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ABSTRACT

The use of Reclaimed Asphalt Pavement (RAP) in Hot Mix Asphalt (HMA) production
is consistent with the concept of sustainability and when designed and constructed properly,
it can potentially provide a more cost-effective alternative to conventional road practices.
However, RAP is suspected to have negative effects on thermal cracking resistance of Hot
Mix Asphalt mixes. The extent of blending between aged binder and virgin binder in asphalt
mixtures could affect both the performance of the produced HMA and the economic
competitiveness of the recycling process. During the production process of HMA with RAP, it
is generally understood that a partial blending occurs between aged and virgin binders. Yet, a
limited number of studies have considered the time-temperature effects of the silo storage on
the performance of HMA RAP mixes. In this study, the effect of silo storage time on mitigation
of thermal cracking of the HMA containing RAP is examined. HMA samples of HL-3 and HL-
8 mixes, designed with 15% and 30% RAP respectively, were collected after production from
the asphalt plant at different silo-storage intervals (1, 4, 8, and 12 hours), with their
temperature being closely monitored and recorded. The thermal cracking resistance of the
resulting mixes were characterised using Thermal Stress Restrained Specimen Test (TSRST).
Results indicate that the samples collected after 8 and 12 hours of silo storage exhibited an
improvement in the thermal cracking resistance accompanied with a reduction in their
corresponding stiffness compared to those collected at O hours. These results indicate that
silo storage would then improve the blending between aged and virgin binders and improve
the low temperature behaviour of the asphalt mix.

Keywords: Asphalt plant, Silo storage, Blending, Thermal cracking



1 INTRODUCTION

1.1 Background

Reclaimed Asphalt Pavement (RAP) has been favoured over virgin materials in the light
of the potential cost savings, shortage of quality aggregates, and compelling need to
preserve the environment and natural resources. Mixes containing up to 20% RAP are
commonly considered to have similar behaviour to virgin mixes [1]. In the interest of
sustainable development, higher RAP percentages (> 25%) can be considered for
incorporation into Hot Mix Asphalt (HMA) mixtures. However, more than 20% RAP content is
perceived to have negative effects on the performance of the resulting HMA mixtures in
comparison with conventional mixtures, especially with respect to thermal cracking resistance.
It is stated that using RAP in HMA likely decreases the rutting, but increases the possibility of
thermal cracking at low temperatures [2]—[6]. Thermal cracking is a serious concern in the cold
regions in the world as it is associated with the growth of high tensile stresses under repetitive
exposures to extremely low temperatures or multiple freezing-thawing cycles [7].

1.2 Literature Summary

Due to mostly economic and environmental considerations, RAP has been commonly
used in asphalt paving mixtures for pavement construction and maintenance activities since
the 1970s [8]. Yet, the type of the virgin asphalt binder, air void content, RAP content, and
the type and the size of aggregate have a significant effect on the fracture temperature and
fracture stress of the HMA pavement [9], [10]. The rheological behavior of the aged binder
differs from the virgin binder due to the loss of some of its components during the construction
and service life. Kandhal and Mallick resolved that the use of 5-20% of RAP in HMA does not
affect the properties of the blend of new and RAP binder. However, more than 20% of RAP
can significantly affect the properties of the blend and may change the stiffness of the binder.
This is related to the aging condition and the associated brittleness of the asphalt binder
contained in RAP which may be a source of poorer low temperature performance for the final
asphalt mixture [11].

The RAP binder exists as thin layer that coats RAP aggregates and does not exist as a
free mass in the asphalt mixture [12]. Then, it may be unreasonable to assume mechanical
blending between the aged binder and virgin binder during the mixing process. The blending
can be described by a phenomenon which can help the two binders blend at proper
temperatures for a required time [13]. This mechanism is called diffusion, which allows
molecules transfer in the matter when they have enough energy to move. According to
Arhenius theory [14], at higher temperatures, the likelihood that two molecules will interact
with each other is significantly increased . Moreover, the time effects the average distance
that the molecules travels to interact with its neighbours [15]. The aged binder in RAP causes
an increase in the stiffness in mixtures with high in RAP content. This could potentially reduce
the performance of RAP mix [16]. Thus, increasing the blending efficiency between aged and
virgin binder, and obtaining the maximum contribution of the aged binder in the mixture would
help decreasing the stiffness and increasing the durability of the RAP pavement.

According to different studies, at least some partial blending occurs during mixing
process of the HMA. However, it depends on different parameters, such as mixing time and
temperature [17]-[19]. Yet, full blending of the two binders might happen over time. In a recent
study on diffusion, it is shown that the diffusion between the in-contact layers of the aged and
the virgin binders may explain the blending process [20]. A significant part of the blending
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takes place during the mix production, storage and placement of mixture, but diffusion
continues and drives further blending during the service life of the pavement. While prolonged
silo-storage may result in a homogeneous binder blending within few hours, it might make the
binder more susceptible to significant aging during storage. In addition, Time-temperature
effect of the silo-storage on HMA containing RAP can optimize the blending between virgin
and RAP binders.

An experimental-based study was utilized to quantify the time and temperature
responsiveness of the diffusion rate and final degree of blending that happens between aged
and virgin binders. The authors confirmed that at conditioning temperatures below 100°C very
limited blending between the virgin and RAP binder occurs. Thus, increasing the temperature
could enhance the blending phenomenon [21].

The level of blending affects both the performance of the produced HMA and the
economic competitiveness of the recycling process. If the designer assumes that the materials
blend totally when it is actually behaving as a black rock, the binder will not be stiff enough
and insufficient asphalt binder will be used. Many design methods assume that the aged
binder effectively contribute to the blend [22]. Hence, the amount of virgin asphalt binder can
be decreased in the mix design by the full amount of the RAP binder for the percentage
specified [23]. In contrast, if it is assumed that RAP does not blend with the virgin asphalt
binder when it is actually blending, then the binder will be stiffer than expected. The problem
can be further complicated if one considers that the blending process may take some time to
occur and is influenced by the rejuvenating agent [24], [25]. Despite some differences
between the mix design procedure for a mix containing RAP and one that does not, both
mixtures should have good characteristics and deliver a good pavement performance. The
uncertainty in the degree of blending may be the main reason behind some of the durability
issues of RAP mixtures.

In a recent study [26], the rheological properties of HL-3 plant-mix samples were
characterised using the Complex Modulus Test by considering the effect of the silo storage
time. The analysis of these results indicated a noticeable reduction in the stiffness of the mix
for 8 hours and 12 hours at the test temperatures above 4°C. This change is particularly
observed at the higher temperature and lower frequencies of the complex modulus test.
Therefore, it can be affirmed that the silo storage time had a strong impact on the rheological
behaviour, which indicated a better blending of aged and virgin binders with higher storage
time for a given silo conditions. More blending could theoretically have a positive effect on the
overall performance of the HMA RAP mixes. However, in a different study [27], the analysis
of the Dynamic Modulus Test results indicate that there was a general increase in the stiffness
of HMA containing RAP with the increase of the silo storage time to 7.5 hours due to oxidation.
This indicated that the silo conditions play a key role in changing the HMA characteristics and
would lead to some aging which would have a negative impact on the behaviour.

From the above literature summary, it appears that the blending efficiency of the RAP
and the virgin binder is still unexplored clearly. Some researchers believe that the blending
efficiency is depending on the percentage of RAP on the asphalt mixture, mixing temperature,
and time of mixing. Others believe the blending procedure is temperature independent.
However, it is clear that the appropriate amount of the RAP aged binder that effectively
contributes to HMA (containing RAP) needs further investigation. An improved understanding
of binder blending would be beneficial in the improvement of the thermo-mechanical behaviour
of asphalt mixes, which may lead to long lasting and better-performing asphalt pavements.

In this study, Thermal Stress Restrained Specimen Test (TSRST) has been conducted
to examine the low-temperature cracking susceptibility of silo stored HMA mix with RAP at 0,
8, and 12 hours respectively. The main objective of this study is then to evaluate the effect of
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silo storage time on the mitigation of thermal cracking of the HMA containing RAP by utilizing
TSRST.

2 MATERIALS AND METHODS

2.1 Materials: HL-3 and HL-8

Achieving an improved blending quality of plant-produced mixtures was considered
by utilizing silo-storage facilities. The asphalt mixes were manufactured using the batch
plant from the Miller Group asphalt plant in Markham, Ontario (Fig. 1). Batch plants do not
require the use of silos, but plants often have them to increase their production capacity.
Storage silos are usually insulated to prevent heat losses and to prevent mixture oxidation.

FIGURE 1 Miller Group batch plant

Conventional batch plant is the most common type of asphalt plants in the world as it
usually produces asphalt mixes with high RAP content [28]. In addition, it provides the highest
level of flexibility in production and quality of the product. In this plant, the specifications can
be regularly modified to satisfy the client requirements, while keeping a high level of quality.
The full mixing time in this plant usually takes 40-50 seconds.

For this study, two Marshall mixes, a surface course HL-3 containing 15% RAP and a
base course HL-8 containing 30% RAP, were produced and collected from the batch plant.
The HL-3 mix has a total of 5% asphalt binder (approximately 4.4% virgin binder and 0.6%
RAP binder). The mixing temperature was 148°C and the compaction temperature was 135°C.
On the other hand, the HL-8 mix has a total of 4.7% asphalt binder (approximately 3.5% virgin
binder and 1.2% RAP binder). The mixing and compaction temperatures for HL-8 mix were
145 °C and 131 °C, respectively. Table 1 represents some properties of these mixes.



TABLE 1 HL-3 and HL-8 properties

. . Mix Type

Mix Properties A3 T
Total % of Asphalt Cement (%AC) 5 4.7
Virgin AC grade 58-28 52-34
% RAP content 15 30
% AC RAP content 0.6 1.2
Nominal Maximum Aggregate Size (NMAS) (mm) 13.2 19
Theoretical Maximum Specific Gravity of HMA (Gmnm) 2.49 2.503
Specific Gravity of Asphalt (Gp) 2.673 2.671
Voids in Mineral Aggregate (% VMA) 15.3 14.6

To investigate the time-temperature effect on blending efficiency, the samples were
collected as a function of storage time in the silo. The first sampling was done immediately
after production (t = 0 hour), and then at several time intervals of silo-storage at 1, 4, 8, and
12 hours. In order to avoid reheating the mixtures and inducing any bias in the temperature
profile of the tested samples, some mixes were immediately compacted using Superpave
Gyratory Compactor at the Quality Control Laboratory of the asphalt plant. Complex modulus
of these samples was then measured to determine the effect of storage time on their stiffness
[16]. The compacted and loose mixtures were then transported to the University of Waterloo
and kept in a storage room at 7 °C until the day of testing to eliminate any further diffusion.
Temperatures of the collected samples were closely monitored and recorded throughout this
study.

2.2 Sample Preparation

After a curing period of 14 days, the loose mixtures were compacted using ShearBox
Slab Compacter to a targeted air void content of 7 = 1%, coming down to around 5% +0.5%.
The resultant slabs were then saw cut to fabricate three rectangular TSRST specimens (50mm
x 50mm x 250mm) for 0, 8, and 12 hours silo samples for both HL-3 and HL-8. It is worth
mentioning that 1 and 4 hours silo samples for both mixes were not tested using TSRST
assuming there would be no change in the thermal resistance as there was no noticeable
reduction in their overall stiffness as compared with the 0 hours samples [26].

2.3 Thermal Stress Restrained Specimen Test (TSRST)

TSRST method has been utilized to evaluate the low temperature cracking in asphalt
pavement by many researchers. To estimate the low temperature cracking performance of
HMA mixtures considering silo storage time, TSRST was conducted at CPATT using MTS
device (Fig. 2), according to AASTHO TP-10-93 specification, Standard Test Method for
Thermal Stress Restrained Specimen Tensile Strength [29]. Each specimen was glued to two
aluminium end platens with thermoset DC-80 epoxy. The epoxy bond is allowed to cure for at
least 6 hours prior to conditioning the test specimen at 5°C in the CPATT MTS-651
environmental test chamber for 3 hours until the specimen reaches thermal equilibrium. Actual
testing is performed at a constant cooling rate of 10°C/hr.



Thermoset DS-80 epoxy

50mm x 50mm x 250mm specimen

2 extensometers at 180° intervals

FIGURE 2 MTS loading farm with TSRST setup

Figure 3 illustrates a typical stress-temperature curve from TSRST. As the temperature
inside the chamber decreases at a constant rate of 10 °C/h, tensile stresses develop within
the sample, which leads to failure by restrained thermal contraction.
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FIGURE 3 Typical result from TSRST

The slope of the curve (dS/dT) (Fig. 2) gradually growths until it reaches its upper limit
of the glass transition temperature. After the transition temperature, (dS/dT) becomes constant
and the stress temperature curve becomes linear until the specimen breaks. The tensile stress
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and the temperature at which the break point occur are called the fracture strength and the
fracture temperature, respectively. The contraction of the specimen is controlled during the
cooling process using two Linear Variable Differential Transformers (LVDTS).

3 RESULTS AND DISCUSSION

Resistance to low temperature cracking is a major concern for asphalt mixes containing
RAP. In point of fact, the RAP asphalt binder is generally harder than virgin asphalt binder.
Asphalt mixes with additional recycled materials could then have a brittle behaviour at low
temperatures and premature thermal cracking could be exhibited. Table 2 reports the test
results in terms of the average maximum stress at which the specimen fails (fracture stress)
with an average corresponding fracture temperature.

A general observation of the results reported in Table 2 is that the values of the standard
deviations for fracture temperature ranged from 0.52 °C to 1.3 °C for all tested mixes. The
results indicate both mixes showed good repeatability in terms of fracture temperature.
However, it seems that a higher scattering is observed with the fracture stress were the
standard deviations range from 0.19 MPa to 0.66 MPa. These values are significantly high if
we know that the mean fracture stress values vary from 1.7 MPa to 2.8 MPa which means that
the standard error could be up to £33% of the measured values.

The examination of the results in Table 2 shows that for the 0 hours mixes, or the mixes
that were collected directly from the plant without silo storage, it is observed that the fracture
temperature of the HL-3 mix with PG 58-28 binder exceeded the critical low grade of the virgin
binder by 3.08 °C; whereas the HL-8 mix with PG 52-34 failed to meet the anticipated -34 °C
limit for mix fracture temperature.

TABLE 2 Fracture temperature and fracture stress for HL-3 and HL-8

Fracture Temperature (°C) Fracture Stress (MPa)
Mix Type  Silo time (hours) Mean Standard deviation Mean  Standard deviation
HL-3 0 -31.08 1.3 2 0.66
8 -31.41 0.52 2.1 0.22
12 -34.93 0.091 1.7 0.5
HL-8 0 -31.65 0.61 2.8 0.15
8 -32.82 0.92 2.78 0.7
12 -34.99 0.86 2.1 0.19

Yet, the fracture temperatures of the 8 hours samples of HL-3 and HL-8 mixes have
reached -31.41 and -32.82 respectively. Additionally, the fracture temperatures of the 12 hours
samples for both mixes have exceeded the critical low grade of the virgin binders by 6.93 °C
and 0.99 °C respectively. Thus, the increased silo time has improved the performance of the
binder which primary controls thermal crack resistance of the HMA at low temperatures. Figure
4 illustrate the reduction in the fracture temperature with respect to the silo storage time. The
examination of this graph shows that although the difference between the results at 0 hours
and 8 hours do not appear to be significantly different, the results obtained at 8 hours are
significantly different and confirm the trend of the improvement of the critical cracking
temperature for both mixes.
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FIGURE 4 Average fracture temperature for HL-3 and HL-8

Moreover, a decrease in the fracture stress was found with the improvement of the
thermal resistance of both HL-3 and HL-8. It is also noted that a lower fracture stress is
exhibited for the mix with 15% RAP (HL-3) compared to the mix with 30% RAP (HL-8). Figure
5 shows that the 12 hours samples for both HL-3 and HL-8 have lower fracture stress
comparing with the 0 hours samples by 0.3 and 0.7 MPa respectively. Figure 5 represents the
reduction of the fracture stress with the increase of silo storage time. However, due to the fact
that the standard deviation values for fracture stress were high, it seems that the decrease of
the stress is not significantly different of most of the cases.

HL-3 HL-8
3.5
3 - +
E o
2.5
E ——
A 2
i i
A 1.5
A [
S 1
2
®
K 0.5
0
0 2 4 6 8 10 12 14

Silo Time (hrs)

FIGURE 5 Average fracture stress for HL-3 and HL-8

Generally, the results of the TSRST suggest that the fracture temperature of the HL-8
mixtures was to some extent lower than that of the HL-3 mixtures for all silo time samples.
This is probably due to the fact that the HL-8 used a softer virgin binder (PG52-34) compared
to the HL-3 mixture which used a PG58-28 virgin binder. On the other hand, HL-8 samples
had higher fracture stresses than HL-3 samples. This is more possibly because HL-8 had less
asphalt content, more RAP content, and larger Nominal Maximum Aggregate Size (NMAS)
which results in a stiffer overall mixture. Higher stiffness mixes could exhibit higher build-up of
cracking [30]. However, it is noted that more silo time has a positive influence on the fracture
temperature and fracture stress of both HL-3 and HL-8. This is due to the improved degree of
blending between aged and virgin binder and greater homogeneity in the mixture with higher
storage time. Hypothetically, more blending would result in increasing the thickness of the film
of the “efficient” binder on the aggregates and enhancing the adhesion of the mix. This is more
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likely because the RAP binder had an increased contribution to the efficient asphalt binder
used within the mixture, which is a major criterion of the thermal cracks initiation in HMA. This
would improve the quality of the HMA and enhance thermal cracking resistance.

Overall, the results of the TSRST indicated that the 12-hrs specimens had a better
resistance to the thermal cracking than the ones without silo storage for both HL-3 and HL-8
due to more homogeneous binder blending for the 12-hrs mixes. Figure 6 and 7 graphically
show the fracture curve behaviour of both HL-3 and HL-8 respectively for the three replicates
of 0, 8, and 12 hours silo storage time.
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FIGURE 6 Fracture curve behavior of the tested samples of HL-3 mixes
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It is worth mentioning that the variability of the test results within the same mix was due
to an issue with the valve control of the cooling system. However, the final results were not
impacted significantly by this issue.

It can be concluded that for this particular case, higher storage time could potentially
improve the blending of RAP and virgin binders which impacts the rheology of the mix and
then the thermal performance of HMA-RAP mixtures. Despite the fact that the thermal cracking
resistance has slightly improved by -3.85 and -3.52 °C for HL-3 and HL-8 respectively with 12
hrs storage time, these results are encouraging and suggest more samples with different RAP
content and different silo conditions to be investigated and analysed to draw more solid
conclusions.




Despite the fact that test results show a substantial trend in the reduction of both fracture
temperature and fracture stress with the increase of silo time, it is necessary to utilize
appropriate statistical analysis to determine the significance of the test results.

4 CONCLUSIONS

The conclusions of the study on the mitigation of thermal cracking of the hot mix asphalt
containing reclaimed asphalt pavement by considering the effect of silo storage time are as
follows:

e The fracture temperature of both HL-3 and HL-8 was generally affected by their virgin
binder grades. All HL-8 samples slightly exhibited lower fracture temperature than HL-
3 samples.

e For both HL-3 and HL-8, an improvement of the thermal resistance was found for the
8 and 12 hours samples as compared with the 0 hours samples. The fracture
temperatures of the 12 hours samples for both HL-3 and HL-8 have exceeded the
critical low grade of the virgin binders by 6.93 °C and 0.99 °C respectively.

e A decrease in the fracture stress was found with the improvement of the thermal
resistance of both HL-3 and HL-8. In general, a lower fracture stress is found for the
mix with 15% RAP mix (HL-3) compared to the 30% RAP mix (HL-8). The results
however do not seem to be significantly different due to high standard deviation values.

e Fromthe TSRST results, it can be summarized that increasing storage time for a given
silo conditions has improved the performance of the binder which primary controls
thermal crack resistance of the RAP HMA at low temperatures.
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