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EXECUTIVE SUMMARY

Introduction

Asphalt pavements experience many different diurnal and
seasonal temperature fluctuations, which cause the development
of thermal stresses in their structures throughout their life cycles.
Thus, to maximize pavement performance in such unpredictable
environments, asphalt materials must balance the need for thermal
management with the need for mechanical resistance. The ability
to endow asphalt pavements with thermal energy storage capa-
cities that are based on environmental conditions will enhance
the life cycle performance of asphalt pavements. Phase change
materials (PCMs) have demonstrated ideal characteristics as
thermoregulating agents for various engineering applications.
Accordingly, this study aimed to investigate the environmental
tuning of asphalt pavements using PCMs. The research objectives
of this study were fourfold: (1) investigate the synthesis and
characterization of biobased fatty acid amides (FAAms) obtained
by direct amidation of different vegetable oils with primary alkyl
amines, (2) evaluate the capability of microencapsulated PCM
(LWPCM) to withstand the mixing and compression stages of the
asphalt mixture processing, (3) identify testing techniques that
characterize the thermomechanical performance of pPCM-mod-
ified asphalt binders and mixtures, and (4) redesign an asphalt
mixture with pyPCM and determine the mechanical performance
implications of incorporating a significant portion of pPCM in the
mixture.

Findings

Overall, this study strengthens the concept that modifying
asphalt materials with PCMs makes it possible to “tune” the
resulting asphalt pavement to the environment, thereby mitigating
or eliminating pavement damage due to the exposure of asphalt
pavement surfaces to temperature fluctuations. Moreover,
although this study focuses on paving applications, the findings
may well influence the general synthesis and characterization of
PCMs. The following are key findings drawn from this investiga-
tion.

® The synthesis of FAAms from different commercial vege-
table oils and primary alkyl-amines is feasible, and their
chemical and thermal properties are of interest for asphalt
paving purposes. Based on green chemistry metrics focused
on maximizing resources, the synthesized materials have the
potential to be used as PCMs.

® Experimental results suggest that nearly 90% of puPCM
particles can survive abrasive forces at room temperature.
Additionally, thermal stability tests and image analysis
indicate that pPCM particles are stable at asphalt production
temperatures (between 135°C-162°C, or 275°F-325°F).
However, the combined effects of mixing temperatures and
abrasive forces are still a concern and are subject to future
investigations.

® Rheological measurements can help identify the latent heat
effect of pPCM particles in asphalt binders. This study
proposes a novel parameter to determine the temperatures at
which the pPCM effect occurs. This approach can also
provide insights into the intensity of the tPCM impact on
asphalt mixtures.

® The experimental results confirm that pPCM modified
asphalt mixture specimens can experience temperature
differences between 1.8°C and 10.3°C lower than non-
nPCM modified asphalt mixture specimens subjected to the
same ambient temperatures.

® The asphalt binder and mixture mechanical test results
suggest ambivalent performance outcomes caused by the
incorporation of pPCM in asphalt paving materials.
However, taken together, the mechanical analysis indicates
that the pyPCM particles could behave like a conventional
mineral filler if they suffer no damage during mixing and
compaction.

Implementation

This research demonstrates that the environmental tuning of
asphalt materials using PCM could potentially mitigate the
appearance of intense surface and inner temperatures on asphalt
pavements. This PCM effect promises to improve pavement
performance and help alleviate the urban heat island effect.
However, the findings of this study suggest that the implementa-
tion of PCM modified asphalt pavements in Indiana is currently
impractical. The following aspects of this study that could lead to
implementing this technology are highlighted below.

® Future work is needed to ensure that PCM modified
materials could be readily implemented in the field. More
research is required to evaluate the survivability of uPCM
during the production, placement, and compaction of
asphalt materials. In addition, the long-term performance
of the uPCM particles under repetitive vehicle loading and
temperature fluctuations must be assessed.

® The technical and environmental improvements generated
by the production of biobased PCMs warrant further
investigations. Continued efforts will be vital for the large-
scale production of biobased PCMs, such as FAAms.

® Chemical, thermal, and visual techniques could be deployed
for the characterization of PCMs. These testing techniques
show promise at instilling confidence in quality requirements
for the production and placement of PCM modified asphalt
pavements.

® A proper mixture design procedure that facilitates the
incorporation of pPCM in asphalt mixtures has to be
established. The framework provided by this study must be
refined to modify asphalt mixtures with PCM microparticles.

® This research adds to the modification of asphalt pavements
with PCMs and recommends close monitoring of emerging
technologies that could help with the temperature manage-
ment of pavements or any other highway infrastructures
asset.
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1. INTRODUCTION
1.1 Background

In recent years, the asphalt pavement industry has
recognized the need for designing and constructing
roadways that satisfy the requirements of macro and
global trends, such as the connectivity, automation, and
electrification of road transportation services, as well
as conservation of raw materials, climate change, and
demographic shifts (Asphalt Institute Foundation,
2017; Kodippily et al., 2018; Mallick et al., 2014). As
a result, the advancement of pavement engineering will
require the utmost care and the use of state-of-the-art
technology. The importance of adequate design provi-
sions to mitigate the effect of environmental conditions
on pavement performance cannot be overemphasized
(Papagiannakis & Masad, 2008). Asphalt binder visco-
elastic properties determine the thermomechanical
behavior of asphalt pavements. The binders have a com-
plex chemical composition that exhibits both viscous
and elastic properties, depending on temperature and
loading time. The exposure of asphalt pavements to
normal temperature fluctuations can result in pavement
failures. For instance, pavement rutting typically occurs
during high temperatures, when the binder stiffness is
reduced, while thermal cracking is related to pavement
contraction at low temperatures (Behnood et al., 2016;
Ray et al., 2009).

The ability of phase change materials (PCMs) to
maintain specific temperatures for extended periods can
help tune the service temperature of asphalt pavements.
The modification of asphalt pavements with PCMs can
provide desired engineering properties, such as increased
shear modulus and reduced plastic flow at high and
intermediate temperatures, and increased resistance to
thermal cracking at low temperatures (Kakar et al.,
2019a; Kakar et al., 2019b; Refaa et al., 2018; Wei et al.,
2019). The advent of PCMs to modify asphalt pave-
ments can be a significant breakthrough for asphalt
pavement performance. However, before the large-scale
application of this technology, it is necessary to address
numerous research and development stages (Sharma et
al., 2009). The field implementation of PCM for paving
purposes will depend on their environmental, economic,
and technical sustainability. Hence, synthetization of
PCM from biomass is highly encouraged (Betancourt-
Jimenez et al., 2020). Additionally, an in-depth under-
standing of the effects of PCM on the thermal and
mechanical performance of asphalt binders and mix-
tures is still required. The continued existence of these
needs is likely to limit the application of PCMs as
asphalt pavement modifiers, despite the potential
advantages of their use.

1.2 Motivation

PCM has been extensively investigated as a ther-
moregulator for various engineering applications,
including electronics, spacecraft, solar energy, textiles,
buildings, and construction materials, to name a few

(Agyenim et al., 2010). Accordingly, the research studies
about PCM available in the literature are quantitatively
vast. Regarding time, thermal energy storage (TES)
started to receive increased attention in the 1970s (Lane,
2018). Thus, most of the information on PCM has been
reported over the past 40 years (Zalba et al., 2003). In
the literature, the PCM term is widely used to refer to a
substance that absorbs or releases thermal energy when
it undergoes a phase change from solid to liquid, liquid
to gas, or vice versa (Dutil et al.,, 2011). The primary
purpose of PCM is the storage of thermal energy in a
latent form (Baetens et al., 2010). It is well known that
latent heat storage can be achieved through changes in
the state of matter (Lane, 2018). If PCM changes from
solid to liquid (i.e., liquification, melting) or from liquid
to vapor (vaporization, evaporation, boiling), a given
system’s latent energy increases. Conversely, if the
phase change is from vapor to liquid (condensation) or
from liquid to solid (i.e., solidification, crystallization),
a given system’s latent energy decreases. If no phase
change is occurring, there is no change in latent energy
(Incropera, 2007). Therefore, a proper understanding of
the fundamental concepts and principles that underlie
PCM incorporation to any system is required for its
optimization (Or6 et al., 2012).

In general, the incorporation of PCMs into asphalt
pavements has been inspired by the successful applica-
tion of PCMs in a wide variety of engineering fields.
The challenges currently faced by asphalt pavement
scholars to understand this topic overlap with the
obstacles experienced by scholars in other engineering
disciplines. Several approaches could be used for the
proper selection and optimization of PCM for asphalt
pavement purposes. A fundamental understanding of
PCM’s latent heat storage capacity is essential to
promote PCM modified asphalt pavements.

More specifically, this research study was primarily
motivated by previous work done by the authors.
Montoya et al. (2021) demonstrated through experi-
mental and computational results that PCM can assist
in preventing the snow accumulation and ice formation
in the surface of asphalt pavements and delay the
appearance of freezing temperatures across the pave-
ment’s depth. The computational approach presented
by Montoya et al. (2021) was extended to predict the
effectiveness of PCM modified asphalt pavements in
the state of Indiana, as shown in Figure 1.1. The PCM
effectiveness parameter represents the percentual reduc-
tion of time experienced by the pavement below 0°C
(32°F) when modified with PCM and relative to a
reference pavement without PCM.

The PCM effectiveness values were calculated by
modeling asphalt pavement slabs with and without
PCM and subjecting them to realistic ambient tem-
perature data from 20 locations in Indiana. The
climatic data gathered consisted of hourly temperature
averages recorded from May 2019 to April 2020. The
heat transfer simulations suggested that if a 76.2-mm
(3-in.) asphalt pavement slab was modified with
about 11% of PCM by total pavement slab volume,

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2022/06 1
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Figure 1.1 PCM effectiveness in Indiana based on computational analysis.

pavements in Indiana could experience a yearly reduc-
tion in freezing times between approximately 5% and
42%. These computational results provided strong sup-
port for the environmental tuning of asphalt pavements
using PCM. However, this preliminary analysis was
demonstrated by incorporating the PCM into the
pavement slabs using steel pipes embedded in the
pavement structure. The steel pipes contained the PCM
substances applied for thermal management. Embed-
ding pipes in the PCM modified asphalt pavement slab
was ideal for prototyping and gaining knowledge about
this methodology, but it is impractical for scaling
implementation. A much more pragmatic approach
should be developed to propose the large-scale and
long-term application of PCM modified asphalt pave-
ments.

Additionally, the PCM effectiveness values reported
in Figure 1.1 correspond to a PCM with a phase
temperature transition (PTT) of 0.5°C. As can be seen
in Table 1.1, the PCM effectiveness averages across all
locations when the PTT were 0.5°C, 1.5°C, 2.5°C, and
3.5°C were equivalent to 26.6%, 23.6%, 16.5%, and
10.7%, respectively. The evidence indicated that as
the PTT departed from 0°C, the PCM effectiveness
decreased at all locations. The commercially available
fatty acid methyl esters used in the experimental work
done by Montoya et al. (2021) had PTT between 2.0°C
and 3.5°C. Thus, the PCM effectiveness depends on the
production of PCM substances that absorb and release
latent heat energy at suitable temperature ranges to
delay the appearance of specific undesirable tempera-
tures in the pavement structure. Additionally, PCMs
should be produced from abundant and inexpensive
resources rather than from scarcer and more expensive
raw materials (Betancourt-Jimenez et al., 2020). As a
result, this project aimed to contribute to these growing
research areas by exploring the synthetization of
environmentally friendly PCMs and the systematic

inclusion of PCMs to asphalt binders and mixtures
using microencapsulated PCM (WPCM).

1.3 Research Objectives

By modifying asphalt materials with PCM, it should
be possible to “tune” the resulting asphalt pavement to
the environment, thereby mitigating or eliminating
pavement damage due to the exposure of asphalt pave-
ment surfaces to temperature fluctuations. Accordingly,
the research objectives of this study were fourfold: (1)
investigate the synthesis and characterization of bio-
based PCMs obtained by direct amidation of different
vegetable oils with primary alkyl amines, (2) evaluate
the capability of fPCM to withstand the mixing and
compression stages of asphalt mixture processing, (3)
identify testing techniques that characterize the thermo-
mechanical performance of pPCM modified asphalt
binders and mixtures, and (4) redesign an asphalt
mixture with WPCM and determine the mechanical
performance implications of incorporating a significant
portion of pPCM in the mixture. These objectives were
identified as critical to addressing the research gaps
associated with the large-scale implementation of PCM
modified asphalt pavements. Therefore, a series of
experimental procedures are demonstrated, the results
of which can be instrumental in extending the knowl-
edge of PCM modified asphalt pavements.

1.4 Organization of the Report

The report consists of six chapters, and it is orga-
nized to elaborate on the research objectives outlined
above individually. This first chapter introduces the
background, motivation, and research objectives for
this study. The second chapter examines the feasibility
of synthesizing biobased FAAms for PCM applica-
tions. The third chapter presents experiments that

2 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2022/06



TABLE 1.1
PCM effectiveness at 20 locations in Indiana

Number of Locations

PCM Phase Transition Temperature (°C)

PCM Effectiveness (%) 0.5 1.5 2.5 3.5

=10 0 0 1 10

>10 and =20 1 7 15 10

>20 and =30 14 10 4 0

>30 5 3 0 0
PCM Effectiveness (%)

Average Across All Locations 26.6 23.6 16.5 10.7

evaluate the resistance of uPCM for paving purposes.
The fourth chapter attempts to capture the pPCM
effect in asphalt binders and mixtures. The fifth chapter
demonstrates the redesign of an asphalt mixture with
uPCM and evaluates its mechanical performance. The
sixth or final chapter provides conclusions and recom-
mendations derived from this research.

2. SYNTHESIS AND CHARACTERIZATION OF
BIOBASED FATTY ACID AMIDES

2.1 Background

As mentioned in the previous chapter, PCMs consist
of substances that absorb significant amounts of energy
when they melt and release it back to their surroundings
when they solidify (Fleischer, 2015). These substances
are usually classified as organic or inorganic, with the
former the most used due to their high thermal cycling
stability, low degree of supercooling, non-corrosiveness,
and low cost (Behzadi & Farid, 2014). However, these
are generally derived from petroleum, which constitutes
an issue from the environmental standpoint. Some
efforts have been done to obtain PCM from renewable
sources (Aydin & Aydin, 2012; Floros & Narine, 2016;
Naresh et al., 2020; O’Neil et al., 2019; Raghunanan
et al., 2016; Ravotti et al., 2018), but their production
often involves carrying out complex chemical reactions,
low yields, or a series of fractionation and purification
stages that increase the cost of the final product,
making it impossible for these biobased PCM alter-
natives to compete with the unexpensive petroleum-
derived paraffins available in the market.

This chapter summarizes the efforts conducted to
obtain biobased PCMs from highly abundant vegetable
oil feedstocks using a simple, high yield method.
Different vegetable oils can be reacted with alkyl
amines to obtain fatty acid amides (FAAms) with high
latent heats and varying melting temperatures, making
them suitable for PCM applications (Betancourt-
Jimenez et al., 2020). Due to the simplicity and the
high yield of the synthesis process, unexpensive nature
of the reactants, and ease of purification, this method
could be scaled to industrially produce cheap biobased
PCMs with a small environmental footprint.

2.2 Methods

2.2.1 Synthesis of Fatty Acid Amides

Twelve different FAAms were synthesized, each
from one vegetable oil (corn, sunflower, or palm oil)
and one alkylamine (butylamine, octylamine, dodecy-
lamine, or hexadecylamine). Briefly, 4.0 g of oil (~14
mmol) were reacted with three times molar excess
amine (~126 mmol) and 20 mg of DABCO (~0.2
mmol). The reaction was carried out at 60°C during
72 hours with magnetic stirring. The purification step
varied depending on the amine used during synthesis;
for FAAms synthesized from butylamine or octyla-
mine, the product was rinsed twice with deionized water
and recovered using a separatory funnel. Lastly, the
product was subjected to high vacuum until the
pressure stabilized (approximately at 300 mTorr) to
evaporate any remaining water and unreacted amine. In
the case of FAAms synthesized from dodecylamine or
hexadecylamine, the product was dissolved in ethanol
(20 ml/g), recrystallized at —10°C and 0°C, respectively,
and vacuum filtered to remove the ethanol with the
unreacted amine and byproducts. This process was
repeated twice. Next, the purified product was dried in
a vacuum oven at 100°C for 2 hours to remove any
remaining ethanol.

Oils are typically a combination of different trigly-
cerides which are esters that consist of a glycerol mole-
cule bound to three fatty acid molecules (Dickinson &
McClements, 1996). The specific fatty acid composition
of the triglycerides in the oils used in this work was
initially unknown, however, compositions found in
literature are shown in Table 2.1 and were used as a
reference to estimate the molecular weight of the oils
and resulting FAAms.

2.2.2 Characterization of Fatty Acid Amides

The chemical composition of the obtained FAAms
was analyzed through Fourier Transform Infrared (FT-
IR) using an Attenuated Total Reflection (ATR)
accessory with a Spectrum Q100 Spectrometer (Perkin
Elmer). Each analysis was conducted in a 4,000-600
cm™! wavelength range under 10 scans. The background

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2022/06 3



TABLE 2.1

Fatty acids contents for corn oil, sunflower oil, and palm oil (Flagella et al., 2002; Rohman & Che Man, 2012; Zambiazi et al., 2007)

Fatty Acid Content (wt.%)

Literature Values

Experimental Values

Saturated Unsaturated Saturated Unsaturated
Oil C16:0 C18:0 C18:1 C18:2 C16:0+C18:0 C18:1 C18:2
Corn Oil 12.7 2 27.5 53.2 15 30.2 54.8
Sunflower Oil 3.2 4.4 83.3 7 7.6 73.5 18.9
Palm Oil 42.7 4.6 394 10.6 55.4 359 8.7

Note: Palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2).

signal was subtracted, and the baseline was flattened for
all the spectra. Nuclear Magnetic Resonance (NMR)
spectroscopy was also conducted to further study the
chemical composition of the FAAms. Each FAAm was
dissolved in deuterated-chloroform and analyzed using
a Bruker AV-III-400-HD spectrometer. The instrument
is equipped with a 5-mm BBFO Z-gradient probe.
Analysis was conducted at 400 Hz, and 8 and 512 scans
for '"H and '*C (i.e., hydrogen and carbon), respec-
tively. Additionally, the melting and crystallization
temperatures along with latent heats for both transi-
tions were determined using Q2000 Differential Scan-
ning Calorimetry (DSC) analyzer (TA Instruments).
Heating and cooling rates were 10°C/min and analysis
was conducted over a —100°C to 100°C temperature
range in a nitrogen atmosphere. The thermal stability
of the FAAms was assessed using a 50Q Thermo-
gravimetric Analyzer (TGA) from TA Instruments. For
this, each sample was ramped at 15°C/min from room
temperature to 600°C in a nitrogen atmosphere.

2.2.3 Green Chemistry Metrics of Fatty Acid Amides

The sustainability of the synthesis process was
assessed using different metrics widely accepted in the
scientific community such as Atom Economy (AE),
the Environmental Factor or E Factor (EF) and the
EcoScale (Constable et al., 2002; Dicks & Hent, 2015).
In the case of the environmental factor, two different
parameters proposed by Roschangar et al. (2015) were
calculated, the Simple E Factor (sEF) and the Complete
E Factor (cEF).

2.3 Deliverables

2.3.1 Fatty Acid Amides Synthesis

The synthesis method wused in this work was
previously reported by Bilyk et al. (1992). This reaction
is carried out without the addition of organic solvents,
in the presence of oxygen, at room pressure and with
mild heating (60°C). The mechanism starts by the
nucleophilic attack of the catalyst on the carbonyl of
the glyceride, causing the displacement of the alkoxide
and formation of the alcohol by addition of a proton
from the media. Subsequent nucleophilic attack of the

cationic quaternary amide by the primary alkyl amine
displaces and reforms the catalyst. Since alkoxide is
known to be a poor leaving group (Bilyk et al., 1992),
three times molar excess amine and mild heating were
used to increase the conversion rate. While this amount
of excess is not feasible at scale, the purpose was to
synthesize enough FAAm at a high enough purity to
test thermal response, not to optimize the reaction. In
this work, DABCO was chosen as catalyst due to its
eco-friendly nature, low toxicity, and high reactivity
(Yang et al., 2008).

Three oils and four amines were used to synthesize a
total of 12 different FAAms. Due to differences in fatty
acid composition (Table 2.1), FAAms from each oil are
expected to exhibit different thermal properties. The
amines used had 4, 8, 12, and 16 carbon chains in their
backbones, respectively. These amines were chosen to
study the effect of hydrocarbon length in the transition
temperatures and latent heats of the resulting amides.
The purification step varied depending on the reactants
used for synthesis since higher molecular weight amines
(dodecylamine and hexadecylamine) are not water-
soluble and water rinsing was not an effective approach
for their removal. Conversely, ethanol rinsing was not
suitable for FAAms from amines with lower molecular
weights (butylamine and octylamine) since the recrys-
tallization temperatures of those were too low.

The molecular weight of the resulting FAAms were
estimated from the oil compositions presented in
Table 2.1 and the molecular weight of the amines used.
The theoretical weight of FAAms were determined
based on the amount of oil used for synthesis and full
conversion of this reactant was assumed. Equation 2.1
was then used to calculate the yield of each reaction
relative to the oil and results are listed on Table 2.2.

Yield (%) = % % 100
T

(Equation 2.1)
where Wp corresponds to the amount of FAAm
recovered after purification and Wy is the theoretical
amount of synthesized FAAm. The yield for each
FAAm was above 70%, which is high considering that
part of the product was lost during purification. It must
be noted that in some cases partial solidification of the
products was observed before the reaction ended. For
this reason, it is believed that the synthesis could have
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TABLE 2.2
Reaction yields after purification

Oil Amine Yield (%)
Corn Oil Butylamine 70
Octylamine 85
Dodecylamine 72
Hexadecylamine 78
Sunflower Oil Butylamine 77
Octylamine 81
Dodecylamine 74
Hexadecylamine 81
Palm Oil Butylamine 80
Octylamine 83
Dodecylamine 70
Hexadecylamine 83

been completed in less than 72 hours, especially for
FAAms where longer amines were used. This theory is
based on the work of Bilyk et al. (1992) where shorter
reaction times were observed for higher molecular
weight amines. Nonetheless, the effect of reaction time
on yield was not studied and is recommended for future
work.

2.3.2 Chemical Characterization

Figure 2.1 shows the FTIR spectra of corn oil and
its FAAms derivatives. In the corn oil spectrum, the
stretching of the =C-H bonds (in linoleic and oleic
segments) and the C-H bonds (in methylene groups) are
observed around 3,010 and 2,900-2,800 cm’!, corre-
spondently. Also, bands associated to the stretching of
both the C=0 and C-O bonds in the ester groups are
found around 1,744 and 1,160 cm™, respectively. Lastly,
bands corresponding to the scissoring and rocking of
methylene groups are observed at 1,460 and 722 cm’!
(Rohman & Che Man, 2012; Safar et al., 1994).

The conversion of corn oil to FAAms is confirmed
by the appearance of the N-H stretching band of the
amide group at 3,300 cm™. Also, the C=0 stretching
band shifted to lower frequencies (around 1,630 cm!
instead of 1,744 cm™) due to the presence of the amide
group. New bands are also found around 1,550 and
690 cm™, caused by N-H bending and N-H wagging,
respectively. It can also be noted that the C-O stretch-
ing band of the ester group is not present in any spectra
of the FAAms, confirming once more the successful
synthesis of the amide.

Since all the FAAms from corn oil have the same
functional groups in their chemical structures, their
spectra were very similar despite being synthesized from
different amines. However, when longer amines were
used, more methylene units were introduced into the
chemical structure of the resulting FAAms, reducing the
ratio of amide to methylene groups and decreasing the
intensity of the signals of N-H, and C=0O vibrations.

As seen in Figures A.1 and A.2 in the Appendix A,
the FT-IR spectra of both sunflower and palm oils

Transmittance (%)
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[ :
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Figure 2.1 FT-IR spectra of pure corn oil and fatty acid
amides (FAAms) from corn oil and butylamine (C+4), corn oil
and octylamine (C+8), corn oil and dodecylamine (C+12), and
corn oil and hexadecylamine (C+16).

show most of the characteristic bands observed for corn
oil since they all have similar chemical structures. The
only significant difference is the absence of the =C-H
stretching band for palm oil (~ 3,010 cm™), which is
explained by the decreased amount of unsaturated
bonds contained in its structure. Conversion of sun-
flower oil and palm oil to FAAms was also evidenced
from FTIR analysis.

13C NMR spectra of pure corn oil along with its
FAAms derivatives are shown in Figure 2.2. The peaks
at 173 ppm corresponds to carbons in the carbonyl
groups of the triglycerides. The series of peaks found in
the 125-135 ppm region appear as a result of the
carbon-carbon double bonds found in the oleic and
linoleic segments. Peaks at 69 ppm and 62 ppm corres-
pond to carbons forming the ester groups. The peak
found around 34 ppm corresponds to carbons adjacent
to the carbonyl group in the ester. Lastly, peaks found
in the 32-10 ppm region correspond to methyl and
methylene groups (Burrows et al., 2013).

13C NMR spectra of the FAAms from corn oil and
the amines are very similar and they show two main
differences when compared to pure corn oil. First, no
peaks in the 55-70 ppm region are found, indicating
that no ester groups exist in the chemical structure of
the synthesized FAAms. Second, new peaks are found
around 39 ppm and 37 ppm, which corresponds to
carbon bonded to nitrogen atoms and carbon adjacent
to carbonyl groups in the amide group, respectively.
Also, the height of the peaks resulting from both
carbon-carbon double bonds and the amide group
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Figure 2.2 '3C NMR spectra of corn oil and fatty acid
amides from corn oil and butylamine (C+4), corn oil and
octylamine (C+8), corn oil and dodecylamine (C+12), and
corn oil and hexadecylamine (C+16).

decrease as the precursor amine gets longer, which
results from the introduction of a larger number of
methylene groups into the structure.

13C NMR results for sunflower oil, palm oil, and
their FAAms derivatives are presented in Figures A.3
and A.4 (see Appendix A), respectively. Both spectra
presented the same characteristic peaks observed for
corn oil with some variations in their magnitudes which
are attributed to differences in their triglyceride pro-
files (see Table 2.1). The spectra of FAAms from palm
oil and sunflower oil corroborate once more the full
conversion of the triglycerides into amides.

'"H NMR was also conducted, and the spectra of
the samples are presented in Figures A.5-A.8 (see
Appendix A). The fatty acid profiles of the oils and
their FAAms were determined by integrating the
signals in the spectra. The experimentally determined
fatty acid compositions of the oils are very similar to
those reported in the literature (see Table 2.1). Small
differences exist which are to be expected considering
factors such as sowing date, water regime, growing
location and climate conditions have an influence on
the oil composition (Flagella et al., 2002; Lajara et al.,
1990). Also, small variations in the integration values
of the '"H NMR signals can significantly affect the
fatty acid profile obtained, introducing an error in the
measurements (Knothe & Kenar, 2004).

The composition of each FAAm was also determined
to ensure that the initial proportion of the fatty acids
was maintained after the synthesis reaction. Results
presented in Table 2.3 show slight changes in the fatty

acid profile of the FAAms depending on the precursor
amine used. Nonetheless, no trends could indicate that
any amine is more likely to react with a specific fatty
acid segment. Hence, differences in composition are
believed to have been introduced during the purifica-
tion process.

2.3.3 Thermal Characterization

Thermal properties of the as-purchased corn, sun-
flower, and palm oils were assessed through DSC and
their respective thermograms are presented in Figure 2.3.
As it can be noted in the plot, each oil exhibited very
different thermal profiles. In the case of corn oil, two
broad overlapping peaks are observed for both crystal-
lization and melting transitions. The presence of multiple
peaks in oils is attributed to their complex composition
consisting of a mixture of numerous triglycerides with
different fatty acid segments. Generally, triglycerides with
a higher content of saturated acids melt and crystallize
at higher temperatures than triglycerides richer in the
unsaturated versions (Pardauil et al., 2017).

The behavior observed for sunflower oil was quite
different, exhibiting only one peak for both crystal-
lization and melting transitions. This behavior has been
reported before for highly unsaturated oils and indi-
cates that the different triglycerides interact with each
other during the cooling process and are able to co-
crystallize into the same structure. This is possible due to
the similarity of the triglyceride components, which for
sunflower oil are mostly oleic and linoleic acid (Tan &
Che Man, 2002). The small exothermic peak found right
before the melting transition indicates that some recry-
stallization took place during the heating step of the
experiment. Due to their polymorphic nature, triglycer-
ides can form different crystalline structures depending
on several factors including the nature of the fatty acid
segments, the purity of the sample and the crystallization
procedure (Lavigne et al., 1993). It has been reported
(Tan & Che Man, 2002) that when oil samples are
heated, some triglycerides can rearrange and recrystallize

1.5

= Cornoil e

Heat Flow (W/g) EXO UP

-60 —-40 20 O 20
Temperature (°C)

40 60

Figure 2.3 DSC diagram of corn, sunflower, and palm oils.
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TABLE 2.3

Experimentally determined fatty acid composition (wt.%) of the FAAms

FAAm from Saturated

FAAm from Unsaturated

0Oil Amine C16:0 + C18:0 C18:1 C18:2
Corn Oil Butylamine 10.8 30.7 58.5
Octylamine 14.8 33.4 51.8
Dodecylamine 18.2 32.0 49.0
Hexadecylamine 14.6 30.7 54.7
Sunflower Oil Butylamine 6.7 72.3 21.0
Octylamine 7.0 73.4 19.7
Dodecylamine 9.6 76.6 13.8
Hexadecylamine 7.3 75.4 17.4
Palm Oil Butylamine 54.8 33.9 11.3
Octylamine 55.3 35.4 9.3
Dodecylamine 64.3 30.9 4.9
Hexadecylamine 59.0 34.9 6.0

TABLE 2.4

Latent heat of melting and crystallization for corn oil, sunflower oil, palm oil, and their FAAm derivatives

Material Tm (OC) A]-Imelting (Jlg) Tc (VC) AI-Icrystallization (Jlg)
Corn Oil -24.6 + 0.3 52 +1 22 + 1 52 +1
C+4 7.8 £ 0.1 94 + 3 2.6 £ 0.1 94.1 £ 0.2
C+8 256 +£ 0.2 114.5 + 0.8 20.6 + 0.1 112 + 1
C+12 46.0 + 0.1 128.5 + 0.6 38.0 + 0.1 123 + 1
C+16 59.8 +£ 0.2 1253 +£ 0.9 535+ 0.2 123.0 £ 0.9
Sunflower Oil -9.8 £ 0.2 61 +1 —44.8 + 0.1 575+ 04
S+4 215 £ 0.2 106 + 1 105 + 0.4 100 + 1
S+8 30.1 £ 0.1 117.8 + 0.7 220 +£ 0.3 117.6 + 0.2
S+12 493 + 0.2 139.5 £ 0.9 37 £ 1 136.8 + 0.9
S+16 61.7 + 0.1 126.6 + 0.3 558 £ 0.1 1258 + 0.2
Palm Oil' 1.5 + 0.1, 26.8 + 0.6 76 + 1 0.9 + 0.1, 23.2 + 0.6 66 + 1
P+4! 19.2 +£ 0.2, 58.3 + 0.1 100 + 2 13.6 + 0.1, 51.5 + 0.5 955 £ 09
P+8! 31.6 £ 0.1, 614 + 0.1 136 + 1 242 + 0.1, 51.2 + 0.1 134 + 1
P+12! 47 £ 1,694 + 0.2 141 + 3 40.1 £+ 0.1, 64.0 + 0.2 127 + 2
P+16' 60.1+0.1, 83.1+0.1 133 + 2 535 4+ 0.3,78.1 £ 0.2 132 £ 1
Note:

FAAms from C = corn oil, S = sunflower oil, P = palm oil, 4 = butylamine, 8 = octylamine, 12 = dodecylamine, 16 = hexadecylamine.

"Two transitions are observed for both cooling and heating.

in more stable polymorphs which appears as an exotherm
in the heating curve of the DSC thermogram.

For palm oil, two exotherms were obtained after cool-
ing the sample from the melt. This was expected since
approximately 45 wt.% of the sample is rich in unsatu-
rated acids (linoleic and oleic) (refer to Table 2.1) that
crystallize at lower temperatures, while the other trigly-
cerides are mainly made of saturated segments (palmitic
and stearic) and typically exhibit higher crystallization
temperatures. The high content of both types of trigly-
cerides and their marked difference in degree of
saturation makes it unlikely for them to interact and
co-crystallize into the same structure, hence producing
more than one peak upon cooling.

Based on the previous discussion of their thermal pro-
perties none of the as-received oils exhibit the right charac-
teristics to be used as PCMs. The latent heat (AH) of
melting and crystallization for each of these oils is around
52-76 J/g (see Table 2.4), which is lower than those of
commercial organic PCMs usually ranging between 86—
340 J/g (Zalba et al., 2003). Additionally, they are prone to
exhibit polymorphism, and they melt and crystallize over
wide temperature ranges, making them unsuitable materi-
als for thermal management applications.

As it can be seen in Figure 2.4(a), the thermal pro-
perties of corn oil drastically change after reaction with
any of the amines. The most significant difference is
that some of the obtained FAAms exhibit only one
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peak for each transition. Additionally, all FAAms melt
and solidify over narrow temperature ranges when
compared to corn oil. The two FAAms that did not show
single peaks were the ones synthesized from butylamine
and dodecylamine. However, the FAAm from dodecy-
lamine shows one large peak overlapped with a small one
upon cooling and the temperature range in which this
amide crystallizes might still be narrow enough to be
considered a good candidate for PCM applications. Note
that all DSC experiments were conducted at high cooling
and heating rates (10°C/min), which are known for
broadening the peaks and shifting them to lower tempe-
ratures in cooling and to higher temperatures in melting
(Cebula & Smith, 1991). This effect worsens in materials
with poor thermal conductivities; hence it is possible that
these FAAms exhibit sharper peaks at lower rates.
However, the effect of cooling and heating rates on the
thermal behavior of the FAAms is out of the scope of
this work.

The appearance of single peaks in some corn oil
derived FAAms is remarkable considering that these
materials consist of a mixture of amides derived mostly
from triglycerides of oleic, linoleic and palmitic acids.
Results shown in Figure 2.4(a) suggest that even
though these amides have different chemical structures,
they interact with each other and either solidified into
the same crystalline structure or into several crystalline
structures with similar melting points. Possible fac-
tors that could be promoting co-crystallization is that
despite their differences, these FAAms have similar
numbers of methylene units in their structures (C16 or
C18), are linear, and the ratio of -CH, groups to unsatu-
rations and amide groups is large. Also, it is possible
that hydrogen-bonding of the amide group diminishes
the role that unsaturation differences play during
crystallization, making the amides pack in similar ways.
Nonetheless, it is believed that the ratio of -CH, groups
to unsaturations and amide groups dominates over
hydrogen bonding interactions. FAAms from butyla-
mine which have the smaller number of methylene
groups in their structures, were the only ones to exhibit
three individual crystallization events upon cooling.
A possible explanation is that unsaturations are not as
“diluted” in the structure of these FAAms and play a
more significant role, impeding co-crystallization.

Results also indicate that the proportion of saturated
and unsaturated segments in the sample have the larger
effect on co-crystallization. As mentioned before,
FAAms from dodecylamine exhibited one main peak
overlapped by a small one during the cooling segment,
a different behavior than that observed for FAAms
from octylamine and hexadecylamine. The presence of
this small overlapping peak is believed to be caused by
the slightly increased concentration of saturated acid
segments in the sample, which could be promoting
the formation of a new crystal structure at a higher
temperature.

Figure 2.4(a) also shows that the melting point of the
FAAm increases with the length of the amine used. This
was expected since linear organic compounds of the
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Figure 2.4 DSC diagram of (a) FAAms from corn oil, (b)
FAAms from sunflower oil, and (¢c) FAAms from palm oil.
C = corn oil, S = sunflower oil, P = palm oil, 4 = butylamine,
8 = octylamine, 12 = dodecylamine, and 16 = hexadecylamine.

same kind increase their melting points with molecular
weight (Stauffer et al., 2008). The magnitude of the
peaks (i.e., latent heat) also increases with the molecular
weight of the amine, except for the case where hexa-
decylamine was used (refer to Table 2.4). Latent heat is
an inherent property of the molecule and when a first-
order transition is taking place is given by Keshavarz
et al. (2016) and Mandelkern (2002), as shown in
Equation 2.2.

AH=TA4S (Equation 2.2)
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where AH is the enthalpy or latent heat, 7 is the tem-
perature, and S is the change of entropy associated with
the transition. The latent heat of fusion of a substance
is directly proportional to its melting point, which
explains the continuous increase of latent heat observed
for FAAms from butylamine, octylamine, and dodecy-
lamine. However, this is not true for FAAms from
hexadecylamine which have the highest melting tem-
perature of all the amides but a lower latent heat than
C+12. It is believed that in this case, the entropy of
fusion of the C+16 FAAm is significantly lower and this
surpasses the effect of having a higher melting point,
ultimately causing an overall enthalpy reduction.

Thermal properties of FAAms from sunflower oil
were also studied, and the results are presented in
Figure 2.4(b). The changes observed in sunflower oil
after reaction with the amines are the same reported for
corn oil. This was somewhat expected considering that
both oils consist mostly of unsaturated fatty acids. It
can be stated that increasing the number of methylene
groups in the molecule promotes co-crystallization of
the FAAms. The most relevant evidence of this is the
change in thermal behavior of FAAms synthesized
from octylamine, which showed one peak for crystal-
lization and two overlapping peaks for melting in
contrast to FAAms from butylamine that presented
two distanced peaks in both cases.

The DSC diagrams of FAAms synthesized from
palm oil are presented in Figure 2.4(c). All the amides
from palm oil exhibited two melting and crystallization
peaks instead of one. It must be noted that FAAms
from palm oil have high contents of both saturated and
unsaturated acid segments (59% and 41%, respectively).
It is possible that since both groups were present in
similar proportions, segregation during cooling was
promoted causing the saturated FAAms to crystallize
at higher temperatures, followed later in the process by
the unsaturated FAAms at lower temperatures. This
segregation was not seen in FAAms from corn and
sunflower oils since even when these two groups also
existed, their proportions were very different, with
unsaturated amides constituting about 75-80 wt.% of
the product. In these cases, since the content of satu-
rated FAAms was small, they were “diluted” in the
unsaturated amides and interacted with them during the
cooling process instead of segregating, making it possible
for them to co-crystallize into the same structures.

Except for exhibiting two peaks instead of one,
FAAms from palm oil showed the same trends
observed for those derived from corn and sunflower
oils. Based on results presented in Table 2.4, the two
transitions observed in the FAAms from palm oil grow
closer by approximately 10°C every time the length of
the amine is increased by four methylene units starting
at 4 (butylamine) and ending at 12 (dodecylamine). It is
possible that as more —CH, units are introduced into
the FAAms, the effect of unsaturations on crystal-
lization becomes less significant and the crystalline
structures formed are more similar, shortening the
distance between the transitions. However, the effect of

increasing the number of methylene units is limited
considering that when it is increased from 12 to 16
(hexadecylamine), the distance between the two transi-
tions remains unchanged (around 20°C).

TGA results of the FAAms from the three different
oils are shown in Figure 2.5. The diagrams show that
the weight of all the FAAms remains constant at
temperatures below 200°C (392°F) and that the evapo-
ration temperature increases as the amine used for
synthesis gets longer, independently of the precursor
oil. The boiling point is directly proportional to mole-
cular weight which explains why the FAAms have
higher evaporation temperatures as their length is
increased. The FAAms also have higher evaporation
temperatures than other PCMs with similar melting
points. For example, FAAms from corn oil and
butylamine (C+4) which melt around 7°C evaporate
about 100°C above methyl laurate, a PCM material
with a melting point of 5°C. This feature can be parti-
cularly advantageous in applications where the PCM
material will be subjected to high temperatures.

2.3.4 Green Chemistry Metrics of Fatty Acid Amides

Results of the atom economy, E factor, and EcoScale
are presented in Table 2.5. The %AE results obtained
are above 91.7% for all the FAAms, which are high
despite the fact their synthesis results from a substitu-
tion reaction where byproducts are generated. Fortu-
nately, the molecular weight of glycerol is considerably
lower than that of the FAAms, which makes possible
that these syntheses present such high values of %AE.
Another fact that greatly contributed to the results
obtained is that the chosen synthesis route consists of
only one step. As mentioned before, high %AEs such as
the ones obtained for the FAAms are desired since they
indicate low amounts of waste are associated to the
reaction’s mechanism. Selecting a synthesis route with a
high %AE is the first step to design a green organic
preparation (Constable et al.,, 2002; Dicks & Hent,
2015; Sheldon, 2018).

As mentioned in the experimental section, two values
of EF were determined to define the lower and upper
bounds of the waste generated in the production of the
FAAms. Results obtained for the sEF were around
0.61-1.22. It must be noted that these values were
significantly affected by two factors: the yield of each
reaction and the use of excess reactants in large quan-
tities. The decreased yields obtained for each FAAm
are associated to product losses introduced during
purification and not to reaction conversion, hence, they
can be increased by improving the purification meth-
odology. Additionally, reactants were used up to 3
times in excess to ensure the full conversion of the oils
to amides. If these reactions were optimized, their sEF
values could be lowered. For example, in the con-
servative case where the amount of reactants were
decreased from 3 to 1.5 times excess and the yield were
increased to 90%, the sEF would range from 0.34-0.47,
a significant decrease from the current values.
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Figure 2.5 TGA diagram of FAAms. (a) FAAms from corn
oil, (b) FAAms from sunflower oil, and (c) FAAms from palm
oil. C = corn oil, S = sunflower oil, P = palm oil, 4 =

butylamine, 8 = octylamine, 12 = dodecylamine, and 16 =
hexadecylamine.

The cEF results ranged from 36.20 to 46.49, a notable
increase when compared to obtained sEF values. The
main difference between these two parameters is that
water and ethanol used in the purification steps were
included in the calculation of cEF. However, it must be
noted that due to differences in the boiling points of
ethanol and the reactants and byproducts, the first can
be recovered using a rotary evaporator. Recycling the
ethanol will significantly lower the real EF of FAAms
synthesized from dodecylamine and hexadecylamine,
bringing it to values close to those of sEFs.

The biobased PCMs here produced are a poten-

tial alternative to petroleum-derived paraftins, a

10

TABLE 2.5

Green metrics results for each of the FAAms

Product % AE sEF cEF EcoScale
C+4 91.70 1.22 44.18 69.00
C+8 92.80 1.06 36.20 76.50
C+12 93.60 1.06 44.82 72.00
C+16 94.30 0.67 41.30 80.00
S+4 91.70 1.00 40.03 72.50
S+8 92.80 1.17 38.26 74.50
S+12 93.60 1.03 43.86 73.00
S+16 94.30 0.61 39.43 81.50
P+4 91.70 0.95 38.42 74.00
P+8 92.80 1.12 37.27 75.50
P+12 93.60 1.16 46.49 71.00
P+16 94.30 0.59 38.51 82.50

non-renewable source widely known for having an

important environmental impact. The environmental

factor of paraffins was not found in the literature,
nevertheless, values of EF of less than 0.1 have been

reported for the oil refining industry (Sheldon, 2018).

One possible explanation for such a low EF is that

virtually all the byproducts of gasoline production are
commercialized for different applications and are not
considered waste. An important factor that needs to be
accounted for before drawing any conclusions is that EF
values reported in this work correspond to a laboratory
synthesis that has not been optimized. EF values found
in the literature often correspond to highly optimized
industrial settings that use sophisticated techniques for
solvent recovery and water treatment. This results in
waste minimization and translates into very low EF
values. Therefore, it would be unfair to compare the EF
of oil refining industry to the values here reported.
Again, there is plenty of room for optimization of the
FAAms production process including decreasing the
amount of solvents used in the purification steps or
using other purification methods that do not required

the use of large amounts of solvents. These changes

could drastically lower the EF of FAAms, allowing

them to compete with paraffins. Regardless, unlike

paraffins which are completely petroleum derived, and
therefore depleting, FAAm is partially to totally
renewable (depending on the source of amine), which
is an inherent improvement in sustainability.

The EcoScale results ranged from 69.0 to 82.5. These
high values result from the relative low toxicity of the
reactants, low cost of the materials, simplicity of the
experimental setup and high yields obtained. Note
that these reactions could score even higher EcoScale
values if their yields are increased. EcoScale results
obtained are encouraging since they shed light on other
aspects that contribute to the greenness of this
preparation such as the use of inexpensive plant feed-
stocks, use of nontoxic biodegradable solvents for

purification, mild reaction conditions and simplicity of
the reaction.
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3. MICROENCAPSULATED PHASE CHANGE
MATERIALS (WPCM)

3.1 Background

Since conventional asphalt pavement is black, it has
a strong heat-absorbing capacity (Chen et al., 2011) and
can reach temperatures as high as 70°C during peak
sunlight conditions (Chen et al., 2012). The air tempe-
rature in urban cities is higher when compared to rural
areas because of the high volumetric heat capacity and
reduced evapotranspiration of concrete and asphalt, the
two main materials used in buildings, roads, and
parking lots. This phenomenon is known as the urban
heat island (UHI) effect and has many environmental
and health issues (He et al., 2013). Areas that suffer
from UHI have higher water and energy consumption
and contribute to the acceleration of smog production
(Guan et al., 2011; Gui et al., 2007). Furthermore, when
asphalt reaches high temperatures, the binder’s viscos-
ity and adhesion properties decrease. This results in
a lower asphalt mixture stiffness that can lead to large
permanent deformation under repeated loading, a dis-
tress commonly manifested as asphalt rutting (Chen
et al., 2011; Sun, 2016).

Several methods to lower the temperature of asphalt
during the summer have been considered, such as
spraying water on the pavement and using porous
pavement, however, they have not been effective or
practical (Cao et al., 2011). A novel and different app-
roach that could be used to prevent asphalt pavements
from reaching such high temperatures is the use of
PCMs. PCMs are substances that absorb significant
amounts of energy from their surroundings when they
melt, while remaining at a constant or approximately
constant temperature (Liston et al., 2016). This energy
that is absorbed is known as latent heat of fusion and
it is transferred back to the surroundings when the
PCM goes back to the solid state (Fleischer, 2015). This
particular property of PCMs make them suitable
materials to be incorporated in asphalt to help regulate
its temperature and decrease the UHI effect and avoid/
delay rutting.

As it was mentioned before, PCMs can be used in
many applications related to thermal energy storage
and management such as in textiles (Mondal, 2008),
buildings (Kalnes & Jelle, 2015), and solar energy
storage systems (Kenisarin & Mahkamov, 2007). How-
ever, since these materials need to transition from the
solid to the liquid state to fulfill their function, they
must be contained to avoid their leakage during the
liquid phase (Fleischer, 2015). The use of PCMs in
asphalt pavements poses a series of challenges that are
not encountered in other applications. Perhaps the
most difficult one is to find a containment system that
can keep the PCM from leaking at the high tempera-
tures and under typical mechanical loadings of asphalt
mixture production. Partially successful results have
been obtained in studies where the PCMs were shape
stabilized using porous aggregates as carriers (Manning
et al., 2015). However, it was found that PCMs in these

systems are prone to evaporate at asphalt mixture
processing temperatures. This issue has been addressed
by coating the carrier aggregates using polymeric resins
(Kheradmand et al., 2015). Nonetheless, this decreases
the overall PCM content in the aggregate along with
their thermal conductivity.

Another alternative for PCM containment is their
microencapsulation in core-shell structures made of
polymeric materials. This method of PCM microcap-
sules is popular in building walls, however, only a few
investigations have been conducted to incorporate them
in asphalt pavements. This is likely because most
polymeric materials do not perform well at high
temperatures, making these capsules incompatible with
asphalt mixture production conditions. The work
reported here studies the feasibility of adding PCM
microcapsules with high thermal stability and robust
walls to asphalt pavements to decrease their peak
temperatures, potentially alleviating issues such as UHI
effect and pavement rutting.

3.2 Methods

3.2.1 Characterization of PCM Microcapsules

Commercially available PCM microcapsules
(LPCM-43) were purchased from Microtek labs due
to their high thermal stability (less than 1% leakage
when heated up to 250°C (482°F)) and their robust
capsule walls (Microtek Laboratories, n.d.). These
features should help the capsules withstand asphalt
processing conditions and allow them to perform their
thermal management role. These capsules are expected
to exhibit high latent heat of fusion (220-230 J/g) and
small sizes which translate into high surface area and
will likely improve heat transfer, helping counteract the
low thermal conductivity typical of these materials
(Farid et al., 2004). The experimental transition tem-
peratures and latent heats of the microencapsulated
PCMs were corroborated using a Q2000 DSC analyzer
(Q2000 DSC TA Instruments). Experiments were
conducted in a nitrogen atmosphere with cooling and
heating rates of 10°C/min. TGA (Q50, TA
Instruments) was also conducted to study the thermal
stability of the capsules at asphalt mixture production
temperatures. Samples were ramped at 15°C/min from
room temperature to 600°C. Isothermal experiments at
165°C (329°F) for 3 hours were completed as well.
Images of the capsules were taken using a scanning
electron microscope (Phenom, FEI Company) for
which the samples were previously mounted and
coated with a thin layer of platinum (~10 nm) using
a sputter coater (K550X Emitech) for 30 s.

3.2.2 Ball Milling Experiments

In order to use PCM microcapsules in asphalt
pavements they not only need to be thermally stable
but must be able to withstand compression and shear
stresses typical of the mixing and compacting of asphalt
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mixtures. To assess the mechanical performance of the
microcapsules, ball milling experiments were also
conducted followed by a visual inspection using an
optical microscope. For this, 0.7 g of microcapsules and
14 g of tungsten carbide balls (3 mm in diameter) were
added to a 25 ml glass vial and then placed inside an
oven at 145°C (293°F) for 2 hours. Next, the vial was
removed from the oven, capped, and immediately
milled using a wheel mixer (30 rpm) for 20 minutes at
room temperature.

3.3 Deliverables

3.3.1 Phase Change Material Load Analysis

The amount of PCM required to change the tempe-
rature of asphalt pavement by 1°C was roughly esti-
mated using Equation 3.1 (Bureau of Naval Personnel,
1966).

QO=m-C-AT (Equation 3.1)
where Q is the amount of heat (in J) required to
produce a temperature difference or A7 (in °C), m is the
mass of the sample undergoing the temperature change
(in Kg), and C'is the specific heat capacity of the sample
(in J/Kg°C). The amount of heat required to decrease
the temperature by 1°C of a 2-in.-thick asphalt slab
with a length and width of 1 m and a mass of 115.6 Kg
was estimated to be —110.88 K1J (for an asphalt sample
with p = 2,276 Kg/m® and C = 959 J/Kg-°C (Vo et al.,
2015)). The minimum amount of PCM needed to
achieve this temperature change would be 0.55 Kg (for
a PCM with a latent heat of 200 J/g), assuming there
are no heat losses in the system and no heat is being
transferred from or to the asphalt pavement and its
surroundings. The necessary 0.55 Kg of PCM would be
the equivalent to 0.5% of the total slab mass. It must be
noted that these calculations are not expected to be
representative of the actual amount of PCM needed to
induce the mentioned temperature change since several
variables such as heat losses in the system, and the
thermal conductivity and diffusivity of the materials
were not considered. This theoretical value was used to
determine the order of magnitude in which the PCM
must be added. To ensure that the thermal regulation
action of the PCM would be seen in the thermal cycling
tests, the PCM microcapsules were added between 2%
and 8% of total mixture mass to the asphalt mixtures
prepared in Chapters 4 and 5.

3.3.2 uPCM-43 Visual Inspection

As seen in Figure 3.1, the pPCM-43 presented
spherical shapes and a wide size distribution (2-25
pm). Interestingly, most capsules have dents in them. It
must be noted that this micrograph was taken at room
temperature, hence, the PCM cores are expected to be
in the solid state. It is highly possible that the dents
were produced by volumetric changes experienced by

uPCM-43.
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Figure 3.2 DSC thermogram of PCM microcapsules.

the core during their phase change from liquid to solid,
which for paraffins can be around 10% (Cabeza et al.,
2020). However, even when most capsules look dented,
they do not appear to have cracks, indicating that the
shell is sufficiently strong and flexible to sustain these
volumetric changes.

As seen in the thermogram presented in Figure 3.2,
the microcapsules exhibited two separate events for both
melting and crystallization transitions; the first and
minor melting event takes place around 5°C with a
latent heat of approximately 9.6 J/g. The second and
main melting event has an onset around 36.5°C and
reaches its peak at ~45°C. It is possible that the diffe-
rence between the experimental melting point and that
reported by the manufacturer (43°C) was a consequence
of the fast-heating rate (10°C/min) used during the
experiment. The heat of fusion was ~200 J/g which is
20-30 J/g below the manufacturers’ specification.
However, these differences in melting point and latent
heat are not significant for the project and should not
affect the PCM’s ability to regulate the asphalt mixture’s
temperature. Figure 3.2 also shows that each transition
event shows two humps or overlapping peaks. It is
possible that the PCM contained in this capsule is based
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Figure 3.3 TGA thermograms of PCM microcapsules (a) temperature ramp from room temperature to 400°C (15°C/min), and

(b) isothermal at 165°C.

Figure 3.4 Optical micrographs of microcapsules after the ball milling experiment.

on a blend of two or more paraffins which were mixed
to tune the melting temperature of the resulting sub-
stance (Farid et al., 2004; Kousksou et al., 2010).

The thermal stability of the capsules was studied by
performing two different experiments. In the first one,
the capsules’ temperature was increased at a constant
rate (15°C/min) from room temperature to 500°C.
Results presented in Figure 3.3(a) show that the cap-
sules degrade at approximately 410°C (770°F) when
they lose most of their mass (~90 wt.%) due to PCM
evaporation. To simulate asphalt production condi-
tions, the second experiment consisted of increasing the
capsules’ temperature to 165°C (329°F) and keeping it
constant for 3 hours. The thermogram in Figure 3.3(b)
indicates that the sample only lost 4% of its weight
during this test. This weight loss probably corresponds
to the PCM evaporation of inherently imperfect
capsules in the production batch. Considering how
small these weight losses are, results confirm that the
microcapsules are stable at asphalt production tem-
peratures (about 135°C-162°C or 275°C-325°F).

3.3.3 Ball Milling Experiment Results

Micrographs of the capsules taken after the
ball milling experiment are presented in Figure 3.4.

Unfortunately, it was not possible to precisely deter-
mine the ratio of broken capsules for several reasons—
first, agglomerates formed during testing and could
not be entirely broken apart to assess the capsules’
individual integrity. Second, the micrographs only
allow imaging of a partial section of the capsules,
hence even when they may look whole from the top
they could be broken on the bottom. However, to
obtain a rough estimate, all the capsules that exhibited
a circular contour after the test (despite being dented)
were considered whole, while those with irregular
shapes and flat appearance were counted as broken
(signaled by black arrows in Figure 3.4). Based on this
analysis roughly 10% of the capsules broke, or in other
words, close to 90% of the capsules survived the ball
milling experiment. This survival rate is high consider-
ing that the capsules are made of polymers (unknown
composition due to proprietary rights) which usually
soften and underperform at high temperatures. None-
theless, even if only 10% of the capsules break this
could translate in a significant amount of PCM being
released and could likely have a detrimental effect on the
mechanical properties of the asphalt pavement. The
direct interaction of PCM with asphalt can decrease the
penetration and decrease the softening point and stiffness
of the binder (Kakar et al., 2020).
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4. RHEOLOGICAL AND THERMAL
PERFORMANCE OF nPCM MODIFIED ASPHALT
MATERIALS

4.1 Background

It is hypothesized that comprehensive thermomecha-
nical testing can characterize and optimize pPCM
modified asphalt binders and mixtures. However,
research to-date has not yet determined prevalent tests
and parameters that can be used to explain the
performance of pPCM modified asphalt binders and
mixtures, develop standard specifications, and link
binder and mixture behavior. As a step toward this
goal, this chapter’s overall research objective is to
identify testing techniques that characterize the thermo-
mechanical performance of pPCM modified asphalt
binders and mixtures within the linear viscoelastic
range. This portion of the study introduces a new
approach to identify the pPCM effect in asphalt binders
using rheological measurements. Additionally, the find-
ings of this section of the study corroborate experi-
mental and numerical investigations showing that a
reduction in pavement surface temperatures between
2°C and 9°C can be obtained with pPCM modified
asphalt materials, as compared to non-uPCM modified
asphalt materials (Jin et al., 2017; Refaa et al., 2018).

4.2 Methods

4.2.1 Asphalt Binder Testing

For asphalt binder testing, a control binder was
mixed with the nPCM-43 at 160°C (320°F) using a
mechanical agitator for 5 minutes. Although the pfPCM
capsules exhibit good temperature stability, the mixing
process took place just before specimen preparation.
A PG 64-22 asphalt binder was used for this portion of
the study. In this chapter, the rheological properties of
pPCM-43 modified asphalt binders were characterized
using recently explored testing techniques. The Dyna-
mic Shear Rheometer (DSR) test protocol employed is
based on the methods reported by Kakar et al. (2019a)
and Kakar et al. (2019b). The thermal effect of pPCM-
43 on the modified asphalt binder’s rheological res-
ponse was determined by performing temperature sweep
tests. The dynamic shear properties were measured
using the parallel plate configuration of 2-mm-thick
specimens with a 8-mm diameter. Temperature ramps
from 60°C to 20°C (and vice versa) were conducted
while applying an oscillatory shear strain with constant
strain amplitude (1.0%) and frequency (10 rad/s). These
testing inputs were selected to keep the rheological
measurements within the linear viscoelastic range and
equipment torque limits.

The control PG 64-22 binder was modified at six
different levels, 0%, 5%, 10%, 20%, 30%, and 40% by
total binder mass. In addition, the rheological testing
was conducted at five different temperature ramps
between 60°C and 20°C, namely 3, 6, 9, 12, and
15°C/hr. For each binder-uPCM combination, a single

specimen was examined. After loading the specimen in
the DSR, the material was initially conditioned for
20 minutes at 60°C. Then, the rheological testing equip-
ment was configured to run a cooling-heating cycle for
each temperature rate. The DSR Peltier system decreased
the temperature from 60°C to 20°C within a specific time
duration and increased the temperature from 20°C to
60°C within the same time span. The temperature ramps
were conducted successively from slowest to fastest,
without interruptions. The set of temperature ramps used
is comparable to the temperature change rates experi-
enced by in-service asphalt pavements (Yavuzturk et al.,
2005). The viscoelastic properties were measured at
30-second intervals, meaning that every 30 s, the DSR
decreased a temperature step and reported the average
results of the rheological measurements continuously
taken within the time step. Rheological measurements
were complemented with DSC tests.

4.2.2 Asphalt Mixture Thermal Cycling

The thermal response of pPCM modified asphalt
mixtures was also investigated. First, four asphalt
mixtures gathered from three paving projects were
modified with PCM microcapsules at three different
levels, 0%, 4%, and 8% by total mixture mass. Figure 4.1
shows the characteristics of these mixtures. Mixture
A was gathered from a paving project near Crawfords-
ville, IN, Mixture B from a pavement reconstruction
section in Indianapolis, IN, and Mixtures C and D from
a pavement overlay project near Fort Wayne, IN.
Mixtures C and D have comparable aggregate blends,
with the main difference being that Mixture C includes
steel slag aggregate (Haddock et al., 2020).

The plant-produced paving materials were heated in
the laboratory at 135°C (275°F) for 2 hours and then
manually mixed with pPCM-43 until all the particles
exhibited a dark appearance (about 5 minutes), as
shown in Figure 4.1a. The pPCM-43 modified asphalt
material was again placed in the oven for approxi-
mately 20 minutes to get back to the 135°C (275°F)
established temperature for compaction. About 2,700 g
of mixture were compacted using the Superpave
Gyratory Compactor (SGC) to a specific height of
63.5-mm (2.5 in.), or until a total of 50 SGC gyrations
were reached. Little information is available in the
literature regarding the compaction and fabrication of
uPCM modified asphalt mixture specimens. Thus, a
63.5-mm (2.5 in.) height was specified to ensure that
50-mm (2-in.) tall specimens could be fabricated for
thermal cycling experiments. However, during compac-
tion, it was observed that all the specimens were
compacted until the number of gyrations criterion was
achieved, except the control specimen for Mixture C.
The specimens modified with pfPCM at 0%, 4%, and
8% by total mixture mass were compacted to an
average height of 65.5 mm, 68.6 mm, and 76.2 mm,
respectively.

Following compaction, the SGC pills were cut using
a saw to fabricate 50-mm (2-in.) tall specimens.
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Figure 4.1 (a) Mixing process of fPCM-43 and asphalt mixture and (b) specimens prepared for thermal cycling, Mixture B.

Subsequently, three type-T thermocouples were placed
on each specimen, one at the top surface (non-insulated
circular face), one 25 mm (1 in.) from the top surface
(mid-specimen), and one at the bottom surface. The
mid-specimen temperature sensor was mounted at the
center by drilling a hole to fit the thermocouple.
Thermally conductive adhesive tape was applied to
secure the thermocouples at the bottom and top
surfaces. The specimens’ bottom surface and outside
diameter were then insulated using a 50-mm (2-in.)
insulating board to produce a one-dimensional heat
flow during thermal cycling testing (see Figure 4.1b).
To further minimize heat loss, the gap between the
specimen and insulating board, plus the incisions made
in the board to place the thermocouples, were filled
with an insulating foam sealant. After insulating and
instrumenting the specimens, they were placed in an
environmental chamber and exposed to a heating-
cooling temperature cycle. For the purpose of capturing
the pfPCM effect at about 43°C, the specimens were
subjected to liquification and solidification transitions
from 20°C to 60°C and from 60°C to 20°C, respectively.

Volumetric analysis was performed on the SGC pills
before dimensioning the specimens to a 50 mm (2 in.)
height. Despite the changes in SGC specimen mass and
reduction in mixture design compaction temperature,
from the 150°C (300°F) allowed by the Indiana
Department of Transportation (INDOT) specifications,
to the 135°C (275°F) used for this study, the air voids
contents of the control mixtures’ specimens fell within
the permissible range. However, the air voids contents
of the compacted pPCM-43 asphalt mixture specimens
were out of the specification limits, between 3.6% and
6.4%. The air voids contents of the yPCM-43 modified
asphalt mixtures’ specimens were significantly below
the lower specification limit. Not surprisingly, as more
nwPCM-43 capsules were included, the air void con-
tent departed even more from specifications. These

volumetric results strengthen the argument that for the
inclusion of pPCM-43 in asphalt mixtures, a portion of
fine aggregate and mineral filler from the original
mixture design should be replaced with pPCM-43 to
satisfy the volumetric requirements (Bueno et al., 2019;
Refaa et al., 2018). Some pnPCM-43 modified specimens
showed an air voids content even lower than 1%. To
improve the feasibility of this technology, an appro-
priate mixture design procedure will need to be
developed.

4.3 Deliverables

4.3.1 Complex Shear Modulus Change Rate

Studies into the viscoelastic behavior of asphalt
binders have received increased interest from various
researchers since the early 1990s, following the Strategic
Highway Research Program (SHRP) (Anderson et al.,
1994; Yusoff et al., 2011). The SHRP research effort
reported that over most of the range of interest in
asphalt binder applications, the rate of change of
Complex Shear Modulus (G*) with respect to tempera-
ture ranges from 15% to 25% per degree Celsius
(Anderson et al., 1994), which means that asphalt
binders should exhibit a relatively constant G* Change
Rate when subjected to a continuous temperature
gradient. Such a concept has not been thoroughly
investigated over the years, in significant part because
of equipment limitations. Many of the commercial
rheological testing devices available in the early 1990s
were designed primarily for use with polymers, food-
stuffs such as cheese, and other materials, many of
which exhibit low temperature dependency in compar-
ison to asphalt binder (Anderson et al., 1994). In such a
situation, most rheological testing devices provided just
enough temperature control accuracy for maintaining
suitable repeatability of test data. Consequently, as per
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specifications, asphalt binder tests are typically per- measurements were taken at 30-second intervals. This

formed under steady-state temperature conditions. How- time step is used to calculate the G* Change Rate, as
ever, today, rheological testing devices can perform shown in Equation 4.1.

temperature fluctuations and ramps with a great deal 5

of accuracy. Some rheological testing devices can G*Change Rate= G; (Equation 4.1)
even guarantee a homogeneous convection temperature Giy

distribution and thus, accurate and stable temperature

control for various testing protocols. where Gjis the complex shear modulus at a given
Figure 4.2a confirms that an asphalt binder sub- temperature and G;_; is the complex shear modulus

jected to a constant temperature increase (from 20°C to obtained at the previous time step for the predetermined

60°C) will show a relatively constant G* Change Rate. temperature change rate during the solidification or

This calculation will vary depending on the temperature liquification cycle phase.

ramp applied and the interval at which rheolo- Data from several studies have demonstrated that the

gical measurements are taken. For this study, the temperature can be shifted or reduced by incorporating
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Figure 4.2 Asphalt binder experiments using dynamic shear rheometer and differential scanning calorimeter.
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uwPCM into asphalt binders (Kakar et al., 2019a; Kakar
et al.,, 2019b; Refaa et al., 2018; Wei et al., 2019).
Although previous studies have encouraged the use of
DSR measurements, a method to fully understand the
UWPCM effect in asphalt binders using rheological data
was not identified. For example, Kakar et al. (2019b)
modified control asphalt binders with pPCM having a
phase transition temperature close to 6°C, at three
different levels, 0%, 1%, and 3% by total binder mass.
In their research study, the rheological measurements
were taken by performing temperature ramps between
20°C and -10°C, using a cooling-heating rate of about
26°C/hr. The constant strain amplitude and frequency
applied to run the tests were 0.1% and 6.3 rad/s, res-
pectively. The rheological measuring system had a
diameter of 8 mm and specimen thickness of 2 mm. To
interpret the results, master curves, complex shear
modulus versus temperature, and phase angle versus
temperature plots were generated. After analyzing the
data, Kakar et al. (2019b) suggested that during cooling
ramps, no thermal effect due to ptPCM incorporation is
noticed on the rheological response of modified asphalt
binders, and concluded that perhaps at higher fPCM
concentrations, the effect could be detectable. The work
presented herein differs from previous research regarding
the idea that a pPCM effect cannot be captured by
performing rheological measurements. If the data is
normalized utilizing the G* Change Rate, the yPCM
effect is noticeable during solidification and liquification

TABLE 4.1
Asphalt mixtures used for thermal cycling assessment

transitions, at low and relatively high yPCM dosages,
and temperature fluctuations comparable to those
experienced by asphalt pavements in the field.

Figure 4.2 shows that the rate of change concept can
help quantify the uPCM effect in asphalt materials. This
rheological data analysis is in good agreement with the
results obtained from DSC measurements, as can
be inferred from Figure 4.2e. The evidence is murky
because DSC measurements were performed at a cooling-
heating rate of 600°C/hr (or 10°C/min), which is a typical
testing parameter for this thermal procedure. This
cooling-heating rate is inconceivable for the rheological
analysis of asphalt binders. Although DSC measurements
were performed at a significantly higher cooling-heating
rate, the uPCM effect peaks observed are connected to
the rheological results obtained at cooling and heating
rates between 3 and 15°C/hr. When the puPCM-43
releases heat (solidification phase), a reduction is obser-
ved in the G* Change Rate, primarily due to a thermal
lag in the asphalt binder specimen. The specimen is no
longer transitioning at a constant temperature rate
because of the uPCM-43. In contrast, when the pyPCM-
43 absorbs heat (liquification phase) from the system,
an increase is noticed in the G* Change Rate, meaning
the DSR must apply a higher torque (or activation
energy) to generate the predetermined strain amplitude of
1.0% in the asphalt binder specimen. In both phases, a
countereffect is observed in the rheological measurement
after the pPCM-43 effect is completed, as compared to

Mixture Name

Mixture A

Mixture B

Mixture C

Mixture D

Mixture Description
Mixture Designation (mm)
Binder Type

Aggregate Material

9.5-mm RAP 2.36-mm Stone Sand 2.36-mm Manufactured 2.36-mm Manufactured
Mineral Filler 12.5-mm RAP Sand Sand
9.5-mm RAP 9.5-mm RAP 9.5-mm RAP
Mineral Filler Mineral Filler Mineral Filler
Air Voids Content (%) 5.0 5.0 5.0 5.0
Voids in the Mineral 16.6 14.7 16.9 17.1
Aggregate (%)
Voids Filled with Asphalt (%) 69.9 66.0 70.4 70.8
Asphalt Binder Content (%) 6.1 5.4 5.8 6.5
Effective Binder Content (%) 4.9 4.2 4.9 5.3
Virgin Binder (%) 4.6 4.6 4.7 5.6
Binder Replacement (%) 24.3 15.4 19.7 13.8
Dust-to-Binder Ratio 1.0 1.2 0.9 0.8
Number of Design Gyrations 50 50 50 50
SGC Pill Mass (g) 4,825 4,700 5,140 4,860

Surface Mainline

9.5
PG 70-22

9.5-mm Dolomite
4.75-mm Dolomite
2.36-mm Dolomite Sand

Base Mainline
19.0
PG 64-22
19.0-mm Stone
9.5-mm Stone
4.75-mm Stone

Surface Mainline
9.5
PG 76-22

9.5-mm Limestone
4.75-mm Limestone
9.5-mm Steel Slag

Surface Shoulder
9.5
PG 64-22

9.5-mm Limestone
4.75-mm Limestone
2.36-mm Natural Sand
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DSC results. A possible explanation for this might be
that the binder experiences an accelerated temperature
transition. There might be a significant temperature
gradient between the DSR plates and pPCM-43 modified
binder due to the thermal lag, causing a sudden tem-
perature shift in the specimen. Additionally, in DSR
testing the asphalt binder is susceptible to heat losses as
opposed to DSC testing, where the specimen is enclosed
in a thermal chamber. More research is necessary to
understand the cause of this countereffect and its poten-
tial ramifications.

The rheological results are also consistent with the
present evidence suggesting that under different cooling
and heating rates, the intensity of the latent heat peak is
augmented because thermal gradients are built up in the
PCM. A study on the phase change process and latent
heat of PCM impregnated lightweight aggregate
(LWA) concluded that DSC tests with higher cooling
and heating rates intensify the verticality of the curve at
the peak temperature (Kheradmand et al., 2015).
Likewise, the rheological results of this study demon-
strate that as the cooling-heating rate increases, the
peak of the G* Change Rate is intensified, as shown in
Figures 4.2b—d. It should be noted that regardless of
the cooling-heating rate in DSC testing, the amount of
latent heat absorbed and released by the yPCM-43 is
constant. This fundamental concept can be demon-
strated by calculating the integral under the DSC peak
above the baseline (Kheradmand et al., 2015). The
analogous DSR and DSC plots suggest that a similar
analysis might be applicable for the rheological results.
Although the rheological findings should be treated
with a degree of caution, the results are interesting
because they identify an approach for capturing the
PPCM effect in asphalt binders. This analysis warrants
further investigations to correlate the G* Change Rate
to the latent heat capacity of the uPCM-43 modified
asphalt binders and their overall mechanical perfor-
mance. Table 4.2 reports the latent heat characteristics
of uPCM-43 modified asphalt binders according to the
DSC measurements.

4.3.2 Thermal Cycling of Asphalt Mixtures

Figure 4.3 shows the thermal response of asphalt
specimens with and without pPCM-43. The control
asphalt mixture is a 9.5-mm plant-produced mixture
gathered in-situ through plate sampling on the road,

TABLE 4.2

namely Mixture A. The specimens were exposed to a
temperature cycle between 20°C and 60°C to capture the
UWPCM effect at about 43°C. When the pPCM particles
liquify, the pPCM-43 product delays the modified
asphalt specimens from reaching a threshold temperature
of 45°C and creates a thermal lag in the specimens. As a
result, the temperature of the tPCM modified asphalt
specimens dwells at about 43°C for a longer time than if
the ptPCM was not present. Likewise, during solidifica-
tion, the pPCM effect provides additional relaxation time
to the asphalt specimen during the temperature transition
from 60°C to 20°C, at approximately 43°C. A closer
examination reveals that a second thermal lag is
experienced at about 30°C when the uPCM-43 is cooling.
This observation is more evident for the specimen
modified with 8% pPCM-43 by total mixture mass.
Opverall, the thermal responses of the W PCM-43 modified
asphalt specimens mimics the rheological analysis found
for the asphalt binders, as presented in the previous
section. As the pPCM-43 solidifies, two sharp peaks are
detectable for the G* Change Rate, at about 43°C and
30°C. Conversely, when the uPCM-43 is transitioning to
a liquid, the DSR, DSC, and thermal cycling measure-
ments agree that the pPCM effect occurs more uniformly
between 35°C and 45°C. Similar observations can be
made for the other three asphalt mixtures tested,
Mixtures B, C, and D (see Appendix B).

Table 4.3 reports the differences in temperature
obtained at different depths from the top surface for
the specimens with pPCM-43 relative to the control
specimens. The liquification (from 20°C to 60°C) and
solidification (from 60°C to 20°C) puPCM-43 transitions
demonstrate disparities in the absolute temperature
differences observed. During PCM solidification, the
temperature differences are consistently lower for all
mixture types. Thus, the WPCM-43 appears to be more
beneficial when liquifying, meaning that the pnPCM-43
does a better job delaying the appearance of tempera-
tures higher than 43°C in comparison to hinder-
ing temperatures lower than 43°C. This outcome is
contingent on the type of pPCM and ambient tem-
perature profile, along with other factors. Still, at
first glance, the ptPCM-43 effect seems promising in
delaying temperatures above 45°C. The yPCM impact
is more meaningful as the depth from the top surface
increases. Another important observation of this
study is that the thermal cycling tests included mixtures
composed of a wide variety of raw materials. The A, B,

Differential scanning calorimeter test results for pPCM-43 modified asphalt binders

pPCM-43 Content by Solidification Phase

Liquification Phase

Binder Mass (%) Temperature Range (°C)

Latent Heat (J/g)

Temperature Range (°C) Latent Heat (J/g)

5 29.3-39.5 8.3 38.5-43.8 8.8
10 29.3-39.1 16.4 38.8-44.0 16.8
20 28.9-37.9 31.1 39.3-44.5 31.6
30 28.9-37.7 42.7 39.4-42.4 42.8
40 28.6-36.7 50.7 39.5-44.5 50.7
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Figure 4.3 Mixture A thermal response of asphalt specimens with and without pPCM-43 at different depths from top surface.

TABLE 4.3
Absolute maximum temperature difference between control and pPCM-43 modified specimens

Absolute Maximum Temperature Difference (°C)

Control pPCM-43 Content by Total Depth from Top Surface (mm)
Mixture Mixture Mass (%) Phase Transition 0 (Top Surface) 25 (Mid-Specimen) 50 (Bottom Surface)
Mixture A 4 Liquification 4.64 5.68 6.16
Solidification 2.61 2.81 2.92
8 Liquification 7.93 9.48 10.13
Solidification 4.56 5.22 5.43
Mixture B 4 Liquification 4.70 5.27 6.25
Solidification 2.70 3.04 3.32
8 Liquification 6.10 8.46 9.30
Solidification 3.53 4.66 4.99
Mixture C 4 Liquification 4.72 5.62 6.29
Solidification 2.47 2.85 3.19
8 Liquification 7.53 9.06 10.32
Solidification 4.10 4.74 5.46
Mixture D 4 Liquification 3.74 5.65 6.34
Solidification 1.91 2.89 3.15
8 Liquification 7.23 8.83 9.64
Solidification 3.75 4.39 4.64
C, and D Mixtures were gathered as part of a research from various areas of the state. Consequently, the
project focused on implementing asphalt mixture thermal cycling results suggest the pPCM effect is
design changes in Indiana (Haddock et al., 2020). As applicable for a broad array of asphalt mixture
a result, the mixtures used in the experiments come materials.
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5. MECHANICAL PERFORMANCE OF pPCM
MODIFIED ASPHALT MATERIALS

5.1 Background

As previously explained, the past decade has seen the
rapid development of pPCM for diverse engineering
applications (Jamekhorshid et al.,, 2014), aiding the
incorporation of this thermoregulating agent in asphalt
materials. As a result, more recent attention has focused
on conducting mechanical performance tests for ufPCM
modified asphalt binders and asphalt mixtures. The
rheological behavior of tPCM modified asphalt binders
has been studied using conventional and unconventional
testing protocols (Kakar et al., 2019a; 2019b; Wei et al.,
2019). In contrast, pPCM modified asphalt mixtures’
mechanical performance has been mainly examined by
conducting standard test protocols (Bueno et al., 2019),
while the role of yPCM on the engineering behavior of
compacted asphalt mixture specimens remains largely
unexamined. Further studies are required to fully
quantify the pWPCM effect on the performance of asphalt
pavements. Several questions regarding the mechanical
characterization of pPCM modified asphalt materials
remain to be addressed. For example, the thermomecha-
nical response of tPCM modified asphalt materials when
the core PCM is in solid or liquid phase. There is a lack
of standard methods for testing the PCM in asphalt
materials and assessing the suitability of a given pPCM
formulation to a specific asphalt pavement environment
or target asphalt mixture distress. Investigations are
needed to develop procedures that allow comparison
and evaluation for pPCM modification in asphalt
pavements. Given such information, this chapter seeks

TABLE 5.1
Batching for pPCM-43 redesigned asphalt mixtures

to obtain data that will help to address these research
gaps. The redesign of an asphalt mixture with uPCM is
demonstrated, and the mechanical performance implica-
tions of incorporating a significant portion of pyPCM in
the binder and mixture are discussed.

5.2 Methods

5.2.1 Redesign of Asphalt Mixture

Table 5.1 illustrates how a reference mixture was
redesigned to incorporate a significant portion of
WPCM-43, at two different levels (about 2% and 4%
by total mixture mass). The reference mixture had the
same aggregate blend and volumetric properties of
mixture A (see Table 4.1), but it was prepared using a
PG 64-22 asphalt binder. All the material passing the
0.300- and 0.600-mm sieves was substituted with
microcapsules for the 2%- and 4%-uPCM-43 mixtures,
respectively. Considering that the capsules have a
specific gravity of about 0.900, the replacement was
estimated by volume and not by mass. Therefore, all the
substituted fine aggregate and mineral filler material
was assumed to have a specific gravity of 2.800.

First, the aggregate was batched as typically done for
specimen fabrication. After batching, the aggregate
was sieved to determine the mass of the material to be
substituted. Then, the approximate volume of the
material passing the critical sieve for each redesigned
mixture was calculated by dividing its total mass by
2.800. The estimated volume was multiplied by 0.900 to
obtain the mass required to produce a similar volume
replacement of ptPCM-43. The mass of the virgin PG

Component Mass (g)

Reference 2% pPCM-43 4% pnPCM-43
Component Mixture Mixture Mixture
Retained Sieve Size (mm) 12.5 0.0 0.0 0.0
9.5 348.4 348.4 348.4
4.75 2,533.9 2,533.9 2,533.9
2.36 1,796.3 1,796.3 1,796.3
1.18 1,036.6 1,036.6 1,036.6
0.600 587.9 587.9 587.9
0.300 353.4 3534 0.0
0.150 179.1 0.0 0.0
0.075 66.9 0.0 0.0
Pan 172.1 0.0 0.0
pPCM-43 0.0 134.4 248.0
PG 64-22 Asphalt Binder 3254 3254 3254
Total Mass 7,400.0 6,981.9 6,876.5
Proportion of pfPCM-43 by Total Mixture Mass (%) 0.0 1.9 3.6
HPCM-43 to Virgin Binder Ratio (%) 0.0 41.3 76.2
Maximum Specific Gravity 2.544 2.424 2.341

Note: Red text indicates retained material at the sieves in the reference mixture were substituted with pPCM-43 for redesigned mixtures.
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64-22 asphalt binder was kept the same for the pPCM-
43 redesigned mixtures. The retained material above the
critical sieves and virgin binder were heated at 135°C
(275°F) for 2 hours and then mixed in the laboratory.
Following mixing, the asphalt mixtures were short-term
conditioned for mixture mechanical property testing at
135°C (275°F), in accordance with AASHTO R 30-02.
After conditioning, the uPCM-43 particles were added
and manually mixed to the laboratory-prepared mix-
ture until all the uPCM-43 particles looked coated with
asphalt binder (about 5 minutes). The pPCM-43
modified asphalt mixtures were again placed in the
oven for approximately 20 minutes to regain the 135°C
(275°F) required temperature for compaction. The
modification is reported by the masses of raw material
needed to prepare SGC specimens that were 180 mm
(7 in.) in height (see Figure 5.1a) from which specimens
with air voids content of 5.0+ 0.5% could be extracted
for mechanical testing. The same batching and mixing
procedures were performed to prepare the required
amount of material to determine each mixture’s
theoretical maximum specific gravity (Gm), according
to AASHTO T 209-19.

A wide variety of PCM dosages have been investi-
gated in experimental and numerical studies. The pro-
portions of pPCM-43 by total mixture mass evaluated
in this study are in good agreement with recent
investigations and comparable to those reported in
the literature (Bueno et al., 2019; Jin et al., 2017; Kakar
et al., 2019a; 2019b; Ma et al., 2019; Wei et al., 2019).
Perhaps the most interesting aspect of this study is the
variation in aggregate components to allow for pfPCM
incorporation. Few studies have attempted to entirely
redesign an asphalt mixture using uPCM. Instead, most
investigations have added the pPCM directly to an
existing asphalt mixture design without performing
variations to the aggregate blend or just replaced the
mineral filler (Bueno et al., 2019). As indicated by the

Gum values of the reference and pfPCM-43 mixtures, a
significant G, reduction is observed when uPCM is
substituted for fine aggregates. Simultaneously, a lower
amount of material is required to fabricate a desirable
SGC specimen for the pfPCM-43 mixtures relative to
the reference mixture. Although replacing fine aggre-
gate and mineral filler with pfPCM-43 seems straight-
forward, such a change will cause a difference in
volumetric properties and consequently mechanical
performance.

5.2.2 Mechanical and Thermal Performance of
uPCM-43 Mixture

To better understand the mechanical behavior of the
WPCM-43 mixtures, the dynamic modulus for the
redesigned asphalt mixtures was determined using two
specimen geometries, namely 100-mm diameter by 150-
mm tall (large specimen) and 38-mm diameter by 110-
mm tall (small specimen). The ratio of stress to strain
under vibratory conditions of large specimens was
defined according to AASHTO T 378-17, while small
specimen dynamic modulus testing was conducted
according to AASHTO TP 132-19 (see Figure 5.1b).
Additionally, the damage characteristic curve and
fatigue analysis parameters of small specimens were
estimated via the direct tension cyclic fatigue test, as
specified by AASHTO TP 133-19. The big specimens
were also measured for flow number to examine the
resistance of the reference and pPCM-43 mixtures to
permanent deformation. Finally, the fracture resistance
of asphalt mixtures at low temperatures was character-
ized by means of the AASHTO T 394 test method. The
specimens with a 150-mm diameter and 25-mm thick-
ness were used to fabricate specimens for Semi-Circular
Bend (SCB) geometry testing. Table 5.2 summarizes the
asphalt mixture mechanical testing for this study. A PG
64-22 binder was used for all tests.

(b)
Figure 5.1 (a) 4% pPCM-43 mixture, 180-mm high SGC specimen and (b) dynamic modulus testing setup of small pPCM-43
mixture specimen.
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TABLE 5.2
Asphalt mixture mechanical testing

Test Method

Reference Mixture 2% pPCM-43 Mixture 4% pPCM-43 Mixture

Dynamic Modulus Small Specimens, AASHTO TP 132
Dynamic Modulus Big Specimens, AASHTO T 378
Flow Number, AASHTO T 378

Cyclic Fatigue Test, AASHTO TP 133

Semi Circular Bend, AASHTO T 394

PG 64-22 PG 64-22 PG 64-22
PG 64-22 PG 64-22 PG 64-22
PG 64-22 PG 64-22 PG 64-22
PG 64-22 PG 64-22 PG 64-22
PG 64-22 PG 64-22 PG 64-22

Figure 5.2 (a) Insulation and instrumentation of specimens and (b) specimens of reference mixture and 4% pPCM-43 mixture in

the environmental chamber.

In addition, the thermal response of pfPCM-43 mix-
ture specimens was investigated. The specimens were
100 mm (4 in.) in diameter and 50 mm (2 in.) thick and
were instrumented with thermocouples and insulated,
as shown in Figure 5.2. This part of the study analyzed
the changes in temperature of a reference mixture
specimen with 5% air voids content, 2% pnPCM-43
mixture specimen having a 5% air voids content,
and 4% pPCM-43 mixture specimens with 4%, 5%, and
6% air voids content under controlled environmental
conditions (same thermal cycle as in Chapter 4, Section
4.3.2).

5.2.3 Rheological Performance of uPCM-43 Modified
Binders

The mechanical characterization of fPCM-43 mix-
tures is complemented with rheological performance
tests of WPCM-43 modified binders. As shown in
Table 5.3, the properties of interest are the elastic
response in an asphalt binder under shear creep and
recovery, resistance to fatigue damage through cyclic
loading, low-temperature relaxation, and the G*
Change Rate (determined at 12°C/hr). The testing
matrix included three types of original binder, PG 64-
22, PG 70-22, and PG 76-22. The PG 64-22 is the same
used for asphalt mixture testing. Initially, the uPCM-43
dosages of interest were 40% and 80% by binder mass

because these percentages reflect the ratios of pPCM-43
to virgin binder in the pyPCM-43 mixtures. However,
the 80% pPCM dosage was not workable with stiff
binders, making it impossible to prepare reliable binder
specimens. Consequently, the dosages selected for
pnPCM-43 binder modification were 20% and 40% by
binder mass, but data at an 80% pPCM-43 dosage was
still gathered using PG 64-22 for DSR tests. All the tests
were completed on original binder conditions, no
Rolling Thin-Film Oven (RTFO) or Pressure Aging
Vessel (PAV) aging protocols were performed.

5.3 Deliverables

5.3.1 Dynamic Modulus uPCM-43 Mixtures

As shown in Figure 5.3, a comparison of the
dynamic modulus master curves of small specimens
reveals that the reference mixture has a higher stiffness
than the pPCM-43 mixtures, especially at the inter-
mediate test temperatures (i.e., loading frequencies
between 0.1 and 100 Hz). Previous studies have not
discussed the reduction in dynamic modulus due to the
presence of pPCM-43 particles (Bueno et al., 2019;
Kakar et al., 2019a; 2019b; Refaa et al., 2018; Tian
et al., 2019; Wei et al., 2019). Several investigations
have implied that the decrease in temperature due to the
thermal lag effect of pnPCMs translates directly to a
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TABLE 5.3
Testing matrix for asphalt binders with and without pnPCM-43

pPCM Dosage (by binder mass)

Test Method 0% 20% 40%
Multiple Stress Creep Recovery (MSCR), AASHTO T 350 PG 64-22 PG 64-22 PG 64-22
PG 70-22 PG 70-22 PG 70-22
PG 76-22 PG 76-22 PG 76-22
Linear Amplitude Sweep (LAS), AASHTO T 101 PG 64-22 PG 64-22 PG 64-22
PG 70-22 PG 70-22 PG 70-22
PG 76-22 PG 76-22 PG 76-22
Delta Tc Parameter (ATc), ASTM D7643 PG 64-22 PG 64-22 PG 64-22
PG 70-22 PG 70-22 PG 70-22
PG 76-22 PG 76-22 PG 76-22
G* Change Rate PG 64-22 PG 64-22 PG 64-22
PG 70-22 PG 70-22 PG 70-22
PG 76-22 PG 76-22 PG 76-22
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Figure 5.3 Dynamic modulus of reference and ptPCM-43 mixtures, small specimens.

higher asphalt mixture or binder stiffness without
acknowledging the mechanical impact of the ptPCM-
43 particles substitution of traditional mineral fillers.
For conventional asphalt mixtures, some rules of
thumb have been validated and can be used for
quantifying the improvement of performance in asphalt
mixtures due to temperature reduction (Si et al., 2015),
where a slight shift in asphalt pavement temperature
could lead to a significant increase in stiffness, or
relaxation, and enhance pavement life-cycle perfor-
mance. For example, a 5°C reduction in temperature
can delay the risk of cracking for about 3 years
(Si et al., 2015). However, the results presented herein
suggest that these relationships should be validated for
nwPCM modified asphalt mixtures, as their mechanical
behavior slightly shifts from conventional mixtures.
The reduction in dynamic modulus may be associated

with the stiffness, surface area properties, and inter-
facial adhesion of the ptPCM particles. These factors
should be further investigated through experimental
testing and thermomechanical modeling, along with the
thermal relaxation benefits that uPCM might provide.

The data suggest issues related to the repeatability
and reproducibility of the test methods for the pPCM-
43 mixtures at high temperatures. These results are
consistent with laboratory observations. The dynamic
modulus testing was conducted at three temperatures,
4°C, 20°C, and 40°C. During temperature conditioning
and testing, a waxy appearance was noticed in the
WPCM-43 mixture specimens at 40°C. Presumably,
some of the capsules did not survive the mixing and
specimen fabrication process, leading to paraffin
leakage. As demonstrated by the DSC measurements,
at temperatures below 38°C the core material of the
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pPCM-43, paraffin, is a solid. But, at temperatures
above of 38°C, it transforms into a liquid. The master
curves were produced using the FlexMAT software,
and comparable observations can be derived for big
specimens. Overall, despite all the current limitations of
the technology, the stiffness of ptPCM-43 mixtures is
not too dissimilar to a conventional asphalt mixture’s
behavior, as illustrated by the master curve analysis.

5.3.2 Permanent Deformation of uPCM-43 Modified
Asphalt Materials

The test methods applied to evaluate the permanent
deformation resistance of pnPCM-43 modified asphalt
binders and mixtures were the Multiple Stress Creep
Recovery (MSCR) and Flow Number procedures.
First, the MSCR results are presented in Table 5.4.
The MSCR test has shown to be satisfactory for
discriminating in identifying the rutting potential of
both modified and neat binders. Lower nonrecoverable
creep compliance of asphalt binder correlates to a better
rutting performance. However, these data must be
interpreted with caution because the measurements

were performed on original binders. The MSCR
method is intended for use with residue from the
RTFO procedure. The results obtained suggest that the
nwPCM-43 particles act as a filler that stiffens the binder.
The reduction in the nonrecoverable creep compliance
parameters is consistent across the three binder types
examined, and it depends on the amount of pPCM
included in the asphalt binder specimens. The percen-
tage differences with base binder and relative variability
of the results are coherent, indicating a good affinity
between the uPCM-43 particles and asphalt binders.
The average nonrecoverable creep compliance reported
for each experimental combination corresponds to the
results obtained from three replicates. The stiffening
effect of the uyPCM-43 on the asphalt binders was also
observed through high-temperature parameter (G*/
sind) binder grading.

Flow Number test results contrast with the MSCR
results. Figure 5.4 shows that the Flow Number testing
was conducted under unconfined testing conditions for
the reference mixture and unconfined and confined
environments for the 4% pPCM-43 mixture. Confining
pressure was used for the pPCM-43 mixtures because

TABLE 5.4
Multiple stress creep recovery results for binders with and without pPCM-43

Nonrecoverable Creep Compliance at 3.2 kPa, Jnrs »

pPCM Dosage (by binder mass)
0% 20% 40%
Percentage
Average CvV Average CvV Difference with Average Ccv Percentage Difference
Base Binder (kPa™t) (%) (kPa™h) (%) Base Binder (%) (kPa™l) (%) with Base Binder (%)
PG 64-22 6.5 1.0 3.7 0.4 43.0 2.0 0.8 69.7
PG 70-22 5.6 0.5 2.5 0.6 56.0 1.8 0.6 68.1
PG 76-22 11.7 0.0 6.1 1.4 47.7 3.1 1.2 73.5
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Figure 5.4 Flow number test results.
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under unconfined testing conditions, the specimens will
have failed immediately after a few cycles (permanent
strain higher than 10%), as demonstrated by the 4%
uPCM-43 mixture specimen tested unconfined. This
outcome corroborated the suspicions that some PCM
liquid might be leaking at high temperatures. The
testing temperature for Flow Number evaluations was
53°C, a typical test parameter used for this method in
Indiana. The permanent deformation results for the
reference mixture specimens suggested an average Flow
Number of 562 by fitting the experimental data to the
Francken model. This average Flow Number satisfies
the minimum criteria in AASHTO T 378 for a traffic
level between 10 and 30 million ESALs. The Francken
model approach also indicated that the Flow Number
for the 4% pPCM-43 mixture specimens under a
confining pressure of 50, 100, and 200 kPa was 2,076,
4,517, and 7,281, respectively. What emerges from the
results reported in this section is that the pPCM-43
mixtures are susceptible to permanent deformation.
Presumably, the loss of resistance to deformation under
load is because of PCM leaking due to shell breakage
during mixing and compaction, leading to a detrimental
interaction between the PCM, asphalt binder, and
aggregate materials, especially at temperatures above
40°C.

5.3.3 Fatigue Characteristics of uPCM-43 Modified
Asphalt Mixtures.

The fatigue characteristics of base and uPCM-43
modified binders were characterized using the Linear
Amplitude Sweep (LAS) test method described in
AASHTO TP 101-14. The LAS tests were performed
at temperature levels that could correlate with asphalt

TABLE 5.5
Fatigue life of binders with and without pPCM-43

mixture testing (or the average of high and low PG
temperatures minus 3°C), precisely 18°C for PG 64-22,
21°C for PG 70-22, and 24°C for PG 76-22. Table 5.5
reports the allowable binder fatigue life for 2.5% and
5.0% strain amplitudes, as determined by the asphalt
binder fatigue model. The 5% strain amplitude used to
predict the binder fatigue performance corresponds to a
mixture strain of approximately 1,000pe, which is
typically considered a high strain level in pavements
(Johnson, 2010). A lower strain amplitude of 2.5% is
also reported in this portion of the study, as this strain
level is typically used in similar investigations (Roque
et al., 2020). The fatigue life analysis suggests that a
lower resistance to cyclic loading should be expected for
pwPCM-43 modified asphalt binders in comparison to
non pPCM modified binders. This decrement in fatigue
resistance seems proportional to the amount of pPCM-
43 modification and type of base binder.

Relatively speaking, the PG 76-22 binders with and
without pPCM-43 outperformed the PG 64-22 and PG
70-22 binders at all uPCM dosages. Additionally, the
percentages differences because of pPCM-43 modifica-
tion are lower for PG 76-22 binders than PG 64-22 and
PG 70-22 binders. This outcome implies that a shortage
in fatigue performance due to pPCM-43 incorporation
could be balanced using a base binder that better
withstands damage accumulation caused by repetitive
traffic loading. It should be noticed that the PG 76-22
showed the highest susceptibility to permanent defor-
mation at all utPCM dosages when compared to the PG
64-22 and PG 70-22 binders.

Figure 5.5 illustrates the newly developed Cyclic
Fatigue Index Parameter (S,pp) for the materials under
investigation for this research, reference and pnPCM-43
mixtures, and for a mineral filler mixture. The mineral

Fatigue Performance Parameter at 2.5% Applied Strain, N¢

pPCM Dosage (by binder mass)

0% 20% 40%
Percentage Percentage
Average CvV Average CvV Difference with Average CvV Difference with
Base Binder N¢ (%) N¢ (%) Base Binder (%) N¢ (%) Base Binder (%)
PG 64-22 5,636 59 5,069 32 10.1 3,103 16.8 44.9
PG 70-22 4,386 5.2 3,587 17.3 18.2 1,730 5.4 60.6
PG 76-22 18,762 4.0 16,682 2.3 11.1 14,198 5.8 24.3
Fatigue Performance Parameter at 5.0% Applied Strain, N¢
pPCM Dosage (by binder mass)
0% 20% 40%
Percentage Percentage
Average CvV Average (6)% Difference with Average CvV Difference with
Base Binder N¢ (%) N¢ (%) Base Binder (%) N¢ (%) Base Binder (%)
PG 64-22 807 4.9 661 5.1 18.1 425 15.0 47.4
PG 70-22 655 4.5 4383 14.6 26.2 234 7.4 64.3
PG 76-22 2,867 1.5 2,622 2.4 8.6 2,328 6.9 18.8
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Figure 5.5 Cycling fatigue test results.

filler mixture contained a significant volume of fine
particles, equivalent to the volume of pPCM particles in
the 4% pPCM-43 mixture. In the mineral filler mixture,
all the material passing the 0.600-mm sieve in the
reference mixture was substituted with baghouse fines.
This type of mixture was prepared to understand further
the fatigue resistance of asphalt mixtures having a signi-
ficant portion of fine particles. Three replicates are
reported for each type of mixture. All the fatigue
performance testing for this study was conducted at
18°C, as recommended by AASHTO TP 133. The ave-
rage S, results for the reference mixture, 2% pPCM-43
mixture, 4% pPCM-43 mixture and mineral filler mixture
are 20.2, 22.5, 23.5, and 22.3, respectively. Considering
that the S,,, can distinguish the fatigue resistance of
asphalt mixtures with varied properties (including aggre-
gate gradation), the results demonstrate that the mod-
ifications performed to produce the pyPCM-43 mixtures
are not a concern for their fatigue performance. The
UPCM-43 modified mixtures and mineral filler mixture
provided slightly higher average S, results compared to
the reference mixture. The S,,, accounts for the effects
of a material’s modulus and toughness on its fatigue
resistance and is a measure of the amount of fatigue
damage the material can tolerate under loading. Higher
S.pp Vvalues indicate better fatigue resistance of the
mixture (Wang et al., 2020). Additionally, the S, results
of the pfPCM-43 modified mixtures are similar to the
values obtained for the mineral filler mixture, suggesting
that at an intermediate temperature the microcapsules act
as a conventional filler. The ptPCM-43 particles inher-
ently impact the fatigue resistance of the modified asphalt
mixtures due to their characteristics, but no adverse
effects are observed.

5.3.4 Low-Temperature Performance of uPCM-43
Modified Asphalt Materials

Table 5.6 reports the low-temperature characteris-
tics of asphalt binders with and without nPCM-43

2% pPCM-43 Mixture

4% pPCM-43 Mixture Mineral Filler Mixture

estimated using the Bending Beam Rheometer (BBR)
test method (AASHTO T 313) at a testing temperature
equal to -16°C and loading time of 60 s. The most
striking observation that emerges from the data com-
parison is the dramatic increased in stiffness when the
base binders are modified with pPCM-43. When the
base asphalts are modified by 40% of total binder mass
with pfPCM-43, the stiffness can be doubled, raising
concerns about the brittleness of fPCM-43 modified
binders at low temperatures. This could be mitigated by
a proper selection of base binder and pPCM-43 dosage.
For instance, the control PG 70-22 binder’s estimated
stiffness is higher than PG 64-22 and PG 76-22 with a
20% pPCM-43 dosage. The relaxation properties of the
base binders seem not to be as substantially influenced
by the yPCM particles as the stiffness parameter. This
behavior is in good agreement with the mechanical
response of binders modified with any other filler
having a comparable particle size distribution. Previous
work suggests that although the stiffness increases due
to the addition of fine particles in a binder matrix, the
filler effect does not seriously hamper the ability of the
system to dissipate energy by relaxation (Little &
Petersen, 2005). These findings are confirmed by the
Delta T, parameter (AT.) results, which suggest that
the unaged binders with and without nPCM-43 are
stiffness-controlled. All the AT, values are between 0.5
and 2.2. The entire set of binders, which are unaged,
appears far from the typically used AT, warning level of
-2.5°C (McDaniel & Shah, 2019). To calculate the AT,
parameter, three replicates were tested at -10°C, -16°C,
-22°C, and -28°C using the BBR for each binder
combination.

Figure 5.6 shows the stiffness results calculated from
semi-circular asphalt mixture testing, according to
AASHTO T 394. The stiffness is relatable to the elastic
modulus of asphalt mixtures at low temperatures and
calculated as the slope of the linear part of the ascen-
ding load-average line displacement (P — u) curve.
The unit measure for this stiffness parameter is kKN/mm.
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TABLE 5.6

Low-temperature performance of binders with and without pPCM-43

Estimated Stiffness at -16°C and 60 s, S

pPCM Dosage (by binder mass)

0% 20% 40%
Percentage Percentage
Average S Cv Average S CvV Difference with Average S Ccv Difference with
Base Binder (MPa) (%) (MPa) (%) Base Binder (%) (MPa) (%) Base Binder (%)
PG 64-22 175.9 1.9 251.8 0.6 43.1 350.1 6.6 99.0
PG 70-22 275.5 7.6 385.1 3.6 39.8 493.1 7.2 79.0
PG 76-22 188.4 3.1 263.8 5.4 40.0 413.0 5.0 119.2
m-value at -16°C and 60 s
pPCM Dosage (by binder mass)
0% 20% 40%
Percentage Percentage
Average CvV Average (6)% Difference with Average CvV Difference with
Base Binder m-value (%) m-value (%) Base Binder (%) m-value (%) Base Binder (%)
PG 64-22 0.372 1.0 0.347 1.2 6.6 0.302 3.5 18.6
PG 70-22 0.323 3.4 0.302 0.3 6.5 0.273 29 15.6
PG 76-22 0.366 1.1 0.323 0.3 11.7 0.287 0.2 214
Delta Tc Parameter, AT,
pPCM Dosage (by binder mass)
0% 20% 40%
Percentage Percentage
Average CcvV Average CvV Difference with Average CV Difference with
Base Binder AT, (%) AT, (%) Base Binder (%) AT, (%) Base Binder (%)
PG 64-22 1.5 159 1.6 124 8.1 1.3 22.4 12.2
PG 70-22 1.3 5.7 1.7 7.5 29.6 2.2 5.5 74.5
PG 76-22 1.2 10.6 0.5 70.1 56.5 1.3 13.2 13.2
0 (a) Temperature -12°C
Box Plot
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£
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Figure 5.6 Stiffness results calculated from semicircular asphalt mixture testing.
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The asphalt mixture low temperature response was
determined at two levels, -12°C and -24°C. An
increased asphalt mixture stiffness was observed at a
lower testing temperature. The average stiffness para-
meters determined at -12°C of the reference, 2% pPCM-
43, and 4% pPCM-43 mixtures are 9.5, 6.3, and 6.4 KN/
mm, respectively. Whereas the average stiffness para-
meters achieved at -24°C of the reference, 2% WPCM-43
and 4% pPCM-43 mixtures are 15.2, 8.6, and 9.0 kN/
mm, correspondingly. In addition, much more varia-
bility was observed in the stiffness results obtained
at -24°C than at -12°C. However, the pfPCM-43 effect
found at both temperatures is the same. A sharp
reduction in stiffness is observed when the nPCM-43
particles are incorporated into the asphalt mixtures at
both fine aggregate replacement quantities, 2% and 4%
by total mixture mass. The causes and implications of
this finding need further research. But two interesting
aspects can be derived from the achieved data. First, the
fracture resistance of asphalt mixtures at low tempera-
tures is altered with the inclusion of fPCM-43. Second,
the stiffness parameter might be limited to discriminate
among different levels of pPCM-43 modification, or a

similar response is obtained regardless the amount of
pPCM-43.

5.3.5 Thermal Response of uPCM-43 Modified Asphalt
Materials

Figure 5.7 shows the thermal responses of the refer-
ence mixture, without fPCM, and the 4% pPCM-43
mixture with different air voids contents. The results
resemble the thermal behavior of the uPCM-43 modi-
fied asphalt mixtures previously discussed, Mixtures A
through D (see Figure 4.3), but the 4% pPCM-43
mixture has air voids contents within the acceptable
air voids content range. The mixture was purposely
redesigned to incorporate the uPCM without including
an excessive amount of fine particles in the mix-
ture (combination of fine aggregate, mineral filler,
and pPCM).

Table 5.7 summarizes the results for both uPCM-43
mixtures and highlights the air voids content’s impor-
tance to the temperature profile and heat flow within
the pPCM-43 mixture specimens. More pPCM-43
particles in the mixture yield a higher temperature shift

(a) Top
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Figure 5.7 Thermal response of 4% pPCM-43 mixture specimens with various air voids contents at different depths from top

surface.
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TABLE 5.7

Absolute maximum temperature difference between reference mixture and pnPCM-43 modified mixture specimens

Absolute Maximum Temperature Difference (°C)

Air Voids

Depth from Top Surface (mm)

Mixture Type Content (%) Phase Transition

0 (Top Surface)

25 (Mid-Specimen) 50 (Bottom Surface)

4% nPCM-43 4.0 Liquification
Mixture Solidification
5.0 Liquification

Solidification

6.0 Liquification

Solidification

2% pPCM-43 5.0 Liquification
Mixture Solidification

4.16 4.66 5.89
2.49 2.73 3.28
3.12 4.43 5.22
2.28 2.81 3.29
3.06 4.02 4.92
2.09 2.51 2.90
2.49 3.06 3.92
1.48 1.72 2.01

between the mixture with and without uPCM. Further-
more, as the air voids content increases, the pPCM-43
effect seems to decrease, as demonstrated by the
absolute maximum temperature difference between
reference mixture and pPCM-43 mixture specimens.
The average absolute temperature difference observed
at the surface for all the pPCM-43 mixture specimens
under liquification and solidification transitions is
2.65°C. This outcome agrees with the work reported
in (Refaa et al., 2018), which through numerical anal-
ysis determined that replacing a similar portion of fine
aggregate and mineral filler with pPCM could result in
a reduction of the surface temperature of about 2.70°C.

It should be emphasized that all temperature
differences are relative to the control reference mixture
specimen which has an air voids content of 5%.
However, the tendency is undeniable and corroborates
previous research studying the effect of air voids
content on thermal properties of asphalt mixtures.
Hassn et al. (2016) determined that asphalt mixtures
with high air voids contents have lower thermal
conductivities and specific heat capacities than asphalt
mixtures with lower air voids contents. Consequently,
asphalt mixtures with high air voids contents are more
suitable to alleviate the UHI effect. In contrast, asphalt
mixtures with low air voids are recommended for
harvesting solar energy from the environment. Given
the results obtained for the 4% pPCM-43 mixture, it is
plausible that slightly lower air voids contents might be
more beneficial to maximize the pPCM effect.

5.3.6 Link Between Binder and Mixture Performance

As explained earlier, an attempt was made to identify
the association between the binder and mixture results
for uPCM modified asphalt materials. By modifying a
PG 64-22 asphalt binder with pPCM-43 at 40% and
80% by binder mass (percentages that reflect the ratios
of pnPCM-43 to virgin binder in the pPCM-43 mix-
tures), the possible correlation between asphalt binder
and mixture results was investigated. As has already
been noted, the mechanical asphalt binder and mixture
experiments provided compelling information about

the behavior of pPCM modified asphalt materials.
However, the experimental data gathered was insuffi-
cient to establish a correlation between the mechanical
behavior of pPCM modified asphalt binder and
mixtures; the uPCM particles influenced their mechan-
ical responses in an ambivalent manner. Nevertheless,
an interesting connection was found between the
rheological response of puPCM-43 modified asphalt
binders and the thermal response of uPCM-43 modified
asphalt mixtures.

Figure 5.8 illustrates the link between the rheological
testing for asphalt binders and thermal cycling results
obtained for compacted asphalt mixtures. The absolute
temperature difference plots delineate the gaps in tem-
perature between the reference mixture and yPCM-43
mixture specimens with 5% air voids content. The
disparities in temperature caused by the presence of
uPCM have been the subject of investigation of
previous studies (Ma et al., 2019; Si et al., 2015).
Based on the fundamental theory of latent heat,
Ma et al. (2019) proposed quantifying the accumulation
of temperature difference between a pPCM asphalt
mixture and non-pPCM modified asphalt mixture in a
time range as a measurement of the pPCM modi-
fication effectiveness. The parameter’s theoretical
background suggests estimating the accumulated tem-
perature difference (or area below the curve) as soon as
a discrepancy is observed. Thus, Ma et al. (2019) failed
to account for inherent temperature differences because
of dissimilar material properties and proportions or
thermocouple measurement errors. As can be seen in
Figure 5.8, the differences in temperature below 1°C
could be ignored as these disparities are not necessarily
because of the latent heat effect of the pPCM.

To further assess the capability of the G* Change
Rate, the rheological results reported in this section
correspond to PG 64-22 asphalt binder specimens
modified with uPCM at 0, 40, and 80% by total binder
mass. These asphalt binder to pPCM ratios are in good
agreement with the raw quantities of material included
in the pPCM-43 mixtures (see Table 5.1). The G*
Change Rate was determined by conducting DSR tests
at 12°/hr. The number, shape, and intensity of the G*
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Figure 5.8 Relationship between rheological measurements and thermal cycling experiments.

Change Rate peaks are analogous to the temperature
difference curves observed between the reference
mixture and pPCM-43 mixture specimens. As pre-
viously reported, the thermal peak in the PCM liqui-
fication transition is more uniform, generating a higher
temperature difference than the solidification transi-
tion. When the paraffin material inside the ptPCM-43 is
crystallizing, the latent heat effect is divided in two
parts as confirmed in Figure 5.8c. It should be high-
lighted that as more pnPCM-43 particles are included in
the DSR testing, the G* Change Rate slighlty drifts
from the baseline, or G* Change Rate reported by the
control PG 64-22 binder specimen. However, the
concept is still applicable. Similar observations can be
made for PG 70-22 and PG 76-22 asphalt binders
modified with pfPCM-43.

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and Conclusions
This study attempts to understand the environmental
tuning of asphalt pavement materials using PCM. The

relevance of PCM modified asphalt binders and
mixtures is supported by the current findings available

30

in the literature. The work presented herein advances
the environmental tuning of asphalt pavement materi-
als using uPCM and is significant, because it establishes
a rheological measurement and mixture design method
for pPCM incorporation in asphalt binders and
mixtures. By strategically modifying asphalt binders
and mixtures, optimum dosages of ptPCM in asphalt
paving materials is feasible. Additionally, this research
provides a substantial amount of information about the
synthetization, characterization, and encapsulation of
PCM for paving purposes. The thermal and mechanical
tuning of asphalt materials to their anticipated environ-
ment is expected to improve asphalt mixture perfor-
mance and extend asphalt pavement service life, leading
to more sustainable paving technologies. The following
conclusions can be drawn from the present study.

® The synthesis of FAAms from different commercial
vegetable oils and primary alkyl-amines was carried
out, and their chemical and thermal properties were
studied. Based on green chemistry metrics focused on
maximizing resources, the synthesized materials have the
potential to be used as PCMs. More work is needed to
determine the feasibility FAAms PCMs for asphalt
applications.
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® This study introduces a ball milling experimental
procedure to examine the survivability of uPCM particles
during the production of asphalt mixtures. The results
suggest that close to 90% of the capsules can survive
abrasive forces at room temperature. Additionally,
thermal stability tests complemented with image analysis
indicate that pPCM is stable at asphalt production
temperatures (between 135°C-162°C, or 275°F-325°F).
However, the combined effects of mixing temperatures
and abrasive forces are still a concern and subject of
future investigations.

® Rheological measurements using the DSR equipment
can help identify the latent heat effect of WPCM particles
in asphalt binders. This study’s findings propose the use
of the G* Change Rate parameter to determine the
temperatures at which the pnPCM effect occurs. This
approach can also provide insights into the intensity of
the pPCM impact on asphalt mixtures.

® The experimental results confirm that pPCM modified
asphalt mixture specimens can experience temperature
differences between 1.8°C and 10.3°C lower, as compared
to non-uPCM modified asphalt mixture specimens
subjected to the same ambient temperatures. In practice,
this suggests that pPCM can delay the appearance of
undesirable temperatures in asphalt pavements. How-
ever, this outcome depends on the amount and char-
acteristics of pPCM, asphalt mixture materials, ambient
temperature, phase change transition (solidification or
liquification), depth from the pavement surface, and
density of the compacted asphalt mixture.

® DSR and DSC results verify that asphalt binder
viscoelastic flow is a thermally activated process. The
rate at which asphalt binder stiffness changes is condi-
tional on the temperature fluctuations experienced by the
material.

® The asphalt binder and mixture mechanical test results
suggest ambivalent performance outcomes caused by the
incorporation of pPCM in asphalt paving materials.
Taken together, the mechanical analysis indicates that
the pPCM particles could behave like a conventional
mineral filler if they suffer no damage during mixing and
compaction.

6.2 Recommendations

This research study’s overall significance should not
be limited to the optimum characterization and design
of uPCM asphalt materials. The widespread implemen-
tation of uPCM modified asphalt pavements can
potentially benefit not only the pavement performance
but society, as well. As demonstrated by this study, the
environmental tuning of asphalt materials using ptPCM
could mitigate the appearance of the intense surface
and inner temperatures on asphalt pavements, which
could help alleviate the UHI effect. Consequently, this
research’s findings could positively impact various
areas, such as transportation safety and electricity
demand. Accordingly, this study provides the following
insights for future research.

® Future work is needed to evaluate the survivability of
nWPCM during the production, placement, and compac-
tion of asphalt materials. In addition, the long-term
performance of the pPCM capsules under repetitive

vehicle loading and temperature fluctuations must be
assessed.

® Although this study has progressed the design of uPCM
mixtures, several assumptions still required validation. In
particular, the mixture design approach suggests repla-
cing a portion of fine aggregate and mineral filler with
uwPCM capsules by volume. Nevertheless, the specific
gravity and absorption properties of the replaced
materials and pPCM particles should be further char-
acterized to define an appropriate compaction level and
establish a reliable mixture design procedure.

® A countereffect in the viscoelastic flow of pPCM
modified asphalt binders was found based on the G*
Change Rate analysis. Therefore, a natural progression
of this work is to determine the causes and possible
implications of this finding.

® Future implementation of asphalt pavements modified
with PCMs will required design and quality assurance
procedures beyond volumetric, rheological and mechan-
ical methods. Further research should explore the degree
to which chemical, thermal, and visual techniques could
be used to provide confidence that quality requirements
are fulfilled.

® Although many aspects related to the tuning of asphalt
pavements with PCMs are still in flux, the implementa-
tion of pavements with intrinsic thermal resistance
properties is expected to evolve quickly. Therefore,
despite its limitations, this research work adds under-
standing to this growing area of study and recommends
close monitoring of emerging technologies that could
help with the temperature management of pavements.

® Further research should encourage the construction of
field trials that demonstrate the modification of asphalt
materials with uPCM. Such a process could help validate
and address pPCM modified asphalt pavements’ bene-
fits, design, and challenges. The additional costs related
to the use of WPCM particles will be hard to justify
without reliable field performance histories.
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APPENDIX A. CHEMICAL AND THERMAL CHARACTERIZATION OF FAAMS
SYNTHESIZED FROM CORN, SUNFLOWER, AND PALM OILS

W W, 7Y
\hi i e
IIf —-—- Sunflower I V
H oil
_
+
S S+4
N
I o Y g
= } W il p
= ‘\i |
=
- - — +
= S+8
2
""""""""""" -, r""'“""“""""""'\I,\|_ R T b Mk
E i 3 : "5.’{‘ " i
j E
------ S+12
............................... pr————— o)
......... S+16
T T T w T I T | I T

\ T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (1/cm)
Figure A.1 FT-IR spectra of sunflower oil and fatty acid amides (FAAms) from sunflower oil and

butylamine (S+4), sunflower oil and octylamine (S+8), sunflower oil and dodecylamine (S+12)
and sunflower oil and hexadecylamine (S+16).
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Figure A.2 FT-IR spectra of palm oil and fatty acid amides (FAAms) from palm oil and
butylamine (P+4), palm oil and octylamine (P+8), palm oil and dodecylamine (P+12) and palm
oil and hexadecylamine (P+16).
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Figure A.3 3C NMR spectra of sunflower oil and fatty acid amides from sunflower oil and
butylamine (S+4), sunflower oil and octylamine (S+8), sunflower oil and dodecylamine
(5+12), and sunflower oil and hexadecylamine (S+16).
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Figure A.4 3C NMR spectra of palm oil and fatty acid amides from palm oil and

butylamine (P+4), palm oil and octylamine (P+8), palm oil and dodecylamine (P+12), and
palm oil and hexadecylamine (P+16).
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Figure A.5 'H NMR spectra of corn, sunflower, and palm oil samples.
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Figure A.6 *H NMR spectra of FAAms synthesized from corn oil and butylamine (C+4), corn oil
and octylamine (C+8), corn oil and dodecylamine (C+12), and corn oil and hexadecylamine
(C+16).
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Figure A.7 *H NMR spectra of FAAms synthesized from sunflower oil and butylamine (S+4),

sunflower oil and octylamine (S+8), sunflower oil and dodecylamine (S+12), and sunflower oil
and hexadecylamine (S+16).
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Figure A.8 *H NMR spectra of FAAms synthesized from palm oil and butylamine (S+4),

sunflower oil and octylamine (S+8), sunflower oil and dodecylamine (S+12), and
sunflower oil and hexadecylamine (S+16).
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Figure A.9 TGA diagram of methyl laurate and FAAms from corn oil and butylamine
(C+4).
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APPENDIX B. THERMAL CYLING RESULTS MIXTURE B THROUGH D
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Figure B.1 Mixture B thermal response of asphalt specimens with and without uPCM-43 at
different depths from top surface.
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Figure B.2 Mixture C thermal response of asphalt specimens with and without uPCM-43 at

different depths from top surface.
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Figure B.3 Mixture D thermal response of asphalt specimens with and without yPCM-43 at
different depths from top surface.

B-3



About the Joint Transportation Research Program (JTRP)
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