safety and comfort. Therefore, by incorporating phase-
change materials into asphalt and conducting relevant performance studies, the aim is to alleviate
low-temperature distress and regulate road surface temperature and expand the application of
phase-change materials in asphalt pavement. We mixed the selected phase-change materials with
different dosages into the matrix asphalt to prepare phase-change temperature-regulating asphalt and
tested the four basic indicators: road performance, latent heat characteristics, temperature-regulating
performance, and rheological properties of phase-change asphalt and its mixture. The research results
indicate that with the increase in phase-change material content, the penetration, softening point,
ductility, and dynamic viscosity of phase-change high-viscosity asphalt gradually increase. Under the
constant temperature test conditions of −2.5 ◦C and −5 ◦C, the surface icing speed of asphalt binder
specimens mixed with phase-change materials is slower than that of specimens without phase-change
materials. Adding phase-change materials can improve the high-temperature and low-temperature
PG grading of high-viscosity asphalt, effectively improving its high-temperature rutting resistance
and low-temperature cracking performance. According to the temperature regulation test results,
phase-change temperature-regulating asphalt has a certain regulating effect on temperature under
low-temperature conditions, which can slow down the cooling rate of asphalt, reduce the thermal
conductivity of permeable asphalt mixture by more than 50%, increase the temperature regulation
rate by more than 30%, and improve the ice-melting and snow-melting ability by more than 20%.
Phase-change materials have almost no effect on the porosity of permeable asphalt mixtures and can
effectively improve the water stability, low-temperature crack resistance, and antiflying performance
of permeable asphalt mixtures. Their Marshall stability and rutting stability decrease, but still
meet the requirements of the specifications. Applying phase-change materials to permeable asphalt
pavement can automatically adjust the temperature of the pavement, reduce the cooling rate of the
asphalt pavement during cooling, alleviate the problem of snow and ice accumulation on the asphalt
pavement in winter, and thereby improve the performance of permeable asphalt pavement against
freeze–thaw cycles.

Keywords: phase-change temperature-regulating asphalt; paraffin wax; road performance; rheological
properties

1. Introduction

An asphalt mixture differs from other construction materials, such as cement concrete
and cement mortar, in that it is a flexible and temperature-sensitive material. Under the
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action of traffic loads and high-temperature conditions, asphalt mixtures cannot maintain
a fixed shape. Moreover, the use of phase-change materials in conjunction with asphalt
exhibits desirable descriptive characteristics [1]. However, after multiple phase-change
cycles, these materials may suffer from leakage and loss. Furthermore, the preparation of
asphalt mixtures requires mixing at high temperatures, which poses the risk of vaporization
and loss of phase-change materials [2].

With the extensive application of asphalt pavements, numerous domestic and interna-
tional professionals have conducted in-depth research on its materials and construction
aspects, advancing both the theoretical study and practical implementation of asphalt
roads [3]. However, due to various factors, such as material properties and external envi-
ronmental influences, challenges, such as high-temperature rutting, surface water freezing,
and low-temperature cracking, persist as critical issues that demand attention. These
distresses not only negatively impact various performance aspects of asphalt pavements
but also significantly reduce their service life [4]. As the global climate undergoes dra-
matic changes, extreme weather events are becoming more frequent in various regions [5].
During winter, the low-temperature environment poses a particular risk, causing asphalt
pavements to be susceptible to phenomena like icing and cracking. This results in reduced
friction between vehicles and the road surface, leading to decreased skid resistance, and
in severe cases, even contributing to traffic accidents [6]. Low-temperature cracking is
a common form of pavement distress, primarily manifesting as transverse cracks. Such
distress occurs mainly because asphalt materials have a limited capacity to withstand low
temperatures, leading to diminished deformability. Consequently, the key challenge faced
in low-temperature regions lies in finding solutions to prevent pavement cracking and
alleviate driving difficulties caused by surface icing [7].

Under low-temperature conditions, asphalt materials face challenges in withstanding
extreme cold, as internal stresses may exceed their ultimate tensile strength [8]. As a result,
improving asphalt material road performance in low-temperature environments becomes
a key direction for the development of asphalt road materials. The focus should be on
finding a material to be mixed with asphalt that, based on external environmental changes,
can regulate the temperature of the asphalt pavement, reduce the possibility of asphalt
pavement cracking due to extreme low temperatures, and lessen its sensitivity to low-
temperature conditions [9]. Phase-change materials (PCMs) refer to materials that exhibit
different states, such as gaseous, liquid, and solid, and can convert between these states [10].
The energy produced during conversion is stored or released in the form of latent heat,
thereby enabling temperature regulation and control. Based on research and the successful
applications of phase-change materials in other fields, introducing them into asphalt could
lead to the development of an asphalt binder and mixture with phase-change behavior and
temperature self-regulation properties [11]. This would allow long-term thermodynamic
performance control within a certain temperature range and reduce the rate of temperature
change. As the ambient temperature rises, the temperature of the asphalt pavement
increases as well. When the temperature reaches the phase transition temperature of the
added PCM, a change in its phase occurs, resulting in the absorption and storage of a
portion of the heat. This leads to a corresponding decrease in the asphalt’s temperature,
reducing the rate of temperature rise and achieving a “peak-shaving” effect during a specific
period. Conversely, when the external temperature drops, or cold air penetrates the asphalt
pavement, the inclusion of a PCM can act as a “filling” mechanism [12]. Thus, with the
addition of a PCM, the temperature range can be maintained stably under varying external
temperature conditions, reducing the occurrence and duration of extreme temperature
peaks [13]. Consequently, incorporating a PCM into asphalt actively improves its working
state. When applied to porous asphalt pavements, a PCM can automatically adjust the
pavement temperature, reducing the cooling rate of asphalt during temperature drops.
This approach delays or shortens the occurrence and duration of extreme low temperatures,
alleviates winter snow accumulation and surface icing issues, and consequently enhances
the freeze–thaw resistance performance of porous asphalt pavements [14].
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Phase-change materials are generally divided into solid–solid, solid–liquid, solid–gas,
and liquid–gas phase changes. The majority of current research is focused on solid–solid
and solid–liquid phase-change energy storage materials [15]. Solid–liquid PCMs offer a
large range of selectable phase-change temperatures and have been subject to significant
research; however, they exhibit higher instability, which might result in changes in volume
and thermal parameters, causing them to be prone to leakage. Therefore, they must be
fixed and encapsulated using certain methods [15]. In recent years, the most widely used
antileakage methods include carrier porous adsorption and microcapsule encapsulation.
Researchers have confirmed that microencapsulation of phase-change materials enhances
the stability of the phase-change process, prolongs their service life, and improves their
heat transfer behavior. Consequently, microencapsulation holds promising prospects for
practical applications in the field of phase-change materials [16]. Hence, this paper plans
to prepare phase-change materials using microcapsule encapsulation technology and test
and evaluate their performance and autonomous temperature regulation effects when
incorporated into asphalt binders [17].

Yan et al. studied three composite phase-change materials, namely paraffin, fatty acids,
and a combination of paraffin with fatty acids, and used TC3000 to measure the thermal
conductivity efficiency of these materials at various molar ratios and test temperatures.
The research revealed an inverse relationship between the thermal conductivity efficiency
and the phase transition temperatures of the materials. When the phase transition did not
occur, the heat transfer efficiency was relatively unaffected by the experimental samples.
After 500 cycles of testing, it was observed that the thermal transfer coefficient of the
binary fatty acid and paraffin composite materials decreased with the increase in the
number of test cycles, demonstrating good cycle stability [18]. Cui et al. discussed the
application of PCMs in buildings, focusing on their usage scenarios, application areas,
types of application, thermal properties, and phase-change properties. The results showed
that phase-change materials are mainly used between 25 and 60 degrees north latitude
and 25 and 40 degrees south latitude, with paraffin phase-change materials being the
most widely used. The phase-change temperature and heat of fusion of organic phase-
change materials vary between 19 and 29 ◦C and 120 and 280 kJ/kg, respectively. The
best application effect of phase-change materials can reduce the indoor air temperature
by 4.2 ◦C [19,20]. Chen et al. discussed in detail the classification and addition methods
of a PCM in asphalt mixtures, reviewed the various properties of PCM-modified asphalt,
and concluded that the temperature-related performance of asphalt mixtures could be
controlled within the phase-change temperature range. PEG and tetradecane are typically
used to regulate high-temperature and low-temperature conditions of asphalt pavements,
respectively [21,22].

Guo et al. investigated the classification, mechanism, temperature regulation effects,
and preparation methods of composite phase-change materials (CPCMs). The study also de-
scribed the impact of directly incorporating phase-change materials and CPCMs on asphalt
binder and asphalt mixture performance. The results indicated that the direct incorporation
of a PCM played a role in temperature regulation but exhibited high-temperature leakage,
leading to adverse effects on the asphalt binder and mixture’s performance. However,
CPCMs effectively mitigated this issue and improved the thermal storage capacity and
overall performance of asphalt mixtures [23].

Athukorallage et al. conducted experiments on phase-change-material-modified
asphalt mixtures to mitigate extreme temperatures on asphalt pavements. They theoretically
calculated the heat transfer process using the volumetric average energy formula. The
results demonstrated that the use of phase-change materials can slow down the rate of
temperature rise and fall on roads and effectively improve the working temperature and
temperature adaptability of road surfaces [24,25].
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Du et al. studied the interactions between PEG and asphalt and their influence on
the phase-change effect and properties of asphalt binders and asphalt mixtures through
indoor microscopic testing, dynamic shear rheological testing, irradiation testing, and
shear strength testing. The results revealed that the measured phase-change enthalpy
of PEG/asphalt composite material was lower than the theoretical value. Liquid PEG
enhanced the elasticity of asphalt and increased its nonrecoverable creep compliance. The
composite material containing 20% PEG had a peak temperature 3.3 ◦C lower than the
control asphalt mixture but experienced a relative reduction of 20.3% in shear strength [26].

Kousksou et al. studied the melting parameters of a binary mixture of tetradecane–
hexadecane and different concentrations of tetradecane–hexadecane mixtures in DSC
through experiments and numerical analyses. They found that the phase-change process of
the binary mixture occurred within a temperature range, which depended on the heating
rate and the composition of the mixture. Tetradecane of the same concentration had
different heating rates, and the solid and liquid phase line temperatures of the binary
mixture could be predicted by the DSC curve [27,28].

The goal of the phase-change materials selected in this study is to improve the snow-
melting and anti-icing capabilities of asphalt pavements during cold seasons. The research
investigates the impact of these materials on the performance of porous asphalt mixtures.
The objective is to develop more resilient and durable pavements that effectively combat
winter ice formation and withstand challenging winter conditions.

2. Materials and Methodology
2.1. Materials
2.1.1. Paraffin-Based Phase-Change Materials

Paraffin-based phase-change materials are straight-chain hydrocarbons with the molec-
ular formula CnH2n+2, and their properties are similar to those of saturated hydrocarbons.
The properties of paraffin are stable. Paraffin can repeatedly dissolve and crystallize
without entering a supercooled state or undergoing phase separation. It features fast
crystallization speed, low supercooling, excellent plasticity, plentiful raw materials, low
cost, secure structure, nontoxicity, and noncorrosiveness. However, its volume changes
greatly after phase transition, and it has a low heat conduction coefficient and compaction
degree, limiting the solidification speed during heat release. Considering factors such as
the required phase-change temperature, thermal characteristics, chemical properties, and
economic performance, dodecane, tetradecane, and hexadecane were selected as paraffin-
based phase-change materials. Their basic performance indicators are shown in Table 1.

Table 1. Basic properties of paraffin-based phase-change materials.

Name Molecular
Formula Molecular Weight Purity/% Melting Point/◦C Enthalpy of Phase

Transformation/(J/g)

Dodecane C12H26 173 98 −11 212
Tetradecane C14H30 196 98 7 218.4
Hexadecane C16H34 231 98 18.3 214

2.1.2. Asphalt

The base asphalt used in this paper was Asphalt 70#. The relevant technical indicators
were measured, as shown in Table 2.

Table 2. Partial indicators of asphalt 70#.

Test Items Quality Indicators Test Results

Penetration (25 ◦C, 100 g, 5 s)/0.1 mm 60~80 72
Penetration index −1.5~+1.0 −1.0
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Table 2. Cont.

Test Items Quality Indicators Test Results

Softening point (Ring and ball method) 6<46 48.2
Power viscosity of 60 ◦C/Pa·S 6<180 216

Viscosity of 10 ◦C (5 cm/min)/cm 6<20 36
Viscosity of 15 ◦C (5 cm/min)/cm 6<100 >140

Wax content (Distillation)/% 6>2.2 1.7
Flash point (Open)/◦C 6<260 289

Density at 15 ◦C/g/cm3 Measured 1.01
Solubility (Trichloroethylene)/% 6<99.5 99.95

After short-term aging
of TFOT

Quality change/% 6>±0.8 −0.07
Penetration ratio/% 6<61 68.8

Ductility of 5 ◦C 6<6 7

2.1.3. Aggregates and Mineral Powder

The test aggregates and mineral powder were tested according to specification require-
ments, with results shown in Tables 3–5.

Table 3. Technical indicators of coarse aggregate.

Technical Indicators
Particles Size of Coarse Aggregate

10~20 mm 5~10 mm 3~5 mm Specification Value

Gross volume relative density 2.701 2.712 2.726 Measured
Apparent relative density 2.73 2.75 2.79 ≥2.60
Water absorption rate (%) 0.83 0.67 0.58 ≤2.0
Particle content less than

0.075 mm (%) 0.3 0.5 0.7 ≤1

Content of needle and flake
particles (%) ≤15

Particle size > 9.5 mm (%) 7.8 6.3 / ≤12
Particle size < 9.5 mm (%) ≤18

Adhesion to asphalt 5 ≥5
Robustness (%) 2 ≤12

Crushing value of stone (%) 15.2 ≤26
Polished stone value 48 ≥42

Los Angeles abrasion loss (%) 19 ≤28

Table 4. Technical indicators of fine aggregate.

Technical Indicators Test Value Specification Value

Apparent relative density 2.67 ≥2.50
Angularity (s) 34.8 ≥30

Sand equivalent (>0.3 mm part) (%) 83 ≥60
Particle content less than 0.075 mm (%) 1.5 ≤3

2.2. Test Methods
2.2.1. Three Major Indicator Tests

To understand the potential effects of incorporating phase-change materials into
asphalt, this study conducted tests on high-viscosity asphalt samples with added phase-
change materials. The tests included penetration, ductility, softening point, and dynamic
viscosity measurements to analyze the impact of phase-change materials on the high-
temperature and low-temperature properties of the asphalt. The addition of PCMs affects
various properties of the asphalt. Four different dosages, namely 6%, 7%, 8%, and 9%,
were introduced into the high-viscosity asphalt to assess their influence on the asphalt’s
performance indicators.
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Table 5. Technical indicators of mineral powder.

Technical Indicators Test Value Specification Value

Water content (%) 0.6 ≤1
Hydrophilicity coefficient 0.77 <1

Plasticity index (%) 3 <4
Apparent density (t/m3) 2.664 ≥2.5

Thermal stability No discoloration Measured

Particle size range
<0.6 mm 100 100
<0.15 mm 95 90~100

<0.075 mm 92 75~100

2.2.2. DSR Test

Rheology is a discipline that studies the flow and deformation of materials under
external conditions and time-related factors. In the context of asphalt, the PG grading
(Performance Grade) system differs from commonly used penetration and viscosity grad-
ing criteria. It establishes a link between the asphalt’s technical specifications and its
performance on asphalt road surfaces, taking into account factors such as temperature
and traffic volume that affect road performance. For PG grading experiments, the Smart-
Pave101 dynamic shear rheometer (as shown in Figure 1) and the bending beam rheometer
manufactured by Anton Paar owned by the charitable Santner Foundation in England
were utilized. Additionally, the dynamic shear rheometer (DSR) was employed to conduct
asphalt performance tests with different modules, including temperature scans, frequency
scans, and multiple-stress creep recovery tests. The corresponding experimental parameters
are detailed in Table 6.
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Figure 1. Dynamic shear rheometer (DSR).

A dynamic shear rheometer (DSR) was used to perform the PG high-temperature
grading test for asphalt, determining the high-temperature grade of different asphalts.
The asphalt was tested in three stages, mainly including original asphalt, TFOT asphalt
residue, and PAV asphalt residue. These three stages simulated the problems encountered
in practice with original asphalt and the aging process. A bending beam rheometer was
used to conduct the low-temperature grading test, determining the low-temperature grade
of different asphalts.
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Table 6. Dynamic shear test settings.

Test Type Control Model
Specimen Size

Test ParametersSpecimen
Diameter/mm

Specimen
Thickness/mm

High-temperature
classification

Original
asphalt Strain 25 1 Strain value γ = 12%,

Test frequencyω = 10 rad/s

TFOT residue Strain 25 1 Strain value γ = 10%,
Test frequencyω = 10 rad/s

PAV residue Strain 8 2 Strain value γ = 1%,
Test frequencyω = 10 rad/s

Low-temperature classification — (127 ± 2) mm × (6.35 ± 0.05) mm
× (12.7 ± 0.05) mm Testing load: 980 mN ± 50 mN

Temperature scanning Stress 25 1 ω = 10 rad/s, τ = 0.1 KPa,
T = 30–80 ◦C

Frequency scan Strain 8 2 ω = 0.1~100 rad/s, γ = 0.1 KPa,
T = 5 ◦C, 20 ◦C, 35 ◦C

Multiple Stress Creep and
Recovery (MSCR) Stress 25 1

Phase 1 τ = 0.1 Kpa,
Phase 2 τ = 3.2 Kpa; each phase
was cycled 10 times, with each

cycle loading for 1 s and
unloading for 9 s.

Asphalt is a temperature-sensitive material, and its viscoelastic properties are greatly
affected by temperature changes. The phenomenon of rutting mainly occurs during the
early stage of road construction and under high temperatures. The PG grading system is
denoted as PGX-Y, where X represents the high-temperature grade and Y represents the low-
temperature grade. It indicates that the asphalt binder is suitable for a specific temperature
range, with each grade covering a 6 ◦C temperature interval. The dynamic shear rheometer
measured the complex shear modulus G* and phase angle δ of the original asphalt, TFOT
residue, and PAV residue. For evaluating the high-temperature performance of asphalt, the
rutting factor (G*sinδ) was used as the evaluation criterion, with the requirement that the
original asphalt should not be less than 1.0 KPa and the residues not less than 2.2 KPa. The
fatigue factor (G*sinδ/G*sinδ at 10 Hz) was employed to assess the fatigue performance of
asphalt binders, and it should not exceed 5 MPa. A smaller fatigue factor indicates higher
elasticity and better fatigue resistance of the asphalt. The bending beam rheometer test
determined the bending creep stiffness modulus and m-value of the asphalt. The bending
stiffness modulus (S) represents the asphalt’s ability to resist loads, while the m-value
reflects the rate of change in the creep stiffness modulus. The requirement for the bending
stiffness modulus should not be greater than 300 MPa, and the m-value should be no less
than 0.3, indicating good resistance to deformation under load.

In colder areas, asphalt pavement often cracks. This phenomenon is an important
form of road damage. In order to effectively ensure the normal use of the road, good
low-temperature performance of asphalt is a necessary condition. During the experiment,
the asphalt beam specimens were placed on the support frame, and a manual contact
load of 35 mN ± 10 mN was applied to ensure close contact between the beam and the
support. The test loading system was activated, and an initial load of 1 N was applied to
the specimen within approximately 1 s. Then, the load was released to the preload and
maintained for 20 s. After the 20 s period, a 1 N load was applied again and kept for 240 s.
During this time, the load and deformation values of the asphalt beam were recorded.
Finally, the load was removed and the specimen returned to the preloaded condition,
completing the experiment.
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Throughout the test, the computer data control acquisition system plotted the rela-
tionship between deflection and time, allowing the determination of the creep stiffness
modulus (S) and creep rate (m) values of the asphalt based on the deflection–time curve [29].

S(t) = PL3/
(

4bh3δ(t)
)

(1)

where:

S(t)—Creep stiffness modulus (MPa) at 60 s;
P—Load 100 g;
L—Beam spacing 102 mm;
b—Beam width 12.5 mm;
h—Beam height 6.25 mm;
δ(t)—Deflection (mm) when time equals 60 s.

2.2.3. Ice Formation Test

To observe and evaluate the anti-icing effect of the phase-change asphalt binder,
the experiment simulated the entire process of water freezing under low-temperature
conditions. Specimens, including high-viscosity asphalt and various proportions (6%,
7%, 8%, and 9%) of phase-change asphalt, were labeled as 1#, 2#, 3#, 4#, and 5#. These
specimens were placed in constant-temperature low-temperature chambers set at −2.5 ◦C
and −5 ◦C for consecutive freezing durations of 30 min, 60 min, 90 min, 120 min, and
180 min. During the freezing process, the formation of the ice layer on the specimen’s
surface was observed and recorded at different time intervals. Additionally, a small knife
was used to break the ice layer and assess its hardness, providing a basis for evaluating the
anti-icing effect of phase-change asphalt binders with various proportions (0%, 6%, 7%, 8%,
and 9%).

2.2.4. Mixture Test

In this study, porous asphalt mixture PAC13 with a target porosity of 22% was used.
The research aimed to compare the performance of this mixture with phase-change materi-
als at different mass percentages (0.3%, 0.35%, 0.4%, and 0.45%) and the mixture without
phase-change materials. Various properties of the mixtures were investigated.

(1) Thermal Conductivity Testing of Phase-Change Porous Asphalt Mixture

Thermal conductivity is a physical property that reflects the material’s ability to con-
duct heat and is a crucial thermal parameter of asphalt mixtures. Its value remains relatively
constant over a range of temperatures. However, within the phase-change temperature
range, the occurrence of phase change in the materials leads to changes in specific heat
capacity and thermal diffusivity. Over time, this results in a delayed temperature rise
effect. In this study, the phase-change asphalt mixture’s thermal conductivity at various
temperatures was assumed as a constant for the purposes of simplification.

The determination of thermal conductivity can be carried out using steady-state and
transient methods. In this research, the transient method was employed to determine the
thermal conductivity of the phase-change porous asphalt mixture. The schematic diagram
of the experimental setup is shown in Figure 2, and the specific steps are as follows:

(1) Standard rutting board specimens meeting the requirements were prepared, with
three specimens per group, and their dimensions and mass were measured and recorded.

(2) The main unit signal cable was connected to the computer correctly, and the main
unit power switch was turned on. Then, the low-temperature constant temperature bath
and the computer power switch were successively turned on to access the main interface of
the measuring instrument.
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(3) When the temperature on the heating surface reached 16.5 ◦C, the side of the box
containing the temperature probe was opened. Two specimens were placed inside, with
the probe positioned between them. This side of the box was then closed.

(4) The other side of the box was opened, and the third specimen was placed inside.
The box was then closed, and the specimens were firmly pressed against the heating surface
using the clamping device.

(5) The test specimen’s thickness and bulk density were entered one after the other.
A measurement temperature rise of 2 ◦C was set, and the experiment began when the
temperature on the heat source surface reached 32 ◦C. The relevant parameters required
for calculating the thermal conductivity were measured, and the thermal conductivity of
the specimen was calculated.

(6) The thermal conductivity of the specimen was determined using the average value
of three repeated experiments for each group.
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Figure 2. Schematic diagram of the thermal conductivity coefficient testing device.

(2) The Deicing and Snow-Melting Performance of Phase-Change Porous Asphalt Mixture.

The ice- and snow-melting ability can reflect the time required for the porous asphalt
pavement to melt the accumulated snow after snowfall. The specific experimental steps are
as follows:

The ice- and snow-melting ability was evaluated to determine the time required
for the porous asphalt pavement to melt accumulated snow after snowfall. The specific
experimental steps were as follows:

(1) Standard rutting test specimens that met the requirements were formed, with
3 specimens in each group. The dimensions and mass of the specimens were measured
and tested. Also, cylindrical ice blocks with a diameter of 10 cm and a height of 8 cm were
prepared for later use.

(2) The test specimens were placed under a constant temperature of 25 ◦C without any
heat source for a minimum of 12 h.

(3) The test specimens were placed into a sealed box and exposed to a heat source for
2 h from directly above the specimens.

(4) After the exposure, the specimens were placed in a constant-temperature box set at
−5 ◦C. One cylindrical ice block was vertically placed in the middle of each test specimen,
and the mass of each ice block was measured.

(5) At intervals of 30 min, the mass of each ice block was quickly measured and
recorded, and then each block was returned to its original positions to continue the experi-
ment. The measurements were repeated after 3 h.

(6) The ice- and snow-melting ability value for this group of test specimens was
calculated using the average of three test results.
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3. Results and Discussion
3.1. Performance Analysis of Phase-Change High-Viscosity Asphalt
3.1.1. Basic Properties of Phase-Change High-Viscosity Asphalt

High-viscosity asphalt samples with a varying phase-change material content of 6%,
7%, 8%, and 9% were subjected to penetration tests (at a test temperature of 25 ◦C), ductility
tests (at a test temperature of 5 ◦C), and softening point tests. The results are presented in
Table 7.

Table 7. Basic properties of phase-change high-viscosity asphalt.

Dosage
(%)

Penetration
(0.1 mm)

Ductility
(cm)

Softening Point
(◦C)

Dynamic Viscosity
(N·s/m2)

0 41.20 35.80 95.35 224,524
6 53.30 56.73 98.95 277,476
7 57.60 64.00 99.85 354,205
8 61.10 69.33 100.75 532,692
9 65.07 72.80 101.95 569,813

(1) The variation in penetration for asphalt with different contents of phase-change
material is shown in Figure 3.
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As shown in Figure 3, the addition of phase-change material to high-viscosity asphalt
results in an increase in penetration value. Furthermore, as the content of phase-change
material increases, the variation in penetration value becomes more noticeable.

The penetration value is a performance indicator used to evaluate the hardness,
consistency, and viscosity of asphalt. The components that have a significant impact on the
penetration value are asphaltene, followed by resin, aromatic compounds, and saturated
compounds. Research suggests that an increase in the content of saturated compounds
can reduce the viscosity of asphalt and lead to an increase in the penetration value. The
incorporation of phase-change material into asphalt increases the content of saturated
compounds, thereby causing an increase in the penetration value.
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(2) The variation in the softening point for asphalt with different contents of phase-
change material is shown in Figure 4.
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From Figure 4, it can be observed that with an increase in the content of phase-change
material, the softening point of the asphalt also increases, and the magnitude of this
increase becomes more significant with a higher content. As the content of phase-change
material varies from 0% to 9%, the softening point only increases from 95.35 ◦C to 101.95 ◦C,
indicating a relatively minor influence.

The softening point is one of the fundamental properties used to evaluate the high-
temperature stability of road asphalt. A higher softening point indicates that the viscosity of
the asphalt at elevated temperatures is higher, resulting in better high-temperature stability
of the asphalt mixture. The high-temperature stability of asphalt essentially refers to its
ability to resist repeated compression deformation and lateral flow caused by vehicular
traffic. The incorporation of phase-change material into the asphalt leads to an increase in
the softening point, thereby enhancing the high-temperature stability of the asphalt.

(3) The variation in ductility for asphalt with different contents of phase-change
material is shown in Figure 5.

According to Figure 5, it is evident that with an increase in the content of phase-change
material, the ductility of the asphalt consistently increases, and the increment in ductility
becomes more significant with a higher content. Ductility is a performance indicator used
to assess the adhesion and flexibility of asphalt. The ability of asphalt to withstand tensile
stress not only affects its durability but also reflects the inherent relationships among its
various components. Therefore, it is a crucial factor in determining the performance of
asphalt in practical applications. Among the asphalt components, the element with the
most significant influence on ductility is the resin, as it imparts good plasticity and adhesion
to the asphalt, followed by aromatic compounds. The increasing trend in ductility with the
addition of a phase-change material may be attributed to the larger content of saturated
compounds caused by the incorporation of a phase-change material, leading to a reduction
in viscosity and subsequently an increase in ductility.
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(4) The variation in dynamic viscosity of asphalt with different contents of phase-
change material is shown in Figure 6.
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As depicted in Figure 6, the addition of a phase-change material results in an increase
in the dynamic viscosity of high-viscosity asphalt. Moreover, with a higher content of
phase-change material, the dynamic viscosity gradually rises. However, once the content of
the phase-change material exceeds 8%, the rate of increase becomes less significant. From
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this observation, it can be inferred that phase-change material can effectively enhance the
dynamic viscosity of high-viscosity asphalt.

3.1.2. Analysis of Anti-Icing Performance of Phase-Change High-Viscosity Asphalt

In order to observe and evaluate the anti-icing effect of phase-change asphalt binders,
experimental simulations were conducted to observe the entire process of ice formation
under low-temperature conditions. Asphalt binder specimens with varying contents of
phase-change material were placed in a constant-temperature low-temperature chamber
set at −2.5 ◦C and −5 ◦C for continuous freezing durations of 30 min, 60 min, 90 min,
120 min, and 180 min. The formation process of the ice layer on the surface was observed
and recorded during these intervals. Additionally, a small knife was used to gauge the
hardness of the ice layer to assess the anti-icing effectiveness of different contents (0%, 6%,
7%, 8%, and 9%) of the phase-change asphalt binder.

(1) Observation of Surface Ice Formation Process of Asphalt Binder at −2.5 ◦C

The specimens (including high-viscosity asphalt and phase-change asphalt with 6%,
7%, 8%, and 9% content, denoted as 1#, 2#, 3#, 4#, and 5#) were placed in a constant-
temperature low-temperature chamber, maintained at a constant temperature of −2.5 ◦C.
They were then observed and recorded at different time intervals of 30 min, 60 min, 90 min,
120 min, and 180 min to examine the ice formation within the specimens. The experimental
results are presented in Table 8 and Figure 7.
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Table 8. Freezing condition of asphalt with different contents of phase-change material at −2.5 ◦C for
different durations.

Number 30 min 60 min 90 min 120 min 180 min

1#

The upper layer
froze, and there was

a large amount of
water under the ice,

making the ice
more brittle

The upper layer
froze, and there
was less water

under the ice, and
the ice was

slightly brittle

The upper layer
froze, with almost no

water, and the ice
was slightly hard

The upper layer
was completely

frozen, and there
was almost no

water under the
ice, making the

ice hard

Completely frozen,
and the ice layer

was hard

2#

The upper layer had
relatively thin ice,

and there was a large
amount of water

under the ice, which
was brittle

The upper layer
froze, and there

was a small
amount of water

under the ice,
which was

slightly brittle

Ice on the upper
layer, trace water

below the ice,
slightly hard ice

The upper layer
froze, and there
was almost no

water under the
ice, making it hard

Completely frozen,
and the ice layer

was hard

3#

The upper layer had
relatively thin ice,

and there was a large
amount of water

under the ice, which
was brittle

The upper layer
froze, and there

was a small
amount of water

under the ice,
which was

slightly brittle

Ice on the upper
layer, trace water

below the ice,
slightly hard ice

The upper layer
froze, and there
was almost no

water under the
ice, and the ice was

slightly hard

Completely frozen,
and the ice layer

was hard

4#

The upper layer had
thin ice, and there

was a large amount
of water under the

ice, which was
very brittle

The upper layer
froze, and there
was more water

under the ice,
making the ice

more brittle

The upper layer
froze, with a small
amount of water

under the ice, and
the ice was slightly

brittle

The upper layer
was frozen with
trace amounts of
water, and the ice
was slightly hard

Completely frozen,
and the ice layer

was hard

5#

The upper layer had
thin ice, and there

was a large amount
of water under the

ice, which was
very brittle

The upper layer
froze, and there

was a lot of water
under the ice,

making it brittle

The upper layer
froze, with a small
amount of water

under the ice, and
the ice was

slightly brittle

The upper layer
was frozen with
trace amounts of
water, and the ice
was slightly hard

Completely frozen,
and the ice layer

was hard

(2) Observation of Surface Ice Formation Process of Asphalt Binder at −5 ◦C

The specimens (including high-viscosity asphalt and phase-change asphalt with 6%,
7%, 8%, 9% and 10% content, denoted as 1#, 2#, 3#, 4#, and 5#) were placed in a constant-
temperature low-temperature chamber, maintained at a constant temperature of −5 ◦C.
They were then observed and recorded at different time intervals of 30 min, 60 min, 90 min,
120 min, and 180 min to examine the ice formation within the specimens. The experimental
results are presented in Table 9 and Figure 8.

Table 9. Freezing condition of asphalt with different contents of phase-change material at −5 ◦C for
different durations.

Number 30 min 60 min 90 min 120 min 180 min

1#

The upper layer
froze, and there was
less water under the
ice, and the ice was

more brittle

Ice on the upper
layer, trace water

below the ice,
slightly hard ice

The upper layer was
completely frozen,

with almost no
water, and the ice

was relatively hard

The upper layer
was completely

frozen, and the ice
was hard

Completely frozen,
ice hard
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Table 9. Cont.

Number 30 min 60 min 90 min 120 min 180 min

2#

The upper layer
froze, with a small
amount of water

below the ice,
making the ice

more brittle

Ice on the upper
layer, trace water

below the ice,
slightly brittle ice

The upper layer
froze, with almost no

water, and the ice
was slightly hard

The upper layer
was completely

frozen, with almost
no water, and the

ice was hard

Completely frozen,
ice hard

3#

The upper layer
froze, with a small
amount of water

below the ice,
making the ice

more brittle

The upper layer
froze, and there
was less water

under the ice, and
the ice was

slightly brittle

The upper layer was
frozen with trace
amounts of water,

and the ice was
slightly hard

The upper layer
was completely

frozen, with almost
no water, and the

ice was
relatively hard

Completely frozen,
ice hard

4#

The upper layer
froze, and there was
more water under
the ice, and the ice

was brittle

The upper layer of
ice was brittle with

a small amount
of water

The upper layer
froze with less water,

and the ice was
slightly hard

The upper layer
was completely

frozen, with almost
no ice, and the ice

was relatively hard

Completely frozen,
ice hard

5#

Thin ice formed on
the upper layer, with

a large amount of
water under the ice,
making the ice brittle

The upper layer of
ice was brittle and

contained
more water

The upper layer
froze with a small
amount of water,
and the ice was
slightly brittle

The upper layer
froze, with almost
no water, and the

ice was
relatively hard

Completely frozen,
ice hard
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Based on the observations of the surface ice formation status of the asphalt binder
specimens with different contents of phase-change material under freezing conditions at
−2.5 ◦C and −5 ◦C, as shown in Figure 7, Table 8, Figure 8, and Table 9, the following
conclusions can be drawn:

(1) In comparison to the asphalt binder specimens without phase-change material
(specimen 1#), the specimens containing phase-change material exhibit slower ice formation
on their surfaces, and the delay in ice formation becomes more evident with an increase in
the content of phase-change material.

(2) Under the freezing condition at −2.5 ◦C, the surface of specimen 1# is almost
completely frozen after 90 min, whereas the surface of the asphalt specimens with phase-
change material takes approximately 120 min to reach a similar state, with a small amount
of water remaining underneath the ice. Increasing the content of phase-change material
helps to delay the ice formation. Additionally, after complete freezing, the ice layer on
specimen 1# is very hard and difficult to scratch with a small knife, whereas the ice layer
on the surface of the asphalt specimens with phase-change material is relatively easier to
scratch, indicating a looser structure. These findings suggest that the use of phase-change
material can reduce the adhesion between ice blocks and the asphalt mixture, thereby
enhancing the anti-icing performance of the pavement during winter.

(3) Under the freezing condition at−5 ◦C, all specimens experience faster ice formation
compared to −2.5 ◦C, and after complete freezing, the ice layer on specimen 1# is harder
than at −2.5 ◦C, and the ice layers on specimens 2#, 3#, 4#, and 5# are less loose compared
to −2.5 ◦C, exhibiting a harder ice structure.

These conclusions collectively demonstrate that the incorporation of phase-change
material is beneficial in mitigating ice adhesion to the asphalt mixture, thereby improving
the anti-icing performance of the pavement during winter conditions.

3.1.3. Study on Rheological Properties of Phase-Change High-Viscosity Asphalt

(1) PG High-Temperature Grading Test

The superpave performance grading test results for different asphalt materials are
presented in Table 10.

Table 10. Results of high-temperature grading test.

58 64 70 76 82 88 94

0% 26.30 14.80 8.96 5.97 4.31 3.24 2.51
6% 26.70 15.40 9.71 6.85 5.17 4.02 3.51
7% 27.30 15.70 9.98 7.29 5.61 4.39 3.42
8% 28.60 16.20 10.50 7.84 6.18 4.88 3.76
9% 29.60 17.80 12.20 9.32 7.45 5.99 4.76

As indicated in Table 10, it is noticeable that the rutting factor G*/sinδ decreases with
an increase in temperature. At the same temperature, the high-temperature resistance to
the deformation of phase-change-modified high-viscosity asphalt is generally higher than
that of the original high-viscosity-modified asphalt without phase-change material. As
the content of phase-change material increases, the rutting factor gradually increases, and
the differences become more noticeable with increasing content and temperature. This
indicates that the incorporation of phase-change material can improve the high-temperature
performance of high-viscosity asphalt.

(2) Low-Temperature Bending Rheological Test Analysis

In this study, low-temperature bending creep tests were conducted on asphalt sam-
ples aged through Thin-Film Oven Test (TFOT) and Pressure Aging Vessel (PAV) stages
at temperatures of −12 ◦C, −18 ◦C, and −24 ◦C. The low-temperature grade of the as-
phalt samples was determined based on the conditions of creep stiffness modulus (S)
not exceeding 300 MPa and creep rate (m) not being less than 0.3. The results of the



Buildings 2023, 13, 2699 17 of 24

low-temperature bending rheological tests for different asphalt samples are presented in
Table 11 and Figure 9.

Table 11. Results of low-temperature Bending Rheological Test.

Dosage −12 ◦C −18 ◦C −24 ◦C Grading
S (MPa) m S (MPa) m S (MPa) m

0% 147.0 0.324 324.5 0.249 527.5 0.196 22
6% 96.2 0.334 221.5 0.277 397.0 0.222 22
7% 78.5 0.345 181.0 0.290 327.0 0.228 22
8% 76.6 0.368 169.5 0.307 301.5 0.268 28
9% 63.6 0.377 132.5 0.333 235.5 0.288 28
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From Figure 9, it can be observed that as the temperature increases, the creep stiffness
modulus (S) becomes larger, while the creep rate (m) becomes smaller, aligning with the
characteristic changes in low-temperature and stress relaxation capabilities of asphalt
materials as indicated by the Bending Beam Rheometer (BBR) test. The high-viscosity
asphalt without the addition of phase-change material exhibits the highest S value and
the lowest m value. However, upon comparison with this baseline, it is evident that
the incorporation of phase-change material enhances the recovery capability of the high-
viscosity-modified asphalt. Both S and m are also influenced by temperature, with lower
temperatures resulting in higher S values and lower m values, indicating that phase-change
material improves the stress relaxation performance of the high-viscosity-modified asphalt.

Based on the analysis in Table 11, the high-viscosity asphalt without the addition of
phase-change material has a low-temperature grade of PG-22 ◦C. Similarly, the high-viscosity
asphalt modified with 6% and 7% phase-change material also has a low-temperature grade
of PG-22 ◦C. However, when 8% and 9% of phase-change material is added, the low-
temperature grade of the high-viscosity-modified asphalt increases to PG-28 ◦C. This
indicates that the viscosity and ductility properties of asphalt play a significant role under
low-temperature conditions. Furthermore, when comparing the S and m values, it can be
observed that the high-viscosity asphalt with 9% phase-change material has the lowest
S value and the highest m value. This suggests that the phase-change high-viscosity
asphalt exhibits more flexibility under low-temperature conditions, resulting in better
low-temperature crack resistance performance.

(3) Temperature Sweep Test

Asphalt, being a typical viscoelastic material, is highly sensitive to temperature; it
softens at high temperatures and becomes brittle at low temperatures. Hence, temperature
significantly influences the viscoelastic behavior of asphalt. In this section, a temperature
sweep test was conducted to evaluate the temperature sensitivity of the asphalt. A Dynamic
Shear Rheometer (DSR) temperature sweep was performed on the four asphalt materials
within a temperature range of 30 ◦C to 80 ◦C. The complex shear modulus G*, phase
angle δ, and rutting factor G*/sinδ were analyzed to assess the thermal sensitivity of
different asphalts. The variation in the rutting factor with temperature is depicted in the
following figure.

From Figure 10, it can be observed that the rutting factor (G*/sinδ) of the high-viscosity
asphalt modified with phase-change material is higher than that of the high-viscosity
asphalt without phase-change material. Moreover, as the content of phase-change material
increases, the rutting factor gradually increases, while with increasing temperature, the
rutting factor decreases. A higher G*/sinδ value indicates better resistance of the asphalt
to rutting. The high-viscosity asphalt without phase-change material exhibits the weakest
resistance to rutting, whereas the high-viscosity asphalt with added phase-change material
demonstrates better rutting resistance, especially at lower temperatures. However, as the
temperature rises, the enhancement in rutting resistance due to phase-change material
diminishes. This indicates that the incorporation of phase-change material improves the
ability of high-viscosity asphalt to resist permanent deformation.

3.2. Effect of Phase-Change Materials on Mix Properties
3.2.1. Phase-Change Permeable Asphalt Mixture Thermal Properties Research

(1) Research on thermal conductivity of phase-change permeable asphalt mixtures

Thermal conductivity is a physical quantity reflecting the thermal conductivity of the
material, indicating the size of the material’s thermal conductivity, and it is one of the most
important thermal physical properties of asphalt mixtures. Its value with the change of
temperature has little effect, the phase-change temperature domain phase-change material
phase change, triggering changes in the specific heat capacity, while causing changes in the
thermal diffusivity, through the cumulative performance of time to delay the temperature
rise effect. Therefore, in order to simplify this paper, the thermal conductivity of phase-
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change asphalt mixtures at different temperatures was regarded as a constant. The thermal
conductivity test results for phase-change permeable asphalt mixtures are tabulated below.
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Figure 10. Variation in rutting factor with temperature.

Figure 11 shows that the permeable asphalt mixture after adding phase-change mate-
rial can greatly reduce the thermal conductivity, and the larger the dosage of phase-change
material, the greater the reduction in thermal conductivity; there is basically a linear change.
The thermal conductivity reduced by 57.56% after adding 0.30% phase-change material,
and the thermal conductivity reduced by 74.02% after adding 0.45% phase-change mate-
rial, which can reduce the permeable asphalt mixture and the outside world of the heat
exchange, so that it is in the winter that the ordinary pavement temperature is high, so as
to delay the road icing.
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(2) Phase-change permeable asphalt mixture snow-melting performance research

The snow-melting capacity can reflect the length of time required to melt snow after a
snowfall on permeable asphalt pavement, and the specific test steps were as follows:

(i) Mold standard rutted plate specimens that meet the requirements, three specimens
as a group, measure and test the specimen size and quality, and prepare a cylinder ice cube
with a diameter of 10 cm and a height of 8 cm for backup;

(ii) Place the test specimens at a constant temperature of 25 ◦C with no heat source
under the condition for more than 12 h;

(iii) Place test specimen in a closed box with a heat source in the specimen directly
above the irradiation for 2 h;

(iv) Place irradiated specimen in a constant-temperature box at −5 ◦C, and place one
piece of cylindrical ice vertically in the center of each specimen, and weigh the mass of the
ice separately;

(v) Rapidly weigh and record the mass of ice cubes at 30 min intervals, and then
put back to the original position to continue the test until 3 h when the mass of ice cubes
is weighed;

(vi) Take the average of the three tests to calculate the value of the group of specimens
of the ability to melt ice and snow.

The phase-change permeable asphalt mixture ice- and snow-melting capacity test
results are shown in the table below.

Figure 12 shows that adding phase-change materials to the permeable asphalt mixture
can improve its ability to melt snow and ice, and the larger the dosage of phase-change
material, the stronger the ability to melt snow and ice; there is basically a linear change,
indicating that the addition of phase-change material helps permeable asphalt pavement
melt snow and ice in winter, thereby improving road conditions for drivers.
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3.2.2. Research on Road Performance of Phase-Change Permeable Asphalt Mixture

The same permeable asphalt mixture ratio was used to study the road performance
of the phase-change permeable asphalt mixture. The relevant performance test results are
shown in Table 12.



Buildings 2023, 13, 2699 21 of 24

Table 12. Road performance of phase-change permeable asphalt mixture.

Test Items Unit 0 0.3% 0.35% 0.4% 0.45%

Void rate
(volumetric method) % 22.1 22.0 21.8 22.3 22.0

Marshall stability kN 8.43 7.35 7.04 6.63 6.23
Dynamic stability of

rutting test Times/mm 9115 8091 7724 5724 5371

Residual stability of
immersion Marshall test % 93.4 97.7 97.1 99.5 99.4

Strength ratio of freeze–thaw
splitting test % 90.3 98.9 99.3 99.1 99.5

Low-temperature bending
test failure strain µω 2870 3396 4270 5329 5775

The results of the void ratio and Marshall stability of the Marshall specimens are shown
in Table 12. As can be seen from the table, the phase-change material on the permeable
asphalt mixture of the void ratio basically has no effect, but the Marshall stability with the
increase in phase-change material dosage of two decreases, and the larger the dosage, the
smaller the stability. Therefore, phase-change materials should not be doped too much.

Asphalt is a viscoelastic material. When it is mixed with aggregates for pavement at
high temperatures under repeated loads, a certain degree of permanent deformation will
occur, and the accumulation of permanent deformation causes the asphalt pavement to
exhibit rutting, oiling and congestion, and other distresses. Therefore, the high-temperature
stability of asphalt pavement is one of the important road performance factors of an asphalt
mixture. High-temperature stability refers to the asphalt mixture in high-temperature
conditions that can resist repeated vehicle loads and does not incur significant permanent
deformation of the pavement characteristics.

Our high-temperature stability was mainly evaluated by using China’s rutting test for
asphalt mixtures using the prescribed method of molding into 300 mm × 300 mm × 50 mm
standard specimens, with a test temperature of 60 ◦C, a wheel pressure of 0.7 MPa, and
a determination of the specimen surface deformation under the action of the load. The
high-temperature rutting resistance of the asphalt mixture was evaluated by the number
of walks required to produce 1 mm of deformation under the specified conditions, i.e.,
dynamic stability (DS). With the increase in phase-change material dosage, the dynamic
stability gradually declined, especially when the phase-change material dosage increased
to 0.45%. The dynamic stability decreased by 37.1%, and the reason may be due to the
rutted plate specimen at a constant temperature of 60 ◦C for long-time insulation and
that the phase-change material absorbs more heat, resulting in the phase change of high-
viscosity asphalt absorbing more heat, which makes it softer, which leads to the decline in
dynamic stability.

The asphalt mixture is bonded together with coarse and fine aggregates due to the
adhesion of asphalt. The aggregate is a hydrophilic material, and asphalt pavement in the
role of water will reduce the adhesion between asphalt and aggregate, while in dynamic
water pressure, the asphalt film gradually falls off, causing loose pavement, potholes, and
other water damage, reducing the durability of the pavement. The common methods for
evaluating the water stability performance of asphalt pavement are the immersion Marshall
test and freeze–thaw split test. From Table 12, the phase-change material can significantly
improve the water stability of permeable asphalt mixture, and with the increase in phase-
change material dosage, the Marshall residual stability and freeze–thaw splitting strength
are gradually increased, and even reach more than 99%. So, the phase-change material can
significantly improve the water stability performance of permeable asphalt mixture.

Low-temperature crack resistance is one of the most important road properties of
asphalt mixtures. Low-temperature crack resistance is the ability of asphalt pavement to
resist low-temperature shrinkage cracks. As a typical temperature-sensitive material, the
stiffness and strength of asphalt will increase as the temperature decreases, and the defor-
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mation capacity decreases, resulting in brittle damage. Moreover, in the large temperature
difference between day and night or in cold winter areas, the internal asphalt pavement
will be due to temperature contraction stress, thus producing cracks. As can be seen
from Table 12, the phase-change material can significantly improve the low-temperature
bending performance of permeable asphalt mixtures, and with the increase in the amount
of phase-change material doping, the low-temperature bending test of the destructive
strain gradually increases, and when the phase-change material increases to 0.45%, the
low-temperature bending destructive strain is about two times the undoped permeable
asphalt mixture with the phase-change material, which indicates that the phase-change
material can significantly improve the low-temperature cracking performance of permeable
asphalt mixtures.

4. Conclusions

We prepared high-viscosity asphalt with different dosages of phase-change materials to
prepare phase-change high-viscosity asphalt and phase-change permeable asphalt mixtures
and performed a series of experimental studies to analyze the performance of phase-change
high-viscosity asphalt and phase-change permeable asphalt mixtures. The conclusions of
the study are as follows:

(1) We added phase-change materials in the various test conditions to determine the
effect of different phase-change material dosages on the basic properties of asphalt. The
test results reveal that increasing the dosage of phase-change materials leads to higher
penetration, rising softening points, increased ductility, and elevated power viscosity in
high-viscosity asphalt.

(2) Under constant temperature test conditions of −2.5 ◦C and −5 ◦C, compared
with the asphalt binder specimens without phase-change materials, phase-change ma-
terials doped with asphalt binder specimens on the surface of icing are slower than the
undoped specimens, and with the increase in the dosage of phase-change materials, the
more pronounced the lag of icing.

(3) The addition of phase-change materials can improve the high-temperature PG
grading of high-viscosity asphalt and low-temperature PG grading, effectively improving
the high-temperature rutting resistance of high-viscosity asphalt and low-temperature
cracking performance.

(4) Phase-change materials can reduce the thermal conductivity of the permeable
asphalt mixture by more than 50%, increase the temperature regulation rate by more than
30%, and increase the ability to melt ice and snow by more than 20%, effectively delaying
the time of icing of permeable asphalt pavement to enhance the pavement’s winter road
safety performance.

(5) The phase-change material has almost no effect on the void ratio of the permeable
asphalt mixture, which can effectively improve the water stability of the permeable asphalt
mixture, low-temperature cracking resistance, and Marshall stability. The rutting dynamic
stability also decreases, but still meets the requirements of the specification.

(6) While the results show changes in asphalt properties and ice formation, the mecha-
nisms underlying these effects have not been thoroughly discussed. Future research could
delve into the molecular-level interactions between asphalt and phase-change materials to
better understand how these alterations occur.

(7) While the study examines the effects of different dosages of phase-change mate-
rials, it does not explicitly identify an optimal dosage for practical applications. Future
research could aim to establish a dosage range that balances performance improvement
with cost-effectiveness.
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