https://doi.org/10.3311/PPci.16952 | 691
Creative Commons Attribution ®

Periodica Polytechnica Civil Engineering, 65(3), pp. 691-701, 2021

Investigating the Effect of Curing and Thermal Equilibrium
Time on Rutting Potential of Hot Mix Asphalt

Morteza GhaffariJajin', Niloofar Esmaeili’, Gholam Hossein Hamedi®"

' Department of Civil Engineering, Islamic Azad University (Ahar Branch), P. O. B. 5451116714, Ahar, Iran

? Department of Civil Engineering, Faculty of Engineering, University of Tehran, P. O. B. 131451384, Tehran, Iran
* Department of Civil Engineering, Faculty of Engineering, University of Guilan, P. O. B. 3756, Rasht, Iran

* Corresponding author, e-mail: hamedi@guilan.ac.ir

Received: 31 July 2020, Accepted: 21 January 2021, Published online: 28 January 2021

Abstract

Rutting is a common damage of flexible pavements, reducing the service life of asphalt pavement. Due to laboratory limitations, asphalt
mixtures are subjected to different curing times (since construction until placement in the test chamber) and thermal equilibrium
times (since placement in the test chamber until the beginning of the test) before rutting tests. Neglecting these factors can lead to
errors in the laboratory results. Therefore, the present study attempted to investigate the effect of curing times of 1, 2, and 3 days at
25°C and thermal equilibrium times of 2, 4, and 6 hours on the rutting potential of different hot-mix asphalt (HMA) mixtures. Results
of rutting tests showed that the rutting potential of asphalt mixtures decreases by increasing the curing time, while the permanent
deformation at the end of loading cycles and rutting potential increase by increasing the thermal equilibrium time. Additionally, the

results of statistical analyses revealed that curing time and thermal equilibrium time change the rutting potential of asphalt mixtures.
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1 Introduction

Asphalt concrete is widely used for the pavement of roads
and airports. The low strength of pavements to dynamic
loads is among the most important problems observed in
the maintenance of highway networks [1, 2]. Rutting, mois-
ture damage, and fatigue cracking are three common dam-
ages caused by dynamic loads, affecting the performance
of flexible pavement. Rutting or plastic deformation is one
of most frequently observed distress types in the wheel
paths of flexible road pavements. This distress may cause
the pavement structure to be attributable to early failure by
expediting the deterioration due to load and environmen-
tal detrimental agents. The loading magnitude, loading
frequency, contact area, confinement condition and sam-
ple size vary for different laboratory rutting performance
tests [3, 4]. Various factors, e.g. environmental conditions
(temperature), vehicle speed, tire contact pressure, and vol-
ume of passing traffic can contribute to the occurrence of
this type of damage. Most rutting tests are performed at
high temperatures as a major part of rutting occurs due to
high thermo-sensitivity of asphalt binders and weakness in
the stability of asphalt layers at high temperatures [5, 6].

2 Literature review

2.1 Effects of laboratory conditions on warm-mix
asphalt characteristics

Al-Qadi et al. [7] investigated the effect of curing time on
the dynamic modulus, fracture resistance, and indirect ten-
sile strength of warm stone matrix asphalt (SMA). Results
showed that modulus increased and fracture resistance
decreased by increasing curing time. In addition, indi-
rect tensile strength increased at first and then decreased.
Moreover, Wu and Li [8] studied and compared the effect
of curing time on the fatigue and thermal cracking, flow
number, moisture resistance, and dynamic modulus of hot-
and warm-mix asphalt. Curing was performed for 2 weeks
and 1 and 2 months in a closed chamber at 25°C. Results
revealed that the tensile strength ratio (TSR), flow number,
dynamic modulus, and fatigue cracking resistance of spec-
imens improved by increasing curing time and this effect
was greater on warm-mix than hot-mix asphalt specimens.
However, these conditions had no significant effect on the
thermal cracking of specimens. Malladi et al. [9] exam-
ined the effect of curing time on the rutting resistance of
warm-mix asphalt. Results indicated that, by increasing
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the curing time, rutting potential decreased in these mixes.
In addition, Mogawer et al. [10] and Punith et al. [11]
observed that increasing the curing time had a significant
effect on the improvement of moisture resistance in hot-
and warm-mix asphalt.

2.2 Effects of laboratory conditions on cold-mix asphalt
characteristics

In a study on the dynamic stability, indirect tensile strength
at low temperatures and dry shrinkage of cement-emulsi-
fied asphalt mixtures, Wang et al. [12] observed that increas-
ing the curing time improved these characteristics in the
specimens. Furthermore, Guatimosim et al. [13] studied
the effect of curing time on the (indirect tensile strength)
ITS, rutting, and modulus of cold recycling mixture with
foamed asphalt. Miljkovi¢ and Radenberg [14] also inves-
tigated the effect of curing time on the ITS, rutting, and
modulus of cold asphalt emulsion mixture. Both studies
reported that rutting resistance decreased and modulus and
ITS increased by raising curing time. Kim et al. [15] exam-
ined the impact of curing time on the ITS, flow number,
and dynamic modulus of cold-in-place recycling mixtures
using foamed and emulsified asphalt. Based on results,
by increasing curing time, the characteristics of the two
types of mixture improved. Also, in an equal time of cur-
ing, the specimen containing foamed asphalt showed a bet-
ter performance than that containing asphalt emulsion.
In addition, in a similar moisture percentage, the specimen
containing foamed asphalt demonstrated a better perfor-
mance than the one containing asphalt emulsion. Konrad
and Walter [16] explored the effect of curing time on the
resilient modulus and compressive strength of dense-
graded emulsion mixtures. They concluded that increasing
the curing time increased resilient modulus and compres-
sive strength in specimens with less than 60 % moisture but
had no effect on those with a higher moisture percentage.

2.3 Effects of laboratory conditions on hot-mix asphalt
characteristics

Nguyen and Tran [17] investigated the effect of curing
time on the Marshall flow and stability, rutting, and ITS of
non-modified and crumb rubber-modified SMA and HMA.
Curing was performed for 0, 1, 3, and 5 hours in an oven
at 160°C. It was observed that, by increasing the curing
time, Marshall stability and ITS increased and Marshall
flow and rutting depth decreased. Moreover, Pasandin and
Pérez [18] placed un-compacted HMA samples contain-
ing 0, 5, 10, 20, and 30 % of recycled concrete aggregates

in an oven for 0, 2, and 4 hours at a temperature equal
to the mixing temperature of asphalt mixtures. Results
showed that increasing the curing time caused an increase
in the voids filled with asphalt (VFA), air voids (AV), and
stiffness of specimens. In addition, the initial perma-
nent deformation increased. Forth et al. [19] reported the
effect of curing at 60, 100, and 160°C for 12, 24, 36, and
48 hours on asphalt mixtures containing recycled mate-
rials in the form of an increase in compressive strength.
Furthermore, Kliewer et al. [20] studied the effect of
curing for 0, 5, 25, and 100 days at 50 and 85°C on the
low-temperature cracking of HMA mixtures and showed
the reduction of fracture strength. In addition, the effect
of curing time was investigated on the antistripping resis-
tance of asphalt mixtures containing antistripping addi-
tives and the control mixture by Yoon et al. [21] results
revealed an increase in stripping resistance by increasing
the curing time. Mogawer et al. [10] showed that the mois-
ture resistance of asphalt mixtures increased by increasing
the curing time. Also, according to Oruc et al. [22], curing
HMA specimens for 3 to 365 days at ambient temperature
increased their resilient modulus. Sebaaly et al. [23] inves-
tigated the effect of curing for 2 and 4 hours at 135°C on
HMA mixtures characteristics and reported an increase in
stiffness, moisture resistance (unconfined tensile strength)
and fracture temperature of thermal stress restrained
specimen test following the increase in the curing time.
The effect of this parameter on the rut depth measured
using an asphalt pavement analyzer (APA) was not signifi-
cant, but it had an increasing effect on flow number. After
curing, the fatigue cracking of specimens was improved
at the low-strain level, while it had no impact on the high-
strain level. Das et al. [24] research demonstrated that two
levels of aging conditions (short-term and long-term aged)
enhanced the tensile strength and rutting resistance of
bituminous mixtures while moisture conditioning reduced
the rutting resistance and negatively impacted the tensile
characteristics of the mixtures.

3 Statement of the problem and objective of the study

As observed in the literature review, most studies have
examined the effect of curing time and temperature on the
performance of cold- and warm-mix asphalt mixes, neglect-
ing the susceptibility of HM A mixes to the laboratory con-
ditions. Considering the studies conducted on the curing of
HMA mixtures, it is obvious that the curing of specimens
was usually performed at high temperatures or for long
durations which is considered a sort of aging simulation



indicating the focus of the majority of researches on the
effect of aging on asphalt mixtures. Additionally, studies
mostly concentrated on the effect of curing on the rutting
of asphalt mixtures, probably because of the greater sensi-
tivity of rutting parameter to changes of curing time.

The point largely neglected in previous studies is that
specimens usually wait for medium time intervals (one
to several days) prior to performing the test at laboratory
temperature. Additionally, in order to reach test tempera-
ture and create thermal equilibrium, they are placed in the
device for short time intervals (one to some hours) at mod-
erate to partly high temperatures (40—60°C). These two
neglected parameters can lead to changes in the character-
istics and performance of HMA mixtures.

Therefore, the present study explored the effect of cur-
ing time (since construction until placement in the test
chamber) in the laboratory at ambient temperature (a con-
cept of curing is different from that of previous studies) as
well as thermal equilibrium time (since placement in the
test chamber until running the test) on the rutting poten-
tial of HMA mixtures using RLA test. Moreover, this
research investigated how the effect of curing and thermal
equilibrium time on the rutting potential of asphalt mix-
ture changes as the type of aggregate and asphalt binder
changes. Three curing times (1, 2, and 3 days) at 25°C,
three thermal equilibrium times (2, 4, and 6 hours) at 40°C,
two types of asphalt binder (AC 60—70 and AC 85-100),
and two types of aggregate (lime and granite) were consid-
ered in this study.

4 Materials and laboratory program

4.1 Materials

Two types of aggregate, i.e. lime and granite, were used
to prepare HMA mixtures in this study to investigate the
effect of curing time and thermal equilibrium time on the
rutting resistance of HM A mixtures containing aggregates
with different degrees of mineralogy. The compounds of
minerals constituting these two types of aggregate are
presented in Table 1.

The aggregates gradation for asphalt mixtures was
obtained from the mean limits of ASTM specifications for
dense aggregate gradation, shown in Fig. 1. The filler uti-
lized in this research was the stone dust of the main aggre-
gates. The physical characteristics of two types of aggre-
gate used in this study are presented in Table 2.

In order to examine the effect of curing and thermal
equilibrium time on the rutting resistance of HMA mixtures
containing asphalt binder with different characteristics, two
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Table 1 Compounds of minerals of two types of aggregate used in this

research
Properties Granite (%) Limestone (%)
PH 8.6 6.9
Silicon dioxide (SiO,) 4.8 72.3
R,0; (AL,0; +Fe,0;) 19 194
Aluminum oxide (A1,05) 1.3 16.7
Ferric oxide, (Fe,0;,) 0.7 1.4
Magnesium oxide (MgO) 1.8 0.8
Calcium oxide (CaO) 54.7 2.4
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Fig. 1 Gradation of aggregates

types of asphalt binder, i.e. 60—70 and 85—100 penetration
grade, were employed. Table 3 presents the physical charac-
teristics of two types of asphalt binder used in this research.

4.2 Laboratory program

4.2.1 Mixture design

Asphalt mixtures were prepared and tested under fully
controlled and standard conditions similar to field con-
ditions as much as possible. Asphalt mixtures were pre-
pared using the standard Marshall mix design procedure
(ASTM D1559 [25]). In this method, aggregates with the
temperature of 160—170°C and asphalt binder heated up
to 135°C are mixed, and the mixture was compacted by
75 blows of a Marshall hammer (per side) with weight
of 4.5 kg and the drop height of 45 cm on each side of
the specimen. In order to determine the optimum binder
content, seven binder contents (4, 4.5, 5, 5.5, 6, and 6.5)
were utilized.

4.2.2 Laboratory conditions

Various laboratory conditions were applied in order to
investigate the effect of curing and thermal equilibrium
time on the rutting potential of HMA mixtures. To sim-
ulate curing and thermal equilibrium times, compacted
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Table 2 Physical characteristics of aggregates used in this research

Test Standard Limestone Granite Regulation
Coarse aggregates

Bulk Specific gravity, g/em’ ASTM C 127 [26] 2.59 200 e
SSD Specific gravity, g/em’ 2.60 263 -
Apparent Specific gravity, g/em’ 2.62 265 -
Fine aggregates

Bulk Specific gravity, g/em’ ASTM C 128 [27] 2.57 260 0 aeee-
SSD Specific gravity, g/cm’ 2.58 262 -
Apparent Specific gravity, g/cm’ 2.61 265 -
Specific gravity (filler), g/em’ ASTM D854 [28] 2.56 255 e
Los Angeles abrasion, % ASTM C 131 [29] 27 19 At most 30
Water absorption, % ASTM C127 [26] 0.8 1.2 At most 2.8
Flat and elongated particles, % ASTM D 4791 [30] 3 9 At most 15
crushed content (two faces), % ASTM D 5821 [31] 89 91 Based on traffic
Sodium sulphate soundness, % ASTM C 88 [32] 2 4 At most 8
Fine aggregate angularity, % ASTM C 1252 [33] 44.2 51.8 At least 40

Table 3 Physical characteristics of two types of asphalt binder used in
this research

Table 4 Different combinations of curing and thermal equilibrium time
applied to each type of asphalt mixture

Characteristic Standard AC 60-70 AC 85-100
Density @ 25°C, s srM D7076 [34] 1.02 1.03
g/em

Penetration grade

@25 °C, 0.1 mm ASTM D5-73 [35] 66 91
Softening point, °C ~ ASTM D36-76 [36] 51 48
lc)m“"“hty @25°C, ASTM DI113-79 [37] 105 12
Degree of ASTM D92-78 [38] 262 248
ignition, °C

Weight loss, % ASTM D1754-78 [39] 0.75 0.75
Degree of purity, % ASTM D2042-76 [40] 99.5 99.5

specimens of each compound (lime stone and AC 60-70,
granite stone and AC 60-70, lime stone and AC 85-100,
and granite stone and AC 85-100) remained at ambi-
ent temperature or at 25°C for 1, 2, and 3 days (curing
time) and at 40°C for 2, 4, and 6 hours (curing equilib-
rium time). Therefore, there were 9 different curing condi-
tions for each asphalt mixture. Table 4 shows the various
combinations of curing conditions applied to specimens
(C and T stand for curing time and thermal equilibrium
time, respectively).

4.2.3 Repeated-load axial test

RLA test was used to determine the rutting potential of
asphalt mixtures for a long time. It is known as an ade-
quate method for determining the rutting resistance of
asphalt mixtures and employed in many research studies

Abbreviated term for Thermal equilibrium

applied condition Curing time (day) time (hour)
CIT2 1 2
CIT4 1 4
CITé6 1 6
C2T2 2 2
C2T4 2 4
C2T6 2 6
C3T2 3 2
C3T4 3 4
C3T6 3 6

due to its simplicity and logical relation with permanent
deformation of asphalt mixtures. The most important out-
put of repeated-load axial test software is accumulative
strain versus the number of loading cycles curve, which
is somehow dependent on the rutting resistance of asphalt
mixtures. Fig. 2 illustrates a sample of this curve.

Based on Fig. 2, the accumulative strain curve is gen-
erally composed of three distinct stages: (1) the primary
zone in which permanent deformations are immediately
accumulated on one another, (2) the secondary zone in
which accumulative strains are increased with a mild and
almost constant slope, and (3) the tertiary zone in which
accumulative strains increase again. According to the
results of FHWA-ALF Phase II test, secondary and ter-
tiary zones occur at the end of pavement life. The three
observed stages of repeated-load axial test of asphalt mix-
tures are exactly the same as what happens under real
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Fig. 2 The curve of accumulative strain versus the number of

loading cycles

conditions. In fact, this behavior in permanent deformation
(three-stage curve) is amongst the main characteristics of
asphalt mixtures.

The load applied to the specimen in this test can be in
different forms such as rectangular, semi-sinusoidal, or
other types. Deformation is constantly measured using two
LDVTs. In this research, repeated-load axial test was per-
formed at the stress of 400 kPa at 40°C using Universal
Testing Machine (UTM) according to BS EN 12697-25 [41].
Conditioning stress was considered to be equal to 10 kPa
and was applied to the specimen for 10 minutes. The load
was applied to the specimens for 10,000 cycles and accu-
mulative strain was depicted as a function of load cycles.

5 Results and discussion
5.1 Mix design
Optimum binder content was determined based on the MS-2
instruction of Asphalt Institute in the following stages:
After depicting Marshall curves, corresponding binder
contents were obtained as follows:
a) Binder content corresponding to maximum stability;
b) Binder content corresponding to maximum unit weight;
c¢) Binder content corresponding to the mean value of the
AV interval. In this research, the AV interval equalled
3-5, and 4 was selected as the average interval.
The mean of three binder contents was obtained.
For the mean binder content of the previous stage, the
following parameters were obtained from Marshall curves:
a) Stability
b) Flow
¢) Air void (AV)
d) Voids in the mineral aggregate (VMA)
The obtained parameters were controlled by allowed
values.

Jajin et al.
Period. Polytech. Civ. Eng., 65(3), pp. 691-701, 2021 | 695

The optimum binder content was calculated for all 4
types of mixtures. The type of mixtures and the optimum
binder content related to each are shown in Table 5.

5.2 Results of rutting potential tests

Figs. 3 to 6 demonstrate the effect of curing and thermal
equilibrium time on the final strains of different asphalt
mixtures, mixtures constructed by limestone aggregate and
60-70 penetration grade asphalt binder, granite aggregate
and 60—70 penetration grade asphalt binder, limestone aggre-
gate and 85—100 penetration grade asphalt binder, and gran-
ite aggregate and 85—100 penetration grade asphalt binder.

Table 5 Optimum asphalt binder percentage for different samples of
asphalt mixture

Mixture type Optimum binder content (%)

AC 60-70 and limestone 5.7
AC 60-70 and granite stone 5.6
AC 85-100 and limestone 5.7
AC 85-100 and granite stone 5.5
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Fig. 3 The effect of curing and thermal equilibrium time on the final
strain of asphalt mixtures containing limestone and 6070 asphalt binder
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Fig. 4 The effect of curing and thermal equilibrium time on the final

strain of asphalt mixtures containing limestone and 85-100 asphalt binder
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Fig. 5 The effect of curing and thermal equilibrium time on the
final strain of asphalt mixtures containing granite stone and 60—70
asphalt binder
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Fig. 6 The effect of curing and thermal equilibrium time on the
final strain of asphalt mixtures containing granite stone and 85-100

asphalt binder

It is clear that, by increasing curing time from 1 to 3 days,
the final strain of asphalt mixtures (after 10,000 cycles)
decreased. This result can be related to two mechanisms,
aging and strength gain of asphalt mixtures over time.
A common type of aging occurring in the open air and in
the presence of adequate oxygen is oxidation during which,
oxygen is absorbed and hydrogen and carbon is partially
removed in the form of water or carbon dioxide. As men-
tioned before, in this study, the curing process of the spec-
imens was performed in the open air. Therefore, it seems
that the prevailing hardening process due to aging (if exists)
is directly influenced by the oxidation process rather than
volatilization in asphalt binder.32. However, consider-
ing the curing conditions of specimens in this study (low
temperature and approximately short time), aging proba-
bly had a negligible contribution to the increased rutting
resistance of asphalt mixtures because, at low temperatures,
polar molecules of asphalt binder remain highly connected
and less able to react with atmospheric oxygen. Therefore,

at low temperatures, polar molecules are immobilized,
resulting in the quenching of the system due to low thermal
energy. Moreover, the occurrence of oxidation at these tem-
peratures, further curing days (even weeks or months) are
required. The strength gain of asphalt mixtures over time
is another reason for an improvement in rutting resistance.
As curing time increases, the internal condition of asphalt
mixtures changes, moving away from the short-term condi-
tion it had at first and reaching greater stability.7, 28. To put
it differently, over time, the asphalt layer on the surface
of the aggregates constituting asphalt mixtures becomes
more solid, resistant and motionless, leading to higher bond
strength between asphalt and aggregates and harder status
of asphalt mixtures in the laboratory. Accordingly, after
being placed in the test device, some heat is spent to make
their initial state instable, thereby improving the rutting
resistance and sliding of aggregates against one another.
Considering the short time and low temperature of cur-
ing in this research, it seems that the major part of rutting
resistant enhancement is caused by the strength gain made
for specimens over time and only an insignificant part of
it is related to asphalt mixtures' aging. The increase in the
rutting resistance of asphalt mixtures by curing time prog-
ress is in agreement with the results obtained by previous
research on different types of asphalt mixtures.

It was also observed that by increasing the thermal equi-
librium time from 2 to 6 hours, the final strain of mixtures
increased and the resistance to rutting decreased. Because
when specimens are kept for some hours at average tem-
peratures (about 40°C), i.e. a temperature less than the
boiling point of volatile compounds of asphalt binder, the
viscosity of asphalt binder (a material which is respon-
sible for the adhesion of aggregates in asphalt mixtures)
decreases due to its thermal susceptibility. This declines
the adhesion ability among aggregates of hot asphalt mix-
tures and makes them slide against one another when the
load is applied, causing shear strains and distortions on
the surface of asphalt mixtures. These effects which are
known as rutting increase as the thermal equilibrium time
increases. This result is inconsistent with that obtained by
previous research because, in previous studies, specimens
were put in the oven for short times (some hours) at high
temperatures (above 100°C) to simulate short-term aging
that is a different type of curing. To explain this, it can be
said that when specimens are exposed to high temperatures
(above 100°C) for several hours asphalt binder viscosity
considerably increases. As asphalt is absorbed by mineral
aggregates and enters the voids in the mineral aggregate



(VMA), the amount of air in the mixture decreases and its
stiffness increases. In addition, as temperature increases, at
a temperature equal to the boiling point of the volatile com-
pounds of asphalt binder, binder volatile fractions are sepa-
rated, the percentage of asphaltenes to maltenes increases,
and short aging occurs in the asphalt binder, leading to
asphalt hardening and increased rutting resistance.

Fig. 7 shows the final strain of different asphalt mix-
tures after being subjected to different curing and thermal
equilibrium times. It is clear how rutting potential changes
as aggregate and asphalt binder type changes.

It is clear that mixtures with granite aggregates exhib-
ited a higher resistance to rutting compared to those with
lime aggregates because of the physical characteristics of
aggregates. As shown in Table 2, in the present research,
granite aggregates had a higher crushed content and angu-
larity compared to lime aggregates, thereby might cause
an increase in the strength of aggregates' reliance on one
another and improving the aggregates interlocking. In fact,
the texture of granite aggregates was such that it led to the
formation of a physical bonding mechanism superior to
limestone aggregates in asphalt mixtures.

The asphalt binder affects different functional aspects
of asphalt mixtures such as permanent deformation,
fatigue cracking, and low-temperature cracking. The type
and characteristics of binder should be selected in such
a way that its effect on pavement performance would be
optimal and appropriate to certain conditions. At normal
temperatures, asphalt binder exhibits the characteristics of
both viscous liquids and elastic solids. Asphalt binder with
ahigher penetration grade has lower viscosity and hardness
and exhibits greater thermal sensitivity in comparison to
one with a lower penetration grade. Therefore, in asphalt
binder with a lower penetration grade, the performance

45000
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40000 | L:Lime T6
G/60-70:mix prepared with pen 60-70

35000 | aphal binder and Granie aggregates

30000
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Fig. 7 Permanent strain for different asphalt mixtures under different
laboratory conditions
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of the elastic component is better than that of the viscose
component and a greater part of deformation returns to its
original state and a smaller part remains deformed during
load application. At an equal temperature, the 85-100
asphalt binder shows less viscosity and stiffness compared
to the 60—70 asphalt binder and establishes a weaker bond
with and among aggregates. Therefore, asphalt mixtures
containing a higher penetration grade asphalt binder show
less resistance to pressure (rutting) at functional tempera-
tures, as can be seen in Fig. 7.

In addition, it can be seen that the effect of thermal equi-
librium and curing time on the rutting potential of specimens
containing AC 60-70 asphalt binder was less than that of the
specimen containing AC 85-100 asphalt binder. Moreover,
specimens constructed by granite aggregates showed less
sensitivity to thermal equilibrium and curing time in com-
parison to those containing lime aggregates. These are pre-
cisely related to the difference in the nature and chrematis-
tics of different asphalts binders and aggregates, affecting
rutting as mentioned above. Maximum rutting resistance
was observed for the mixtures containing 60—70-penetration
grade asphalt binder and granite aggregates and the mini-
mum belonged to the mixtures containing 85—100-penetra-
tion grade asphalt binder and lime aggregates.

5.3 Statistical analysis of curing and thermal
equilibrium time

In order to determine whether the effect of curing and
thermal equilibrium time on the rutting potential of HMA
mixtures is notable or not, statistical analyses were per-
formed separately for each type of asphalt mixture. Two
independent variables of these analyses included curing
time and thermal equilibrium time and the dependent
variable was permanent deformation at the end of 10,000
cycles. In the table of variables, C, T, and PD stand for cur-
ing time, thermal equilibrium time, and permanent defor-
mation, respectively. The results of statistical analysis for
different asphalt mixtures are listed in Table 6.

The first row of Table 6 demonstrates the statistical
analysis of asphalt mixtures containing lime aggregates
and 60—70 asphalt binder. It shows that the values of sig
column related to C and T variables are less than 0.05.
It means that the independent variables of this research
have a significant effect on the dependent variable. Results
of the unstandardized coefficients column show that per-
manent deformation decreases by increasing curing time
and permanent deformation increases by increasing thermal
equilibrium time. Additionally, according to the values of
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Table 6 Statistical analysis of permanent deformation of the mixtures containing lime aggregates and 60—70 asphalt binder

Unstandardized Coefficients Standardized Coefficients t sig.

Mixture type Model

B Std. Error Beta

(Constant) 19688.180 1454.837 13.533 000
t;ﬁi:’égr_‘;%ate and C 1972568 494.183 358 3992 007
T 2498.876 247.092 907 10113 000
(Constant) 19937.849 1783.245 11181 000
Eﬁi?giﬁ%ﬁe and C -2330.636 605.738 -339 -3.848 008
T 3152.521 302.869 916 10.409 000
(Constant) 8476.320 2245.706 3774 009
pranite aggresate and c ~1298.444 762.829 —157 -1702 040
T 3973.581 381.414 961 10418 000
(Constant) 21558.407 4479.932 4.812 003
pranite asgresate and c ~4400.662 1521757 458 2,898 027
T 3852.017 760.879 800 5.063 002

sig column, the value related to the thermal equilibrium
time is closer to zero, meaning that this parameter affects
the results of repeated-load axial test more considerably
compared to the curing time parameter.

The second row of Table 6 presents the statistical anal-
ysis related to the effect of curing and thermal equilib-
rium time on the rutting potential of mixtures containing
85—100-penetration grade asphalt binder and limestone
aggregates. The standardized coefficient values for Cand T
equalled —0.339 and +0.916, respectively. Considering the
negative coefficient for C and positive coefficient for T,
it can be inferred that increasing the curing time causes
a reduction in the permanent deformation and increasing
thermal equilibrium time causes an increase in the per-
manent deformation and rutting potential of asphalt mix-
tures. Values less than 0.05 in the sig column indicate the
significant effect of these two parameters (C & T) on per-
manent deformation. Similar to specimens constructed
by lime aggregates and 60—70 asphalt binder, the effect
of thermal equilibrium time is greater than that of curing
time on the results of permanent deformation of asphalt
mixtures in this group.

The third row of Table 6 exhibits the results of statistical
analysis conducted on the effect of curing and thermal equi-
librium time on the rutting potential of asphalt mixtures
constructed by 60—70-penetration grade asphalt binder
and granite aggregates. The results show that curing and
thermal equilibrium time significantly affect permanent
deformation. Based on the unstandardized coefficients col-
umn, permanent deformation decreases by increasing cur-
ing time and permanent deformation increases by increas-
ing thermal equilibrium time. Additionally, the results of

sig column show that thermal equilibrium time can more
effectively change the results of repeated-load axial test.

The final row of Table 6 indicates the results of statis-
tical analysis of mixtures containing granite aggregates
and 85-100-penetration grade asphalt binder. Similar
to the previous three groups, the effect of two indepen-
dent parameters on the dependent parameter is evident.
The standardized coefficients of curing and thermal
equilibrium time are negative and positive, respectively.
This means that an increase in these two parameters
causes a reduction and an increase in the permanent defor-
mation of asphalt mixtures, respectively.

6 Conclusions

Permanent deformation is one of the major load-related
failures of asphalt mixtures, affecting the performance of
asphalt pavement. Rutting in an asphalt layer occurs due
to structural deficiencies in the solid phase (aggregate) or
binder phase (asphalt). The rutting of asphalt mixtures
is affected by a variety of factors, namely curing time,
thermal equilibrium time, type of binder, and character-
istics of mineral aggregates. The present study explored
the effect of curing and thermal equilibrium time on the
rutting potential of HMA mixtures using repeated-load
axial test by manufacturing different types of asphalt mix-
tures (using two types of asphalt binder, AC 60—70 and
AC 85-100, and two types of aggregate, lime and granite)
and subjecting them to different conditions of curing and
thermal equilibrium times. The curing times of 1, 2, and 3
days at 25°C and thermal equilibrium times of 2, 4, and 6
hours constituted the variables. Based on the findings and
analyses, the following results were obtained:



* By increasing the curing time from 1 to 3 days, the rut-
ting resistance of asphalt mixtures was increased under the
effect of aging and strength gaining over time. The pas-
sage of time makes the mixtures reach a stiffer status.
Consequently, after being placed in the test device, some
heat is spent to make their initial state instable, thereby
increasing their resistance to rutting. Considering the
short time and low temperature of curing in this research,
the effect of aging on the rutting resistance of asphalt mix-
tures can be considered insignificant compared to strength
gaining over time. In fact, the probability of aging is very
low at this duration and temperature.

* By increasing the thermal equilibrium time, the per-
manent deformation or rutting of asphalt mixtures was
increased. This was evident for all 4 asphalt mixtures.
In fact, by placing specimens into the oven at average tem-
peratures (40°C) for short durations (2—6 hours), the vis-
cosity of asphalt binder and the adhesion ability among
aggregates decreases and the probability of shear strains
and rutting of asphalt mixtures increases. The thermal
equilibrium time of 6 hours caused all asphalt mixture
specimens to enter the third phase of creep behavior.

e The results of the statistical analyses of permanent
deformation of different asphalt mixtures showed that
curing and thermal equilibrium time can significantly
affect the permanent deformation of asphalt mixtures.
Permanent deformation decreases by increasing the curing
time and increases by increasing the thermal equilibrium
time. Additionally, it was found that thermal equilibrium
time more effectively affect the permeant deformation of
asphalt mixtures (obtained from the RLA test) compared
to curing time.

* In comparison to specimens constructed by limestone
aggregates and 85—100-penetration grade asphalt binder,
those constructed by granite aggregates and 60—70-pene-
tration grade asphalt binder showed less susceptibility to
an increase in thermal equilibrium and curing time, indi-
cating less rutting potential of these mixtures. This is due
to the greater crushing and angularity of granite aggregates
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