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EXECUTIVE SUMMARY 

The term Warm-Mix Asphalt (WMA) refers to various technologies that allow reducing mixing 
and compaction temperatures of asphalt mixtures without negatively affecting their performance 
against common major distress types. WMA technologies include foaming process, chemical 
additives, and organic (wax) additives. Application of WMA technologies was found to reduce 
production and construction costs, extend construction season, improve field compaction, and 
enhance working conditions by reducing exposure to fuel emissions, fumes, and odors. 

In this research project, an in-depth literature review has been conducted to summarize previous 
studies and research projects on the advantages of using WMA additives/technologies in asphalt 
mixtures, and the performance of WMA mixtures with RAP materials against rutting, moisture 
damage, and cracking. Moreover, the current specifications used in the south-central states (i.e., 
Arkansas, Louisiana, New Mexico, Oklahoma, and Texas) on the use of RAP and WMA 
technologies are discussed (Task1). In this study, three WMA additives/technologies were 
evaluated in the laboratory by testing asphalt mixtures and extracted & recovered binders. To this 
end, Sasobit® (organic), Evotherm® (chemical), and Advera® (foaming) were used to prepare 
different asphalt mixtures with a RAP content higher than the allowable RAP percentage in the 
State of Louisiana. The Louisiana Department of Transportation and Development (LaDOTD) 
allows only 20-25% of RAP in asphalt mixtures used for the wearing course with a nominal 
maximum aggregate size (NMAS) of 0.5 in. (12.5 mm) and 0.75 in. (19 mm). The produced asphalt 
mixtures in this study contain 0%, 25%, and 35% RAP contents to investigate the effect of using 
these WMA technologies on the performance of mixtures with high RAP content (Task 2). The 
prepared mixtures have been short- and long-term oven-aged (STOA and LTOA) and were tested 
against permanent deformation and moisture damage using the Loaded Wheel Tracker (LWT) test 
at high temperature (Task 3), and against cracking using the Semi-Circular Bending (SCB) test at 
intermediate temperature (Task 4). Furthermore, the rheological properties of the extracted and 
recovered binders from the prepared mixtures were evaluated in the laboratory using Dynamic 
Shear Rheometer (DSR) and correlated to the mixtures testing results. The results of these 
laboratory tests compared to those of a control Hot-Mix Asphalt (HMA) and WMA mixture to 
evaluate the effects of using WMA additives on the mixture performance (Task 5). 

The primary objective of this study is to enhance the performance of asphalt mixtures containing 
high RAP content in Region 6 using different WMA technologies. In this project, the effect of 
utilizing high RAP content on the performance of different WMA mixtures against rutting, 
moisture damage, and fatigue cracking was evaluated. 

This study concludes that extracted and recovered binders coming from WMA mixtures containing 
RAP have a lower value of the Jnr compared to the HMA control mixture. This is an indication of 
the better performance of combining WMA technologies and RAP materials against the permanent 
deformation. Moreover, findings from the LWT test agreed with the results from the MSCR test 
and the rutting resistance of the asphalt mixtures has an increasing rate by applying more 
percentages of RAP materials in both WMA and HMA mixtures. The fracture resistance is found 
to be enhanced with the incorporation of RAP and WMA technologies. Such a trend in the present 
research work may be attributed to the softening effect of the rejuvenator, WMA additives, and 
the lower performing temperature. Overall fracture resistance performance of WMA-RAP 
mixtures is observed to be better compared to HMA-RAP mixtures. Moreover, the results of the 
LAS test show that the incorporation of RAP materials and WMA technologies is associated with 
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improved fatigue life of the WMA-RAP mixtures. The better performances of mixtures containing 
RAP against cracking, which is in contradiction to what would be expected from high RAP 
mixtures, can come from WMA additives. 
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1. INTRODUCTION 

The use of the reclaimed asphalt pavement (RAP) in asphalt mixtures is economically and 
environmentally beneficial compared to the conventional asphalt mixtures without RAP. The 
economic benefits of using RAP include a reduction in the use of virgin aggregates and 
transportation costs, whereas the environmental benefits include lower consumption of non-
renewable resources (aggregates), and reduction in gas emission otherwise required to produce 
virgin aggregates. 

For asphalt mixtures containing the higher value of RAP, the incorporation of the aged binder from 
the RAP and long-term exposure to air and sunlight during service life can increase stiffness and 
brittleness of the asphalt mixtures (1). Therefore, asphalt mixtures with high RAP contents are 
susceptible to the development of intermediate- and low-temperature cracking (2,3). Low-
temperature cracking or thermal cracking is one of the most prevalent asphalt pavement distresses 
which can result in performance problems of the pavement structures. On the other hand, it has 
been proved in another study that the increment in stiffness with the addition of RAP will 
negatively impact the fatigue and low-temperature cracking properties of asphalt mixtures (2,4). 
Significant efforts have been made to control and decrease the negative impacts of the addition of 
RAP to asphalt mixtures. Warm-mix asphalt (WMA) technologies have been widely used in the 
United States (US) and worldwide to reduce production and construction costs, extend 
construction season, improve field compaction, and enhance working conditions without affecting 
in-service performance (5,6,7). One of the most important benefits of using WMA technologies is 
allowing more utilization of RAP if recycling agents or rejuvenators are appropriately used to 
enhance the level of blending between RAP and virgin asphalt binders (8). WMA technologies 
also reduce viscosity at a lower temperature for better compaction of mixtures with recycled 
materials, decrease the aging rate by lowering the production and construction temperatures. In the 
case of WMA mixtures, the results showed that decreasing the production temperatures would 
result in decreasing the binder aging. Thus, high proportions of RAP could be used in WMA 
mixtures (9). 

The most common types of WMA technologies are classified based on the type of additives used 
as a foaming, organic or wax additives, and chemical additives. The primary objective of this 
research project is to evaluate the performance of asphalt mixtures containing RAP content higher 
than the allowable in Louisiana by using different WMA technologies. In this research project, 
three WMA technologies: Sasobit® (organic), Evotherm® (chemical), and Advera® (foaming) 
are used to prepare different asphalt mixtures with high contents of RAP. The Louisiana 
Department of Transportation and Development (LaDOTD) allows only 20 to 25% of RAP in 
asphalt mixtures of the wearing course with a nominal maximum aggregate size (NMAS) of 0.5 
in. (12.5 mm) and 0.75 in. (19 mm), respectively (10). This research is aimed to investigate the 
effect of using these WMA technologies on the performance of 0.5 in. NMAS mixtures with 0%, 
25%, and 35% RAP contents. The prepared mixtures were short- and long-term oven aged to be 
tested against permanent deformation and moisture damage using the Loaded Wheel Tracker 
(LWT) test at a high temperature, and against cracking using the Semi-Circular Bending (SCB) 
test at an intermediate temperature. Besides, the rheological properties of the extracted and 
recovered binders from the prepared mixtures were evaluated using Dynamic Shear Rheometer 
(DSR) and compared to the mixtures testing results. The results of these laboratory tests were also 
compared to those of a control HMA mixture – with and without RAP – to evaluate the impact of 
using WMA additives, and with a WMA mixture that has no RAP. 
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2. OBJECTIVES 

The primary objective of this study is to enhance the performance of asphalt mixtures containing 
high RAP content mainly in Louisiana and using different WMA technologies. In this project, the 
effect of utilizing high RAP content on the performance of different WMA mixtures against 
rutting, moisture damage, and fatigue cracking is evaluated. To achieve the primary objective of 
this project, two phases are included: Technical Phase and Implementation Phase. Technical Phase 
includes six tasks as follows: 

- Conduct an in-depth literature review; 
- Preparation of asphalt mixtures for testing; 
- Evaluation of rutting and moisture damage resistance of short-term aged asphalt mixtures 

using Loaded Wheel Tracker (LWT) test at high temperature; 
- Evaluation of cracking resistance for long-term aged asphalt mixtures using the Semi-

Circular Bending (SCB) test at an intermediate temperature; 
- Evaluation of the rheological properties of the extracted and recovered binders from the 

produced mixtures using Dynamic Shear Rheometer (DSR); and 
- Preparation and submission of the final report of the project. 

The Implementation Phase includes: 

- Technology Transfer (T2) activities 
- Education and Workforce Development activities; and 
- Outreach Activities. 
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3. LITERATURE REVIEW 

3.1. The use of reclaimed asphalt pavement (RAP) materials in new asphalt 
mixtures 
The use of reclaimed asphalt pavement (RAP) has gained increasing popularity as an 
environmentally friendly and cost-effective approach in asphalt mixture design. The economic 
benefits of using RAP include a reduction in the use of virgin aggregates and transportation costs 
whereas the environmental benefits include lower consumption of non-renewable resources (e.g., 
aggregates), and reduction in gas emission otherwise required to produce virgin asphalt mixtures. 

According to the most recent National Asphalt Pavement Association (NAPA) survey on recycled 
materials, the average percentage of RAP used in asphalt mixtures has increased from 15.6% in 
2009 to 21.1% in 2018 (11). A study by Al-Qadi et al. (12) showed an increase in RAP usage by 
many state agencies between 2007 and 2009. At the time, the recommended maximum limit of 
using RAP in the mixture was used to be 25%, however, many agencies used only 20%. Through 
the years this limit has reached 100% RAP at times, however, a consensus has not been reached 
by agencies regarding the maximum limit of RAP that can be added to virgin mixture without 
compromising the performance of asphalt pavements (13). An experimental study by Valdés et al. 
(14) showed that by proper handling of RAP stockpiles, a high rate of RAP could be added to 
asphalt mixtures. Contrary to its economic and environmental benefits, the introduction of aged 
binders from RAP into virgin asphalt mixtures increases the stiffness and reduces the relaxation 
capability of the asphalt pavements (15). Due to this, mixtures with high RAP content exhibit 
higher susceptibility to intermediate and low temperature cracking (4,5,6). Test results from the 
dynamic modulus test have shown an increment in stiffness with an increase in RAP content (17). 
The increment in stiffness caused by the addition of 25% of RAP as compared to virgin mixtures 
was quantified and was found to be equivalent to an increment in stiffness for a bump in one level 
of PG binder grade (18). A study by Boriack et al. (19) showed an increment in stiffness up to 
400% for mixtures containing 100% RAP as compared to virgin mixtures. Due to such increment 
in stiffness, the addition of RAP is associated with improvement in rutting resistance (10,3). A 
study West et al. (21) simulated actual heavy traffic loading suggested that mixtures up to 50% 
RAP content exhibited an enhanced rutting resistance. A study by Magawer et al. (22) evaluated 
different percentages of RAP contents ranging from 0 to 40 % and different binder performance 
grades (PG 52-34, PG 58-28, PG 64-28) and showed the positive impact of the addition of RAP 
into the mixtures on rutting performance. Moreover, the results of a study by Moghadas et al. (23) 
showed 60% of RAP improved rutting resistance of asphalt mixture by increasing the viscosity of 
the mixture. 

On the other hand, the increment in stiffness with the addition of RAP has shown to impact the 
fatigue and low-temperature cracking resistance of asphalt mixtures negatively (4,14). To address 
the negative impact of the addition of RAP on asphalt mixture performance, different studies have 
been undertaken. As part of this effort, the field performance of the asphalt mixtures containing a 
high percentage of RAP was evaluated using the Long-Term Pavement Performance (LTPP) data 
(24). A comparison was made between the performance of RAP and virgin asphalt overlays 
showed that the use of RAP slightly increased the risk of fatigue cracking and weakened pavement 
structure, while it increased the rutting resistance. A study by McDaniel et al. (16) indicated a 
reduction in low-temperature cracking resistance property with the addition of RAP. Studies on 
moisture susceptibility showed the pre-existing coating of the aggregate in the RAP reduces 
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stripping from happening. The findings from different studies support this hypothesis that an 
increase in RAP content results in better moisture resistance (15,3,16). A study by West et al. (27) 
compared the performance of virgin and recycled mixtures using data from LTPP based on data 
from 18 states and concluded equivalent performance as virgin mixtures could be attained for 
mixtures containing up to 30% RAP by making a certain adjustment to the mixture. It could be 
concluded that the rutting performance of asphalt mixtures has improved using RAP, while the 
fatigue and thermal performance has been inconsistent. Thermal resistance is typically lowered 
because of the stiffer nature of the recycled mixtures (18). 

Several studies have been conducted to counter-effect the negative impacts of the RAP on fatigue 
cracking resistance of the asphalt mixtures. A study by Haghshenas et al. (28) investigated the 
effects of three types of rejuvenators on fatigue performance when they are added to aged asphalt 
materials. The dosage level of rejuvenators was selected from binder PG testing by considering 
binders PG recovery. Based on the Semi-Circular Bending (SCB) fracture test results, asphalt 
mixtures treated with rejuvenators showed improved fracture resistance compared to 
unrejuvenated mixtures. Moreover, another study by Kaseer et al. (29) focused on the stiffness 
characterization of recycled asphalt mixtures containing a recycle agent (RA). The test results 
indicated that the softening effect of RA was diminished with the aging level of high recycled 
materials, and recycled mixtures with a softer and virgin binder and higher value of RA showed 
acceptable stiffness and relaxation properties after short- and long-term oven-aging (STOA and 
LTOA). To investigate the effects of rejuvenation additives on the rutting and cracking resistance 
of RAP mixtures, laboratory testing was conducted in a study by Kodippily et al. (30) on 11 RAP 
mixtures that were produced with RAP proportions of 15% and 30% and different types of 
rejuvenating agents. Based on the results, the fatigue performance of rejuvenated 30% of RAP 
mixtures was similar to the 15% RAP mixtures without any rejuvenating agents. Explaining how 
using rejuvenating agents can allow the use of higher RAP quantities without compromising the 
mixture performance (30). 

According to the literature, the following methods and approaches are commonly implemented to 
counter-effect the negative impact of RAP on cracking resistance of asphalt mixtures: 

 Limiting the usage of RAP in the mixtures; 
 Using a softer binder than it is required for virgin mixtures; 
 Introducing rejuvenators to asphalt mixtures; 
 Attaining a lower density during construction; and 
 Introducing WMA technology to asphalt mixtures. 

In this study, different WMA technologies and one type of rejuvenator were used to evaluate their 
effect on the performance of prepared mixtures against rutting and cracking resistance. 

3.2. WMA technologies and performance 

Since its first introduction in 2004, the Warm-mix asphalt (WMA) technology has been widely 
used in the United States. The WMA mixtures have been used worldwide to save energy and 
reduce emissions throughout the production process without decreasing the in-service performance 
(6). Figure 1 shows the cumulative number of publications on WMA technologies and their use 
over the years from January 2000 to October 2019. Based on the plot, there is rapid progress in the 
number of publications in the last ten years. 
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A research effort was conducted by Bennert et al. (31) to show the higher workability of mixtures 
with WMA additives compared to conventional hot-mix asphalt (HMA) mixtures. This is 
beneficial due to its positive impact on global warming, air pollution, as well as fuel efficiency. 
Rughooputh et al. (32) concluded that the incorporation of WMA into mixtures containing up to 
25% RAP will provide a better working environment in tropical weather by a reduction in fumes. 
A study by Mohammad et al. (33) utilized various WMA technologies to evaluate the laboratory 
performance of WMA and compared the expending cost of WMA and emission data to HMA 
mixtures. The results showed that there is a similar performance between WMA and HMA whereas 
there is a significant reduction in air pollution and cost. Moreover, based on the results from 
previous studies on the different WMA technologies and their effects on the performance of WMA 
binders and mixtures, WMA technologies can decrease environmental pollution, production cost, 
and energy usage, and improve the workability and compatibility of asphalt mixtures (34). Some 
studies also showed that there is no significant difference between the volumetric properties of the 
WMA and the corresponding HMA mixtures. 

Figure 1. The cumulative number of publications on WMA over years (34). 

3.2.1. Warm-mix asphalt (WMA) technologies 

WMA technologies or additives can be categorized into three main categories of foaming 
technologies, chemical additives, and organic or wax additives (6). Several factors should be 
considered to select the most suitable technology and its optimized value for pavement projects. 
WMA technologies by changing the binder rheological properties such as viscosity allow reducing 
the mixing and compaction temperatures of the asphalt mixtures. Jamshidi et al. (35) described 
three non-dimensional factors to characterize the changes in viscosity, rutting factor, and fatigue 
parameter to examine different WMA additives. In the following sections, a summary of studies 
that have been conducted based on the different types of WMA technologies in the asphalt industry 
is presented. 

Organic Additives: 

The addition of organic additives like organic wax to the binder or asphalt mixture could result in 
reducing the viscosity of the binder. Organic wax can act as a modifier and allows the aggregate 
to move more freely in the binder. Also, it decreases the viscosity of the binder which reduces the 
mixing temperature compared to the conventional mixing temperature used for HMAs. It can be 
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stated that using organic additives allows a mixing temperature reduction of 20–30°C (14,9). When 
the asphalt binder cools, the additive forms a lattice structure of microscopic particles which can 
result in increasing the binder stiffness and its resistance to deformation (36). Sasobit® shown in 
Figure 2(a) is one of the most common commercial organic additives, which is produced from 
natural gas using the so-called Fisher–Tropsch (FT) process (14,15). Sasobit could be added to the 
HMA mixture directly as a pill during the mixing process, or it could be blended with a hot binder 
then added to the hot aggregates. Sasobit could be blended with the hot binder manually or 
mechanically, however, there is no need for a high-sheer mixer. The melting temperature of the 
Sasobit is 216°F (102°C), so it is completely soluble in the asphalt binder at temperatures higher 
than 248°F (120°C) (38). It is recommended to use Sasobit at the rate of 0.8 to 4 percent by weight 
of the binder (6). 

(a) (b) (c) 
Figure 2. WMA technologies selected for this project: (a) Sasobit (organic), (b) Evotherm (chemical), and (c) Advera 
(foaming). 

Chemical Additives: 

Different types of chemical additives have been introduced and discussed in the literature review. 
Evotherm® shown in Figure 2(b) is one of the most typical chemical WMA additives that is used 
to enhance the coating rate of the aggregate particle by binder. Evotherm is a dark liquid chemical 
additive including surfactants that reduce the surface tension between a solid and a liquid or two 
liquids (33). Evotherm is designed to allow a lower temperature for producing asphalt mixtures. 
Interacting between hot aggregates and Evotherm during the production process causes the water 
in the emulsion to be evaporated and the binder covers the hot aggregates properly (6). Findings 
from a study by Dai Lu et al. (39) showed mixing and compaction temperature reduction of asphalt 
mixtures about 20–30°C. It can be added directly to the heated binder just before mixing with 
aggregate, or it can be added to the preheated asphalt binder and be kept in storage. Recommended 
dosage can be different for unmodified binders and modified binders. It is recommended to use 
0.30 to 0.75 percent by weight of the total binder for polymer-modified binders, and it could be 
added directly to the heated binder at 244°F (118°C) for polymer-modified binders before the 
mixing. 

Foaming Technologies: 

Foaming technology could be divided into two main groups. In the first group, water is added to 
the mixing process using specific equipment to generate foaming. In the second group, a finely 
crushed synthetic zeolite (a crystalline hydrated aluminum silicate), which contains about 20% of 
water trapped in its structure is introduced to the mixing process (7,10). Advera® shown in Figure 
2(c) is one of the famous foaming additives and after adding it to the binder, there will be a sudden 
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decrease in the temperature as a part of the energy is used to vaporize the moisture (13,6). The 
released steam is encapsulated by the binder and it will result in a temporary volume expansion of 
the binder and reduction in the binder viscosity at the same time (7,14). Advera is one of the 
Zeolites foaming technologies in a powder shape that makes it easier to produce a laboratory WMA 
mixture. It is recommended to add around 5% by the weight of the binder (6). By adding Advera 
to the mixture at the same time as the binder, a very fine water spray is created. This release of 
water creates a volume expansion of the binder that results in asphalt foam and allows increased 
workability and aggregate coating at lower temperatures (9). Zeolite technologies can reach a 
reduction in mixing and compacting temperatures around 86°F (30°C). It is recommended to avoid 
adding Advera to the binder before mixing because it might result in evaporating the internal 
moisture before it is needed (43). 

3.2.2. WMA mixtures performance 

WMA mixtures require lower mixing and compaction temperatures, approximately 212°F to 
285°F (100°C to 140°C), as compared to HMAs, approximately 295°F to 330°F (145°C to 165°C) 
subsequently lowering the aging that takes place during production and placement (44). This is 
because the required viscosity for mixing and compaction can be attained by applying a minimum 
heat. Therefore, it is expected to see less rutting resistance for WMA mixtures compared to HMA 
due to the less aging condition used in their preparation process (45). Based on the results of the 
previous studies, Sasobit has been widely used as an organic additive to increase the rutting 
resistance of WMA mixtures, while Advera and Rediset (chemical additives) have been found to 
reduce the rutting resistance of the WMA mixtures (35,5). This is because Sasobit includes a lot 
of wax crystals, which are harder than other additives. Based on the findings from a study by Mohd 
Hasan et al. (46), it has been found that Advera demonstrates better fatigue life compared to the 
other WMA technologies. It is recommended to use a soft binder with the WMA mixtures 
containing Sasobit to improve the fatigue life of mixtures (47). 

In terms of environmental benefits, the lower mixing and compaction temperature provides an 18 
to 30% reduction in energy consumption compared to the conventional HMA (47,48,49). 
Moreover, the economic benefits of the use of WMA technologies regarding fuel usage include up 
to a 20-25% decrease in fuel consumption (6,50). Based on the findings from previous studies, 
depending on the technology, about 10 to 30% of cost reduction has been reported in the lifecycles 
cost assessment of WMA technologies (47,51). 

Asphalt pavement's resistance to moisture damage may decrease over the service life due to the 
reduced adhesion between the binder and the aggregate. Moisture susceptibility of WMA mixtures 
could be affected by various factors such as the type, gradation, and moisture content of the 
aggregates, the type and source of the binder, and the binder aggregate adhesion (53). In a study 
by Wen et al. (37) the long-term field performance of the WMA and HMA pavements in the term 
of moisture resistance was compared, and no moisture damage or raveling was observed for the 
selected projects in the field. However, based on the Hamburg Wheel-Tracking (HWT) test results, 
mixtures without an antistripping agent exhibited stripping inflection points (SIPs). Therefore, it 
is recommended to use an antistripping agent in both HMA and WMA mixtures. Moreover, it has 
been found that the reduction in mixing and compaction temperatures may cause adhesion failure 
due to some moisture that might still exist in the aggregates (38). 
Low temperature cracking resistance of wax modified asphalt binders were studied using the 
Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR)(54). Based on the results, 
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a minor negative effect of wax modification has been observed at low temperatures. In a recent 
study by Luo et al. (55) the effect of a new WMA additive, Siligate, on low-temperature 
performance of asphalt binders has been compared with Sasobit and Evotherm. The results showed 
that the addition of Siligate, can significantly decrease the critical cracking temperature of asphalt 
binders, which are not achievable with the use of the other two additives. In another study by Xu 
et al. (56), thermal stress and ductile resistance of the asphalt binders mixed with Sasobit and ET-
3100, as two different types of warm mix additives, have been evaluated. The results indicate that 
the addition of Sasobit increased the thermal stress of the bitumen, and with increasing the rate of 
the Sasobit its low-temperature critical cracking temperature increases linearly while the effect of 
ET-3100 is not significant. Also, the ductile resistance of asphalt binders containing Sasobit 
decreased as the blending amount increased. 

Lee and Kim (5) summarized the benefits of WMA mixtures as follows: 

 Reduced consumption of fuel to heat the aggregates; 
 Less aging of the asphalt binder during production and placement of the asphalt mixture; 
 Reduced mixing and compaction temperature leading to lower emission of heat; 
 Allow incorporation of a higher percentage of RAP; and 
 Allow achievement of higher compaction density. 

In this study, all common WMA technologies were used, and the performance of the produced 
WMA mixtures have been compared using these three common technologies. The WMA 
technologies used in this research project are Sasobit® (organic), Evotherm® (chemical), and 
Advera® (foaming). 

3.3. WMA mixtures containing high RAP content 

As it has been mentioned in previous sections, the use of RAP in new asphalt mixtures has gained 
increasing popularity in recent years, however, a consensus has not been reached by agencies 
regarding the maximum limit of RAP that can be added to the new asphalt mixtures. Therefore, 
there is a strong need to evaluate the performance of the asphalt mixtures containing RAP content 
higher than the allowable RAP percentage in the state. At the time, the maximum allowable content 
specified by the Louisiana Department of Transportation and Development is 20-25% for the 
wearing course of the new asphalt mixtures. Binder aging is one of the main concerns of producing 
asphalt mixtures at high temperatures. Therefore, it is not recommended to use high proportions 
of RAP in conventional HMA production since RAP binders are aged already. However, in the 
case of WMA production, the results showed that decreasing the production temperatures would 
result in decreasing the binder aging. Thus, high proportions of RAP could be used in WMA (57). 
A concern associated with the use of RAP is the blending of the virgin and RAP binders during 
asphalt mix production, storage, and placement. In the asphalt mixtures containing RAP, the 
assumption is that the blending level between RAP binder and virgin binder is 100% and the aged 
binder in the RAP is totally effective (18). However, it is hard to get a 100% blending degree of 
absorbed binder portion in RAP and virgin binder in the blending process (58). Based on the 
rheological properties of asphalt binder measured with a dynamic shear rheometer (DSR) in a 
study by He et al. (59), a full blending of the age-hardened binder and the new binder was achieved 
during HMA mixing and construction, while only partial blending was observed during WMA 
production and construction. The phenomenon of the blending of the virgin binder with a binder 
from RAP is an ongoing issue that has not been fully investigated yet. It is recommended to use a 
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softer binder when using a high percentage of RAP. However, findings from previous studies show 
that the use of asphalt rejuvenator agents allows the incorporation of more reclaimed material than 
using a softer binder (23,24). 

3.3.1. WMA-RAP mixtures performance 

Different types and dosages of WMA additives show different effects on the rutting and cracking 
performance of WMA mixtures. Zhao et al. (45) found that foaming technology presented lower 
rutting resistance than corresponding HMA mixtures regardless of RAP content. For mixtures with 
a high RAP content, different researchers have shown the benefits of WMA additives. The addition 
of these components has been found to improve the cracking resistance of asphalt mixtures. A 
study by NCAT (61) and a study by Vargas et al. (62) shown mixtures with 50% RAP content 
produced at a warm mixing temperature exhibited a good rutting and cracking resistance. A study 
by Zaumanis et al. (36) concluded that the lowered viscosity due to the use of WMA could enable 
agencies to incorporate more RAP into their mixtures. A study by Faheem et al. (63) evaluated the 
volumetric limits of the asphalt mixtures by changing different factors as RAP content, 
mixing/compaction temperatures, WMA type, and other factors. Comparing 15 and 30 percent of 
the RAP showed that 15% of RAP WMA mixes could meet volumetric limits. However, at 30% 
RAP, a hot production temperature is required to achieve the same level of compaction. 

A study by Mogawer et al. (22) showed that for asphalt rubber gap-graded mixtures that contain 
RAP up to 40%, the cracking resistance was significantly improved when WMA is introduced. 
Another study by Magawer et al. (64) also showed that the addition of WMA improved the 
reflective cracking performance of asphalt mixtures. Sol-Sánchez et al. (65) used the three main 
technologies (i.e., chemical additives, organic additives, and the foaming process) for producing 
WMA to compare the fatigue-cracking life of the WMA and HMA. The results revealed that there 
is similar resistance to fatigue cracking and there is no significant difference between various types 
of technologies. Additionally, the results of a literature review on the use of different WMA 
technologies illustrated the fact that the fatigue resistance of WMA mixtures containing RAP could 
be improved with organic additives while it could be decreased in the presence of chemical 
additives and foaming technology (34). 

Further, Zhao et al. (45) assessed the rutting resistance, moisture susceptibility, and fatigue 
resistance of WMA mixtures containing a range of 0% up to 50% RAP based on the laboratory 
performance tests. The results revealed that WMA mixtures with higher percentages of RAP 
presented higher resistance to rutting, better resistance to moisture damage, and better fatigue 
cracking. Another study by Fakhri et al. (66) found the improving impact of glass fiber and RAP 
percentage on the performance of the WMA mixture by observing the results that come from the 
KN Toosi University of technology Wheel track test. Zhu et al. (67) studied rutting and fatigue 
performance of WMA mastic containing a high percentage of artificial RAP binders (i.e., 50%). 
In this study, two types of WMA additives with the filler/asphalt ratio ranging from 0.0 to 1.5 was 
used. It was found that depending on the WMA additives, the high-temperature performance of 
the asphalt mixtures could be different, and the effect of mineral fillers and WMA additives on the 
fatigue resistance of asphalt mastic also is highly dependent on the load mode. 

A study by Alsalihi et al. (63) showed that for WMA mixtures with high RAP content (i.e., 15% 
and 30%), lower production temperature, and RAP source have a significant effect on the 
workability and stability of the mixture. A study by Wang et al. (68) analyzed the performance of 
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mixtures with a high percentage of artificial RAP binders (up to 70%) and WMA additives. The 
test results exhibited that artificial RAP content and WMA additive type affected the performance 
of recycled binders. It should be noted that an artificial RAP binder refers to the RAP binder that 
is artificially obtained through RTFO and PAV aging rather than the RAP binder extracted from 
milled materials. Further, another study by Zhou et al. has been conducted to understand whether 
WMA additives can counter the negative impact of adding 50% RAP to asphalt mixtures. Also, 
SBR latex was used as a modified additive. SBR latex is a milk-white liquid at a normal 
temperature, and it is usually used to improve the performance of the conventional asphalt mixtures 
(69). It can be seen from the test results that high RAP-WMA mixtures have potential problems 
of fatigue cracking. While the addition of SBR latex can improve fatigue cracking performance of 
high RAP-WMA mixtures without sacrificing the rutting performance of mixtures (70). A study 
by Doyle and Howard (71) showed that 50% of RAP in WMA mixtures might be suitable for use 
in surface layers. However, another study by Mogawer et al. (72) showed that WMA with RAP 
contents up to approximately 50% RAP provided an acceptable laboratory performance. Case 
studies from Germany, Netherlands, and South Africa have reported up to 50% RAP content in 
mixtures (42,55). Dinis-Almeida et al. (74) conducted a study to evaluate the performance of 
several WMA mixtures containing 100% of RAP and different emulsion content. The test results 
show that WMA containing a high percentage of RAP could be used in road pavements instead of 
conventional HMA. Moreover, the results of another study by Monu et al. (75) showed that 
incorporation of WMA in dense bituminous macadam (DBM) mixtures containing 35% RAP 
could ensure the longevity of the mixtures even in the worst conditions of moisture. 

A study by Doyle and Howard (71) showed that WMA technology could be used with high RAP 
content (i.e., 25% and 50%) to produce mixtures that are more resistant to moisture damage. A 
study by Solaimanian et al. (76) showed that the measurement of Tensile Strength Ratio (TSR) 
indicated RAP mixtures with WMA showed less susceptibility to moisture. On the other hand, the 
study of Guo et al. (78) showed that WMA mixtures without RAP exhibited better moisture and 
low temperature cracking resistance. A recent study by Goli et al. (79) evaluated the effect of 
moisture on the performance of the WMA-RAP mixture in all service temperatures using 
experimental methods including Resilient Modulus, Indirect Tensile Strength (ITS), Indirect 
Tensile (IDT) fatigue failure, Semi-Circular Bending (SCB), and Dynamic Creep tests. Results 
showed that even though WMA mixtures containing RAP have hydrophilic and moisture-sensitive 
aggregates, they have an acceptable performance against the effect of moisture. An investigation 
has been conducted to evaluate the performance of the WMA open-graded (OG) mixtures 
containing 15% RAP in the case of adhesion properties and durability. The results showed that 
although mixtures have good compatibility and satisfying mechanical acceptance requirements, 
significant water susceptibility has been observed for the OG-WMA mixtures (80). 

3.3.2. WMA-RAP mixtures with rejuvenators 

In general, softening agents are used to reducing modulus or viscosity of the asphalt binders, while 
rejuvenators are used to reverses the impact of aging on asphalt performance, properties, and 
durability (81). Results of a study by Gue et al. (78) showed that the use of rejuvenator in asphalt 
mixtures can increase the upper limit of RAP content, however, the use of too much rejuvenator 
excessively softened the aged asphalt binder and can decrease the rutting performance of the 
asphalt mixtures. Xuan Dai Lu et al. (82) investigated the possibility of adding rejuvenator to 
produce high-performing WMA mixtures containing high amounts of RAP materials. The results 
showed that adding rejuvenator directly into the RAP significantly improved the moisture 
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resistance of WMA mixtures containing more than 50% of RAP. Fatigue cracking and rutting 
resistance of WMA mixture with a high amount of RAP (up to 70%) were evaluated by Xuan Dai 
Lu et al. (83). The results showed that increasing RAP would result in improved rutting 
performance, while fatigue resistance will increase only by adding rejuvenator to the mixture. 
Further, the results of a study by Yousefi et al. (84) showed that rejuvenators can be applied in 
WMA and HMA mixtures to mitigate the negative effects associated with the incorporation of 
RAP into asphalt mixtures. Another laboratory-based study by Farooq and Mir (85) evaluated the 
mechanical properties of the WMA mixtures by adding different percentages of the rejuvenator. 
The results showed that using a rejuvenator allows accommodating up to 60% RAP in the WMA 
mixtures. An experimental study by Mirhosseini et al. (86) investigates the use of high percentages 
of RAP (i.e., up to 90%) in WMA using bio-oil rejuvenator. Results indicated that the effect of 
adding 90% of RAP in the mix design is balanced by introducing both the rejuvenator in the blend 
and the WMA additive. Test results demonstrated higher fatigue life and improvement in moisture 
resistance of WMA mixtures containing 90% RAP and bio-oil rejuvenator. Another study by Song 
et al. (87) also showed that WMA technology and the use of rejuvenator would improve the 
performance of the pavements containing up to 50% of RAP. 

In this study, one type of rejuvenator at various percentages by the total weight of binder depending 
on the percentage of RAP has been used. 

3.4. The use of RAP materials and WMA mixtures in the South-Central states 

Results of research by Kentucky Transportation Center and the University of Kentucky (88) 
indicated that WMA technologies are being used in all of the southeastern states, and all of the 
states have made modifications in standard specifications and special requirements to permit the 
use of WMA. In this part of the study, the specifications for the RAP and WMA technologies use 
in the south-central states (i.e., Arkansas, Louisiana, New Mexico, Oklahoma, and Texas) are 
reviewed and discussed. 

3.4.1. Current regional specifications on the use of RAP materials 

There are sections in the specifications of the south-central states discussing the use of RAP in 
asphalt mixtures, however, they vary in requirements and detailed information. Table 1 lists the 
sections that are discussing the use of RAP in different specifications. The specifications of each 
south-central state mention that there are allowable percentages of RAP that can be used in asphalt 
mixtures. Table 2 shows the maximum percentage of the RAP content in asphalt mixtures as per 
DOTs specifications. 

By reviewing the Arkansas DOT specifications (89), it is mentioned that up to 30% RAP can be 
used in new asphalt mixtures. However, there are no particular procedures for the addition of RAP 
to asphalt mixtures mentioned in the Arkansas specification. According to the Arkansas 
specification, an approved softening agent may have to be used in mixtures containing RAP in 
addition to virgin materials. 

The requirements and check processes for RAP stockpiles differ between the south-central states. 
According to the Arkansas specification, temperature viscosity curves must be submitted if any 
binder besides PG 64-22 and more than 15% RAP is used in the mixture. Moreover, Arkansas 
specifications state that the design of asphalt mixtures containing RAP must follow the guidelines 
for all virgin mixtures, and the size of RAP aggregates should be lower than is 3 in. (75 mm). 
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Table 1. The Sections that are Discussing the Use of RAP in Different Specifications. 

South-
Central States 

Specifications Sections 

New Mexico 
Standard Specifications for 

Highway and Bridge 
Construction (2019) 

412.1, 412.3.2.3, 413.1, 413.3.1.1, 413.3.1.2, 413.3.1.7, 
413.3.2.3, 413.3.2.8, 413.3.2.9, 417.2.3, 423.2.1, 423.2.2.1.2, 

423.2.2.4, and 902.2.1.6 

Oklahoma 
Oklahoma Department of 

Transportation Commission 
(2009) 

411.03 (A), and 708.04 (C) 

Louisiana 
Louisiana Standard 

Specifications for Roads and 
Bridges (2016) 

501.02.7, 502.02.3.2, 502.03.1, 503.02.2, 503.03.4, and 
503.03.5 

Texas 

Standard Specifications for 
Construction and Maintenance 

of Highways, Streets, and 
Bridges (2014) 

320.2.1.1.2, 340.2.1, 340.2.1.1.1, 340.2.1.3, 340.2.7, 
340.2.7.1, 340.2.7.2, 340.2.8, 341.2.1, 341.2.1.1.1, 341.2.1.3, 
341.2.7, 341.2.7.1, 341.2.7.2, 342.2.1, 342.2.1.1.1, 342.2.6, 

342.2.6.1, 342.2.6.2, 344.2.1, 344.2.1.1.1, 344.2.1.3, 344.2.7, 
344.2.7.1, 344.2.7.2, 344.2.8, 346.2.1, 346.2.1.1.1, 346.2.1.3, 

346.2.7, 346.2.7.1, and 346.2.7.2 

Arkansas 

Arkansas State Highway and 
Transportation Department: 
Standard Specifications for 

Highway Construction (2014 
Edition) 

416 

Table 2. Maximum Percentage of the RAP Content in Asphalt Mixtures as per Specifications. 

South-Central States Maximum RAP, % Considerations 

New Mexico 
35 The binder grade should change 
15 Without changing the binder grade 
25 PG 64-22 

Oklahoma 15 PG 70-28 
15 PG 76-28 

Louisiana 20 Maximum aggregate size should be 12.5 mm and 19 mm 

Texas 
20 Fractionated RAP 
10 Unfractionated RAP 

Arkansas 30 -

New Mexico’s DOT specifications (90) state that no more than 35% RAP (by weight) can be used 
in HMA mixtures, and up to 15% (by weight) can be used without changing the binder grade. 
There is no specific procedure for the addition of RAP to asphalt mixtures mentioned in New 
Mexico specifications. However, New Mexico specifications state that the Contractor must 
perform process control testing on the RAP and check for “deleterious materials” so that it can be 
included in the mixture. It states that an asphalt rejuvenating agent may have to be used to revive 
the properties of the RAP binder. Moreover, it states that 100% of RAP aggregate must pass 
through a 1-1/2-inch sieve to be used in asphalt mixtures. However, the top size may be reduced 
to 1/2 inch or stockpiles may be split into three to adjust the consistency of the mixture. 

Oklahoma’s DOT specifications (91) mention that up to 25% RAP can be used if it is not in the 
surface layer and meets the requirements for the binder grade being used. There is no explicit 
procedure for the addition of RAP to asphalt in Oklahoma’s specifications. However, it is 
mentioned that the insoluble residue content must be measured to adjust the proportion of natural 
sand and gravel in the RAP materials. Moreover, Oklahoma specifications state that asphalt 
mixtures with reclaimed materials should not be exposed to the burner flame or high-temperature 
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combustion gas. It also states that when RAP is used in a Superpave mixture, 100% of the course 
stockpile must pass through a 1-1/2-inch sieve and 100% of the fine stockpile must pass through 
a 5/8-inch, 1/2-inch, or 3/8-inch sieve. 

According to Louisiana DOTD specifications (10), the maximum percentage of RAP allowed in a 
wearing course mixture is 20% when the maximum aggregate size is 1/2-inch and 3/4-inch. 
Louisiana specifications also state that RAP must be added to the dryer in a location in a manner 
that does not expose it directly to the flame. The method of addition of RAP to the dryer should 
be followed according to the recommendation made by the manufacturer. Louisiana specifications 
are silent about the check processes for RAP stockpiles and the guidelines for the design of asphalt 
mixtures containing RAP. However, it mentions that the maximum size for RAP aggregate is 1 
inch (25.4 mm). 

Texas DOT specifications (92) state that the maximum allowable amount of RAP material in 
asphalt mixtures is 20% fractionated RAP or 10% unfractionated RAP. There is no specific 
procedure for the addition of RAP to asphalt mixtures mentioned in Texas specifications. 
However, the Texas specifications state that RAP that is polluted with objectionable materials, has 
a decantation value over 5%, or a Plasticity Index (PI) over 8 must not be used unless it was 
recovered through extraction or ignition. Texas specifications also state that Contractor-owned and 
Department-owned RAP materials must not be combined in unfractionated RAP stockpiles, but 
fractionated stockpiles of Contractor-owned RAP materials can be replaced with an equal amount 
of Department-owned RAP. Furthermore, Texas specifications state that both the course and fine 
stockpiles of fractionated RAP must only be comprised of a material that passes a 3/8-inch or ½-
inch screen unless otherwise approved and that sand may be added to increase workability. Texas 
specifications also offered the most comprehensible information concerning the use of RAP in 
asphalt mixtures compared to the specifications of the other south-central states. 

3.4.2. Current regional specifications on the use of WMA mixtures 

There are sections in some of the specifications of the south-central state concerning the use of 
WMA technologies in the production of asphalt. Table 3 lists the sections in the specifications of 
the south-central states that mention or discuss WMA technologies and additives. 

There are no sections in Arkansas specifications that mention discussing the use of WMA 
technologies in the production of asphalt mixtures. Therefore, there is an absence of information 
discussing specific WMA technologies, the production process, mix design, and mixing and 
compaction temperatures of WMA-mixtures in the state of Arkansas. 

Table 3. The Sections that are Discussing the Use of WMA in Different Specifications. 

South-
Central States 

Specifications Sections 

New Mexico 
Standard Specifications for 

Highway and Bridge Construction 
(2019) 

424, 902.2.1.3, 902.2.1.7 

Oklahoma 
Oklahoma Department of 

Transportation Commission 
(2009) 

None 

Louisiana 
Louisiana Standard Specifications 

for Roads and Bridges (2016) 
502.02.2.5, 502.03, 502.06, 503.05.2, 503.05.3, 

503.05.3.1, 503.05.3.2 
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South-
Central States 

Texas 

Specifications 

Standard Specifications for 
Construction and Maintenance of 
Highways, Streets, and Bridges 

(2014) 

Sections 

340.2.6.2, 340.2.8:Table 5, 340.4.4.2, 341.2.6.2, 
341.2.8:Table 5, 341.4.3.3, 341.4.4.2, 341.4.2.1.8, 

341.4.5.2, 342.2.5.4, 342.4.3.3, 342.4.4.2, 342.4.4.2.1.9, 
342.4.5.2, 344.2.6.2, 344.2.8, 344.4.3.3, 344.4.4.2, 

344.4.4.2.1.8, 344.4.5.2, 346.2.6.3, 346.4.3.3, 346.4.4.2, 
346.4.4.2.1.8, 346.4.5.2 

Arkansas 

Arkansas State Highway and 
Transportation Department: 
Standard Specifications for 

Highway Construction (2014 
Edition) 

None 

According to the New Mexico specifications, WMA may be manufactured by one or a combination 
of many technologies such as foaming technology, mineral additives, or chemical additives, all of 
which lower the production temperature. However, no section is discussing the production process 
of WMA-mixtures in New Mexico specifications. New Mexico specifications contained the most 
detailed description of the design of WMA-mixtures, stating that WMA-mixtures must contain a 
minimum of 1% hydrated lime, anhydrite-based material, or Portland cement. Moreover, the 
lubricating anti-strip should be approved by the DOT, and the HMA should be tested using 6-inch 
diameter specimens compacted, endure one freeze-thaw cycle, have a visual estimation of interior 
surface moisture damage on a scale of one to five (five being the most damage) and have a tensile 
stress ratio of at least 85%. Furthermore, New Mexico specifications state that it is recommended 
to mix and compact at the maximum allowable temperatures for the mix design according to the 
WMA Additive or Technology Supplier and the Asphalt Binder Supplier and should be between 
215°F and 275°F. 

As previously demonstrated in Table 3, there is no section in Oklahoma specifications that mention 
or discuss the use of WMA technologies in asphalt production. For this reason, there is no 
information provided on the specific WMA technologies, production process, mix design, or 
mixing and compaction temperature of WMA-mixtures in Oklahoma. 

There is no section in Louisiana specifications that discuss the use of specific WMA technologies 
and therefore do not recommend any technology over another. It also does not discuss the 
production process of WMA-mixtures in Louisiana. However, Louisiana specifications do state 
that all WMA-mixtures must be aged for two hours. Moreover, WMA may be used instead of 
HMA if it is produced at a minimum temperature of 275°F. 

According to Texas specifications, WMA mixtures may be produced using any approved WMA 
additives or processes from the DOT’s Material Producer List (MPL). However, no section 
recommends the use of one WMA technology over another. Texas specifications state that the 
burners may have to be adjusted when producing WMA-mixtures to ensure complete combustion 
so that there is no residue from the burner fuel in the mixture. No section in Texas specifications 
discusses the mix design of WMA-mixtures but, it does state that WMA-mixtures must be mixed 
at a temperature between 215 and 275°F. 
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3.4.3. Current regional specifications on the use of WMA mixtures containing RAP 

Few south-central states have sections in their specifications discussing the use of WMA 
containing RAP in the production of asphalt mixtures. In the sections that do mention the use of 
RAP in WMA-mixtures, there are very few details provided. Table 4 shows the sections in 
different specifications that mention or discuss the incorporation of RAP in WMA-mixtures. 

Table 4. The Sections that are Discussing the Use of WMA in Different Specifications. 

South-Central 
States 

Specifications Sections 

New Mexico Standard Specifications for Highway and Bridge Construction (2019) 424.2.7 

Oklahoma Oklahoma Department of Transportation Commission (2009) None 

Louisiana Louisiana Standard Specifications for Roads and Bridges (2016) None 

Texas 
Standard Specifications for Construction and Maintenance of 

Highways, Streets, and Bridges (2014) 
340.2.8 

Arkansas 
Arkansas State Highway and Transportation Department: Standard 

Specifications for Highway Construction (2014 Edition) None 

As demonstrated in Table 4, there are no sections in Arkansas specifications that discuss the use 
of RAP in WMA-mixtures. Therefore, there is no information about the production process or mix 
design of WMA-mixtures containing RAP. New Mexico specifications state that the same 
guidelines for HMA-mixtures apply to WMA-mixtures. However, there is no section in New 
Mexico specifications that discuss the production process or mix design of WMA-mixtures 
containing RAP. 

Besides, there is no section in Oklahoma specifications that mention or discuss the incorporation 
of RAP into WMA-mixtures. For this reason, there is no information on the production process or 
mix design of WMA containing RAP in Oklahoma specifications. Louisiana specifications do not 
contain any section that discusses the incorporation of RAP in WMA-mixtures. Thus, there is no 
information about the production process or mix design of WMA-mixtures that include RAP 
materials. 

Texas specifications provide the most details about WMA-mixtures containing RAP, stating that 
the maximum ratio of recycled binder to the total amount of binder in the mixture is 30%. 
However, Texas specifications do not provide any information on the production process or mix 
design of WMA-mixtures that include RAP. 
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4. METHODOLOGY 

In this research project, twelve Superpave asphalt mixtures utilizing an NMAS of 0.5 in. (12.5 
mm) were designed, produced in the laboratory, and evaluated in accordance with AASHTO R 35 
(93), AASHTO M 323 (94), and Section 502 of the 2016 Louisiana Standard Specifications for 
Roads and Bridges (10). The job mix formula is designed with a 65 number of gyrations and all 
mixtures contain the same PG 76-22 binder and Limestone aggregate. In this project, asphalt 
mixtures with 0%, 25%, and 35% RAP were included to determine if WMA additives could 
enhance the performance of mixtures with high RAP content. One HMA mixture was classified as 
a control mixture containing no RAP no recycling agents. Description of materials, the procedure 
for preparing the asphalt mixtures, and basic information about RAP material, testing descriptions, 
and procedures are presenting in the following subsections. 

4.1. Materials 
According to the Superpave mix design procedure, it is recommended to contain at least three 
different virgin aggregate stockpiles. For this study, three Limestone aggregate stockpiles; #89, 
#11, and #78 were collected from Vulcan Materials Company from their Grand Rivers Quarry 
located in Lafayette, Louisiana. The RAP materials were collected as Fine and Coarse RAP 
materials from Diamond B in Louisiana (binder content of 4.7% and 3.1%, respectively). The 
detailed properties of these stockpiles and the RAP materials are shown in Appendix A. Table 5 
illustrates the aggregate gradation for the three different stockpiles and two RAP materials that 
have been used in this work. All virgin and RAP aggregates were sieved, and materials retained 
on the 3/4”, 1/2”, 3/8”, No. 4 sieves, and passing No. 4 sieve were stored in separate buckets for 
batching. Aggregate materials passing No. 4 sieve of #11 stockpile were sieved again, and 
materials retained on No. 8, 16, 30, 50, 100, and 200 sieves, and passing No. 200 sieve were stored 
in separate buckets for better batching. The required aggregate blend gradations can be batched 
directly from individual-sized fractions for the desired HMA and WMA mix designs. It is an 
essential consideration of keeping the collected materials away from any source of contamination. 
The blended mixtures should pass control points and prevent the restricted zone. 

Table 5. Aggregate gradation and % passing for three different stockpiles and two different RAP sources. 

Sieve Size #89 Stockpile #11 Stockpile #78 Stockpile Fine RAP Coarse RAP 
25.0mm - 1" 100.0 100.0 100.0 100.00 100.0 

19.0mm - 3/4" 100.0 100.0 100.0 100.0 97.6 
12.5mm - 1/2" 100.0 100.0 93.0 99.7 76.7 
9.5mm - 3/8" 95.1 100.0 50.1 96.2 51.1 

4.75mm - No. 4 34.6 92.0 3.5 70.5 31.4 
2.36mm - No. 8 8.6 63.0 1.2 50.0 22.2 

1.18mm - No. 16 4.0 39.0 1.0 38.3 17.6 
0.600mm - No. 30 3.0 25.0 1.0 30.9 14.6 
0.300mm - No. 50 2.6 17.0 1.0 20.4 10.2 

0.150mm - No. 100 2.3 13.0 0.9 12.1 6.0 
0.075mm - No. 200 1.4 10.0 0.8 8.7 3.7 

At the time, the Louisiana Department of Transportation and Development (LaDOTD) allows only 
20 to 25% of RAP for asphalt mixtures used for wearing course with the NMAS of 0.5 in (12.5 
mm). The mixtures produced in this study contained 25% and 35% RAP to investigate the effect 
of using these WMA technologies on the performance of mixtures with high RAP content. Once 
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the RAP aggregate gradation has been determined, it has been blended with the virgin aggregate 
to meet the overall mixture gradation requirements. 

The asphalt binder used in this study was Styrene-Butadiene-Styrene (SBS)-modified PG 76-22 
binder and was collected from Marathon Petroleum refinery in Garyville, Louisiana. The 
properties of this binder are summarized in Appendix A. 

4.1.1. Warm-Mix Asphalt Technologies 
This study covered all common WMA technologies and compared the performance of the 
produced WMA mixtures using these three common technologies. The WMA technologies used 
in this research project are Sasobit® (organic), Evotherm® (chemical), and Advera® (foaming). 
The findings from previous studies show that these technologies are the most common 
technologies to improve the performance of the Warm-Mix asphalt mixtures against typical 
distress types. 

Organic Additives: In this research study, Sasobit was added to the hot PG 76-22 binder at 120°C 
at the rate of 4% by the total weight of the binder. A mechanical shear mixer with a normal paddle 
(high-shear mixing is not needed) has been used to completely blend the Sasobit with the hot 
binder. The blended binder can meet the target mixing temperature without any delay, or it can be 
kept in the storage to be used later, the Sasobit in the blended binder stays homogeneous for weeks. 

Chemical Additives: The dosages and the procedure for adding the Evotherm are based on the 
recommendations from the additive producer. In this research project, Evotherm was added to the 
heated binder at 248°F (120°C), using a mechanical shear mixer with a normal paddle, at the rate 
of 0.5% by the weight of the PG 76-22 binder. 

Foaming Additives: In this study, Advera has been added to the hot binder at the rate of 5% by 
weight of the binder just before mixing with aggregates. The production was conducted at 284°F 
(140°C) with the proper coating of the aggregates. 

4.1.2. Asphalt Rejuvenator Agent 
The recycling agent selected in this study was incorporated into the asphalt mixtures at various 
percentages by the total weight of binder depending on the percentage of RAP. The rate of 
recycling agent added was based on the supplier recommendation. Also, it is recommended to use 
low-shear blending for a few minutes into the heated virgin asphalt binder to have a homogenous 
blend. More information about the used rejuvenator can be found in Appendix B. 

4.2. Mix Designs 
As discussed earlier, three types of WMA technologies were selected to be used in the asphalt 
mixtures produced in the laboratory for this study. The experimental design of this project 
including variables is summarized in Table 6. Table 7 summarizes details of the asphalt mixtures, 
including the mixture code designations used in the report. 

Table 6. Project experimental design. 

Variable Description 
NMAS 0.5 in. (12.5 mm) 

RAP Source Single source (Fine and Coarse RAP) 
Asphalt Binder Polymer-modified binder: PG 76-22 
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Asphalt Binder Content Optimum asphalt binder content1 

RAP % (by weight of the aggregate blend) 0%, 25%, 35% 

WMA Additives (dosages by wt% of total binder) 
None2 (0%), Sasobit (3%), Evotherm (0.6%), 

and Advera (5%) 

Asphalt rejuvenator (dosages by wt% of total binder) 
Mixtures with 25% RAP (1.6%), Mixtures with 35% 

RAP (2.5%) 
1Determined at Ndesign 
2This mixture will be prepared as HMA 

Table 7. Details of the asphalt mixtures of this study. 

Mix Code Mix Type 
Binder 
Grade 

NMAS, mm RAP, % WMA Technologies 

H0R HMA PG 76-22 12.5 0 -
H25R HMA-RAP PG 76-22 12.5 25 -
H35R HMA-RAP PG 76-22 12.5 35 -
WA0R WMA PG 76-22 12.5 0 Advera 
WE0R WMA PG 76-22 12.5 0 Evotherm 
WS0R WMA PG 76-22 12.5 0 Sasobit 

WA25R WMA-RAP PG 76-22 12.5 25 Advera 
WE25R WMA-RAP PG 76-22 12.5 25 Evotherm 
WS25R WMA-RAP PG 76-22 12.5 25 Sasobit 
WA35R WMA-RAP PG 76-22 12.5 35 Advera 
WE35R WMA-RAP PG 76-22 12.5 35 Evotherm 
WS35R WMA-RAP PG 76-22 12.5 35 Sasobit 

The design aggregate gradation was developed for mixtures with 0%, 25%, and 35% RAP. Figure 
3 shows the blend gradation only for the three basic HMA mixtures since their companion WMA 
mixtures had the same aggregate blends. The mix design procedure (94) was performed to 
determine the optimum binder content for the aggregate blend gradation of each mixture. 
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Figure 3. Blend gradation for the 0%,25% and 35% RAP mixtures. 
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To prepare the twelve different mixtures of this research work, three different mixture blending 
methods were used depending on the temperature and presence of the RAP in the mixture 
composition. 

HMA Mixtures without RAP: After the determination of each aggregate batch weight, 
aggregates were weighed and placed in a flat pan. A series of steps that have been followed to 
prepare mixtures after batching are summarized as follows: 

 The virgin aggregates were placed in an oven at 325°F (163°C) for at least 3 hours before 
the mixing. 

 Binder and all mixing tools were placed in the oven at 325°F (163°C) approximately 1 hour 
before mixing. 

 After all the components reach the temperature of 325°F (163°C), the heated aggregate was 
placed in the heated mixing bucket and placed on the balance. After that, the required amount 
of binder was added to the aggregate. The mixing started immediately. 

 Mixing continued until the asphalt binder was uniformly distributed over the aggregate 
particles and ensured that the binder coats the aggregate particles. 

 After mixing, the mixture was spread in a pan and short-term oven-aged for 2 hours at 275°F 
(135°C)(95). 

 After that, the compacted cylindrical specimens were prepared using the Superpave 
gyratory compactor (SGC) shown in Figure 4 to the specified dimensions for each 
particular test procedure. 

 Finally, the volumetric properties and densification criteria were determined (12,11). 

Figure 4. (a) Superpave gyratory compactor, and (b) compacted sample. 

HMA Mixtures Containing RAP: After the determination of aggregate composite blend, virgin 
aggregates and RAP were weighed and placed in two different flat pans. Based on the conducted 
literature review, blending between the virgin binder and binder from RAP is an ongoing issue. In 
this study, the mixing procedure is based on a study by Cooper et al. (96) that ensures 100% of the 
available recycle binder is utilized within the asphalt mixture. Mixture blending and compacting 
steps are described below: 

 5% of moisture content was added to RAP. 
 Virgin aggregates were superheated to 383°F (195°C) (minimum) for 3 hours. 
 Heated mixing tools to 325°F (163°C). 
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 Moisture laden RAP was placed on the bottom of the heated mixing bucket and the 
superheated virgin aggregates placed on top of the RAP. 

 Superheated virgin aggregates and RAP were mixed together resulting in steaming. 
 Mixing was continued until steam seized. 
 Blended aggregates and RAP were placed into 325°F (163°C) oven till the blended 

aggregates reached the suitable temperature for mixing with asphalt cement. 
 Heated asphalt cement and blended aggregates were mixed together in a heated mixing 

bucket. 
 After mixing, the mixture was spread in a pan and short-term oven-aged for 2 hours at 275°F 

(135°C) (95). 
 After that, the compacted cylindrical specimens were prepared using the Superpave 

gyratory compactor (SGC) shown in Figure 4 to the specified dimensions for each 
particular test procedure. 

 Finally, the volumetric properties and densification criteria were determined (12,11). 

WMA Mixture without RAP: The main difference between WMA and HMA mixtures 
preparation is temperature and three types of WMA technologies that have been added to the 
binder before the mixing. Mixing and compaction temperatures are the same for all three 
technologies. Steps for mixture producing and compacting are summarized below: 

 The aggregates were placed in an oven at 284°F (140°C) at least 3 hours before the mixing. 
 Binder and all the mixing tools were placed in the oven at 284°F (140°C) approximately 1 

hour before the mixing. 
 After all the components reached a temperature of 284°F (140°C), the heated aggregates were 

placed in the mixing bucket and placed on the balance. After that, the required amount of binder 
was added to the aggregates. The mixing started immediately. 

 Mixing continued until the asphalt binder was uniformly distributed over the aggregates 
particles and ensured that the binder coats the aggregate particles. 

 After mixing, the mixture was spread in a pan and short-term oven-aged for 2 hours at 257°F 
(125°C) (95). 

 After that, the compacted cylindrical specimens were prepared using the Superpave 
gyratory compactor (SGC) shown in Figure 4 to the specified dimensions for each 
particular test procedure. 

 Finally, the volumetric properties and densification criteria were determined (12,11). 

WMA Mixture Containing RAP: The procedure is completely the same with HMA mixtures 
contain RAP, the only difference is preparation and compaction temperature and three types of 
WMA technologies that have been added to the binder before the mixing. The steps are 
summarized as follows: 

 5% of moisture content was added to RAP. 
 Virgin aggregates were superheated to 383°F (195°C) (minimum) for 3 hours. 
 Heated mixing tools to 284°F (140°C). 
 Moisture laden RAP was placed on the bottom of the heated mixing bucket and the 

superheated virgin aggregates were placed on top of the RAP. 
 Superheated virgin aggregates and RAP were mixed together resulting in steaming. 
 Mixing continued until steam seized. 
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 Blended aggregates and RAP were placed into 284°F (140°C) oven till the blended 
aggregates reached the suitable temperature for mixing with asphalt cement. 

 Heated asphalt cement and blended aggregates were mixed together in a heated mixing 
bucket. 

 After mixing, the mixture was spread in a pan and short-term oven-aged for 2 hours at 257°F 
(125°C) (95). 

 After that, the compacted cylindrical specimens were prepared using the Superpave 
gyratory compactor (SGC) shown in Figure 4 to the specified dimensions for each test 
procedure. 

 Finally, the volumetric properties and densification criteria were determined (12,11). 

The volumetric properties of the mixture are determined for the design binder content. The results 
show that the design binder value satisfied the criteria in accordance with Louisiana Standard 
Specifications for Roads and Bridges (10). According to Table 502-6, for 0.5 in. (12.5 mm) NMAS 
asphalt concrete mixtures, the air voids (AV%) should be in the range of 2.5% to 4.5%, voids in 
mineral aggregate (VMA) should be higher than 13.5%, and voids filled with asphalt (VFA) should 
be between 69% to 80%. The mix design details for mixtures are presented in trough Table 8 to 
Table 10. 

Table 8. Job mix formula for 0% RAP mixtures. 

Mix Code H0R WA0R WE0R WS0R 

Mix Type 
12.5 mm 

HMA 
12.5 mm 
WMA 

Aggregate Blend 

15 % #89LS1 

51% #11LS 
34% #78LS 
0% F. RAP 
0% C. RAP 

15 % #89LS 
51% #11LS 
34% #78LS 
0% F. RAP 
0% C. RAP 

Binder type PG 76-22 PG 76-22 
2.478 2.468 2.469 

5.5 5.5 5.5 
4.0 3.5 2.8 

14.3 14.2 13.6 
71.9 75.1 79.2 

100 
100 
98 
82 
53 
34 
21 
14 
9 
7 

0.075mm - No. 200 6 6 
1 LS: Limestone 
2 Nd: design number of gyrations 

D
es

ig
n

vo
lu

m
et

ri
c

p
ro

pe
rt

ie
s Gmm, Nd 

2 2.472 
%AC 5.5 

%Voids 3.2 
%VMA 13.8 
%VFA 77.0 

G
ra

da
ti

on
, (

%
pa

ss
in

g)
 

25.0mm - 1" 100 
19.0mm - 3/4" 100 
12.5mm - 1/2" 98 
9.5mm - 3/8" 82 

4.75mm - No. 4 53 
2.36mm - No. 8 34 

1.18mm - No. 16 21 
0.600mm - No. 30 14 
0.300mm - No. 50 9 

0.150mm - No. 100 7 
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Table 9. Job mix formula for 25% RAP mixtures. 

Mix code H25R WA25R WE25R 

vo
lu

m
et

ri
c

%AC 4.5 
%Voids 2.9 
%VMA 13.6 
%VFA 78.4 

G
ra

da
ti

on
, (

%
pa

ss
in

g)
 

25.0mm - 1" 100.0% 
19.0mm - 3/4" 99.6% 
12.5mm - 1/2" 95.5% 
9.5mm - 3/8" 84.0% 

4.75mm - No. 4 55.3% 
2.36mm - No. 8 35.3% 

1.18mm - No. 16 23.7% 
0.600mm - No. 30 17.1% 
0.300mm - No. 50 11.7% 

0.150mm - No. 100 8.0% 

Aggregate Blend 
% #11LS 
% #78LS 
% F. RAP 
% C. RAP 

% #11LS 
% #78LS 
% F. RAP 
% C. RAP 

Binder type PG 76-22 PG 76-22 
Gmm, Nd 2.451 2.450 2.448 

4.5 4.5 
3.0 2.9 

13.6 14.0 
74.8 75.1 

100.0% 
99.6% 
95.5% 
84.0% 
55.3% 
35.3% 
23.7% 
17.1% 
11.7% 
8.0% 

0.075mm - No. 200 5.9% 5.9% 

0.075mm - No. 200 6 6 

Table 10. Job mix formula for 35% RAP mixtures. 

Mix code H35R WA35R WE35R 

Mix type 
12.5 mm 

HMA-RAP 
12.5 mm 

WMA-RAP 
% #89LS % #89LS 

D
es

ig
n

 

Gmm, Nd 2.465 2.463 2.461 

WS25R 

Mix type 
12.5 mm 

HMA-RAP 
12.5 mm 

WMA-RAP 

Aggregate Blend 

22 % #89LS 
36% #11LS 
17% #78LS 
12% F. RAP 
13% C. RAP 

22 % #89LS 
36% #11LS 
17% #78LS 
12% F. RAP 
13% C. RAP 

Binder type PG 76-22 PG 76-22 

vo
lu

m
et

ri
c 2.451 

%AC 5.0 5.0 5.0 5.0 
% air voids 3.6 3.6 2.9 2.9 

%VMA 14.0 14.0 13.5 13.8 
%VFA 74.1 74.2 78.4 79.2 

G
ra

da
ti

on
, (

%
pa

ss
in

g)
 

25.0mm - 1" 100 100 
19.0mm - 3/4" 100 100 
12.5mm - 1/2" 96 96 
9.5mm - 3/8" 84 84 

4.75mm - No. 4 54 54 
2.36mm - No. 8 34 34 

1.18mm - No. 16 22 22 
0.600mm - No. 30 15 15 
0.300mm - No. 50 11 11 

0.150mm - No. 100 8 8 

WS35R 

2.440 
4.5 
2.7 

13.8 
78.3 

p
ro

pe
rt

ie
s 

p
ro

pe
rt

ie
s 

D
es

ig
n
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4.3. Asphalt Binder Performance Tests 
It is important to recognize the rheological properties of the asphalt binder and know that these 
properties affect the performance of the asphalt mixtures. In this project, the asphalt binders were 
extracted and recovered from the short-term aged loose mixtures using the methods commonly 
used in Louisiana. The auto extraction method has been conducted according to ASTM D8159-18 
(97) followed by a recovery process using the Abson method in accordance with ASTM D1856-
09 (98). Trichloroethylene (TCE) has been used as the solvent agent to extract the binder from the 
loose mixtures. 

It is essential to test the extracted asphalt binders and make sure that binder rheology could meet 
the specified criteria to minimize pavement distresses due to change in binder rheology because of 
aging. In this study, the following binder tests have been conducted using the Kinexus Ultra+ 
Dynamic Shear Rheometer (DSR) shown in Figure 5. The objective was to characterize the 
performance of the virgin and the extracted and recovered binders at high temperature (permanent 
deformation), intermediate temperature (fatigue) cracking, and low temperature (thermal) 
cracking. 

Figure 5. Kinexus Ultra+ Dynamic Shear Rheometer (DSR) used in this study. 

4.3.1. Linear domain rheological evaluation using DSR 
The Superpave parameters (G*.sinδ, and G*/sinδ), and PG grades were determined using 
AASHTO M320 (99) standard specifications to evaluate the impacts of the WMA technologies 
and aged binder on the rheological properties of the asphalt binder. The rheological properties of 
the extracted and recovered binders were measured in the linear domain using the DSR according 
to AASHTO T315 (100), after standard short-term aging using Rolling Thin Film Oven (RTFO) 
as per AASHTO T240 (101), and long-term aging using Pressure Aging Vessel (PAV) as per 
AASHTO R28 (102). 

The G*/sinδ is a rutting parameter, where G* is the complex modulus, and δ is the phase angle. 
According to the Superpave specification, the testing temperature for PG 76-22 is 76°C for the 
RTFO aged binders. The G*/sinδ must be at least 1.00 kPa for the virgin asphalt binder and a 
minimum of 2.20 kPa after the short-term aging. The G*.sinδ is also used in the Superpave asphalt 
specification to determine the fatigue cracking resistance of the asphalt pavements. The extracted 
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and recovered binders have been aged under both short-term and long-term aging conditions 
(RTFO and PAV) to simulate the behavior of the asphalt pavements during their service life. A 
value of G*.sinδ greater than 5,000 kPa indicates that the asphalt binder is prone to fatigue 
cracking. 

4.3.2. Multiple Stress Creep and Recovery (MSCR) test 
MSCR test is conducted according to AASHTO T350 (103) standard method, and it was used to 
evaluate binder upper PG-temperature considering both climate and traffic levels according to 
AASHTO M332 (104) standard specifications. This test was introduced to characterize the binder 
rutting resistance at high temperatures. Findings from previous studies (105) show that the MSCR 
test parameters correlate well with mixture rutting performance as measured by accelerated 
pavement testing. 

In this study, the MSCR test was run on the extracted and recovered binders after short-term aging 
(RTFO) to simulate the rutting that occurs at the beginning of the pavement service life. DSR 25-
mm parallel plate geometry with a 1-mm gap was used to test the samples at two different stress 
levels; 0.1 and 3.2 kPa. The test protocol applies a creep load of 1-second duration followed by 9-
second recovery at zero loads. The non-recoverable creep compliance, Jnr is considered as an 
alternative for current G*/sinδ, and εr is the percent recovery for each cycle. Equations 1 and 2 
were used to calculate percent recovery and non-recoverable creep compliance for each cycle at 
different stress levels. 

  
𝜀  =  × 100 [1] 

  

  
J  = [2] 

  

where: 
εr = Percent recovery for each cycle; and 
Jnr = The non-recoverable creep compliance for each cycle. 

Jnr is a test specification parameter indicator of resistance of a binder to permanent deformation 
under repeated load. It is the ratio of the residual strain left in the specimen under the repeated load 
to the amount of applied shear stress. The lower value of the Jnr shows the better resistance of the 
asphalt binder to the permanent deformation. 

4.3.3. Linear Amplitude Sweep (LAS) Test 
The test is conducted in accordance with AASHTO TP101-14 (106) and the purpose of the test is 
to evaluate an asphalt binder’s ability to resist fatigue damage under cyclic loading by increasing 
the strain amplitudes to accelerate damage. The rate of damage accumulation is used to indicate 
fatigue performance. The virgin asphalt binders were both short-term aged (RTFO) and long-term 
aged (PAV) in accordance with AASHTO T240 (107) and AASHTO R28 (108), respectively. The 
extracted and recovered asphalt binders from the asphalt mixtures were considered short-term aged 
since the asphalt mixtures were short-term aged during mixing. The extracted and recovered 
binders were long-term aged in accordance with AASHTO R28 (108). After aging, the asphalt 
binders were LAS tested and the greater the number of cycles to failure indicates a better asphalt 
binder’s resistance to fatigue damage. 
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4.3.4. Four-mm Plates on a DSR as an alternative to the Bending Beam Rheometer 
(BBR) test 
4mm-diameter parallel plate DSR is used in this test to measure binder rheological properties at 
sub-zero temperatures instead of Bending Beam Rheometer (BBR) to save time and conserve 
samples. It was used to determine an essential rheological index: Delta Tc (ΔTc), which is the 
difference between the critical temperature based on stiffness limit Tc(S) and the critical 
temperature based on relaxation rate Tc(m). The ΔTc has been shown to correlate with cracking 
in the field. Values below -5°C difference are assumed to be prone to significant low-temperature 
cracking and are likely to get accepted as possible limits. 

4.4. Asphalt Mixture Performance Tests 
Laboratory mechanistic tests and material characterization tests were conducted to evaluate the 
performance of the conventional HMA and WMA mixtures and the mixtures containing a high 
percentage of RAP content. All the twelve mixtures characterizations have been evaluated and 
analyzed to determine the effects of the WMA technologies and high RAP content in the terms of 
intermediate-temperature (fatigue cracking) and high-temperature (permanent deformation and 
moisture damage). Table 11 presents each laboratory test factorial conducted in this study. 

Table 11. Asphalt mixtures performance tests were conducted in this study. 

Tests 
SCB-Louisiana 

Standards 
ASTM D8044 

Purpose 
Fatigue Cracking Resistance 

Specimen details 
Ф 150 mm x 57 mm 

Loaded Wheel Tracker 
(LWT) 

AASHTO T 324 
Rutting Susceptibility and Moisture 

Resistance 
Ф 150 mm x 60 mm 

4.4.1. Loaded Wheel Tracking (LWT) 
Permanent deformation (also known as rutting) is one of the major distresses in asphalt pavements 
due to its inability to resist the traffic loading. In this study, the ability of the twelve asphalt 
mixtures to resist permanent deformation and their moisture resistance has been evaluated in 
accordance with AASHTO T324-17 (109). In this test, the prepared mixtures will be short-term 
oven-aged as per AASHTO R30 (95) before compaction using the SGC to 60 ± 1 mm and 7 ± 1% 
air voids for LWT testing. For each mixture, four SGC specimens were prepared and tested (a pair 
for each LWT test). Samples were conditioned in a 122ºF (50ºC) water bath for 30 minutes before 
running the test for 20,000 passes (52 passes/min), per AASHTO T324 (109) standard procedure. 
The 50ºC temperature was selected as per Table 502-6 “Asphalt Concrete General Criteria” in 
LaDOTD specification (10). The Hamburg Double Wheel Tracker was used in this study (Figure 
6). Specimens are subjected to a steel wheel weighing 703 N (158 pounds), which repeatedly roll 
across its surface. The test completion time is predicated upon test specimens being subjected to a 
maximum of 20,000 passes or attainment of 6 mm deformation, whichever is reached first 
following Table 502-6 of LaDOTD specification (10). 

The rut depth data is recorded during the test by Linear Variable Differential Transformers 
(LVDTs) at the side of the steel wheel. Figure 7 represents a typical LWT test output. The rut 
depth is recorded to the nearest 0.01 mm. The average of the middle 7 rut measurements (points 3 
to 9) in the center of the two samples is calculated and used as the rut depth at each recorded pass. 
The average rut depth versus passes curve is then plotted and fitted to a 6-degree polynomial model 
following the modified Iowa DOT approach to determine the number of passes at maximum 
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impression (rut depth), maximum impression, creep slope (CS), stripping slop (SS), and stripping 
inflection point (SIP) for each mixture. 

Figure 6. Hamburg Double Wheel Tracking Device. 
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Figure 7. Typical LWT test output (rut depth vs. the number of passes). 

4.4.2. Semi-Circular Bending (SCB) test 
SCB test is one of the most important tests to evaluate the cracking resistance of the lab-produced 
asphalt pavement mixtures at intermediate temperatures. In this research work, the Louisiana SCB 
test was conducted according to the ASTM D8044 (110) and the results are evaluated. 

Louisiana SCB test: The test has been conducted in accordance with ASTM D8044. The STOA 
mixtures will be SGC compacted to a height of 57 mm and 150 mm diameter, and 7.0 ± 0.5% air 
voids before LTOA. After that, the STOA semi-circular specimens will be LTOA for 120 h ± 0.5 
hr at a temperature of 85 ± 3°C before testing. The LTOA cylindrical samples will then be cut 
along the diameter resulting in two semi-circular specimens. For this test, three sets of samples 
with three different notch depths (25.4, 31.8, and 38.1 mm) are required. Each set includes four 
semi-circular specimens, resulting in 12 semi-circular notched specimens. Using a three-point 
bending set-up (Figure 8), semi-circular samples will be loaded monotonically with a loading rate 
of 0.5 mm/min. The test is performed at 25 ± 0.3°C. The critical strain energy release rate, also 
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called the critical value of J-integral (Jc), have been used to describe the mixture’s resistance to 
fracture: 

𝐽  = −
 

[3] 
  

where: 
Jc = critical strain energy release rate (kJ/m2); 
b = sample thickness (mm); 
a = notch depth (mm); 
U = strain energy to failure (N.mm); and 
dU/da = change of strain energy with notch depth. 

The load and deformation should be recorded continuously. The area under the loading portion of 
the load-deflection curves, up to the maximum load, will be measured for each notch depth, 
represents the strain energy to failure, U. The average values of U then will be plotted versus the 
different notch depths to compute a regression line slope, which gives the value of (dU/da). The Jc 

is computed by dividing dU/da value by the specimen thickness. According to Louisiana 
specifications (10), a Jc value of 0.6 kJ/m2 is recommended for adequate cracking performance. 

Figure 8. Set-up of Louisiana Semi-Circular Bending (SCB) test. 
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5. ANALYSIS AND FINDINGS 

5.1. Asphalt Binder Test Results 
It is important to recognize the rheological properties of the asphalt binders to assure that the binder 
rheology will meet the specified requirements to decrease binder related pavement distresses. 
Asphalt binder tests have been conducted to characterize low-temperature, intermediate-
temperature, and high-temperature performance of the extracted and recovered asphalt binders. 
The binders were extracted and recovered from asphalt loose mixtures after short-term 
conditioning according to AASHTO R30 (95). The auto extraction method has been conducted 
according to ASTM D8159-18 (97) followed by a recovery process using the Abson method in 
accordance with ASTM D1856-09 (98) using trichloroethylene (TCE) as the solvent agent. 

5.1.1. MSCR test results 
For the MSCR test, three replicates from each extracted and recovered binder were tested. Based 
on the results in Table 12, all the mixtures containing RAP, at both stress levels have a lower value 
of the Jnr compare to mixtures without RAP that confirms the hardening effect of the binder that 
comes from RAP. Based on Figure 9 and Figure 10 all the WMA mixtures containing no RAP 
have a lower value of the Jnr compare to the HMA control mixture. This is an indication of the 
better performance of the WMA mixtures against the permanent deformation, specifically, it is 
more highlighted in the WS0R mixture with a 36% reduction in Jnr compare to the H0R mixture. 
However, it could not have been observed for all WMA mixtures containing 25% RAP. It might 
show that the addition of the rejuvenator can encounter the hardening impacts that come from 
using aged binders in mixtures with high RAP content. However, based on the test results even in 
WMA mixtures containing RAP, the WS25R mixture at the two stress levels has the lower value 
of the Jnr and is more resistant to permanent deformation compared to the H25R mixture. 

The εr is the measure of the amount of recoverable strain relative to the amount of peak stress. It 
can be concluded that the higher the percent recovery, εr, the more resistant to rutting the binder 
will be. The results for εr in Table 12 confirm the better performance of the WMA mixtures. 
Decreasing the mixing and compacting temperature and use of the WMA technologies, both 
helped to make a softened binder with a higher value of the recoverable strain. 

It is shown that WS0R and WS25R mixtures have the lower and higher value of the Jnr and εr, 
which indicate the better performance of the Sasobit between all the mixtures and the three 
different WMA technologies at both stress levels. 

Table 12. MSCR test results of the extracted and recovered binder from the twelve mixtures. 

Binder Jnr 0.1 (kPa-1) Jnr 3.2 (kPa-1) %Jnrdiff 
% Recoverable strain 

0.1 kPa 
% Recoverable strain 

3.2 kPa 
H0R 0.49 0.82 65.73 56.67 35.00 

WA0R 0.46 0.79 71.77 60.43 38.97 
WE0R 0.35 0.46 61.57 55.60 37.23 
WS0R 0.24 0.53 118.97 68.90 44.83 
H25R 0.37 0.57 55.97 53.57 34.83 

WA25R 0.36 0.62 74.4 55.60 34.35 
WE25R 0.32 0.67 56.7 55.00 37.80 
WS25R 0.23 0.43 83.6 62.33 41.47 
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Figure 9. MSCR Jnr0.1 kPa @ 76°C vs. mixture type. 
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Figure 10. MSCR Jnr3.2 kPa @ 76°C vs. mixture type. 

Analysis of Variance or ANOVA test was used to check the statistical difference of MSCR test 
results between different extracted and recovered asphalt binders. JMP Pro15 software was used 
to perform ANOVA on the rheological data. Eight groups of datasets corresponding to the eight 
types of extracted and recovered binders with three replicates totaling a dataset of 24 data points 
were statistically tested. A significance level of 0.05 (95% confidence interval) was selected, 
leading to an α-value of 0.025 in both directions for testing the statistical significance. Table 13 
and Table 14 present the ANOVA summary for Jnr0.1 and Jnr3.2 of the extracted and recovered 
binders from eight asphalt mixtures. The p-values for both stress levels are less than 0.05 therefore 
there is a significant statistical difference between the results of different mixtures. 

ANOVA results for analyzing εr for extracted and recovered binders of each mixture are presented 
in Table 15 and Table 16. The statistical analysis results indicate the presence of a significant 
difference between test results for eight mixtures. 
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Table 13. ANOVA results for analyzing Jnr0.1 for extracted and recovered binders of each mixture. 

Variance 
0.02 
0.05 
0.03 
0.03 
0.01 
0.03 
0.02 

Groups Count Average 
H0R 3 0.49 

H25R 3 0.37 
WA0R 3 0.46 

WA25R 3 0.35 
WE0R 3 0.28 
WE25R 3 0.64 
WS0R 3 0.24 

WS25R 3 0.23 
Source of Variation SS df MS P-value 

Between Groups 0.411 7 0.059 <0.0001 
Within Groups 0.010 16 0.001 

Total 0.421 23 

0.01 

Table 14. ANOVA results for analyzing Jnr3.2 for extracted and recovered binders of each mixture. 

Groups Count Average Variance 
H0R 3 0.82 0.03 

H25R 3 0.57 0.02 
WA0R 3 0.79 0.01 

WA25R 3 0.61 0.08 
WE0R 3 0.46 0.01 

WE25R 3 1.00 0.04 
WS0R 3 0.53 0.01 

WS25R 3 0.43 0 
Source of Variation 

Between Groups 
Within Groups 

SS 
0.840 
0.012 

df 
7 
16 

MS 
0.120 
0.001 

P-value 
<0.0001 

Total 0.852 23 

Table 15. ANOVA results for analyzing εr0.1 for extracted and recovered binders of each mixture. 

Groups Count Average Variance 
H0R 3 56.67 0.06 

H25R 3 53.57 2.78 
WA0R 3 60.43 1.5 

WA25R 3 55.57 2.69 
WE0R 3 62.63 5.49 
WE25R 3 45.60 0.44 
WS0R 3 68.90 1.01 

WS25R 3 62.33 1.17 
Source of Variation 

Between Groups 
Within Groups 

SS 
1037.19 

92.60 

df 
7 
16 

MS 
148.17 

5.79 

P-value 
<0.0001 

Total 1129.79 23 

Table 16. ANOVA results for analyzing εr3.2 for extracted and recovered binders of each mixture. 

Groups Count Average Variance 
H0R 3 35.00 0.26 

H25R 3 34.83 0.47 
WA0R 3 38.97 1.5 

WA25R 3 33.57 2.69 
WE0R 3 53.23 5.49 
WE25R 3 24.80 0.44 
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WS0R 3 44.83 1.01 
WS25R 3 41.47 1.17 

Source of Variation SS df MS P-value 
Between Groups 1511.14 7 215.88 <0.0001 
Within Groups 173.40 16 10.84 

Total 1684.54 23 

5.1.2. Linear domain rheological evaluation using DSR 
G*/sin δ parameter: The DSR is used to evaluate the rutting and fatigue potential of the extracted 
and recovered asphalt binders. The extracted and recovered binders have been short-term aged 
using RTFO to evaluate the high-temperature performance of the asphalt binders. Figure 11 shows 
the G*/sinδ values for extracted and recovered binders from control and WMA mixtures. It is 
obvious from this figure that the WS25R binder with 3% of Sasobit and 25% RAP has the most 
capability to resist the rutting among all other binders. However, it is quite clear from the figure 
that the addition of RAP to the asphalt mixtures stiffens the binders consequently, increasing the 
rutting resistance. Figure 11. Figure 12 shows the correlation between the rutting factor, G*/sinδ, 
and Jnr3.2. This figure indicates that there is a good linear correlation between these parameters for 
the evaluated mixtures. It is indicated that as the Jnr3.2 decreases the mixture resistance to rutting 
increases. The results approved the findings from other studies in the literature (39,26). 

To check the statistical difference of G*/sinδ results between eight mixtures, a one-way analysis 
of variance (ANOVA) was conducted. Table 17 shows the summary and results of ANOVA on 
G*/sinδ results for 24 samples. Based on ANOVA results, the p-value is lower than 0.05, therefore 
there is a significant statistical difference between the results of different mixtures. 
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Figure 11. Rutting parameter G*/sinδ of extracted and recovered binders. 
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Figure 12. Rutting parameter G*/sinδ vs. Jnr3.2 @ 76°C. 

Table 17. ANOVA results for analyzing G*/sinδ for extracted and recovered binders of each mixture. 

J n
r3

.2
 @

 7
6 

°C
, k

P
a-

1 

Groups Count Average 
H0R 3 5.53 

H25R 3 7.93 
WA0R 3 5.38 

WA25R 3 7.80 
WE0R 3 7.40 

WE25R 3 5.67 
WS0R 3 7.39 

WS25R 3 9.59 
Source of Variation SS df MS P-value 

Between Groups 45.01 7 6.43 <0.0001 
Within Groups 0.51 16 0.03 

Total 45.51 23 

Variance 
0.11 
0.26 
0.14 
0.23 
0.06 
0.17 
0.25 
0.07 

G*.sin δ parameter: The Superpave fatigue parameter for asphalt binders is G*.sin δ. This 
parameter indicates the asphalt binder’s resistance to fatigue under traffic loading at intermediate 
temperatures. The Superpave specifies a higher limit for the fatigue parameter of 5,000 kPa for 
asphalt binders PAV-aged after they have been aged also in the RTFO. A lower value for G* or a 
lower value for phase angle (δ) is desirable to control fatigue cracking of asphalt binders. As the 
G* value gets higher, the asphalt binder becomes stiffer and more susceptible to fatigue cracking. 
On the other hand, as the phase angle (δ) gets lower, the asphalt binder becomes more elastic and 
thus more resistant to fatigue cracking. Table 18 shows the G*.sinδ parameter obtained from the 
DSR test at intermediate temperatures. As shown in Table 18, the increase in RAP content was 
associated with an increase in the G*.sinδ values and susceptibility to fatigue cracking. The results 
show that there is an inconsistency between the current Superpave parameter, G*.sinδ, and LAS 
test results. These results indicate that further evaluation of the LAS test is needed with WMA-
RAP asphalt binders. 
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Table 18. Detailed results of G*.sinδ at 31°C. 

Binder Temp (°C) G* (kPa) δ(degree) Sin δ G*.sin δ 

H0R 31 1387 48.0 0.770 1068 

H25R 31 1509 44.0 0.690 2041 

WA0R 31 676 49.0 0.754 510 

WA25R 31 1676 45.3 0.710 1190 

WE0R 31 1524 45.3 0.710 1082 

WE25R 31 1682 45.0 0.710 1194 

WS0R 31 2929 46.3 0.719 2106 

WS25R 31 3182 43.5 0.688 2389 

5.1.3. LAS test results 
The LAS test is an accelerated test to characterize the fatigue performance of asphalt binder or 
mastic after long-term aging (112). The test was conducted at 31°C involving two stages in total. 
First, the sample was subjected to a frequency sweep (0.2–30 Hz) under strain-controlled mode 
(0.1%) using an 8 mm parallel plate with a 2 mm gap to determine the undamaged material 
property. In the second stage, the sample was tested using amplitude sweep with the strain level 
increasing linearly from 0.1% to 30% in 300 seconds at a frequency level of 10 Hz to get the 
fatigue damage property. The viscoelastic continuum damage (VECD) theory was applied to 
calculate the fatigue life of the sample. 

A and B parameters: Figure 13 and Figure 14 show the LAS test A and B parameters, 
respectively. As Figure 13 shows, the extracted and recovered binders from all mixtures with RAP 
have higher values of A parameter. Moreover, extracted and recovered binders from WMA 
mixtures containing RAP have higher values of the A parameters compared to the HMA mixtures 
which indicate better performance of the incorporation of RAP and WMA additives to resist 
fatigue damage, specifically, it is more highlighted in the WS25R. As Figure 14 shows, by 
incorporating WMA technologies and RAP materials, the absolute value of the B parameter 
increases gradually. HMA mixtures without RAP have about the same B parameter value as the 
mixtures with RAP, whereas, by incorporating RAP and WMA technologies, the absolute value 
of the B parameter also increases. 
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Figure 13. Results of the A parameter from the LAS test. 
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Figure 14. Results of the B parameter from the LAS test. 

Fatigue life (Nf): The fatigue life (Nf) of extracted and recovered asphalt binders at the strain 
levels of 2.5% and 5% are calculated using the VECD approach (Figure 15 and Figure 16) and the 
parameters are listed in Table 19. The relationship between integrity parameter (C) and damage 
intensity (D) was calculated by the VECD theory for eight types of extracted and recovered asphalt 
binders. The integrity parameter is equal to 1 when no damage occurs (D = 0). Then the value of 
C declines with the increase of D until C is equal to 0, representing the complete damage of asphalt 
binder. Curve fitting coefficients C1 and C2 are shown in Table 19. Apparently, lower values of 
C1 and C2 are desirable for better fatigue cracking resistance of asphalt binder. However, based 
on the results illustrated in Table 19, due to the unsteady rate of changes in parameters C1 and C2, 
the effects of these two parameters cannot be considered for determining the fatigue performance. 

Figure 15 shows that extracted binders from HMA mixtures containing 25% RAP have lower 
fatigue life due to the higher strain sensitivity. However, according to Figure 15, the incorporation 
of RAP binder and WMA technologies improved the fatigue performance of the extracted and 
recovered binders. Similar conclusions can also be found in literature (65,111,30,112). 

WE25R exhibits higher fatigue life (Nf) compared to the other WMA and HMA extracted binders. 
Moreover, WS25R and WA25R have relatively similar Nf to the H0R. Hence WMA additives 
contribute to fatigue potential and the effect of Evotherm is more obvious. Meanwhile, the 
reduction of Nf for H25R indicates that aged binders coming from RAP materials would degrade 
the fatigue performance under strain-controlled load mode. 
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Figure 15. The fatigue life of extracted and recovered binders at 2.5% strain level. 
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Figure 16. The fatigue life of extracted and recovered binders at a 5% strain level. 

Table 19. Parameters from the LAS test using VECD analysis. 

Asphalt binder C0 C1 C2 α A B 

H0R 1 0.106 0.362 2.0605 719,450 -4.121 

H25R 1 0.092 0.416 2.193 754,350 -4.386 

WA0R 1 0.085 0.426 1.984 448,800 -3.968 

WA25R 1 0.077 0.460 2.209 915,500 -4.417 

WE0R 1 0.094 0.385 2.083 454,500 -4.269 

WE25R 1 0.091 0.397 2.043 757,000 -4.086 

WS0R 1 0.095 0.440 2.409 597,000 -4.818 

WS25R 1 0.105 0.399 2.6 1,780,000 -5.200 
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5.1.4. Four-mm Plate DSR test results 
In this study, the low-temperature rheological properties of extracted and recovered binders have 
been evaluated using a dynamic shear rheometer with 4 mm parallel plates (4-mm DSR). There 
are certain statistical correlations between complex modulus measured by 4-mm DSR and creep 
stiffness by BBR and between phase angle and m-value (114). The extracted and recovered binders 
of mixtures in this study have been PAV-aged after they have been aged also in the RTFO to 
determine the low-temperature performance of the extracted and recovered asphalt binders. Table 
20 shows the testing plan for extracted and recovered binders using DSR. Master curves at a 
reference temperature of -12°C are constructed for all the extracted and recovered binders, as 
shown in Figure 17. There is no consistent conclusion about the effect of WMA additives on the 
low-temperature performance of the WMA-RAP mixtures in the literature. Based on the master 
curves shown in Figure 17, for mixtures containing 0% and 25% RAP, there is no significant 
difference between the WMA mixtures and the HMA control mix, and generally, all the mixtures 
are expected to have similar low-temperature performance. 

Oshone et al. (115) related |G*| and S, as well as δ and m-value using a simple equation that can 
be used to translate one parameter to the other. Equation 4 estimates S from DSR data only based 
on |G*|, and Equation 5 shows the relationship between m-value and phase angle from DSR data. 

S(t) = 1.28 |G*(ω)| + 19.2 [4] 

m-value = 0.008 δ + 0.1 [5] 

Table 21 shows the calculated S and m-value for eight extracted and recovered binders at -12°C 
using Equation 4 and 5. Moreover, an essential rheological index, delta Tc (ΔTc), which is the 
difference between the critical temperature based on stiffness limit Tc(S) and the critical 
temperature based on relaxation rate Tc(m) has been determined based on the 4-mm DSR results. 
ΔTc has shown to correlate with cracking in the field and values below -5°C difference is assumed 
to be prone to significant low-temperature cracking and are likely to get accepted as possible limits 
(116). Based on the results, all the extracted and recovered binders from WMA mixtures meet the 
stiffness and m-value criteria at -12 °C and have lower stiffness and higher m-values compared to 
the extracted and recovered binders from HMA control mixtures. Moreover, the higher value of 
ΔTc (less negative) was obtained for extracted and recovered binders from WMA mixtures 
containing no RAP. WE25R and WS25R exhibit the lowest ΔTc (least negative) compared to the 
other WMA and HMA extracted binders containing RAP which indicate the better performance 
of these mixtures against low-temperature cracking. 

Table 20. Testing plan using DSR. 

Extracted and Recovered 
Binders 

H0R 

WA0R, WE0R, WS0R 

Number of 
replicates 

3 

3 

Test temperature 
(°C) 

0, -6, -12, -18 

0, -6, -12, -18 

Type of test 

Strain sweep, frequency 
sweep 

Strain sweep, frequency 
sweep 

Aging 
Level 

PAV 

PAV 

WA25R, WE25R, WS25R 3 0, -6, -12, -18 
Strain sweep, frequency 

sweep 
PAV 
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Figure 17. Extracted and recovered master curves at a reference temperature of -12 °C. 

Table 21. Stiffness, m-value, and ΔTc results at −12 °C using DSR. 

Extracted and Recovered Binders Creep Stiffness (Mpa) m-value Delta Tc (degrees) 
H0R 219 0.29 -6.10 

WA0R 121 0.32 -4.49 
WE0R 145 0.31 -1.21 
WS0R 115 0.34 -1.50 
H25R 325 0.23 -8.70 

WA25R 210 0.30 -5.30 
WE25R 185 0.31 -2.40 
WS25R 213 0.33 -3.23 

5.2. Asphalt Mixture Performance Test Results 

5.2.1. LWT test results 
Figure 18 illustrates the average permanent deformation depth for the twelve asphalt mixtures 
evaluated in this study. It is shown that the mixture WS25R is the most resistant mixture to 
permanent deformation, whereas the mixture H0R containing no RAP and no recycling agent is 
the least resistant to rutting. It is observed that the addition of RAP to the HMA decreases the 
terminal rut depth as compared to the HMA mixture with no RAP. However, the addition of RAP 
to the WMA mixtures does not show a notable impact on the permanent deformation of the WMA 
mixtures as compared to the HMA mixtures with no RAP. It is also noted that the Sasobit has the 
best performance among the other WMA technologies and mixtures containing Sasobit have the 
lower value of the rut depth. It should be noted the increasing rate of RAP content significantly 
decreases the terminal rut depth in both HMA and WMA mixtures. As shown in Figure 19, 
generally all the mixtures are expected to perform similarly against moisture damage. No tertiary 
regions were seen in the asphalt mixtures studied (no stripping inflection points); therefore, no 
susceptibility to moisture damage as measured by the LWT could be observed. 
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Figure 18. LWT average rut depth vs. mixture type. 
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Figure 19. LWT average rut depth vs. the number of passes per mixture type. 

These findings agree with the results shown in Table 12 for the MSCR test results. The mixture 
containing Sasobit and 25% RAP has a lower value of the Jnr. Higher stiffness, the lower value Jnr, 
and, therefore, it is expected to be the most resistant to permanent deformation. Based on the 
findings from MSCR and LWT test results for the mixtures without RAP, WMA mixtures have 
better performance than the HMA control mix. Although it is expected to have a softer mixture by 
decreasing the temperature and adding the WMA additives, the WMA mixtures with no RAP have 
better performance compare to the HMA control mix. For mixtures containing 25% RAP, there is 
no significant difference between the WMA mixtures and the HMA control mix. It should be noted 
that the close value of the Jnr and rut depth for the H25R and W25R mixtures can come from the 
use of a rejuvenator in the H25R mixture. It can be concluded that the incorporation of WMA 
technology, rejuvenator, and RAP showed promising results in the rutting resistance and moisture 
susceptibility of the asphalt mixtures. 
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Figure 20 illustrates the characterization laboratory test correlation between the non-recoverable 
creep compliance, Jnr, (measured at an applied constant stress of 3.2 kPa and a testing temperature 
of 76°C), and the LWT rut depth (permanent deformation) measured at 20,000 passes at a testing 
temperature of 50°C for the asphalt mixtures evaluated in this study. A decrease in the non-
recoverable creep compliance indicates an improved resistance to rutting damage. This figure 
shows that as the Jnr decreases the rut depth also decreases. It is indicated in Figure 20 that there 
is a strong linear correlation between the non-recoverable creep compliance, Jnr, and LWT test 
results. This confirmed the findings from other studies in the literature (26,39,40). 

J n
r3

.2
 @

 7
6°

C
, k

P
a-

1 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

R² = 0.93 

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 
Rut Depth, (mm) 

Figure 20. MSCR Jnr3.2 @ 76°C vs. LWT rut depth. 

Figure 21 indicates the characterization laboratory test correlation between the Rutting Factor, 
G*/sinδ at 76°C, and the LWT rut depth (permanent deformation) measured at 20,000 passes at a 
testing temperature of 50°C for the asphalt mixtures evaluated in this study. This figure shows that 
there is a fair linear correlation between the Rutting Factor and rut depth test results. For mixtures 
to be rut resistant and exhibit higher stiffness, this necessitates a higher G* value and a lower phase 
angle. The higher the rutting factor value indicates a mixture of greater resistance to permanent 
deformation. It is illustrated in Figure 21 that as the Rutting Factor increases the rut depth 
decreases. This is a desirable trend since higher rutting factor values indicate an asphalt mixtures 
stronger propensity for rut resistance. 
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Figure 21. LWT rut depth vs. rutting factor, G*/sinδ. 
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5.2.2. SCB test results 
Figure 22 shows a comparison of Jc for HMA and WMA mixtures containing 0%, 25%, and 35% 
RAP. According to previous studies, asphalt mixtures should achieve a minimum Jc value of 0.5 
kJ/m2 to minimize intermediate-temperature cracking susceptibility (119). SCB test results showed 
that the Jc value for the HMA mixture containing RAP is almost similar or lower than the HMA 
mixture with no RAP. This confirmed the findings from other studies in the literature (120). 
However, Jc values for WMA mixtures containing RAP are higher than that of WMA mixtures 
containing no RAP and the rate of increase keeps increasing by increasing the rate of RAP content 
in WMA mixtures. The results approved the findings from other studies in the literature (53). This 
observation indicates that WMA additives were effective to accommodate RAP incorporation, 
specifically with the usage of Sasobit additive. Based on the Jc value for WS0R, the addition of 
Sasobit yielded the lowest Jc values and as a result a stiffer mixture among all the mixtures. It is 
consistent with the results from the LWT and MSCR tests. 

Based on the previous studies, there is not a consistent conclusion regarding the effect of RAP on 
intermediate temperature properties of asphalt mixtures. Findings from a study by Lu and Saleh 
(83) showed that, although, incorporation of WMA showed degradation in fracture properties, 
further addition of RAP up to 40% showed consistent improvement in fracture properties. 
Additionally, based on LAS test results, considering the response under the cyclic loading 
condition, improvement in fatigue life with the incorporation of RAP and WMA technologies was 
been observed. 
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Figure 22. Critical strain energy release rate (Jc) for HMA and WMA mixtures. 
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6. CONCLUSION 

The produced asphalt mixtures in this study contain 0%, 25%, and 35% RAP to investigate the 
effects of using WMA technologies (organic, chemical, and foaming) on the performance of 
mixtures containing RAP. The objective of this study is to enhance the performance of asphalt 
mixtures containing RAP in Region 6 using different WMA technologies. The following 
conclusion and findings can be summarized: 

 The addition of 35% RAP material significantly increased the rutting resistance of asphalt 
mixtures and binders while the incorporation of Sasobit as WMA additive, would lead to 
better high-temperature performance. Moreover, the correlation between the G*/sinδ 
parameter, MSCR, and LWT test results was strong at all the tested strain levels, and it was 
concluded that this is an effective binder test in predicting asphalt mixtures’ rutting 
performance. 

 Based on the SCB test results, WMA technologies used to produce asphalt mixtures at 
reduced mixing and compaction temperatures did not compromise the fracture resistance 
of the produced mixtures. Further, incorporating RAP contents up to 35% in the WMA 
mixtures yielded similar or better fracture performance. Additionally, based on the LAS 
test results, considering the response under cyclic loading condition, improvement in 
fatigue life with the incorporation of RAP and WMA technologies was observed. 

 Results of the LAS test showed all the three WMA additive exhibited almost similar effects 
on the fatigue performance of asphalt binder. However, incorporation of RAP binder and 
WMA technologies improved the fatigue performance of the extracted and recovered 
binders, and the effect of chemical technology is a more obvious comparison to the other 
WMA additives and HMA mixtures. 

 The discrepancy between the G*/sinδ parameter and the LAS test results was fairly high. 
However, further research is still needed. 

 Based on the LAS test results, WMA technology showed the potential to be incorporated 
with RAP materials in producing asphalt mixtures and it could enhance the fatigue 
resistance of asphalt binder. 

 Results of 4-mm DSR test show that all the extracted and recovered binders from WMA 
mixtures meet the stiffness and m-value criteria at -12°C and have lower stiffness and 
higher m-values compared to those from HMA mixtures. Moreover, the higher value of 
ΔTc (less negative) was obtained for binders from WMA mixtures containing no RAP. 
WE25R and WS25R exhibit the lowest ΔTc (least negative) compared to the other WMA 
and HMA binders containing RAP which indicate the better performance of these mixtures 
against low-temperature cracking. 

 Above all, the results showed that based on the applied WMA technology, WMA mixtures 
have almost similar or better performance than HMA mixtures, whereas there is a 
significant reduction in air pollution and cost. 

52 



 

 

                  
           

           
    

                  
             

         
        

 

                 
            

              
  

              
          

             
 

                
            

           
 

              
             

      

                  
            

        

                  
             

     

                 
             

       

           

                  
          

               
      

REFERENCES 

1. Zhang, J., X. Zhang, M. Liang, H. Jiang, J. Wei, and Z. Yao. Influence of Different 
Rejuvenating Agents on Rheological Behavior and Dynamic Response of Recycled Asphalt 
Mixtures Incorporating 60% RAP Dosage. Construction and Building Materials, 2020, Vol. 
238, p. 117778. https://doi.org/10.1016/j.conbuildmat.2019.117778. 

2. Daniel, J. S., J. L. Pochily, and D. M. Boisvert. Can More Reclaimed Asphalt Pavement Be 
Added? Study of Extracted Binder Properties from Plant-Produced Mixtures with up to 25% 
Reclaimed Asphalt Pavement. Transportation Research Record: Journal of the 
Transportation Research Board, 2010, No. 2180, pp. 19–29. https://doi.org/10.3141/2180-
03. 

3. McDaniel, R. S., A. Shah, G. A. Huber, and A. Copeland. Effects of Reclaimed Asphalt 
Pavement Content and Virgin Binder Grade on Properties of Plant Produced Mixtures. 
Journal of Road Materials and Pavement Design, 2012, Vol. 13, No. SUPPL. 1, pp. 161– 
182. https://doi.org/10.1080/14680629.2012.657066. 

4. Huang, B., X. Shu, and D. Vukosavljevic. Laboratory Investigation of Cracking Resistance 
of Hot-Mix Asphalt Field Mixtures Containing Screened Reclaimed Asphalt Pavement. 
Journal of Materials in Civil Engineering, 2011, Vol. 23, No. 11, pp. 1535–1543. 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000223. 

5. Lee, H.D., Kim, Y. T. Performance Measures of Warm Asphalt Mixtures for Safe and 
Reliable Freight Transportation Phase II : Evaluation of Friction and Raveling 
Characteristics of Warm Mix Asphalt Mixtures with Anti-Stripping Agents. Final Report, 
2011. 

6. Capitão, S. D., Picado-Santos, L. G., and Martinho, F. Pavement Engineering Materials: 
Review on the Use of Warm-Mix Asphalt. Journal of Construction and Building Materials, 
2012, Vol. 36, pp. 1016–1024. https://doi.org/10.1016/j.conbuildmat.2012.06.038. 

7. Prowell, B., Frank, B., Osborne, L., Kriech, T., and West, R. Effects of WMA on Plant 
Energy and Emissions and Worker Exposures to Respirable Fumes. NCHRP 9-47A Defat 
Final Report, Vol. II, p. 64. 2014. 

8. Martin, A. E., Arambula, E., Yin, F., Cucalon, L. G., Chowdhury, A., Lytton, R., Epps, J., 
Estakhri, C., and Park, E. S. Evaluation of the Moisture Susceptibility of WMA 
Technologies. NCHRP Report 763, 2014. 

9. D’Angelo, J., Harm, E., J. B., Gaylon Baumgardner, M. C., Cowsert, M. J., Harman, T., 
Wayne Jones, B. P., Newcomb, D., and Sines, B. Y. Warm-Mix Asphalt: European 
Practice. FHWA-PL-08-007, U.S. Department of Transportation, 2008. 

10. LaDOTD. Louisiana Standard Specifications for Roads and Bridges, 2018. 

11. Williams, B. A., J. R. Willis, and T. C. Ross. Asphalt Pavement Industry Survey on Recycled 
Materials and Warm-Mix Asphalt Usage. Final Report, Washington, DC., 2018. 

12. Copeland, A. Reclaimed Asphalt Pavement in Asphalt Mixtures: State of the Practice. 
FHWA-HRT-11-021, U.S. Department of Transportation, 2011. 

53 

https://doi.org/10.1016/j.conbuildmat.2012.06.038
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000223
https://doi.org/10.1080/14680629.2012.657066
https://doi.org/10.3141/2180
https://doi.org/10.1016/j.conbuildmat.2019.117778


 

             
          

               
           

             
  

                  
         
     

                
             

 

                
          

                 
        

                 
          

        

                 
        

                   
              

         

               
            

     

               
           

        

              
            

    

               
         

         
    

                
            

13. Bonaquist, R. Impact of Mix Design on Asphalt Pavement Durability. Transportation 
Research Record: Journal of the Transportation Research Board., 2013. 

14. Valdés, G., Pérez-Jiménez, F., Miró, R., Martínez, A., and Botella, R. Experimental Study 
of Recycled Asphalt Mixtures with High Percentages of Reclaimed Asphalt Pavement 
(RAP). Journal of Construction and Building Materials, 2011, Vol. 25, No. 3, pp. 1289– 
1297. https://doi.org/10.1016/j.conbuildmat.2010.09.016. 

15. Al-Qadi, I. L., Qazi, A., and Carpenter, S. H. Impact of High RAP Content on Structural 
and Performance Properties of Asphalt Mixtures. Research Report FHWA-ICT-12-002, 
U.S. Department of Transportation, 2012. 

16. McDaniel, R. Soleymani S., , Anderson, H., Turner, P., and Peterson, R. Recommended Use 
of Reclaimed Asphalt Pavement in the Superpave Mix Design Method. NCHRP Report 452, 
2000. 

17. Cross, S. A., Jakatimath, Y., and KC, S. Determination of Dynamic Modulus Master Curves 
for Oklahoma HMA Mixtures. Final Report, FHWA/OK 07 (05), 2007. 

18. Al-Qadi, I. L., Elseifi, M., and Carpenter, S. H. Reclaimed Asphalt Pavement - A Literature 
Review. FHWA-ICT-07-001, U.S. Department of Transportation, 2007. 

19. Boriack, P. C., Katicha, W. S., Flintsch, W. G., Tomlinson, C. R. Laboratory Evaluation of 
Asphalt Concrete Mixtures Containing High Contents of Reclaimed Asphalt Pavement 
(RAP) and Binder. Final Report VCTIR 15-R8, 2014. 

20. Zhou, F., Hu, S., Das, G., and Scullion, T. High RAP Mixes Design Methodology with 
Balanced Performance. FHWA/Tx-11/0-6092-2, U.S. Department of Transportation, 2011. 

21. West, R., Timm, D., Willis, J. R., Powell, R. B., N., Tran, D. Watson, M. Sakhaeifar, M. 
Robbins, R. Brown, A. Vargas-Nordcbeck, F. L. Villacorta, X. Guo, and J. Nelson. Phase 
IV NCAT Pavement Test Track Findings. Draft Report. 2013. 

22. Mogawer, W., Austerman, A., Mohammad, L., and Kutay, M. E. Evaluation of High RAP-
WMA Asphalt Rubber Mixtures. Journal of Road Materials and Pavement Design, 2013, 
Vol. 14, pp. 129–147. https://doi.org/10.1080/14680629.2013.812846. 

23. Moghadas, F. M. N., Azarhoosh, A., Hamedi, G. H., Roshani, H. Rutting Performance 
Prediction of Warm Mix Asphalt Containing Reclaimed Asphalt Pavements. Journal of 
Road Materials and Pavement Design, 2014, 15, 207-219. 

24. Gong, H., and Huang, B. Field Performance Evaluation of Asphalt Mixtures Containing 
High Percentage of RAP Using LTPP Data. Journal of Construction and Building 
Materials, 2018, 176, 118-128. 

25. Mogawer, W., Stuart, K., J. Austerman, A., A. Soliman, A. Investigating the Performances 
of Plant-Produced High-Reclaimed Asphalt Pavement Content Warm Mix Asphalts. 
Transportation Research Record: Transportation Research Record: Journal of the 
Transportation Research Board., 2018. 

26. Arshadi, A., Steger, R., Ghabchi, R., Zaman, M., Hobson, K., and Commuri, S. Performance 
Evaluation of Plant-Produced Warm Mix Asphalts Containing RAP and RAS. 2017, No. 

54 

https://doi.org/10.1080/14680629.2013.812846
https://doi.org/10.1016/j.conbuildmat.2010.09.016


 

   

               
         

              
      

              
           

           
   

               
         

        
 

                
        

            
 

               
        

              
         
       

               
          

      

                    
            
       

 

                 
            

  

               
       

                
           

      

                
       

86, pp. 403–425. 

27. West, R. C. Reclaimed Asphalt Pavement Management : Best Practices. National Center 
for Asphalt Technology at Auburn University, 2010, p. 31. 

28. Haghshenas, H., Nsengiyumva, G., and Kim, Y. Research on High-RAP Asphalt Mixtures 
with Rejuvenators - Phase II. 2019. 

29. Kaseer, F., Yin, F., Arámbula-Mercado, E., and Epps, A. Martin. Stiffness Characterization 
of Asphalt Mixtures with High Recycled Material Content and Recycling Agents. 
Transportation Research Record: Transportation Research Board, 2017, Vol. 2633, No. 1, 
pp. 58–68. https://doi.org/10.3141/2633-08. 

30. Kodippily, S., Holleran, G., and Henning, T. F. P. Improving Recycled Asphalt Mix 
Performance through Rejuvenation. Transportation Research Record: Journal of the 
Transportation Research Board, 2016, Vol. 2575, pp. 150–159. 
https://doi.org/10.3141/2575-16. 

31. Bennert, T., and Maher, A. Forensic Study on the Cracking of New Jersey’s Long-Term 
Pavement Performance Specific Pavement Study Sections. Transportation Research 
Record: Journal of the Transportation Research Board, 2013, No. 2371, pp. 74–86. 
https://doi.org/10.3141/2371-09. 

32. Rughooputh, R., Beeharry, R., and Qasrawi, H. Warm Mix Asphalt for Better Sustainability 
under Tropical Climate. International Journal of Pavement Engineering,2017. 

33. Mohammad, L., Raghavendra, A., Medeiros, M. Hassan, M. Evaluation of Warm Mix 
Asphalt Technology in Flexible Pavements. 2018, Louisiana Transportation Research 
Center, Vol. 70808, No. 225, p. 202. 

34. Behnood, A. A Review of the Warm Mix Asphalt (WMA) Technologies: Effects on 
Thermo-Mechanical and Rheological Properties. Journal of Cleaner Production, 2020, Vol. 
259, 2020, p. 120817. https://doi.org/10.1016/j.jclepro. 120817. 

35. Jamshidi, A., Golchin, B., Hamzah, M. O., and Turner, P. Selection of Type of Warm Mix 
Asphalt Additive Based on the Rheological Properties of Asphalt Binders. Journal of 
Cleaner Production, 2015, Vol. 100, pp. 89–106. 
https://doi.org/10.1016/j.jclepro.2015.03.036. 

36. Zaumanis, M., and Smirnovs, J. Analysis of Possibilities for Use of Warm Mix Asphalt in 
Latvia. In Proceedings of Civil Engineering ’11 - 3rd International Scientific Conference, 
2011. 

37. Gandhi, T. Effects of Warm Asphalt Additives on Asphalt Binder and Mixture Properties. 
Clemson University, No. May 2008, p. 161. 

38. Khodaii, A., Kazemi Tehrani, H., and Haghshenas, H. F. Hydrated Lime Effect on Moisture 
Susceptibility of Warm Mix Asphalt. Journal of Construction and Building Materials, 
2012, Vol. 36, pp. 165–170. https://doi.org/10.1016/j.conbuildmat.2012.04.073. 

39. Xuan Dai Lu, M. S. Evaluation of Warm Mix Asphalt Performance Incorporating High RAP 
Content. Canadian Journal of Civil Engineering, 2016. 

55 

https://doi.org/10.1016/j.conbuildmat.2012.04.073
https://doi.org/10.1016/j.jclepro.2015.03.036
https://doi.org/10.1016/j.jclepro
https://doi.org/10.3141/2371-09
https://doi.org/10.3141/2575-16
https://doi.org/10.3141/2633-08


 

             
    

               
              

           

                
             

     

               
            

              
            

        
 

                  
          

           
    

                
            

           
 

                      
            

           
 

              
             
    

                    
          

        

               
            

     

             
           

            
 

                 

40. Zaumanis, M. Warm Mix Asphalt Investigation. Master of Science Thesis, Technical 
University of Denmark, 2014. 

41. Button, J. W., Estakhri, C., and Wimsatt, A. A SYNTHESIS OF WARM-MIX ASPHALT 
Final Report 0-5597-1, The Texas A & M University System Project 0-5597 in Cooperation 
with the Texas Department of Transportation. Vol. 7, No. 2, 2007. 

42. Van de Ven, M.F.C, Jenkins, K.J., Voskuilen, J.L.M., and Van den Beemt, R. Development 
of (Half-) Warm Foamed Bitumen Mixes: State of the Art. International Journal of 
Pavement Engineering, 2007, pp. 163–175. 

43. Frank, B., Prowell, B.D., Hurley, G. C. Warm Mix Asphalt (WMA) Emission Reductions 
and Energy Savings. National Center for Asphalt Technology. 2012, Volume 53, 287. 

44. Kavussi, A., and Barghabany, P. Investigating Fatigue Behavior of Nanoclay and Nano 
Hydrated Lime Modified Bitumen Using LAS Test. Journal of Materials in Civil 
Engineering, 2015, Vol. 28, No. 3, pp. 1–7. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0001376. 

45. Zhao, S., Huang, B., Shu, X., Jia, X., and Woods, M. Laboratory Performance Evaluation 
of Warm-Mix Asphalt Containing High Percentages of Reclaimed Asphalt Pavement. 
Transportation Research Record: Journal of the Transportation Research Board, 2012, No. 
2294, pp. 98–105. https://doi.org/10.3141/2294-11. 

46. Mohd Hasan, M. R., and Z. You. Estimation of Cumulative Energy Demand and Green 
House Gas Emissions of Ethanol Foamed WMA Using Life Cycle Assessment Analysis. 
Journal of Construction and Building Materials, 2015, Vol. 93, pp. 1117–1124. 
https://doi.org/10.1016/j.conbuildmat.2015.05.029. 

47. Silva, H. M. R. D., J. R. M. Oliveira, C. I. G. Ferreira, and P. A. A. Pereira. Assessment of 
the Performance of Warm Mix Asphalts in Road Pavements. International Journal of 
Pavement Research and Technology, 2010, Vol. 3, No. 3, pp. 119–127. 
https://doi.org/10.6135/ijprt.org.tw/2010.3(3).119. 

48. Almeida-Costa, A., and A. Benta. Economic and Environmental Impact Study of Warm 
Mix Asphalt Compared to Hot Mix Asphalt. Journal of Cleaner Production, 2016, Vol. 
112, pp. 2308–2317. https://doi.org/10.1016/j.jclepro.2015.10.077. 

49. Gungat, L., M. O. Hamzah, N. I. M. Yusoff, and S. W. Goh. Design and Properties of High 
Reclaimed Asphalt Pavement with RH-WMA. IOP Conference Series: Materials Science 
and Engineering, 2019, Vol. 512, No. 1. https://doi.org/10.1088/1757-899X/512/1/012055. 

50. Rodríguez-Alloza, A. M., A. Malik, M. Lenzen, and J. Gallego. Hybrid Input-Output Life 
Cycle Assessment of Warm Mix Asphalt Mixtures. Journal of Cleaner Production, 2015, 
Vol. 90, pp. 171–182. https://doi.org/10.1016/j.jclepro.2014.11.035. 

51. Pérez-Martínez, M., F. Moreno-Navarro, J. Martín-Marín, C. Ríos-Losada, and M. C. 
Rubio-Gámez. Analysis of Cleaner Technologies Based on Waxes and Surfactant Additives 
in Road Construction. Journal of Cleaner Production, 2014, Vol. 65, pp. 374–379. 
https://doi.org/10.1016/j.jclepro.2013.09.012. 

52. Saboundjian, S., Liu, J., Li, P., and Brunette, B. Late-Season Paving of a Low-Volume Road 

56 

https://doi.org/10.1016/j.jclepro.2013.09.012
https://doi.org/10.1016/j.jclepro.2014.11.035
https://doi.org/10.1088/1757-899X/512/1/012055
https://doi.org/10.1016/j.jclepro.2015.10.077
https://doi.org/10.6135/ijprt.org.tw/2010.3(3).119
https://doi.org/10.1016/j.conbuildmat.2015.05.029
https://doi.org/10.3141/2294-11
https://doi.org/10.1061/(ASCE)MT.1943


 

          
        

                
             

      
 

               
              

       
 

                     
             

             
 

                   
            

       

                
         

         

                  
           

    

                 
           
            

  

                  
           

               
   

              
            

                
           

         
  

             
          

         

with Warm-Mix Asphalt. Transportation Research Record: Journal of the Transportation 
Research Board, 2011, No. 2205, pp. 40–47. https://doi.org/10.3141/2205-06. 

53. Xu, S., Xiao, F., Amirkhanian, S., and Singh, D. Moisture Characteristics of Mixtures with 
Warm Mix Asphalt Technologies – A Review. Journal of the Construction and Building 
Materials, 2017, Vol. 142, pp. 148–161. 
https://doi.org/10.1016/j.conbuildmat.2017.03.069. 

54. Das, P. K., Tasdemir, Y., and Birgisson, B. Low Temperature Cracking Performance of 
WMA with the Use of the Superpave Indirect Tensile Test. Journal of Construction and 
Building Materials, 2012, Vol. 30, pp. 643–649. 
https://doi.org/10.1016/j.conbuildmat.2011.12.013. 

55. Luo, H., Leng, H., Ding, H., Xu, J., Lin, H., Ai, C., and Qiu, Y. Low-Temperature Cracking 
Resistance, Fatigue Performance, and Emission Reduction of a Novel Silica Gel Warm Mix 
Asphalt Binder. Journal of Construction and Building Materials, 2020, Vol. 231, p. 117118. 
https://doi.org/10.1016/j.conbuildmat.2019.117118. 

56. Xu, J., Yang, E., Luo, H., and Ding, H. Effects of Warm Mix Additives on the Thermal 
Stress and Ductile Resistance of Asphalt Binders. Journal of Construction and Building 
Materials, 2020, Vol. 238, p. 117746. https://doi.org/10.1016/j.conbuildmat.2019.117746. 

57. D’Angelo, J., R. Kluttz, R. Dongre, K. Stephens, and L. Zanzotto. Revision of the 
Superpave High-Temperature Binder Specification: The Multiple Stress Creep Recovery 
Test. Asphalt Paving Technology, Vol. 76, No. 123, 2007. 

58. Al-Qadi, I. L., S. H. Carpenter, G. Roberts, H. Ozer, Q. Aurangzeb, M. Elseifi, and J. 
Trepanier. Determination of Usable Residual Asphalt Binder in RAP. FHWA, U.S. 
Department of Transportation, 2009. 

59. He, Y., Z. Alavi, J. Harvey, and D. Jones. Evaluating Diffusion and Aging Mechanisms in 
Blending of New and Age-Hardened Binders during Mixing and Paving. Transportation 
Research Record: Journal of the Transportation Research Board, 2016, Vol. 2574, pp. 64– 
73. https://doi.org/10.3141/2574-07. 

60. Shen, J. A., Amirkhanian, S. J., Lee, S. J. The Effects of Rejuvenating Agents on Recycled 
Aged CRM Binders. International Journal of Pavement Engineering, 2007, pp. 273–279. 

61. Willis, J. R., and P. Turner. Characterization of Asphalt Binder Extracted From Reclaimed 
Asphalt Shingles. 2016. 

62. Adriana Vargas-Nordcbeck, D. H. T. Rutting Characterization of Warm Mix Asphalt and 
High RAP Mixtures. Journal of Road Materials and Pavement Design, 2012, 1-20. 

63. Faheem Ahmed, Abboud Bechara, Coe Joseph, A. M. Effect of Warm Mix Asphalt (WMA) 
Low Mixing and Compaction Temperatures on Recycled Asphalt Pavement (RAP) Binder 
Replacement. Transportation Research Record: Journal of the Transportation Research 
Board, 2018. 

64. Mogawer, W., Austerman, A., Kluttz, R., and Roussel, M. High-Performance Thin-Lift 
Overlays with High Reclaimed Asphalt Pavement Content and Warm-Mix Asphalt 
Technology. Transportation Research Record: Journal of the Transportation Research 

57 

https://doi.org/10.3141/2574-07
https://doi.org/10.1016/j.conbuildmat.2019.117746
https://doi.org/10.1016/j.conbuildmat.2019.117118
https://doi.org/10.1016/j.conbuildmat.2011.12.013
https://doi.org/10.1016/j.conbuildmat.2017.03.069
https://doi.org/10.3141/2205-06


 

       

              
          

         
 

              
           
         

                     
            

            
 

                   
            

       
 

                    
         
             

  

                  
          

           
        

 

                
          

  

                
          

          
        

                 
           

               
             
         

 

                 
            

Board, 2012, No. 2293, pp. 18–28. https://doi.org/10.3141/2293-03. 

65. Sol-Sánchez, M., Fiume, A., Moreno-Navarro, F., and Rubio-Gámez, M. C. Analysis of 
Fatigue Cracking of Warm Mix Asphalt. Influence of Manufacturing Technology. 
International Journal of Fatigue, Vol. 110, 2018, pp. 197–203. 
https://doi.org/10.1016/j.ijfatigue.2018.01.029. 

66. Fakhri, M., Hosseini, S. A. Laboratory Evaluation of Rutting and Moisture Damage 
Resistance of Glass Fiber Modified Warm Mix Asphalt Incorporating High RAP 
Proportion. Journal of Construction and Building Materials, 134, 626-640. 

67. Zhu, X., Sun, Y., Du, C., Wang, W., Liu, J., and Chen, J. Rutting and Fatigue Performance 
Evaluation of Warm Mix Asphalt Mastic Containing High Percentage of Artificial RAP 
Binder. Journal of Construction and Building Materials, 2020, Vol. 240, p. 117860. 
https://doi.org/10.1016/j.conbuildmat.2019.117860. 

68. Wang, W., J. Chen, Y. Sun, B. Xu, J. Li, and J. Liu. Laboratory Performance Analysis of 
High Percentage Artificial RAP Binder with WMA Additives. Journal of Construction and 
Building Materials, Vol. 147, 2017, pp. 58–65. 
https://doi.org/10.1016/j.conbuildmat.2017.04.142. 

69. Li, J., F. Ni, Y. Huang, and L. Gao. New Additive for Use in Hot In-Place Recycling to 
Improve Performance of Reclaimed Asphalt Pavement Mix. Transportation Research 
Record: Journal of the Transportation Research Board, Vol. 2445, No. 2445, 2014, pp. 39– 
46. https://doi.org/10.3141/2445-05. 

70. Zhou, Z., X. Gu, Q. Li, F. Ni, and R. Yuan. Use of Rejuvenator, Styrene-Butadiene Rubber 
Latex, and Warm-Mix Asphalt Technology to Achieve Conventional Mixture Performance 
with 50% Reclaimed Asphalt Pavement. Transportation Research Record: Journal of the 
Transportation Research Board, Vol. 2575, 2016, pp. 160–167. 
https://doi.org/10.3141/2575-17. 

71. Doyle, J. D., and I. L. Howard. Laboratory Investigation of High RAP Content Pavement 
Surface Layers. Transportation Research Record: Journal of the Transportation Research 
Board, 2010. 

72. Mogawer, W. S., K. Stuart, A. J. Austerman, and A. A. Soliman. Investigating the 
Performances of Plant- Produced High-Reclaimed Asphalt Pavement Content Warm Mix 
Asphalts. Transportation Research Record: Journal of the Transportation Research Board, 
Vol. 2672, No. 28, 2018, pp. 130–142. https://doi.org/10.1177/0361198118786828. 

73. Naidoo, K., Lewis, T., Nortjè, W., Marais, H. and Rocher, K. Getting Started with Warm 
Mix Asphalt in South Africa. 2nd International Warm Mix Conference. 2011. 

74. Dinis-Almeida, M., J. Castro-Gomes, C. Sangiorgi, S. E. Zoorob, and M. L. Afonso. 
Performance of Warm Mix Recycled Asphalt Containing up to 100% RAP. Journal of 
Construction and Building Materials, Vol. 112, 2016, pp. 1–6. 
https://doi.org/10.1016/j.conbuildmat.2016.02.108. 

75. Monu, K., Ransinchung, G. D., and Singh, S. Effect of Long-Term Ageing on Properties of 
RAP Inclusive WMA Mixes. Journal of Construction and Building Materials, Vol. 206, 

58 

https://doi.org/10.1016/j.conbuildmat.2016.02.108
https://doi.org/10.1177/0361198118786828
https://doi.org/10.3141/2575-17
https://doi.org/10.3141/2445-05
https://doi.org/10.1016/j.conbuildmat.2017.04.142
https://doi.org/10.1016/j.conbuildmat.2019.117860
https://doi.org/10.1016/j.ijfatigue.2018.01.029
https://doi.org/10.3141/2293-03


 

    

                
         

                 
          

   

                      
          

         
 

                  
          

         
 

              
         
            

  

              
    

                   
            

        
 

                
            

       
 

              
           

         
 

                  
           

                 
           

          
        

 

               

2019, pp. 483–493. https://doi.org/10.1016/j.conbuildmat.2019.02.087. 

76. Solaimanian, M., Milander, S., Boz, I., and Stoffels, S. M. Development of Guidelines for 
Usage of High Percent RAP in Warm-Mix Asphalt Pavements. 

77. Guo, N., You, Z., Zhao, Y., YiqiuTan, A. D. Laboratory Performance of Warm Mix Asphalt 
Containing Recycled Asphalt Mixtures. Journal of Construction and Building Materials, 
64, 141-149., 2014. 

78. Guo, M., Liu, H., Jiao, Y., Mo, L., Tan, Y., Wang, D., and Liang, M. Effect of WMA-RAP 
Technology on Pavement Performance of Asphalt Mixture: A State-of-the-Art Review. 
Journal of Cleaner Production, Vol. 266, 2020, p. 121704. 
https://doi.org/10.1016/j.jclepro.2020.121704. 

79. Goli, H., and Latifi, M. Evaluation of the Effect of Moisture on Behavior of Warm Mix 
Asphalt (WMA) Mixtures Containing Recycled Asphalt Pavement (RAP). Journal of 
Construction and Building Materials, Vol. 247, 2020, p. 118526. 
https://doi.org/10.1016/j.conbuildmat.2020.118526. 

80. Frigio, F., Stimilli, A., Virgili, A., and Canestrari. F. Performance Assessment of Plant-
Produced Warm Recycled Mixtures for Open-Graded Wearing Courses. Transportation 
Research Record: Journal of the Transportation Research Board, Vol. 2633, 2017, pp. 16– 
24. https://doi.org/10.3141/2633-04. 

81. Tabatabaee, H., and Sylvester, T. Rejuvenation vs. Softening of Recycled Binders, Ilinois 
Asphalt Pavement Assn. 2017. 

82. Lu, D. X., M. Saleh, and N. H. T. Nguyen. Effect of Rejuvenator and Mixing Methods on 
Behaviour of Warm Mix Asphalt Containing High RAP Content. Journal of Construction 
and Building Materials, Vol. 197, 2019, pp. 792–802. 
https://doi.org/10.1016/j.conbuildmat.2018.11.205. 

83. Lu, D. X., and Saleh, M. Laboratory Evaluation of Warm Mix Asphalt Incorporating High 
RAP Proportion by Using Evotherm and Sylvaroad Additives. Journal of Construction and 
Building Materials, Vol. 114, 2016, pp. 580–587. 
https://doi.org/10.1016/j.conbuildmat.2016.03.200. 

84. Yousefi, A., Behnood, A., Nowruzi, A., and Hghshenas, H. Performance Evaluation of 
Asphalt Mixtures Containing Warm Mix Asphalt (WMA) Additives and Reclaimed Asphalt 
Pavement (RAP). Journal of Construction and Building Materials, 2020, 
https://doi.org/10.1016/j.conbuildmat.2020.121200. 

85. Farooq, M. A., and Mir, M. S. Use of Reclaimed Asphalt Pavement (RAP) in Warm Mix 
Asphalt (WMA) Pavements: A Review. Innovative Infrastructure Solutions. 1. Volume 2. 

86. Foroutan Mirhosseini, A., Tahami, A., Hoff, I., Dessouky, S., Kavussi, A., Fuentes, L., 
and Walubita, L. F. Performance Characterization of Warm-Mix Asphalt Containing High 
Reclaimed-Asphalt Pavement with Bio-Oil Rejuvenator. Journal of Materials in Civil 
Engineering, 2020, Vol. 32, No. 12, p. 04020382. https://doi.org/10.1061/(ASCE)mt.1943-
5533.0003481. 

87. Song, W., Huang, B., and Shu, X. Influence of Warm-Mix Asphalt Technology and 

59 

https://doi.org/10.1061/(ASCE)mt.1943
https://doi.org/10.1016/j.conbuildmat.2020.121200
https://doi.org/10.1016/j.conbuildmat.2016.03.200
https://doi.org/10.1016/j.conbuildmat.2018.11.205
https://doi.org/10.3141/2633-04
https://doi.org/10.1016/j.conbuildmat.2020.118526
https://doi.org/10.1016/j.jclepro.2020.121704
https://doi.org/10.1016/j.conbuildmat.2019.02.087


 

          
          

 

               
         

         

            

         
      

             
  

            
           

 

            
          

            
         

               
         

              
          

              
          

            
           

            
           

    

            
                

        

            
             

    

            
            

Rejuvenator on Performance of Asphalt Mixtures Containing 50% Reclaimed Asphalt 
Pavement. Journal of Cleaner Production, 2018, Vol. 192, pp. 191–198. 
https://doi.org/10.1016/j.jclepro.2018.04.269. 

88. Ashuri, B., Shahandashti, M., and Tavakolan, M. Synthesis of best practices for determining 
value of research results. LTRC Project No. 12-3PF, 2014. 

89. Arkansas Standard Specifications for Highway Construction, 2014. 

90. New Mexico Standard Specifications for Highway and Bridge Construction, 2014. 

91. Oklahoma Standard Specifications. Oklahoma Department of Transportation 
Transportation Commission Secretary of Transportation, 2009. 

92. Texas Standard Specifications for Construction and Maintenance of Highways, Streets, and 
Bridges, 2014. 

93. AASHTO (The American Association of State Highway and Transportation Officials). 
2017. AASHTO R35: Standard Practice for Superpave Volumetric Design for Asphalt 
Mixtures. 

94. AASHTO (The American Association of State Highway and Transportation Officials). 
2017. AASHTO M323: Standard Specification for Superpave Volumetric Mix Design. 

95. AASHTO (The American Association of State Highway and Transportation Officials). 
2012. AASHTO R30: Mixture Conditioning of Hot Mix Asphalt. 

96. Cooper, S. B. Sustainable Materials for Pavement Infrastructure : Design and Performance 
of Asphalt Mixtures Containing Recycled Asphalt Shingles. May 2015. 

97. ASTM (American Society for Testing and Materials). 2019. ASTM D8159: Standard Test 
Method for Automated Extraction of Asphalt Binder from Asphalt Mixtures. 

98. ASTM (American Society for Testing and Materials). 2009. ASTM D1856: Standard Test 
Method for Recovery of Asphalt from Solution by Abson Method. 

99. AASHTO (The American Association of State Highway and Transportation Officials). 
2016. AASHTO M 320: Standard Specification for Performance-Graded Asphalt Binder. 

100. AASHTO (The American Association of State Highway and Transportation Officials). 
AASHTO T315: Determining the Rheological Properties of Asphalt Binder Using a 
Dynamic Shear Rheometer (DSR). 

101. AASHTO (The American Association of State Highway and Transportation Officials). 
2013. AASHTO T240: Standard Method of Test for Effect of Heat and Air on a Moving 
Film of Asphalt Binder (Rolling Thin-Film Oven Test). 

102. AASHTO (The American Association of State Highway and Transportation Officials). 
2012. AASHTO R28: Standard Practice for Accelerated Aging of Asphalt Binder Using a 
Pressurized Aging Vessel (PAV). 

103. AASHTO (The American Association of State Highway and Transportation Officials). 
2019. AASHTO T350: Standard Method of Test for Multiple Stress Creep Recovery 

60 

https://doi.org/10.1016/j.jclepro.2018.04.269


 

           

            
         
       

                 
         

           
    

            
            

       

            
                

        

            
             

    

            
            

      

              
           

      

               
          

           
    

               
            

             
     

                 
            

       
 

              
             

           
 

               

(MSCR) Test of Asphalt Binder Using a Dynamic Shear Rheometer (DSR). 

104. AASHTO (The American Association of State Highway and Transportation Officials). 
2020. AASHTO M332: Standard Specification for Performance-Graded Asphalt Binder 
Using Multiple Stress Creep Recovery (MSCR) Test. 

105. Copeland, A., J. D’Angelo, R. Dongré, S. Belagutti, and G. Sholar. Field Evaluation of High 
Reclaimed Asphalt Pavement-Warm-Mix Asphalt Project in Florida: Case Study. 
Transportation Research Record: Journal of the Transportation Research Board, No. 2179, 
2010, pp. 93–101. https://doi.org/10.3141/2179-11. 

106. AASHTO (The American Association of State Highway and Transportation Officials). 
2012. AASHTO TP101: Standard Method of Test for Estimating Fatigue Resistance of 
Asphalt Binders Using the Linear Amplitude Sweep. 

107. AASHTO (The American Association of State Highway and Transportation Officials). 
2009. AASHTO T240: Standard Method of Test for Effect of Heat and Air on a Moving 
Film of Asphalt Binder (Rolling Thin-Film Oven Test). 

108. AASHTO (The American Association of State Highway and Transportation Officials). 
2009. AASHTO R28: Standard Practice for Accelerated Aging of Asphalt Binder Using a 
Pressurized Aging Vessel (PAV). 

109. AASHTO (The American Association of State Highway and Transportation Officials). 
2008. AASHTO T324: Standard Method of Test for Hamburg Wheel-Track Testing of 
Compacted Hot Mix Asphalt (HMA). 

110. ASTM (American Society for Testing and Materials). 2016. ASTM D8044: Standard Test 
Method for Evaluation of Asphalt Mixture Cracking Resistance using the Semi-Circular 
Bend Test (SCB) at Intermediate Temperatures. 

111. Tabatabaee, N., and Tabatabaee, H. A. Multiple Stress Creep and Recovery and Time 
Sweep Fatigue Tests: Crumb Rubber Modified Binder and Mixture Performance. 
Transportation Research Record: Journal of the Transportation Research Board, 2010, No. 
2180, pp. 67–74. https://doi.org/10.3141/2180-08. 

112. Sun, Y., Wang, W., and Chen, J. Investigating Impacts of Warm-Mix Asphalt Technologies 
and High Reclaimed Asphalt Pavement Binder Content on Rutting and Fatigue Performance 
of Asphalt Binder through MSCR and LAS Tests. Journal of Cleaner Production, 2019, 
Vol. 219, pp. 879–893. https://doi.org/10.1016/j.jclepro.2019.02.131. 

113. Singh, D., Showkat, B., and Sawant, D. A Study to Compare Virgin and Target Asphalt 
Binder Obtained from Various RAP Blending Charts. Journal of the Construction and 
Building Materials, 2019, Vol. 224, pp. 109–123. 
https://doi.org/10.1016/j.conbuildmat.2019.07.038. 

114. Lu, X., Uhlback, P., and Soenen, H. Investigation of Bitumen Low-Temperature Properties 
Using a Dynamic Shear Rheometer with 4 Mm Parallel Plates. International Journal of 
Pavement Research and Technology, 2017, Vol. 10, No. 1, pp. 15–22. 
https://doi.org/10.1016/j.ijprt.2016.08.010. 

115. Oshone, M., Dave, E.V., Daniel, J.S., and Rowe, G.M. Assessment of Various Approaches 

61 



 

                   
            

       

              
         

          
     

               
             

     

               
            

             
  

                
             

          
 

                       
            

              
   

 

 

 

 

 

 

 

 

 

 

 

 

 

to Determining Binder Bending Beam Rheometer Low Temperature Specification 
Parameters from Dynamic Shear Rheometer Test. Journal of the Association of Asphalt 
Paving Technologies, 2018, Vol. 87, pp. 345–374. 

116. Anderson, R.M., King, G.N., Hanson, D.I., and Blankenship, P.B. Evaluation of the 
Relationship between Asphalt Binder Properties and Non-Load Related Cracking. 
Transportation Research Record: Journal of the Transportation Research Board, 2011, 
Vol. 80, pp. 615-664. 

117. Saboo, N., and Kumar, P. Analysis of Different Test Methods for Quantifying Rutting 
Susceptibility of Asphalt Binders. Journal of Materials in Civil Engineering, 2016, Vol. 28, 
No. 7, pp. 1–8. https://doi.org/10.1061/(ASCE)MT.1943-5533.0001553. 

118. Wu, Z., Mohammad, L., Wang, L., and Mull, M. Fracture Resistance Characterization of 
Superpave Mixtures Using the Semi-Circular Bending Test. Performance Tests for Hot Mix 
Asphalt (HMA) Including Fundamental and Empirical Procedures, 2008, Vol. 2, No. 3, pp. 
129-129–15. https://doi.org/10.1520/stp37628s. 

119. Zhou, F., Im, S., Hu, S., Newcomb, D., and Scullion, T. Selection and Preliminary 
Evaluation of Laboratory Cracking Tests for Routine Asphalt Mix Designs. Journal of the 
Road Materials and Pavement Design, 2017, Vol. 18, pp. 62–86. 
https://doi.org/10.1080/14680629.2016.1266741. 

120. Zhang, J., Walubita, L. F., Faruk, A. N. M., Karki, P., and Simate, G. S. Use of the MSCR 
Test to Characterize the Asphalt Binder Properties Relative to HMA Rutting Performance 
- A Laboratory Study. Journal of the Construction and Building Materials, 2015, Vol. 94, 
pp. 218–227. https://doi.org/10.1016/j.conbuildmat.2015.06.044. 

62 



 

       

                 
 

             

        
     

     
     
     
      
      

      
      
      

      
      

    
     

   
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A: RAP stockpiles and binder properties 

Table 22 illustrates the gradation and properties of the RAP stockpiles that have been used in this 
work. 

Table 22. RAP properties and % passing for fine and coarse RAP sources. 

Sieve Size Fine RAP (%) Coarse RAP (%) 
25.0mm - 1" 100.00 100.0 

19.0mm - 3/4" 100.0 97.6 
12.5mm - 1/2" 99.7 76.7 
9.5mm - 3/8" 96.2 51.1 

4.75mm - No. 4 70.5 31.4 
2.36mm - No. 8 50.0 22.2 

1.18mm - No. 16 38.3 17.6 
0.600mm - No. 30 30.9 14.6 
0.300mm - No. 50 20.4 10.2 

0.150mm - No. 100 12.1 6.0 
0.075mm - No. 200 8.7 3.7 

% Crushed 99.5 99.7 
Fineness Modulus F.M. 4.7 6.7 

%AC 4.7 3.1 
Gsb 2.548 2.542 

63 



 

    

              
             

          
              

             
           

              

       

      
       

       
            

          
          

        
         
          

         
          

         

 

 

 

 

APPENDIX B: Rejuvenator properties 

A high-performance rejuvenator selected and used for the mixtures of this project enhances the 
low-temperature performance of aged binder to allow incorporation of high levels of recycled 
bituminous material while maintaining or lowering compaction temperature requirements. The 
product can be used in HMAs, as well as asphalt emulsions and emulsified rejuvenator 
applications. It is formulated for high compatibility with binder, especially aged and oxidized 
binders, and improving durability and cracking resistance as measured by industry-accepted 
experimental methods. Typical properties of the used rejuvenator are presented in Table 23. 

Table 23. Typical properties of used rejuvenator. 

Typical Properties Value Method 
Appearance Brown Homogenous Liquid Visual 

Color 14+ AOCS Td 1a-64 
Density @ 20 °C, g/ml 0.92 - 0.95 ASTM D1475 
Viscosity @ 40°C, cSt 45-60 AOCS Ja 10-87 
Flash Point °C, COC >290 AOCS Cc 9a-48 

N-Heptane Insoluble, % Nil ASTM D3279 
RTFO Viscosity Index > 1.10 ASTM D2872 
RTFO Mass Loss, % > 1.000% ASTM D2872 
PAV Viscosity Index > 1.10 ASTM D6521 
RTFO Mass Loss, % > 1.000% ASTM D2872 
PAV Viscosity Index > 1.10 ASTM D6521 
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