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ABSTRACT: One of the common phenomena in the cracking of asphalt pavements is thermal cracks
or cracks due to low temperature, which occur in cold regions and accelerate the distresses of road
structures. Numerous different factors can affect the behavior of asphalt mixtures at low temperatures.
The factors affecting heat cracking in asphalt concrete pavements are generally divided into three
categories: materials, environment, and geometry of the pavement structure. Factors related to materials
in the occurrence of thermal cracks include bitumen, type and aggregate granulation, percentage of
bitumen, and percentage of air pores. One of the most important factors affecting the occurrence of
thermal cracks in bitumen is its aging or the age of pavement. As a result, bitumen aging has a direct
effect on pavement performance. In most existing studies to investigate the aging performance of asphalt
mixes, the results of mechanical tests are used to investigate the thermal cracking potential of an asphalt
mix and less attention is paid to the basic properties of materials that are important in the event of
this cracking. Accordingly, the present study investigates the effect of aging on thermal cracking of
12 different compositions of asphalt mixtures through mechanical methods and surface free energy
(SFE), which is based on the main properties of the material. Thermal cracking of asphalt mixtures
has been evaluated by performing semi-circular bending mechanical tests and thermodynamic tests by
determining the SFE components of bitumen and aggregates. The results showed that the parameters of
fracture energy and fracture toughness, which are known as indicators of sensitivity of asphalt mix to
thermal cracking, for aged asphalt mixtures between 6.3-13.7% and between 6.5-10.7%, respectively.
The results of SFE tests showed that aging causes an increase in the non-polar component between 1.3-
1.5% and a decrease in the acidic and basic free energy components of bitumen between 41.1-53.4% and
between 334.2-349.6%, respectively. These results have increased the amount of free cohesive energy
from 0.63 to 1.03 (ergs/cm?2). Also, aging reduces the free energy of bitumen-aggregate adhesion with a
maximum reduction of 2.61 (ergs/cm2). This means that aging reduces the cover-ability of bitumen on
the aggregate surface and the resistance to fracture at the bitumen-aggregate interface.
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1- Introduction

The aging of bitumen occurs during the production
process of asphalt mix and during operation, which is
exposed to environmental conditions [1]. The first stage of
aging, called short-term aging, usually occurs at a high rate.
Short-term aging occurs when bitumen and aggregates are
heated to high temperatures and mixed. At the end of this
stage, the asphalt mixture is moved to the project site, spread,
and compacted, which is considered as part of short-term
aging. The second stage of aging, known as long-term aging,
occurs much faster than the first stage during the operation
period. After applying the asphalt mixture, aging usually
occurs for 2-3 years so that the specific gravity of the asphalt
mixture reaches its maximum and after this time no more
compaction occurs. Most of the aging occurs at this time, but
usually, the aging process continues between 8 and 12 years
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[2]. Aging significantly affects the mechanical properties of
asphalt mixtures (including hardness modulus, phase angle,
etc.) and consequently the performance of asphalt mixtures.
Therefore, it is necessary to know the characteristics of the
aged asphalt mixture to properly plan the mixing of asphalt
layers and pavement structures [3].

In recent years, the use of surface free energy (SFE)
method as one of the valid methods in the science of adhesion
in the occurrence and modeling of moisture failure of
asphalt mixtures has been used, which has interesting results
about the process of this failure and the role of effective
parameters in it [4, 5]. However, the use of this theory to
investigate the occurrence of low-temperature cracking has
not been considered. Given the close relationship between
the occurrence of thermal cracking and the theory of
thermodynamics, it can be expected that its use can be useful
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in identifying the effective parameters in the occurrence of
cracking of asphalt mixtures. Accordingly, in this study,
using the SFE method, the effect of long-term aging on the
thermal cracking potential of asphalt mixtures is investigated
and the results of this theory are compared with the results
of mechanical tests. The most important objectives of the
present study are as follow:

-The effect of aging on bitumen SFE components and
cracking in mastic.

-The effect of aging on the free energy of bitumen-
aggregate adhesion and cracking at the bitumen-aggregate
contact surface.

-Investigation of the effect of aging on the results of
performance tests of asphalt mixtures at low temperatures.

-Relationship between the results of thermodynamic
parameters and semicircular bending of asphalt mixtures.

2- Methodology

In this study, two types of bitumen with a degree of
performance of PG 58-22 and PG 64-16 and a polymer
additive called polyethylene with very high molecular
weight (UHMWPE) in two percent of bitumen mass, along
with two types of base aggregates (limestone and granite)
Used. experiments to determine the SFE of bitumen and
aggregates are performed separately in different states, and
mechanical tests are performed to determine the potential for
low-temperature cracking on asphalt mixtures.

In this research, UHMWPE polymer has been used to
improve bitumen. For this purpose, a high-speed agitator was
used. The mixing process was continued for 25 minutes to
modify the bitumen so that the additive particles were evenly
distributed in the bitumen space. To prevent the temperature
of the bitumen from decreasing next to the bitumen container,
the heater surrounding the bitumen container has been used.
Because the modified bitumens may have suffered some
aging at the mentioned temperature and time, this process
has also been performed for the control bitumens so that the
effect of aging in analyzing the results and comparing the
results does not cause errors.

3- Results and Discussion

The results of measurements of SFE components of the
base and modified bitumens in the form of unaged and aged
are presented in Table 1. The results related to the acidic
components and the SFE base in Table 1 show that the
bitumens in the ground state shows more acidic properties
compared to the basic properties. The use of UHMWPE
has increased the free energy component of the surface and
decreased its acid component. The aging process has caused
the acidic component of SFE to increase significantly and
its alkaline component to decrease slightly. This can have a
negative effect on the adhesion due to the polar cohesions
formed between the aged bitumen and the aggregates such
as limestone.

The results related to the polar SFE component of aged
and aged bitumens in Table 1 show that PG 28-22 bitumen
has a higher polarity component compared to PG bitumen
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16-64. Polar cohesions usually do not have good strength
against moisture but have good resistance to environmental
conditions. Oxidation with high temperatures increases the
polarity of molecules and thus increases the aggregation
and cohesion of these molecules. The use of the UHMWPE
additive also increases the polar SFE component of the
modified bitumen. The increasing polar SFE component is
also observed due to aging in the modified bitumens.

The results show that the polar cohesion of bitumen
plays a very important role in the performance of bitumen
against its failure. Non-polar cohesions are usually due to
the cohesion between aromatic oils and bitumen saturation.
As a result of aging, it is observed that the percentage of
these oils in bitumen decreases. This reduces the non-polar
SFE component of the aged bitumen. Reduction in the non-
polar SFE component of bitumen, in addition to increasing
the viscosity and hardness, reduces the non-polar cohesions
formed between the bitumen and the aggregates. These joints
are very effective in the resistance of the asphalt mixture to
exposure.

The results related to the failure parameter in different
asphalt mixtures at low, medium, and high temperatures are
presented in Figs. 1 to 3, respectively. The results showed
that aging has significantly reduced the fracture energy in
samples of asphalt mixtures. In fact, the aging of bitumen
increases the amount of bitumen cohesion energy but
decreases the bitumen-aggregate adhesion energy. Given
that the fracture energy is the sum of the absorbed energy
from the moment of loading to the moment of failure, it can
be said that aging has caused the ability to absorb stress by
the asphalt mixture. This is present in all samples of asphalt
mixtures, where aging causes a reduction in the amount of
fracture energy, but in samples made with bitumen PG 58-
22 is more. In fact, these bitumens have better performance
in cold weather conditions than PG bitumen 16-64. On the
other hand, the amount of oil in these bitumens is more
than PG bitumen 16-64. This causes the aging to cause a
greater performance difference between the control and aged
bitumens in samples containing PG 58-22 bitumen than PG
64-6 bitumen.

By comparing the results of the amount of fracture
toughness in the aged and aged samples, it can be seen
that aging has caused the value of the fracture toughness
parameter to be significantly reduced. In fact, aging causes
the percentage of asphaltene in the bitumen structure to
increase and the lighter parts of the bitumen to evaporate
or become larger molecules. These changes cause the
aged bitumens to have less flexibility. Cold weather also
intensifies the brittleness properties of bitumen. The result
is low-temperature cracking in pavements that are several
years old and exposed to thermal cycles or a very short cold
period. Also, the comparison of the results between PG 58-
22 and PG 64-6 bitumens shows that the use of PG 58-22
bitumen has caused the asphalt mixtures to have a better
performance against low-temperature cracking. This can
be attributed to the higher percentage of oils in the bitumen
structure of PG 58-22.
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4- Conclusion

The aging process and its effect on the properties of asphalt
mixtures have been studied in several studies. However, the
study of the effect of aging on the basic properties of materials
based on the concepts of the SFE method can provide results
that provide a better view of the process of various failures
in asphalt mixtures and provide methods to prevent these
failures for researchers and design engineers. Accordingly,
in this study, the role of long-term aging on bitumen SFE
parameters and its effect on cohesion failure in bitumen and
adhesion failure at the bitumen-aggregate contact surface
has been investigated. Also, an attempt has been made to
investigate the cracking potential of low temperature at
three different temperatures using the semicircular bending
method and the results of this experiment are compared with
the results of the SFE method. The most important results
obtained in this study are:

*Aging has caused the volatile oils of bitumen to evaporate
and the concentration of heavy and polar parts such as
asphalt to increase. This has led to an increase in the polar
and non-polar SFE components of aged bitumens compared
to unaged bitumens. Also, aging has caused an increase in
the acidic component and a decrease in the SFE component
of the bitumen used in this study.

*The aging of bitumen has caused a significant increase in

the amount of free cohesive energy of this material. The main
reason for this can be a decrease in the percentages of aged
bitumen oil and an increase in its asphaltene concentration.
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Fig. 1. Research method used in this research
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Table 2. The amount of minerals that make up the aggregates used in this study (%)
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Table 4. Rheological properties of the base bitumens used
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Fig. 2. Structure of UHMWPE used in this research
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Table 6. Components of surface free energy of base and modified bitumens in both unprocessed and aged states
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Table 7. Components of surface free energy of aggregates used in this research

(ergs/em?) b 3131 (5551 Lodidso

Alasuw 0329 g ol . L ~ &g
it S| bd sohd J5
(m?/gr)
YNY TAV/A Y&IA YPeIY INZA% YYY/- Sl Ko
VIAY OYVY Y/ YN0 YYIY AAR7AY il y§
45.00

e 40.00

2

5

>

%D 35.00

=

o

[

[}

i=)

o
.2 30.00

6
=
5]
Q
25.00 I
20.00 0 0 0 0
PG 64-16 PG 64-16 + 1.5% PG 64-16 + 3% PG 58-22 PG 58-22+1.5% PG 58-22+3%
UHMWPE UHMWPE UHMWPE UHMWPE
Unaged Asphalt Binder 27.37 38.80 40.24 26.48 39.15 40.28
® Unaged Asphalt Binder 28.58 39.43 40.88 27.51 39.90 41.12

Byt 9 i gt g puld 55 AliBe (G B 45 (St 3131 (65,91 Y UK

Fig. 3. Free energy of cohesion in different bituminous compounds in both immature and aged states
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Fig. 4. Free energy of adhesion between different bitumen-aggregate compounds in both
immature and aged states
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Fig. 5. Fracture energy in controlled and aged samples (temperature -20 °C)
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Fig. 6. Fracture energy in controlled and aged samples (temperature -10 °C)
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Fig. 7. Fracture energy in control and aged samples (temperature 0 °C)
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Fig. 8. Fracture toughness in controlled and aged specimens (temperature -20 °C)
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Fig. 9. Fracture toughness in control and aged specimens (temperature -10 °C))

LAY



FA+A G YYAY axbo Yoo JL») N o)L,..;: HY 0)9d 6):45)-:.0] u])o& (ewdigee s

900.00
800.00 I
Z,é 70000 ]
]
s 600.00
2
£
S 500.00
=]
o
[
g 400.00
5]
=
59
300.00
200.00
PG 64-16 PG 64-16 + 1.5%
UHMWPE
Limestone (Unaged) 701.35 804.42
= Limestone (Aged) 469.91 538.96
= Granite (Unaged) 644.83 735.66
H Granite (Aged) 432.04 492.89

I I I
|I‘ ||

PG 64-16 +3%

0, 0,
PG 58-22 PG 58-22+1.5% PG 58-22+3%

UHMWPE UHMWPE UHMWPE
815.23 709.69 822.64 837.22
548.57 451.49 539.17 550.50
760.81 656.62 754.81 777.23
508.06 415.94 493.72 514.69

(wommbaw a2 55 ¢ (5lod) bl yus 9 J S (SAIg0d 55 ConsSud Koyl ) ¢ JSW

Fig. 10. Fracture toughness in control and aged specimens (temperature 0 °C)
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Table 8. Results of previous studies on the use of polymeric materials in reducing the potential for low temperature

cracking
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