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Due to a general reduction in pavement program funding levels over the past decade, 

the current budget is not sufficient to maintain roadways at a high level of service with 

acceptable roughness levels. Rough roadways with poor ride quality increase drivers’ 

vehicle operating costs (fuel consumption, vehicle maintenance, and tire-wear) and 

affect road-users’ safety. Therefore, current pavement program budget should be more 

efficiently allocated to road maintenance and rehabilitation. In addition, incorporating 

high reclaimed asphalt pavement (RAP) into pavement resurfacings reduces the 

pavement life cycle costs, preserves raw materials, benefits the environment, and 

provides more money for pavement maintenance programs. 

 

The goal of this study is to develop a network-level decision-making tool to select the 

most efficient pavement maintenance and rehabilitation strategies to minimize agency 

and user costs and maximize their benefits. This study also evaluates the effects of 

different trigger roughness levels, at which the maintenance should be applied, and 

different treatment methods (1. considering one value for trigger roughness value for all 

the sections regardless of the traffic levels, and 2. considering different trigger 

roughness values for sections based on their traffic levels) on user benefits and agency 

costs. Moreover, to increase RAP content in asphalt mixtures and preserve the long-

term durability of the finished asphalt concrete containing RAP, methods of increasing 



 

 

 

RAP content (1. Using a softer binder and 2. using high binder content) in asphalt 

mixtures are investigated.  

 

Results show that available budget level controls the optimal trigger roughness values. 

Using a lower value for trigger roughness requires a higher budget level and increases 

user benefits. In addition, this study found that considering one value for trigger 

roughness for all the sections regardless of their traffic levels is more optimal than 

considering different values for trigger roughness based on the traffic levels. This study 

also shows that by using softer binders and higher binder contents, it is possible to 

increase RAP content in asphalt mixtures without sacrificing performance. In this study, 

possible combinations of RAP contents, binder contents, and binder grades to achieve 

acceptable cracking and rutting performance for asphalt mixtures are also suggested. 
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1. CHAPTER 1 – INTRODUCTION 

2012 Pavement Condition Report released by the Oregon Department of Transportation (2013) 

reported that pavement program funding levels have decreased around 30% over the past decade. 

Current pavement funding levels allow for pavement resurfacing and treatment every 30 years or 

longer. However, pavement resurfacings commonly last between 10 to 20 years (ODOT 2013) 

depending on the treatment types and thicknesses. Thus, substandard pavement conditions with 

high roughness levels are expected in the future. According to a report by a National Transportation 

Research Group (TRIP) (2015), more than 28 percent of U.S. roadways (interstates, freeways, and 

arterial routes) are in substandard conditions with high roughness levels. Rough roadways provide 

poor ride quality for drivers and increase vehicle operating costs in terms of vehicle maintenance, 

fuel consumption, and tire-wear (Chatti and Zabaar 2012; Mitchell 2000; Barnes and Langworthy 

2004; Islam and Buttlar 2012).  

 

A general reduction in pavement program funding levels created a need for low cost yet effective 

alternative ways to rehabilitate, preserve, and maintain roadway network in Oregon. The impacts 

of road roughness on vehicle operating costs should also be considered in pavement maintenance 

strategies, along with other important factors such as agency costs. Therefore, a network-level 

decision-making software should be developed to be able to recommend the most efficient 

maintenance and rehabilitation strategies by minimizing user and agency costs and maximizing 

their benefits. 

 

In addition, using recycled highway construction materials in pavement resurfacings and 

treatments reduces the pavement life cycle costs, conserves natural resources, and protects the 

environment (Willis 2015; Lee et al. 2011). Andreen et al. (2011) found that a saving of $40.87 

per ton was realized by using Recycled Asphalt Pavement (RAP) in Hot Mix Asphalt (HMA), with 

most of these savings coming from reducing energy consumption at the HMA plant. Reducing 

asphalt mixture costs by using higher percentages of RAP will allow agencies to maintain and 

rehabilitate more roadway sections and reduce network-level roughness levels. Consequently, 
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vehicle operating costs will decrease and road user comforts will increase by treating pavements 

at higher levels of service. 

 

Although using RAP is beneficial in many aspects, asphalt pavements with high RAP contents are 

more susceptible to cracking. Aged binder in RAP makes asphalt pavements more brittle and 

creates long-term durability problems (Bennert et al. 2014). Using softer virgin binder grade 

(binder-grade bumping) and higher virgin binder content improve cracking performance of 

pavements with high amounts of RAP (Bennert et al. 2014; Aurangzeb et al. 2012; Li et al. 2008; 

West et al. 2009). However, careful considerations are required in designing asphalt pavements 

with high RAP. Softer virgin binder grade and higher binder content make pavements more 

resistant to cracking, but more susceptible to permanent deformation. Hence, a balance of the 

combination of RAP content, binder content, and binder grade should be considered in the mix 

design. 

 

Pavement roughness and rutting (deformation on roadways) directly affect drivers’ safety. 

Roughness levels influence user driving habits, steering control, and vehicle handling 

characteristics. Consequently, pavement roughness affects single-vehicles and multiple-vehicles 

accident rates (Anastasopoulos et al. 2008; Bester 2003; Tighe et al. 2000). On the other hand, not 

only can rutting impact driving quality by increasing pavement roughness levels, but also it can 

lead to hydroplaning in rainy days and reduce skid resistance (Guo et al. 2014; Sha 2008). To 

reduce the safety problems associated with pavement roughness and rutting, mixtures with high 

RAP contents should be carefully designed.  

 

This study aims to develop a network-level decision-making tool for budget allocation to road 

maintenance and rehabilitation. The effects of pavement roughness and trigger roughness level (a 

value for roughness indicating failure of the pavement) on user and agency costs are evaluated. 

Moreover, strategies to modify asphalt mixtures with high RAP contents are investigated to make 

roadways safer with less frequent need for resurfacings. 

 

This thesis consists of two manuscripts which are two separate papers with a related topic. The 

first manuscript is discussed in Chapter 2 and evaluates the effects of binder-grade bumping and 
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high virgin binder content on cracking and rutting performance of asphalt mixtures with high RAP 

contents. Chapter 3 presents the second manuscript and discusses the development of a network-

level decision-making tool to select the most efficient pavement maintenance and rehabilitation 

strategies. In addition, to extend the utility of the network-level decision-making tool developed 

in this study, a prototype GIS map is created using ArcGIS. 

 



Page 4 

 

 

2. CHAPTER 2 - BINDER-GRADE BUMPING AND HIGH BINDER CONTENT TO 

IMPROVE PERFORMANCE OF RAP MIXTURES 

Sogol Sadat Haddadi1; Erdem Coleri2; and Shashwath Sreedhar3 

 

Abstract: Recycling highway construction materials and minimizing the use of virgin materials 

can reduce the pavement life cycle costs, improve highway network condition, conserve natural 

resources, and protect the environment. Although the recycling of asphalt pavements is beneficial 

in most cases by reducing the need for virgin materials and construction costs, asphalt pavements 

with high RAP contents should be carefully designed to avoid premature cracking. This study 

evaluates the effects of binder-grade bumping and high virgin binder content on cracking and 

rutting performance of asphalt mixtures. These two strategies were determined to be effective in 

improving cracking performance. Semi-circular bend tests, dynamic modulus tests, and flow 

number tests were conducted on prepared samples in laboratory to assess their cracking and rutting 

performance with two RAP contents (30% and 40%), three binder contents (6%, 6.4%, and 6.8%), 

and three binder grades (PG 58-34, PG 64-22, and PG 76-22). As RAP content increases, binder 

content decreases, and a stiffer binder is used, asphalt mixtures get more susceptible to cracking 

and more resistant to rutting. A balance of the combination of these variables should be considered 

in the mix design. In this study, possible combinations of RAP content, binder content, and binder 

grade to produce asphalt mixtures with high cracking and rutting performances were suggested. 

 

Keywords: reclaimed asphalt pavement (RAP), binder grade bumping, high binder content, 

rutting performance, cracking performance, flow number test, dynamic modulus test, semi-circular 

bend test.  
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2.1 INTRODUCTION 

Reclaimed Asphalt Pavement (RAP) and Reclaimed Asphalt Shingles (RAS) have inherent value 

as recycled construction materials. Using RAP and RAS as a supplement for virgin aggregate and 

binder in Hot Mix Asphalt (HMA) has significant merit for conserving raw materials, reducing 

mixture costs, and reaching sustainability goals. The major goal of this study is to investigate 

methods of increasing the RAP content in HMA mixtures beyond the current threshold in order to 

displace a maximum amount of virgin materials while still preserving the long-term durability of 

the finished asphalt concrete. 

 

The use of RAP/RAS in the United States became widespread after the 1970s oil embargo that 

drove up the cost of petroleum products, although asphalt recycling existed to some degree prior 

to this event. Following the oil embargo, many state DOTs permanently adopted the use of 

RAP/RAS in their mix designs. Although a sharp reduction in oil prices has recently been 

observed, depletion of readily available oil reserves is expected to increase the cost of oil and 

petroleum products in the long run. More strict regulations for new rock mines are also expected 

to increase the cost of aggregates (Willis et al. 2012). These phenomena necessitate a more 

proactive approach to increase the recycled content used in HMA paving.  

 

Looking forward, the use of high RAP/RAS mixtures will help the asphalt pavement industry to 

become more energy independent, more sustainable, and more profitable while promoting 

environmental stewardship within all pavement agencies. Even as oil prices rise and fall, efforts 

to increase the use of RAP/RAS should not be discontinued. This practice can help to establish a 

notion of sustainability in pavement engineering.   

 

A benefit of conserving virgin binder and aggregates is creating economic savings.  Reducing the 

amount of virgin asphalt binder and aggregates used in HMA mixes has direct cost-saving 

potential. Willis et al. (2012) suggested that supplementing 50% RAP/RAS into HMA mixes can 

save agencies up to 35% on the cost of raw materials in asphalt paving projects. In 2014, the use 

of RAP/RAS on U.S. roads displaced 20M barrels of oil and 68M tons of aggregate (Hansen and 

Copeland 2014).  This resulted in a savings of $2.8B based on binder cost of $550/ton and 

aggregate cost of $9.50/ton, according to a study by National Asphalt Pavement Association 
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(NAPA) (Hansen and Copeland 2014). This evidence is testament to the ability of RAP/RAS use 

to provide economic benefits to federal and state transportation agencies.  

 

Saving money by using more recycled content also means that agencies will have more money to 

allocate toward pavement improvement projects. This means that more roads can be maintained at 

higher levels of service. This is conducive to user comfort and vehicle operating cost (VOC) 

savings (mostly fuel consumption), as pavement roughness is a major factor in VOCs.   

 

The primary concern when using high RAP mixes lies in the altered long-term durability properties 

of HMA mixtures. The dilemma is finding a way to use higher RAP contents in HMA without 

compromising any long-term durability. Aged binder in RAP is less ductile than virgin binder and 

gives rise to failure under repeated high axle loads and thermal effects. The placed high-RAP 

asphalt concrete mix becomes very brittle and is highly susceptible to fatigue cracking. Ideally, a 

high RAP content HMA mix should exhibit comparable or better strength and durability as 

compared to conventional non-RAP mixtures.  

 

Another concern on the percentage of RAP that can be used stems from the variability of this 

material. When RAP is milled off an old surface, it might be mixed in with original pavement 

materials, as well as maintenance treatments such as patches and chip seals. Due to this variability, 

agencies tend to limit the percentage RAP that can be used in new mixtures. The way RAP 

materials are stockpiled can also have ramifications; i.e. when a stockpile includes more 

homogeneous RAP, a higher percentage is allowed compared to stockpiles with RAP containing 

more maintenance treatment materials (Copeland 2011). 

 

According to the NAPA (Hansen and Copeland 2014), asphalt pavement is the most recycled 

material in the U.S. On average, a RAP content of 19.6% by weight was reported for U.S. state 

DOT HMA mixes with only 0.1M tons landfilled (Hansen and Copeland 2014) while the current 

upper bound on recycled content in HMA mixes for several state DOTs was reported to be around 

30%, although proportions range from state to state. In states where virgin aggregate is scarcer, a 

higher RAP content might be used. Climate also dictates the limit of recycled content to some 

degree since thermal cracking is a major concern for mixes with high RAP content.   
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Abroad, RAP is being utilized in a similar manner. Japan has delved into the use of RAP and have 

reported the successful use of mixes containing up to 51% RAP without any compromise on 

durability (Hansen and Copeland 2014). However, it should be noted that truck weights and axle 

loads in Japan are significantly lower than the U.S., which prevents any direct performance 

comparisons. European countries also make use of RAP to achieve sustainability targets, but use 

far less recycled content as compared to the U.S. (World Highways 2013). 

 

With the many variables and potential consequences associated with using high RAP/RAS 

contents in HMA, there is a need for a way to evaluate changes in the lifespan and sustainability 

of the pavement. Life Cycle Analysis (LCA) is a useful tool in identifying economic and 

environmental benefits of using RAP/RAS in large-scale projects. LCA considers each component 

of a project in terms of functional units. Having a unit cost analysis helps to identify where the 

majority of a project’s resources are utilized and provides a measure of their effectiveness.  

Analyzing HMA mix design in this way will allow engineers to pinpoint areas where significant 

savings are opportune. LCA takes into account the environmental impacts of all components of a 

project to yield a comprehensive analysis of the project’s environmental footprint. These types of 

analyses can be useful to identify factors that are critical to achieve organizational sustainability 

goals. 

 

2.1.1 Major research products developed in this study 

The major research products developed in this study are as follows: 

 Recommended RAP content, binder content, and binder grade for new asphalt pavement 

construction; 

 Strategies to increase RAP content by increasing binder content and/or using softer binder;  

 A software to analyze the data produced by semi-circular bend (SCB) test; and 

 A software to analyze the data produced by flow number test. 

 

2.1.2 Key objectives of this study 

The main objectives of this study are to: 
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 Investigate methods of increasing the RAP content in HMA mixtures beyond the current 

threshold in order to displace a maximum amount of virgin materials while still preserving 

the long-term durability of the finished asphalt concrete; 

 Compare cracking performance of asphalt mixtures with different RAP contents (30% and 

40%), binder contents (6%, 6.4%, and 6.8%), and binder grades (PG 58-34, PG 64-22, and 

PG 76-22) by conducting SCB and dynamic modulus (DM) Tests. 

 Compare rutting performance of asphalt mixtures, same mixtures produced for cracking 

tests, by conducting flow number (FN) Tests.  

 Develop linear regression models correlating flexibility index (FI) and flow number (FN) 

with RAP content, binder content, and binder grade. 

 Suggest possible combinations of RAP contents, binder contents, and binder grades for mix 

design. 

 

2.1.3 Organization of the chapter 

This chapter is organized as follows:  

 

In this thesis, this introductory chapter is followed by the literature review. Chapter 2.3 provides 

information about the experimental plan and material source used for this study. Information about 

test methods including SCB, DM, and FN tests, to evaluate cracking and rutting performance of 

prepared mixtures with different RAP contents, binder contents, and binder grades are presented 

in Chapter 2.4. Chapter 2.5 presents the results of SCB and DM tests that were conducted to 

quantify the cracking and elastic modulus of the prepared asphalt mixtures, respectively. FN test 

results characterizing the rutting performance of asphalt mixtures are also provided in Chapter 2.5. 

The impact of RAP contents, binder contents, and binder grades on performance are also discussed 

in this Chapter. Summary and conclusions are presented in Chapter 2.6. Finally, future 

recommendations are discussed in Chapter 2.7. 
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2.2 LITERATURE REVIEW 

2.2.1 Strategies to increase RAP/RAS content  

Due to ever growing demand of asphalt pavement materials and limited supply of aggregate and 

asphalt binder, using RAP in HMA mixtures started to create significant benefits.  For this reason, 

agencies are interested in finding ways to increase the RAP content of HMA mixtures. Prior to the 

introduction of the Superpave® method, RAP was frequently used by different state DOTs. 

Superpave® did not really provide a thorough method for using RAP in HMA mixtures (Copeland 

2011) while it encouraged agencies to use RAP in asphalt mixtures. Moreover, due to high content 

of fines in RAP stockpiles and high variability in RAP, most DOTs refused to implement higher 

RAP percentages in their paving operations. As a result, the RAP content threshold was capped at 

15 percent in the past. But in the late 2000s, a notable increase in binder costs brought about major 

interest in using higher percentage of RAP as a more cost-effective option in HMA paving. 

Therefore, a basis for allowing pavement designers to use a higher percentage of RAP was needed, 

as state DOTs were requesting more structured guidelines for using higher RAP contents. As it 

can be seen in Figure 2.1 and Figure 2.2, there is a growing interest of using higher RAP content 

in the U.S. Figure 2.1 shows the increased RAP use in the U.S. by comparing the amount of RAP 

used prior to and after 2007. Figure 2.2 shows the current use of RAP contents of 25 percent and 

above for all U.S. states.  

 

The primary concern when using high RAP/RAS mixes lies in the altered long-term durability 

properties of HMA mixtures. The dilemma is finding a way to use higher RAP contents in HMA 

without compromising any long-term durability. Major concerns result from higher cracking 

susceptibility due to stiffer RAP mix. Regarding these concerns, the following strategies were 

generally suggested in the literature to increase the RAP content without compromising the 

cracking resistance (Bennert et al. 2014):  

1. Softer virgin binder grade (binder-grade bumping); 

2. Increased binder content; 

3. Recycling agents; 

4. Polymer and rubber modifiers; and 

5. Warm mix asphalt 
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Figure 2.1. Map of U.S. states with increased RAP use since 2007 (Copeland 2011) 

 

 

 

 
 

Figure 2.2. Map of U.S. states using RAP contents of 25% or greater in various HMA layers 

(Copeland 2011) 
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2.2.1.1 Binder-grade bumping  

With the increasing global awareness to achieve sustainable practices in pavement construction, 

the necessity to use higher percentages of RAP in asphalt mixtures is gaining more attention. One 

of the strategies identified to be effective in increasing RAP/RAS content is binder grade bumping. 

Binder grade bumping refers to decreasing high binder PG grade by one or two grades while 

double-bumped grade means decreasing high and low binder grades by one grade.    

 

Aurangzeb et al. (2012) carried out a study with an objective to quantify the impact of binder-

grade bumping on the performance of high RAP asphalt mixtures. The virgin aggregates and RAP 

were obtained from two districts of Illinois Department of Transportation. In order to assess the 

effect of binder grade bumping on the performance of RAP mixtures, PG 58-22 and PG 58-28 

binders were used. Eight asphalt mixtures were prepared, four for each of the two districts. The 

four mixtures for each district consisted of a control mix (no RAP), a mix with 30% RAP, a mix 

with 40% RAP, and a mix with 50% RAP. Wheel-tracking and beam fatigue tests were carried out 

on these asphalt mixtures. The findings from this study are as follows: 

 

 Although there was a viscoelastic softening effect of binder grade bumping on mixtures, the 

mixtures with the softest binder had a smaller rut depth than the control mixture as show 

in the Figure 2.3. It was also observed that the addition of RAP improved the rutting 

resistance of asphalt mixtures.  

 In general, single grade bumping improved the fatigue behavior of asphalt mixtures. 

However, double-grade bumping did not show any significant improvement as compared 

to single-grade bumping.  

 

Li et al. (2008) investigated the effect of binder grade on RAP performance by conducting dynamic 

modulus and semi-circular bend (SCB) fracture tests. Two different RAP sources, three RAP 

contents (0%, 20%, and 40%), and two different asphalt binder grades (PG 58-28 and PG 58-34) 

were used for sample preparation. Based on the dynamic modulus tests, it was concluded that 

softer binder (PG 58-34) provides higher fracture resistance and increases fatigue life. West et al. 

(2012) investigated the performance of four sections with surface layers containing 45% RAP and 

different virgin binder grades (PG 52-28, PG 67-22 and PG 76-22). After a total of 20 million 
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ESALs, mixes with softer binders showed better cracking performance than the mixes with stiffer 

binders. This result suggested that using binder-grade bumping can be an effective strategy to 

improve cracking performance of high RAP mixes. The NCAT laboratory study conducted by 

Willis et al. (2012) concluded that binder-grade bumping along with a 0.3% increase in binder 

content significantly improved the cracking performance of 50% RAP mixes.   

 

  
 

Figure 2.3. Wheel-tracking test results: (a) District 1 (b) District 5 (Aurangzeb et al. 2012) 

 

2.2.1.2 High binder content  

One of the major drawbacks of using higher RAP content is the increased stiffness of the mixture 

which in turn reduces the fatigue performance. This problem can potentially be overcome by 

increasing the ductility of the mix by increasing the binder content. A study conducted by West et 

al. (2009) investigated the performance of two sections with 20% RAP, four sections with 45% 

RAP, and one control section with no RAP at the National Center for Asphalt Technology (NCAT) 

test track. RAP sections were constructed with 50 mm thick overlays in 2006. Sections with 20% 

RAP had asphalt mixes with 5.6% binder content with PG 76-22 and PG 67-22 binders. The binder 

content for the sections with 45% RAP was 5.0% with PG 52-28, PG 67-22, PG 76-22, and PG 

76-22 plus 1.5% Sasobit binders. The control section consisted of 5.8% asphalt binder with the PG 

67-22.  

 

After 24 months (9.4 million ESALs), rutting was measured with scanning laser rut-bar, cracking 

was measured by weekly visual inspections, and roughness was measured by using inertial profiler 

technology (AASHTO R 43-07). International Roughness Index (IRI) was almost equal for all 
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segments except for the control section and the section with 20% RAP and PG 67-22 binder, which 

had higher IRI levels. Moreover, rut depths were the greatest for the section with 20% RAP and 

PG 67-22 followed by the section with virgin binder. Minor cracks with low severity were 

observed at 45% RAP section with PG 76-22 plus Sasobit (reflection cracks) and 20% RAP section 

with PG 76-22 (top-down cracks). Other segments did not show any cracking. According to 

Asphalt Pavement Analyzer (APA) rutting test results, mixes with softer asphalt binders and higher 

VFA showed higher rutting. Furthermore, results from dynamic modulus tests illustrated that 

mixtures with stiffer binder and higher percentage of RAP had higher dynamic moduli.  

 

The beam fatigue test was also conducted (AASHTO T 321-07) on long-term aged samples. 

Results are shown in Figure 2.4. Sections with 45% RAP asphalt mixes exhibited significantly 

lower fatigue resistance than the 20% RAP sections and the sections without RAP due to the lower 

effective binder content. The design binder content for the 45% RAP mixes was 5% while the 

effective binder content for the final mix was expected to be higher as a result of the blending of 

virgin binder with the RAP binder. However, significantly lower fatigue resistance for the 45% 

RAP mixes suggested that RAP and virgin binders were not completely blended. Although the 

45% RAP mixes with softer binders (PG 52-28 and PG 67-22) have higher fatigue resistance than 

the stiffer ones (PG 76-22 and PG 76-22 with Sasobit), the effect of binder grade on the fatigue 

test results was not significant when compared with the effect of effective binder content. It was 

concluded that the effect of binder-grade bumping becomes less influential as RAP content of the 

mix increases. 
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Figure 2.4. Plot of beam fatigue test results for RAP experimental sections (West et al. 2009) 

 

2.2.1.3 Recycling agent  

For mixtures with higher percentage of RAP and RAS, one of the strategies for improving the 

resistance to cracking is using recycling agents such as rejuvenators and softening agents. While 

softening agents, such as slurry oil and lube stock, can reduce binder viscosity, rejuvenators are 

used to create chemical reactions in the binder phase to improve its physical properties. The 

conventional method for softening the hardened aged binder in RAP is using virgin binder. In 

addition, rejuvenators can be used to reduce the viscosity of RAP mixtures (Tran et al. 2012; 

Zaumanis et al. 2013). Since adding rejuvenator to the mixture containing RAP has some 

uncertainties, including inadequate blending between rejuvenator and recycled binder and the 

required reaction time, it is not widely used. However, selecting a proper amount of rejuvenator, 

ensuring appropriate mixing, and allowing the required reaction time to occur offset these 

uncertainties and improve the crack resistance of mixtures (Tran et al. 2012).  

 

Rejuvenators restore the physical and chemical properties of aged binder and reduce the viscosity 

of the mix (Roberts et al. 1996). They encompass high amounts of maltene components (napthenic 

and polar aromatic fractions) that can be used to replace the maltenes lost due to binder aging 

during the construction and use phases. Maltenes incorporated into the RAP mix are expected to 

reduce the viscosity of the aged and hardened recycled binder (Terrel and Epps 1989). Diffusion 

of rejuvenators into recycled binder is crucial and consists of four main steps: 1) RAP aggregates 

are covered with rejuvenator; 2) rejuvenator penetrates to the aged binder layer around the 
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aggregates and softens the binder (at this step the amount of raw rejuvenator decreases); 3) the 

rejuvenator penetrates further into the inner layer of the binder which softens the inner layer of the 

binder while viscosity of binder in outer layer gradually increases; 4) the equilibrium of viscosity 

is reached in the layers of the recycled binder. The rejuvenator diffuses further into the layer of 

aged binder during mixing, construction, and use phases of the pavement life cycle (Carpenter and 

Wolosick 1980). 

 

Tran et al. (2012) evaluated the effect of rejuvenators on HMA mixtures containing high 

percentages of RAP and RAS. In this study, a mix with no RAP or RAS (control mix), two 50% 

RAP mixtures with and without rejuvenator, and two 20% RAP plus 5% RAS mixtures with and 

without rejuvenator were prepared using Cyclogen L rejuvenator and virgin binder with PG 67-

22. Dynamic shear rheometer (DSR) and bending beam rheometer (BBR) tests were conducted on 

extracted RAP binder with different percentages of rejuvenators to determine the optimum amount 

of rejuvenator required to reach the performance properties of mix with PG 67-22 binder. In the 

first stage, the optimum amount of rejuvenator was determined to be around 12% of the total 

recycled binder. In the second stage, mixtures were blended with optimum percentage of 

rejuvenator and tested to determine Tensile Strength Ratio (TSR) to evaluate moisture 

susceptibility, dynamic modulus test for mixture stiffness, energy ratio test (resilient modulus, 

creep compliance, and indirect tensile tests) for resistance to top-down cracking, indirect tensile 

test (IDT) for resistance to low temperature cracking, modified Overlay Tester (OT) for resistance 

to reflective cracking, and Asphalt Pavement Analyzer (APA) for rutting resistance. Results 

illustrated that rejuvenator decreased the mixture stiffness, improved all four fracture properties 

from the energy ratio test, improved low temperature performance of mixture, and increased 

resistance to rutting (the improvement against rutting was not significant). It was concluded that 

using rejuvenator for high amount of recycled binder could be an effective method for enhancing 

the binder properties. 

 

Shen et al. (2007) compared properties of mixtures containing RAP and rejuvenator against 

mixtures with a softer binder instead of a rejuvenator. Amounts of rejuvenators for mixtures were 

determined by blending charts of RAP binders with rejuvenators which were established through 

dynamic shear rheometer and bending beam rheometer tests (considering the properties of binder 
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with PG 64-22). Ten mixtures with RAP (five with rejuvenator and five without rejuvenator) and 

two mixtures without RAP (control mixtures) were designed and tested to evaluate the impact of 

rejuvenators and softer binders on mix performance. Several asphalt samples with RAP contents 

up to 48 percent, one oil type rejuvenator, and virgin binders with PG 64-22 and PG 52-28 were 

prepared.  Indirect tensile strength and APA tests were conducted for evaluating the moisture 

susceptibility and rutting properties of mixtures. This study showed that the RAP content could be 

increased by up to 10% more in mixtures using rejuvenators with PG 64-22 virgin binder as 

compared to mixtures containing the softer PG 52-28 binder. It was concluded that blending charts 

were proper tools to estimate the rejuvenator contents. Furthermore, mixtures with rejuvenators 

illustrated better mechanical and rutting properties than mixtures containing softer binder. 

A study by Oliveira et al. (2013) used motor oil as a rejuvenator to evaluate the properties of 

mixtures containing 100% RAP. Using penetration grade, softening point, and dynamic viscosity 

tests, the optimum amount of rejuvenator required to increase penetration grade from 10/20 to 

20/30 was estimated to be around 5%. Conventional control HMA mixtures were produced with 

5.1% binder content and a binder classified as 35/50 penetration grade. Water sensitivity (by 

conducting indirect tensile strength tests with dry and wet samples), permanent deformation (using 

wheel tracking test), stiffness modulus (using four-point bending beam test), and fatigue cracking 

tests were conducted on control HMA and 100% RAP mixtures to assess their properties. Test 

results showed that 100% RAP mixtures are more resistant to moisture than the control mix. 

Fatigue cracking and rut resistance of 100% RAP mixes were also higher than the control mix. It 

was concluded that high performance 100% RAP mixes can be produced by providing appropriate 

storing and production conditions. 

 

2.2.1.4 Combining RAP/RAS with warm mix asphalt (WMA)  

The workability and compactibility of HMA with high RAP content have always been a challenge 

to control (Petersen 1984). Aged, stiffened RAP binder can cause problems during mixing and 

construction. Using Warm-Mix Additives (WMA) is a strategy to mitigate problems brought on 

by using high percentages of RAP in asphalt pavements. Below are summaries of studies looking 

at the effects of WMA on RAP mixes.  
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Tao and Mallick (2009) evaluated the impact of using two types of WMA (Sasobit H8 and Advera 

zeolite) on the workability, density, seismic modulus (tested at 0oC, 26.7oC, and 50oC) and strength 

(by conducting indirect tensile strength) of 100% RAP mixes. One RAP source with 6% asphalt 

binder content was used in this study. Sasobit H8 (1.5%, 2.0%, and 5.0% by weight of total asphalt 

binder) and Advera zeolite (0.3%, 0.5%, and 0.7% by weight of total mix) were mixed with RAP 

and compacted with a standard gyratory compactor (SGC) at 125oC. Mixes with Sasobit H8 

additives exhibited higher bulk specific gravity (BSG) after compaction as compared to the control 

mix with 100% RAP and no additives. The mix with 0.3% Advera zeolite also had a higher BSG 

than the control mix. This trend resulted from increased compactibility due to added WMA. 

However, the mixes with 0.5% and 0.7% of Advera zeolite had lower BSG than the control. It was 

indicated that lower BSG is a result of excessive volume expansion at higher additive contents 

created by water vapor. The workability of the mixes were tested by using a torque tester after 

adding 2.0% Sasobit H8 and 0.5% Advera zeolite to the mixes. The mixes showed greater 

workability than the control mix at 110oC and less workability at 80oC. This study showed that 

both WMAs had a stiffening effect on the mix at low temperatures. Moreover, mixes with WMA 

had a higher seismic modulus than the control mix at all temperatures.  

 

A study carried out by Mallick et al. (2008) investigated the feasibility of preparing 75% RAP 

mixtures with WMA (Sasobit H8) to determine whether these mixes met standard specifications. 

Table 2.1 summarizes the properties of the mixtures prepared in this study. Samples were tested 

for BSG, indirect tensile strength at -10 oC, rutting resistance (using the asphalt paver analyzer 

test), and seismic modulus at 0 oC, 25 oC, and 40 oC. This study showed that Sasobit H8 increased 

compactibility and enhanced workability of the mix. It was concluded that preparing mixtures with 

75% RAP with air void contents similar to mixtures without RAP was possible. The control mix 

had the highest indirect tensile strength, whereas the mixture with WMA and PG 42-42 asphalt 

binder showed the lowest indirect tensile strength. Adding Sasobit H8 to the mixtures resulted in 

a tensile strength increase for the same binder performance grade. Rut depths were least for the 

mixture without WMA and PG 52-28 binder and greatest for the mixture with WMA and PG 42-

42 binder. All rut depths were less than 4 mm due to stiffness brought on by the high RAP content 

in the mixtures. The seismic modulus test showed that stiffness of the RAP mixes with the softest 
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binder and Sasobit H8 were close to the control mixture at all the test temperatures. Mallick et al. 

(2008) stated that it is possible to prepare 75% RAP mixes with the same air void content as mixes 

without RAP at lower temperatures. 

 

In a study conducted by Zhao et al. (2012), rutting resistance, fatigue resistance, and moisture 

susceptibility of WMA and HMA mixes containing different amounts of RAP were evaluated. The 

WMA mixtures were produced with a foaming technology at 0%, 30%, 40%, and 50% RAP 

contents. Standard HMA mixtures, as control mixes, contained 0% and 30% RAP. Rutting 

resistance was tested with the asphalt pavement analyzer (APA) rutting test and Hamburg wheel-

tracking test. Results illustrated that rutting resistance was improved by adding more RAP to the 

mixtures. This improvement was more significant for WMA-RAP mixtures than HMA-RAP 

mixtures. Moisture susceptibility was tested with the tensile strength ratio (TSR) test. Mixtures 

containing RAP showed less moisture susceptibility than mixtures without RAP. This trend was 

observed in both WMA and HMA mixtures. However, WMA mixtures had lower TSR than HMA 

mixtures, indicating that moisture susceptibility is a concern for WMA mixtures. Fatigue 

performance was tested with Superpave IDT (including resilient modulus, creep, and indirect 

tensile strength tests) and beam fatigue tests. According to beam fatigue test results, adding more 

RAP to the WMA samples increased fatigue cracking performance. On the other hand, for mixes 

without WMA, increased RAP content reduced fatigue life. It is worth noting that increasing the 

RAP content in WMA mixtures increased the energy ratio (ER) values and fracture resistance of 

the WMA mixtures, leading to longer fatigue life. 
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Table 2.1. Mixture properties 

 

 Control 

mix 

Mix 1 Mix 2 Mix 3 Mix 4 

RAP content 0% 75% 75% 75% 75% 

WMA type NA NA Sasobit H8 Sasobit H8 NA 

WMA content1 0% 0% 1.5% 1.5% 0% 

Virgin binder grade PG 64-28 PG 52-28 PG 52-28 PG 42-42 PG 42-42 

Virgin binder content 4.7% 1.5% 1.5% 1.5% 1.5% 

Compaction temperature 150 oC 135 oC 125 oC 125 oC 125 oC 

Number of prepared 

samples 

18 18 18 18 2 

Note: 1WMA content is by weight of total asphalt binder. 

 

2.2.1.5 Modification of RAP/RAS mixtures  

Modification of RAP/RAS mixes with crumb rubber and polymer improves the mechanical 

characteristics of HMAs and allows the use of higher RAP/RAS contents. Although polymer and 

rubber modification increase the cost of asphalt mixes, increased RAP content can offset the high 

cost of modified binders.  Below are studies that investigated the effects of modification on mixes 

with high RAP contents.  

 

Hajj et al. (2009) investigated the impact of three sources of RAP in three contents (0%, 15%, and 

30%) on the mechanical characteristics of the mixtures. Two different types of binders (PG 64-22 

and PG 64-28NV4 polymer-modified) were used for preparing laboratory mixtures. Fatigue beam 

tests were conducted at different strain levels to evaluate the cracking resistance of prepared mixes. 

This study showed that polymer-modified mixtures had greater fatigue performance than 

unmodified mixtures regardless of RAP content. While polymer-modified mixtures containing 

                                                 

4 NV indicated that the binder grading showed additional toughness and ductility for virgin and RTFO aged binder at 

40oF besides the standard Superpave binder testing requirements. 
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RAP had lower fatigue resistance than polymer-modified mixtures without RAP, they showed 

higher fatigue resistance than unmodified mixtures without RAP. This study concluded that using 

RAP with polymer modification could enhance the fatigue performance of mixtures and offset the 

increased costs of using these modifications when life cycle cost analysis (LCCA) is used to 

evaluate the cost effectiveness for the design period. 

 

A study conducted by West et al. (2009) investigated the performance of two sections with 20% 

RAP with PG 76-22 and PG 67-22 asphalt binders, four sections with 45% RAP with PG 52-28, 

PG 67-22, PG 76-22, and PG 76-22 binder with 1.5% Sasobit warm-mix additive, and one control 

section with PG 67-22 asphalt binder and no RAP at the National Center for Asphalt Technology 

(NCAT) test track. The field study showed that the 45% RAP sections with softer binders were 

compacted easier than the sections with polymer-modified binders. It was also observed that 

adding Sasobit to modified binders did not improve compactibility. Moreover, conducting indirect 

tensile tests (IDT) to estimate creep compliance, fracture energy, and resilient modulus showed 

that polymer modification was effective in increasing the energy ratio and reducing the potential 

for top-down cracking. 

 

Xiao et al. (2007) assessed the rutting performance of crumb rubber-modified RAP mixtures. Two 

rubber types (Ambient and Cryogenic), four rubber contents (0%, 5%, 10%, and 15% by weight 

of virgin binder), and three rubber sizes were selected for preparing RAP mixtures from two RAP 

sources with different contents (0%, 15%, 25%, and 30% for one RAP source and 0%, 15%, and 

38% for the other). Wet and dry Indirect Tensile Strength (ITS) tests and Asphalt Pavement 

Analyzer (APA) rutting tests were conducted with the prepared samples. This study concluded that 

higher percentages of RAP reduced the rut depth and increased the ITS and stiffness values. On 

the other hand, increasing the rubber content decreased the ITS value and creep stiffness. 

Moreover, this study showed that the effect of rubber size on rutting performance was 

insignificant. In general, crumb rubber reduced air voids and improved rutting performance. 

 

Influence of crumb rubber size and type on RAP mixture properties were investigated in the study 

carried out by Xiao et al. (2009). This study used three rubber sizes and two rubber types (ambient 

and cryogenic) in the samples with 25% RAP and virgin binder with PG 64-22. Indirect tensile 
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strength tests (ITS) for moisture susceptibility, resilient modulus tests, and the flexural bending 

beam fatigue tests were conducted to evaluate the performance of asphalt mixes. It was concluded 

that using crumb rubber as a modifier in RAP mixtures could reduce the need for adding virgin 

binder and increase the moisture resistance by increasing the Tensile Strength Ratio (TSR). In 

general, using RAP and crumb rubber increased the resilient modulus at different temperatures. 

However, as the size of crumb rubber increased, resilient modulus decreased regardless of rubber 

types. Addition of crumb rubber improved the fatigue performance of mixtures as the rubber size 

increased. However, it should be noted that increased rubber size can create compaction problems 

during construction.  

 

Mohammad et al. (2011) conducted a study on evaluating the crumb rubber effect on high RAP 

content mixtures. Six different mixtures were prepared: 1) HMA mixture with PG 64-22 binder; 

2) HMA mixture with SBS polymer-modified asphalt binder classified as PG 70-22M5; 3) HMA 

mixture with SBS polymer-modified asphalt binder classified as PG 76-22M; 4) HMA mixture 

with crumb rubber modified binder (wet process) graded as PG 76-22; 5) mixture with 15% RAP 

and SBS polymer-modified asphalt binder classified as PG 76-22M; and 6) mixture with dry 

blending 40% RAP, crumb rubber additives, and PG 64-22 binder. Moisture resistance, rutting 

performance, and cracking resistance were evaluated using a modified Lottman test, loaded -wheel 

tracking test, flow number test, dynamic modulus test, semi-circular bend test, and dissipated creep 

strain energy test. The results of this study showed that adding crumb rubber additives led to 

softening the blended asphalt binder. Moreover, rubber modified mixture with high RAP content 

showed adequate moisture resistance. However, the mixture with no RAP content and rubber 

modified binder failed in moisture resistance test. SBS modified mixture with PG 76-22M binder 

and rubber modified mixture with high RAP content ranked first and last in fracture energy, 

respectively, whereas they both showed adequate performance in permanent deformation. It was 

concluded that these results could be due to the properties of asphalt binder with PG 64-22 and the 

high RAP content. 

 

                                                 

5 M: Modified  
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In summary, polymer-modification was observed to improve fatigue cracking resistance of high 

RAP mixes. For this reason, polymer modification can be an effective strategy to increase RAP 

content of asphalt mixes. However, life cycle cost analyses and performance modeling should be 

used to evaluate the cost effectiveness of using polymer modification in RAP mixes. It is prudent 

to note that the studies focusing on the use of rubber modification to improve cracking performance 

of RAP mixtures did not suggest any significant improvement in performance created by the use 

of crumb rubber. 

 

2.2.2 Mix design procedure 

The mix design procedures involving RAP mixtures are similar to that of conventional asphalt 

mixtures. However, the RAP materials should meet the typical aggregate gradation and quality 

specifications in order to be mixed with the virgin materials. After separating aggregate and binder 

in the RAP, the aggregates are tested for gradation and quality. McDaniel and Anderson (2001) 

suggest that the PG binder grade can remain the same when less than 15% RAP is used in HMA. 

It is suggested to lower the PG binder grade by one grade when 15-25% RAP is used in the mixture. 

When using more than 25% of RAP, it is suggested to use the blending chart to determine the 

amount of RAP and PG binder grade that should be used in the mixture. The mix design process 

is summarized in Figure 2.5. 

 

 
 

Figure 2.5. Mix design process involving RAP (Newcomb et al. 2007) 
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2.2.3 Field performance of RAP-RAS mixtures  

As a result of using aged recycled material from different sources, there are uncertainties 

associated with the fatigue and rutting performance of reclaimed asphalt pavements. Although 

laboratory experiments show acceptable performance for RAP and RAS mixtures when compared 

with conventional HMA mixes, field performance should be taken into account to evaluate the 

short and long term performance of mixtures containing RAP and RAS. Studies evaluating the 

field performance of RAP and RAS mixtures are summarized below. 

 

The Louisiana Department of Transportation (Paul 1996) constructed five roadway sections with 

RAP mixes between the years 1978-1981. The purpose was to compare the performance of these 

sections with and without RAP (in 5 sites) over a five-year period. RAP mixes and control mixes 

(without RAP) had identical properties including gradation, binder content, and compaction. The 

analysis included evaluation of pavement condition ratings, serviceability, structural properties 

and mixture and binder properties. Serviceability of the pavements was measured using pavement 

condition ratings based on the Mays Ride Meter (MRM). The Dynamic Deflection Determination 

System (Dynaflect) was used to evaluate the structural properties of the pavements. Cores were 

taken from each site to determine binder content and gradation. The results of this study showed 

that there were no significant differences in pavement condition ratings, recovered asphalt binder 

characteristics or structural properties of the pavements with RAP contents ranging from 20 to 50 

percent and the conventional HMA mixtures. However, sections with RAP experienced slightly 

more cracking than the control pavements. 

 

Eighteen states in the U.S. conducted overlay rehabilitation, known as the Specific Pavement 

Study 5 (SPS-5), between 1989 and 1998 for the purpose of comparing long-term performance of 

mixes without RAP to mixes containing 30% RAP. Each project consisted of eight test sections: a 

control section without an asphalt overlay and 7 other sections with overlay thicknesses ranging 

from 50 to 125 mm, both milled and not milled, and with and without RAP pavements. West et al. 

(2011) measured the International Roughness Index (IRI), rutting, fatigue cracking, longitudinal 

cracking, transverse cracking, block cracking, and raveling of these sections to evaluate the 

performance of mixes with and without RAP. The results showed that performance of pavements 
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with RAP was very close to the in-situ performance of pavements constructed without any RAP. 

However, RAP mixtures showed slightly more longitudinal and transverse cracking. 

 

Carvalho et al. (2010) collected performance data from 18 SPS-5 sites 8 to 17 years after 

rehabilitation. The purpose of the study was to evaluate the short-term and long-term in-situ 

performances of RAP mixes by considering the effects of overlay thickness, environmental factors, 

and surface conditions. In general, there were no statistically significant differences in overall 

performance of overlays with or without RAP. Only 22% of the pavements without RAP showed 

greater performance in fatigue cracking while the remaining 78% had fatigue cracking 

performance equal to the mixes containing RAP. Moreover, pavements without RAP showed 

slightly better performance when thinner overlays were used. As the thickness increased, overlays 

with and without RAP exhibited no discernable difference in cracking performance. Results from 

falling-weight deflectometer (FWD) tests, a non-destructive field test conducted to determine 

pavement layer stiffnesses, also pointed out equal structural performance for HMA overlays with 

and without RAP. 

 

Williams and Shaidur (2015) investigated the causes of early cracking by evaluating the cracking 

performance of 10 sections (6 with top-down cracking and 4 without top-down cracks) within the 

state of Oregon highway system. These sections had RAP contents ranging from 0% to 30%. FWD 

tests and dynamic core penetrometer (DCP) tests were conducted to evaluate the structural 

performance. Cores from cracked and uncracked sections were taken for laboratory investigations. 

Dynamic modulus tests and indirect tensile (IDT) tests were performed at different frequencies on 

the samples extracted from the field. Binders were extracted from the cores and tested by dynamic 

shear rheometer (DSR) tests and bending beam rheometer (BBR) tests to indicate their 

performance properties. Cracked sections exhibited a higher dynamic modulus, stiffer binder (with 

higher complex shear modulus) and lower indirect tensile strength. In general, cracked sections 

showed higher variability in measured indirect tensile strength, air void contents, and mix 

densities. It can be concluded that variability is a major cause of top-down cracking and decreased 

fatigue cracking resistance. Since the RAP mixtures are more prone to variability due to use of 

RAP from different sources and problems associated with blending the RAP and virgin materials, 

it is expected that RAP mixtures are more susceptible to top-down fatigue cracking. 
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Based on the aforementioned studies, cracking is the most critical distress in RAP mixtures during 

the design life. Since distresses (top-down cracking and rutting) are generally confined to the upper 

layers for well-constructed thick asphalt pavement structures, removal of top one or two layers and 

replacing them with thin asphalt overlays (thinlays) was determined to be a cost-effective strategy 

to preserve and/or improve highway network condition (Newcomb 2009). Therefore, using thin 

overlays and chip seals on top of the reclaimed asphalt pavements could increase the long-term 

durability of RAP sections and reduce the aging rate of pavement surface.  

 

2.2.4 Economic and environmental benefits of using RAP/RAS mixtures  

Analyzing the benefits and drawbacks of using high RAP mixes should be done by considering 

economic, societal and environmental factors and quantifying them in terms of monetary costs and 

environmental impacts. Life Cycle Assessment (LCA) procedures are fast becoming the best way 

to accomplish this for pavements. An agency that uses LCA can select specific performance 

indicators to focus in their project that will help reduce the cost and environmental impact of 

asphalt paving with high RAP/RAS mixes. The key components of LCA for pavements consider 

material production, construction, maintenance and rehabilitation, vehicle operating costs (VOC) 

during the use phase and recycling.   

 

One aspect of LCA more specific to economic costs and benefits is Life Cycle Cost Analysis 

(LCCA).  LCCA can be used to deal specifically with changes in asphalt mix costs that result from 

the use of high RAP mixes, which could include reduced virgin binder use or increased 

maintenance frequency.  LCCA is most crucial for large projects where significant savings can be 

made.   

 

Construction energy use is a portion of the LCA that allows the analyst to study the effects of 

resource and labor-oriented energy use and emissions on the environmental cost of the project.  

Since pavement maintenance frequency ultimately controls the level of service of the roadway and 

directly impacts vehicle operating costs, the cost of deferred maintenance reflects directly in the 

analysis. It is worth noting, however, that more data needs to be obtained from asphalt mixing 

plants concerning the difference in energy use and emissions in procurement of mixes using high 
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RAP contents versus conventional HMA mixes. Costs associated with roughness related excess 

fuel consumption from vehicles over the lifespan of the pavement can be considered, but may 

require data acquisition from pavement and tire experts in order to formulate an analysis 

subcategory (UC 2014).  Economic savings brought on by using RAP will allow DOTs to maintain 

roads more often and reduce network level pavement roughness which will translate to lower user 

costs.   

 

An example of using LCA for evaluating RAP comes in a recent study by Aurangzeb et al. (2013), 

where a 50% RAP mix was used to investigate environmental and cost savings as compared to a 

standard HMA mix. This study focused on the binder course only and considered impacts based 

on greenhouse gas (GHG) emissions and energy use. The study used a hybrid LCA, meaning that 

it encompassed environmental impact factors from traditional LCAs as well as cost-based factors 

from typical life cycle costs analysis (LCCA).  Societal impacts were not considered here, but if 

they were of importance, they ought to be considered early on in the analysis so that any areas that 

need improvement can be changed before the project is too far along. In the study by Aurangzeb 

et al. (2013), it was found that using 50% RAP in a HMA mix can reduce the feedstock energy, or 

embodied energy of asphalt binder, by as much as 40%.  The construction phase turns out to be a 

very small portion of the embodied energy or global warming potential of a high RAP paving 

project, with only 6-8% of global warming potential attributed to this phase (Aurangzeb et al. 

2013).  Overall, it was found that the material procurement phase yielded the most energy savings 

and GHG emission reduction of all phases considered in this LCA, based on data obtained from 

an asphalt plant who participated in the study (Aurangzeb et al. 2013).  In the study by Aurangzeb 

et al. (2013), it was realized that the LCA did not accurately quantify the conservation of resources 

brought on by using a high RAP mix. There needs to be more attention paid to this area by 

pavement engineers in charge of creating the LCA. 

 

A study from the University of Texas at Austin asserts that using RAP may not be equally viable 

in all cases, and can sometimes incur more costs due to decreased maintenance intervals. The 

objective of the study by Aguiar-Moya et al. (2011) was to examine the long term cost 

effectiveness of using RAP mixtures according to service life, as well as cracking susceptibility 

and rate. An additional goal was to show that LCCA is the best way to analyze these factors.  
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Aguiar-Moya et al. (2011) asserts that RAP usage should be decided on a case-by-case basis, as 

the effective use of RAP could vary between regions or for different RAP contents. Augiar-Moya 

et al. (2011) suggested to develop regional deterioration models for RAP mixes in different lift 

thicknesses and RAP contents in order to have an index of RAP durability. The Aguiar-Moya et 

al. (2011) study utilized data from the FHWA LTPP SPS-5 experiment in Texas to quantify 

benefits and drawbacks of RAP use.  However, it is worth noting that this experiment is outdated 

in comparison to the recent evolution of RAP use in state DOTs, so more long-term RAP mix 

durability data needs to be obtained.  In general, the finding of this study was that although RAP 

helps to mitigate rutting failure, it does give rise to a higher degree of cracking failure that occurs 

in a shorter amount of time. Aguiar-Moya et al. (2011) suggested using lower PG grade virgin 

binder to help to combat cracking and preserve the durability of the finished pavement. Aguiar-

Moya et al. (2011) also suggested that more research be put into studying high RAP mixes that 

utilize fractioned RAP as well as RAS. 

 

Andreen et al. (2011) investigated the cost effectiveness of using RAP in HMA paving, as base 

rock, and as a dust suppression method on gravel roads.  Andreen et al. (2011) used a “means equal 

comparison”, basing savings per ton of RAP utilized, to analyze the cost effectiveness of RAP in 

these three applications. In HMA paving, materials transport and virgin materials displaced were 

selected as LCA impact categories. Andreen et al. (2011) found that a saving of $40.87 per ton 

was realized when using RAP in HMA, with most of these savings coming from reducing energy 

consumption at the HMA plant. This was the most significant of all savings between RAP use on 

gravel roads, as base rock, and in HMA paving. Andreen et al. (2011) indicated that calculated 

savings will increase with increasing RAP content. Andreen et al. (2011) also mentioned that 

normalizing the savings on a per ton of RAP basis was the key to simplifying the analysis.   

 

A study by the National Taiwan University examined the environmental benefits of using RAP in 

HMA mixes. Lee et al. (2011) used the PaLATE LCA tool in conjunction with energy use and 

CO2 emission data obtained from HMA plants and binder manufacturers to investigate the 

potential for RAP to reduce CO2 production and energy consumption in HMA paving. The study 

was based on a comparison to a conventional HMA mix cradle-to-grave analysis. Using CO2 

emissions and energy use as the performance indicators in the LCA, Lee et al. (2011) found that 
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by using a mix with 30% RAP, approximately 84% less CO2 is emitted and 80% less energy is 

used based on a cradle-to-grave analysis of the RAP mix and its components, with most of these 

savings attributed to the re-use of asphalt and the displaced virgin materials that would otherwise 

comprise the mix. Lee et al. (2011) suggests that the environmental impact can further be reduced 

if energy saving measures and odor control devices are implemented at the HMA plants. Lee et al. 

(2011) indicated that RAP HMA mixes are indeed cost effective to use if the RAP mix can achieve 

80-90% of the service pavement life of conventional HMA mix. Lee et al. (2011) further indicated 

that the performance and durability of RAP mixes can be increased if recycling agents or additives 

are used to mitigate cracking failure.    

 

A National Center for Asphalt Technology (NCAT) study investigated the sustainability of using 

RAP HMA mixes using the Roadprint LCA software tool.  Using the NCAT test track in Alabama 

as a case, this study by Willis (2015) quantified the benefits of using RAP using a triple bottom-

line methodology, focusing on environmental, economic and societal benefits. Willis (2015) used 

a basis of CO2 equivalents to analyze the emissions reduction of RAP use and chose to focus on 

two phases of pavement life in the LCA: materials and construction/production. Willis (2015) 

chose to study using RAP on its own, using RAP in conjunction with Warm Mix Asphalt (WMA), 

and using RAP combined with locally sourced materials to conduct the analysis. Willis (2015) 

found that utilizing recycled asphalt resulted in a 9-26% energy savings and a 5-29% reduction in 

CO2 emissions when using RAP alone. A 19-42% energy savings and a 6-39% reduction in CO2 

emissions were realized when using RAP along with locally sourced materials.  Finally, focusing 

on impact reduction at the asphalt plant, Willis (2015) found that 12-17% less energy was used 

and 6-9% less CO2 was emitted when using RAP along with the WMA technique. In general, 

Willis (2015) found that it is most sustainable to use RAP in conjunction with locally sourced 

materials in order to reduce embodied energy brought on by materials transport. Willis (2015) did 

not obtain economic or societal results, as a LCCA is most useful for those aspects.   

 

LCA is a powerful impact estimation tool, but it still has a few caveats and can become quite 

complicated for broad projects that encompass many different road types or performance 

indicators. In order for it to be useful in pavement engineering, it is important to keep industry 

professionals and decision makers in the loop on how LCA works and how it can help firms and 
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agencies analyze costs and environmental impacts accurately. Additionally, if this tool is to be 

used on an international scale, then significant standardization must be implemented to make the 

LCA relevant to all regions of the world. This will require collaboration from pavement agencies 

internationally to create a LCA tool that encompasses a wide enough perspective to account for 

regional needs. 

 

2.2.5 Summary 

A review of literature indicated that significant economic and environmental benefits can be 

achieved by using RAP/RAS in asphalt mixes. In the study by Aurangzeb et al. (2013), it was 

found that using 50% RAP in a HMA mix can reduce the feedstock energy, or embodied energy 

of asphalt binder, by as much as 40%. Andreen et al. (2011) found that a saving of $40.87 per ton 

was realized when using RAP in HMA, most of these savings coming from reducing energy 

consumption at the HMA plant. Lee et al. (2011) found that by using a mix with 30% RAP, 

approximately 84% less CO2 is emitted and 80% less energy is used while Willis (2015) found 

that utilizing recycled asphalt resulted in a 9-26% energy savings and a 5-29% reduction in CO2 

emissions. Lee et al. (2011) also indicated that RAP HMA mixes are indeed cost effective to use 

if the RAP mix can achieve 80-90% of the service pavement life of conventional HMA mix. 

Findings of these research studies emphasize the importance of increasing RAP/RAS contents in 

asphalt mixes.  

 

Several studies in the literature focused on developing strategies to increase the RAP content 

without compromising the cracking resistance. Aurangzeb et al. (2012) carried out a study with an 

objective to quantify the impact of binder-grade bumping on the performance of high RAP asphalt 

mixtures. Results of the study showed that in general, single grade bumping improved the fatigue 

behavior of asphalt mixtures. However, double-grade bumping did not show any significant 

improvement as compared to single-grade bumping. West et al. (2009) investigated the impact of 

binder-grade bumping and increased binder content on cracking performance of high RAP mixes. 

It was concluded that the effect of binder grade on the fatigue test results was not significant when 

compared with the effect of effective binder content. Thus, West et al. (2009) suggested the use of 

increased binder content as a strategy to improve cracking resistance of RAP/RAS mixtures. The 

NCAT laboratory study conducted by Willis et al. (2012) concluded that binder-grade bumping 
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along with a 0.3% increase in binder content significantly improved the cracking performance of 

50% RAP mixes. 

 

One of the strategies for improving the resistance to cracking is using recycling agents such as 

rejuvenators and softening agents. Tran et al. (2012) evaluated the effect of rejuvenators on HMA 

mixtures containing high percentages of RAP and RAS. It was concluded that using rejuvenator 

for high amount of recycled binder could be an effective method for enhancing the binder 

properties. Shen et al. (2007) compared properties of mixtures containing RAP and rejuvenator 

against mixtures with a softer binder instead of a rejuvenator. Ten mixtures with RAP (five with 

rejuvenator and five without rejuvenator) and two mixtures without RAP (control mixtures) were 

designed and tested to evaluate the impact of rejuvenators and softer binders on mix performance. 

It was concluded that mixtures with rejuvenators illustrated better mechanical and rutting 

properties than mixtures containing softer binder. 

 

The workability and compactibility of HMA with high RAP content has always been a challenge 

to control (Petersen 1984). Aged, stiffened RAP binder can cause problems during mixing and 

construction. Using WMA is a strategy to mitigate problems brought on by using high percentages 

of RAP in asphalt pavements. In a study conducted by Zhao et al. (2012), rutting resistance, fatigue 

resistance, and moisture susceptibility of WMA and HMA mixes containing different amounts of 

RAP were evaluated. Mixtures containing RAP showed less moisture susceptibility than mixtures 

without RAP. This trend was observed in both WMA and HMA mixtures. However, WMA 

mixtures had lower TSR than HMA mixtures, indicating that moisture susceptibility is a concern 

for WMA mixtures. According to beam fatigue test results, adding more RAP to the WMA samples 

increased fatigue cracking performance. On the other hand, for mixes without WMA, increased 

RAP content reduced fatigue life. 

 

Modification of RAP/RAS mixes with crumb rubber and polymer improves the mechanical 

characteristics of HMAs and allows the use of higher RAP/RAS contents. Several studies in the 

literature investigated the effects of modification on mixes with high RAP contents. In summary, 

polymer-modification was observed to improve fatigue cracking resistance of high RAP mixes. 

For this reason, polymer modification can be an effective strategy to increase RAP content of 
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asphalt mixes. However, life cycle cost analyses and performance modeling should be used to 

evaluate the cost effectiveness of using polymer modification in RAP mixes. It should be noted 

that the studies focusing on the use of rubber modification to improve cracking performance of 

RAP mixtures did not suggest any significant improvement in performance created by the use of 

crumb rubber. 

 

This research study quantifies the performance benefits of using binder-grade bumping and 

increased binder content strategies in RAP/RAS mixture production in Oregon. Although 

increased binder content and binder-grade bumping were generally suggested to be effective 

strategies to improve cracking performance of RAP/RAS mixtures according to several research 

studies, the impact of increased asphalt mix cost on overall life-cycle costs should be evaluated. 

The most effective strategies for different climate regions and traffic levels in Oregon needs to be 

determined by mechanistic-empirical procedures. Binder-grade bumping and high binder content 

strategies are expected to increase the RAP/RAS content in asphalt mixtures, reduce the life-cycle 

cost, improve the cracking performance, and encourage the widespread use of high RAP/RAS 

asphalt mixtures in Oregon.  
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2.3 EXPERIMENTAL DESIGN, MATERIALS, AND SAMPLE PREPARATION 

After preparing the experimental plan for sample preparation and testing, the following process is 

followed to prepare samples for testing. The following procedure is discussed in the next sections 

in detail. 

 

1. Material sampling: 8 barrels of coarse, 7 barrels of medium, and 7 barrels of fine aggregates 

were sampled for this study. Wet-sieve and dry-sieve analysis were performed on one 

sample from each barrel to determine the gradation of each stockpiled aggregate.  

2. Ignition oven test (AASHTO T 30-10) was conducted on the sampled RAP materials to find 

the RAP binder content and aggregate gradations; 

3. Theoretical maximum specific gravity (Gmm) of each combination of RAP content, binder 

content, and binder grade was measured; 

4. Batching sheets were developed, and samples were batched to achieve 7% air content, target 

gradation, and the corresponding measured Gmm; 

5. Samples were mixed and compacted in the laboratory; 

6. The air contents were measured for all the samples after compaction; and  

7. Prepared samples were cut for SCB, DM, and FN tests. 

 

2.3.1 Experimental plan 

This section summarizes the experimental plan followed in this study. The goal is to find the effects 

of changing binder content, RAP content, and binder grade on cracking and rutting performance 

of asphalt mixtures with high RAP contents. Therefore, samples with different binder content, 

binder grade, and RAP content were prepared while other variables including air-void content, 

gradation, and sample dimensions were kept the same for all the samples. Mix properties and 

experimental plan are given as follows: 

 

SCB, DM, and FN tests were conducted on samples with two RAP contents (30% and 40%), three 

binder contents (6%, 6.4%, and 6.8%), and three binder grades (PG58-34, PG64-22, and PG76-

22). Since DM test is a non-destructive test (low strain level), the same samples prepared for DM 

tests were used for FN tests to compare the rutting resistance of HMA mixtures. Table 2.2 shows 

the experimental plan followed in this study. 
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Table 2.2. Experimental plan  

 

Test type 
Binder 

content 

RAP 

content 

Binder 

grade  
Temp.2 Air-void 

content 
Repl.3 Total 

tests 

SCB 

6.0% 
30% 

40% 

PG 58-34 

25 oC 7% 4 72 6.4% PG 64-22 

6.8% PG 76-22 

Dynamic 

Modulus 

6.0% 
30% 

40% 

PG 58-34 

1 run1 7% 2 36 6.4% PG 64-22 

6.8% PG 76-22 

Flow 

Number 

6.0% 
30% 

40% 

PG 58-34 

54.7 oC 7% 2 36 6.4% PG 64-22 

6.8% PG 76-22 

Note: 1Samples were tested at temperatures of 4 oC, 20 oC, and 40 oC and the loading frequencies     

of 0.1, 0.5, 1, 5, and 10 Hz. A loading frequency of 0.01 Hz was also used for 40 oC tests. 

  2Temp. = Temperature. 

  3Repl. = Replicate. 

 

2.3.2 Materials  

This section provides information about virgin binders, virgin aggregates, and RAP aggregates 

used in this study. All the materials were obtained from local producers.   

 

2.3.2.1 Aggregates 

This study intends to evaluate the effects of binder content, RAP content, and binder grade on 

cracking performance of asphalt mixtures. Therefore, to determine the effects of these variables 

on performance, gradation was kept constant for all the samples. Virgin aggregates were donated 

by Old Castle Materials from the River Bend Sand and Gravel Company in Salem, Oregon. The 

virgin aggregates were delivered in three gradations, namely coarse (1/2” to #4), medium (#4 to 

#8), and fine (#8 to zero). To determine the gradation of each stockpiled aggregate, wet-sieve and 

dry-sieve analysis were performed on multiple samples of each stockpile following AASHTO T 

27-11. Aggregate gradations are presented in Section 2.3.3.1. 

 

2.3.2.2 Recycled asphalt pavement (RAP) 

RAP material was also provided by Old Castle Materials from the River Bend Sand and Gravel 

Company in Salem, Oregon. Gradation, binder content, and theoretical maximum specific gravity 
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(Gmm) of RAP materials were provided by Old Castle. AASHTO T 308-10 was followed for binder 

extraction and RAP binder content measurements. The quantity of binder in RAP materials was 

determined as 6.22%. AASHTO T 30-10 was followed to determine the gradation of extracted 

RAP aggregates. For five samples of RAP materials, RAP aggregates were extracted, and their 

gradations were determined, as shown in Table 2.3. Then, to get the final RAP aggregate gradation, 

percent passing #200 sieve is reduced by 1 percent. This correction is applied due to the aggregate 

breakdown in ignition oven test (AASHTO T 30-10). Average and final gradation of RAP 

aggregates are presented in Table 2.3 and Figure 2.6. Detailed information about the RAP 

gradation, binder content, and theoretical specific gravity are given in Appendix A.  

 

Table 2.3. RAP aggregate gradations 

 

Stockpile 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 
Average 

Final 

Gradation 

Sieve 

Size 
Percentage Passing 

3/4" 100 100 100 100 100 100.0 100.0 

1/2" 98.0 97.6 98.8 98.5 98.5 98.3 98.3 

3/8" 88.3 87.5 87.7 90.8 87.1 88.3 88.3 

1/4" 70.8 69.0 73.0 75.2 68.5 71.3 71.4 

#4 61.3 60.2 63.9 65.6 58.4 61.9 62.0 

#8 44.1 42.5 46.7 47.3 40.1 44.1 44.1 

#16 31.1 30.1 33.6 33.6 27.3 31.1 31.1 

#30 23.4 22.2 25.7 24.7 20.5 23.3 23.3 

#50 17.1 16.5 18.7 18.2 15.2 17.1 17.1 

#100 12.9 12.4 13.9 13.5 11.7 12.9 12.9 

#200 9.6 9.2 10.2 9.6 8.6 9.4 8.4 
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Figure 2.6. RAP aggregate gradations 

 

2.3.2.3 Binders 

McCall Oil and Chemical Corporation in Portland, Oregon (McCall) provided the virgin binders 

with different binder grades (PG 58-34, PG 64-22, and PG76-22) for this study. Temperature 

curves, mixing temperatures, and compaction temperatures were provided by McCall as well. 

Appendix B shows the temperature curves and binder properties for each binder grade. Laboratory 

mixing and compaction temperatures were estimated by using the viscosity-temperature lines 

given in Appendix B. An example of the viscosity-temperature line for binder grade of PG 58-34 

is presented in Figure 2.7. The Asphalt Institute (2016) suggested that mixing and compaction 

temperatures can be determined where the viscosity is within the range of 0.17 ± 0.02 Pa‐s and 

0.28 ± 0.03 Pa‐s, respectively. To create the viscosity-temperature line, rotational viscosity should 

be measured at 135 oC and 165 oC following the procedure described in AASHTO T 316-11. 
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Figure 2.7. Viscosity-temperature line for binder grade of PG 58-34 

 

Asphalt mixtures were prepared with three binder contents (6%, 6.4%, and 6.8%) in this study. 

These binder contents are the percentage of the total binder by the weight of the mix, and they 

include the recycled binder as well. In this study, it was assumed that all the RAP binder was 

completely blended with the virgin binder (100 % blending).  

 

2.3.3 Sample preparation 

2.3.3.1 Target gradations 

Target gradation was obtained from an ODOT level 4 dense-graded mix design. All the mixes 

were designed based on the target gradation. Target gradation and the gradations of virgin 

aggregates and extracted RAP aggregates are presented in Table 2.4 and Figure 2.8.  

 



Page 37 

 

 

Table 2.4. Target, extracted RAP, and stockpiled aggregate gradations 

 

Sieve Size Percentage Passing 

Stockpile Coarse Medium Fine RAP 

Target 

Gradation 

3/4" 100.0 100.0 100.0 100.0 100 

1/2" 95.8 100.0 100.0 98.3 98 

3/8" 53.1 98.2 100.0 88.3 83 

1/4" 21.9 64.9 100.0 71.3 59 

#4 13.2 38.0 99.9 61.9 49 

#8 2.3 3.3 83.3 44.1 31 

#16 1.3 1.3 55.1 31.1 22 

#30 1.2 1.2 35.8 23.3 16 

#50 1.1 1.1 23.7 17.1 11 

#100 1.1 1.1 15.6 12.9 8 

#200 0.9 1.0 10.7 8.4 6.3 

pan 0 0 0 0 0 

 

 
 

Figure 2.8. Target, extracted RAP, and stockpiled aggregate gradations 
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2.3.3.2 Batching 

After measuring the gradations of virgin and RAP aggregates, three replicates of each combination 

of RAP content, binder content, and binder grade were mixed according to AASHTO T 312-12 

and their Gmm were measured following the procedure described in AASHTO T 209-12. All the 

measured theoretical maximum specific gravities are presented in Appendix C. Then, aggregates 

were batched to meet the final gradation to reach 7% air content. To find the percentage of coarse, 

medium, fine, and RAP aggregates, optimization was conducted with Excel Solver 2013. Having  

Gmm, bulk specific gravity (G
mb

) of samples required to reach 7% air-void content were calculated 

using Equation 2.3.1. Gmb is the density of asphalt mixture divided by the density of water at 23- 

oC (Pavement Interactive 2017) (Equation 2.3.2). The total volume of the samples was calculated 

by knowing the dimensions of the compacted sample. Then, the total mass of samples was 

calculated using Equation 2.3.3. Mass of aggregates and binders were determined afterwards, and 

samples were batched for mixing and compaction. An example of batching calculation is shown 

in Appendix D. 

 

air voids (%)=
Gmm-Gmb

Gmm

*100 

 

2.3.1 

Gmb=
mass per unit volume of asphalt mixture

density of water 
 

 

2.3.2 

total mass of sample = density of water*Gmb*volume of sample 2.3.3 

 

 

2.3.3.3 Mixing and compaction 

Batched samples were mixed and compacted using AASHTO T 312-12 procedure. Before mixing, 

aggregates were kept in the oven at 10 oC higher than the mixing temperature, RAP materials were 

kept at 110 oC (Mcdaniel and Anderson 2001), and binder was kept at the mixing temperature for 

2 hours. After mixing, prepared loose mixtures were kept in the oven for 4 hours at 135 oC 

(AASHTO R 30-10) to simulate short-term aging. The goal of short-term aging is to simulate the 

aging and binder absorption that occurs during mixing phase of the production process. Then the 
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aged loose asphalt mixtures were kept in the oven for 2 more hours at the compaction temperature 

prior to compaction. 

 

2.3.3.4 Air content 

All the samples were prepared for the target 7% air content. Air-void contents were measured for 

all the samples after compaction. To find the air contents, Gmb of the samples were measured after 

compaction by following AASHTO T 166-12. Then air voids were determined by using 

Equation 2.3.1. All the air contents should be within 7%±1%. In this study, all the samples met the 

requirement for air content while majority of the samples had air-void contents within 7%±0.5%. 
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2.4 TEST METHODS 

Test methods followed in this study (for SCB, DM, and FN tests) to evaluate cracking and rutting 

performance of prepared asphalt mixtures with different RAP contents, binder contents, and binder 

grades are presented in this Chapter. 

 

2.4.1 Semi-circular bend (SCB) test 

SCB tests were conducted in this study to determine cracking performance of asphalt mixtures. 

Test method for evaluating cracking performance of asphalt concrete at intermediate temperatures 

developed by Wu et al. (2005) was followed.  

 

2.4.1.1 Sample preparation 

130 mm tall samples were compacted in the laboratory according to AASHTO T 312-12. Two 

samples with the thicknesses of 57 ± 2 mm were cut from each gyratory compacted sample using 

a high-accuracy saw (Figure 2.9a). Then the circular samples (cores) were cut into two identical 

halves (Figure 2.9b) using a special jig designed and developed at Oregon State University (OSU).  

 

Wu et al. (2005) suggested testing samples with different notch depths (25.4 mm, 31.8 mm, and 

38.0 mm). However, Ozer et al. (2016) and Nsengiyumva (2015) showed that reducing the notch 

depth reduces the variability. For this reason, in this study, a 15 mm notch depth is selected for 

sample preparation. A notch along the axis of symmetry of each half was created with the table 

saw using another special cutting jig developed at OSU (Figure 2.9c). Notch depth was 15 ± 0.5- 

mm in length and 3 mm wide.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

  

Figure 2.9. Cutting and notching procedure for SCB sample preparation. 

 

2.4.1.2 Testing 

Tests were conducted at 25 oC with a displacement rate of 0.5 mm/min (AASHTO TP 105-13). 

Samples were kept in the chamber at the testing temperature for conditioning the day before being 

tested. The flat side of semi-circular samples was placed on two rollers (Figure 2.10). As vertical 

load with constant displacement rate is applied on the samples, applied load is measured 

(AASHTO TP 105-13). The test stops when the load drops below 0.5 kN. Fracture energy (Gf), 

fracture toughness (KIC), secant stiffness (S), and flexibility index (FI) are the testing parameters 

obtained from this test. Procedures followed to calculate these test parameters are given in the next 

section.  
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Figure 2.10. SCB loading set up and test 

 

2.4.1.3 Parameters obtained from SCB tests 

This section describes the parameters obtained from SCB test results (displacement vs. load 

curves) including fracture energy (Gf), fracture toughness (KIC), secant stiffness (S), and flexibility 

index (FI). The most effective parameter to identify the effects of RAP content, binder content, 

and PG grade on cracking resistance was also determined. Moreover, a MATLAB (2016) code 

and a stand-alone software were developed. Developed software takes the raw test data, processes 

it, and calculates all these parameters. 

 

 Fracture Energy (𝐆𝒇) 

Fracture energy (Gf) is obtained by dividing the work of fracture (Wf) by the ligament area (Alig 

in Equation 2.4.1). As the Gf increases, the work required for crack initiation and propagation 

increases. Therefore, asphalt mixtures with higher Gf values are expected to show higher resistance 

to cracking (Ozer et al. 2016). Work of fracture is the area under load versus displacement (P-u) 

curve (Figure 2.11). The test stops when the load drops below 0.5 kN. The remainder of the curve 

is extrapolated to estimate the area under the tail part of the P-u curve. W𝑓 is the sum of the area 

under the curve obtained from the test (W) and the extrapolated tail part (Wtail) as it is shown in 

Figure 2.11. 
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Figure 2.11. Load versus displacement (P-u) curve (AASHTO TP 105-13) 

 

W𝑓 is calculated as follows (AASHTO TP 105-13): 

Gf=
Wf

Alig

 
2.4.1 

Wf= ∫ P du 
2.4.2 

Alig=(r-a)*t 2.4.3 

 

Where: 

G𝑓  = fracture energy (kJ/m2), 

W𝑓  = work of fracture (kJ), 

P  = applied load (kN), 

u  = load line displacement (m), 

Alig  = ligament area (m2), 

r  = sample radius (m), 

a  = notch length (m), and  

t  = sample thickness (m). 

 

Quadrangle rule is used to calculate the area under the curve obtained from the test (W) using 

Equation 2.4.4 (AASHTO TP 105-13): 
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W= ∑(ui+1-ui)*(Pi)+
1

2
*(ui+1-ui)*(Pi+1-Pi)

n

i=1

 
2.4.4 

Where: 

Pi  = applied load (KN) at the i load step application, 

Pi+1 = applied load (KN) at the i+1 load step application, 

ui  = load line displacement (m) at the i step, and 

ui+1  = load line displacement (m) at the i+1 step. 

 

Power function with a coefficient of -2 is used to fit the post-peak part of the P-u curve starting 

from the point at which P value is lower than the 60% of the peak load. After fitting the curve, 

coefficient c is obtained using Equation 2.4.5 (AASHTO TP 105-13). Then the area under the 

extrapolated tail part (Wtail) is estimated using Equation 2.4.6 (AASHTO TP 105-13). 

P=
c

u2
 2.4.5 

Wtail= ∫ P du

∞

uc

= ∫
c

u2
 du=

c

uc

∞

uc

 

2.4.6 

Where: 

u = integration variable equal to load line displacement (m), and  

uc = load line displacement value at which the test is stopped (m).  

 

Consequently, total area under the curve (W𝑓) is obtained as follows  (AASHTO TP 105-13): 

Wf=W+Wtail 

 

2.4.7 

 Fracture Toughness (𝐊𝐈𝐂) 

Fracture toughness (KIC) is the stress intensity factor at peak load. It shows how much energy is 

required for crack formation. Higher KIC indicates higher brittleness of mixtures. The following 

equation is used to compute KIC (AASHTO TP 105-13): 

KIC

σ0√πa
=YI(0.8) 

2.4.8 

σ0=
Ppeak

2rt
 

2.4.9 

YI(0.8)=4.782+1.219 (
a

r
)+0.063*exp(7.045 (

a

r
) ) 2.4.10 
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Where: 

Ppeak = peak load (MN), 

r  = sample radius (m), 

t = sample thickness (m), 

a  = notch length (m), and  

YI(0.8)  = the normalized stress intensity factor (dimensionless). 

 

 Secant Stiffness (S) 

Secant stiffness (S) is the ratio of the peak load to the vertical deformation required to reach the 

peak deformation. Higher values for S indicate higher resistance to crack initiation and higher 

brittleness (Harvey et al. 2015). 

S (KN/mm)=
∆y

∆x
=

peak load

vertical deformation at peak load
 

2.4.11 

 

 

 Flexibility Index (FI) 

Flexibility index (FI) is the ratio of the fracture energy (Gf) to the slope of the line at the post-peak 

inflection point of the load-displacement curve (Figure 2.12). FI correlates with brittleness, and it 

was developed for asphalt materials by Ozer et al. (2016). Lower FI values show that the asphalt 

mixtures are more brittle with higher crack growth rate (Ozer et al. 2016).  

FI=A*
Gf

abs(m)
 

2.4.12 

Where: 

Gf   = fracture energy (KJ/m2), 

abs(m) = absolute value of the slope at inflection point of post-peak load-displacement curve, and  

A   = unit conversion factor and scaling coefficient. 
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Figure 2.12. Illustration of load-displacement curve and slope at inflection point (m) (Ozer 

et al. 2016) 

 

2.4.1.4 Comparison of fracture energy (Gf) to flexibility index (FI) 

Brittle mixtures require higher energy for crack initiation, but once the crack starts, it propagates 

rapidly. Conversely, ductile mixtures need less energy for crack initiation, but crack grows slower.  

Load-displacement curves of ductile and brittle mixtures are shown in Figure 2.13. The area under 

the load-displacement curve is higher for the brittle mixture compared to the ductile mixture. Thus, 

the brittle mixture seems to have higher Gf value. On the contrary, since the slope at the inflection 

point is also higher for the brittle mixture, FI value decreases. The ductile mixture has a smaller 

area under the curve and smaller slope at the inflection point and it has higher FI than the brittle 

mixture. It can be concluded that FI is a better performance indicator than Gf since it properly 

describes crack initiation and propagation stages of the load-displacement curve (Ozer et al. 2016). 

Results of this study also show that FI is able to identify the effects of binder content, PG grade, 

and RAP content on cracking resistance (See Section 2.5.1).  
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Figure 2.13. Illustration of load-displacement curve of ductile and brittle mixtures 

 

2.4.2 Dynamic modulus test 

Asphalt concrete mixtures are viscoelastic materials that show both viscous and elastic behavior. 

At lower temperatures and higher loading frequencies, elastic behavior becomes more dominant 

while viscous components are more apparent at higher temperatures and lower loading 

frequencies. DM tests are conducted to characterize the elastic modulus of asphalt concrete 

mixtures at different loading frequencies and temperatures. DM tests are performed at low strain 

levels (about 100) to determine the elastic modulus in the linear viscoelastic range. The effects 

of loading time and temperature on elastic modulus is modeled and presented in the form of master 

curves (Norouzi et al. 2015).  

 

DM test can be used to evaluate rutting and cracking performance of asphalt pavements (Zhou et 

al. 2015) if the asphalt mixtures do not have special additives such as fibers, polymers or rubber. 

In this study, DM tests were conducted on prepared samples with different RAP contents (30% 

and 40%), binder contents (6%, 6.4%, and 6.8%), and binder grades (PG 58-34, PG 64-22, and PG 

76-22) (See Table 2.2). The procedure described in AASHTO TP 79-13 for unconfined testing is 

followed in this study. DM test samples were required to be 150 ± 2.5 mm tall and 100 ± 2.5 mm 

in diameter. Temperatures of 4 oC, 20 oC, and 40 oC, and frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 5 
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Hz, and 10 Hz were used for this study. The frequency of 0.01 Hz was also used for only tests 

conducted at 40oC. These loading frequencies simulate different traffic speeds. Higher frequencies 

represent higher vehicle speeds. 

 

DM test is a strong indicator of asphalt mixture performance. Dynamic modulus and phase angle 

are two performance variables obtained from DM tests. Dynamic modulus shows how stiff an 

asphalt mixture is. Higher dynamic modulus values represent higher stiffness. The time delay 

between the time point at which peak stress applied and the time point at which peak strain 

observed is used to calculate phase angle. Phase angle represents viscoelastic characteristics of 

asphalt mixtures. Higher phase angle indicates that the samples are more viscous, more susceptible 

to rutting, and more resistant to cracking (Darnell and Bell 2015).   

 

In this study, 170 mm tall samples were prepared by using gyratory compaction according to 

AASHTO PP 60-14. Then, samples were cored in 100 mm diameter and their edges were cut off 

to get 150 mm tall samples. Samples were kept in the chamber for conditioning at the testing 

temperatures the day before being tested.  

 

After conducting the tests, master curves were developed for dynamic modulus and phase angle 

following AASHTO PP 61-13 procedure. Master curves display phase angle and dynamic modulus 

with respect to loading frequencies. Master curves are presented in Section 2.5.3.1. Appendix F 

shows one example of the data generated by the test equipment for DM test, along with the 

procedure of developing the master curves.  

 

2.4.3 Flow number test 

Flow number (FN) test is a performance test for evaluating rutting performance of asphalt concrete 

mixtures (Bonaquist et al. 2003). In this test, while constant deviator stress is applied at each load 

cycle on the test sample, permanent strain at each cycle is measured (Figure 2.14). Permanent 

deformation of asphalt pavements has three stages: 1) primary or the initial consolidation, 2) 

secondary, and 3) tertiary or shear deformation (Biligiri et al. 2007). Figure 2.14 shows three stages 

of permanent deformation. FN is the loading cycle at which the tertiary stage starts after the 

secondary stage.  
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In this study, testing conditions and criteria for FN testing described in AASHTO TP 79-13 for 

unconfined tests were followed. The recommended test temperature, determined by LTPPBind 

Version 3.1 software, is the average design high pavement temperature at 50% reliability for cities 

in Oregon with high populations and at a depth of 20 mm (0.79 in) for surface courses (Rodezno 

et al. 2015). Tests were conducted at the temperature of 54.7oC with average deviator stress of 600 

kPa and minimum (contact) axial stress of 30 kPa. For conditioning, samples were kept in the 

chamber at the testing temperature a day prior to being tested. To calculate FN, Francken model 

was used in this study. This model is discussed in Section 2.4.3.1. 

 

 
 

Figure 2.14. Relationship between permanent strain and load cycles in FN test (Biligiri et al. 

2007) 

 

Minimum FN values (calculated by using the Francken model) for different traffic levels 

recommended by AASHTO TP 79-13 are given in Table 2.5 (Rodezno et al. 2015). All high RAP 

mixes recommended in this study had FN values higher than the 740 limit.  
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Table 2.5. Minimum average FN requirement for different traffic levels (AASHTO TP 79-

13) 

 

Traffic (million ESALs) Minimum Average FN Requirement 

<3 NA 

3 to <10 50 

10 to <30 190 

≥30 740 

Note: NA= not applicable. 
 

2.4.3.1 Francken Model 

Francken Model was developed for triaxial and uniaxial repeated-load tests for different 

temperatures and stress levels (Francken 1977). A study carried out by Biligiri et al. (2007) showed 

that this model calculates FN more accurately compared to other mathematical models. This model 

can also represent all three stages of deformation (1.primary or the initial consolidation of the mix, 

2. secondary, and 3. tertiary or shear deformation) more properly. Moreover, Dongre et al. (2009) 

confirmed the robustness of Francken model by fitting FN data obtained from field projects. The 

model is given as follows: 

 

ϵp(N)=AN
B

+C(eDN-1) 

 

2.4.13 

Where: 

ϵp(N)   = permanent deformation or permanent strain from Fn test, 

N    = number of loading cycles, and 

A, B, C, D  = regression constants. 

 

The rate of change of the slope of the permanent strain is obtained by taking the second derivative 

of the Francken model (2.4.14). The inflection point, at which the sign of the rate of change of 

slope changes, is considered as FN and indicates when the tertiary stage begins. FN is the number 

of cycles at which the second derivative of the Francken model is zero. The second derivative of 

the model is as follows (Dongre et al. 2009): 

∂
2
ϵp

∂N2
=A*B*(B-1)*NB-2+(C*D*eD*N) 

2.4.14 
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The model shown in Equation 2.4.13 is fitted to the permanent strain versus the number of cycles 

for each sample. After estimating the regression constants (A, B, C, and D), to find the number of 

load cycles at the inflection point, FN is computed at which the 2.4.14 (second derivative of 

Francken model) is equal to zero. In this study, a code was developed using MATLAB (2016) to 

analyze the data and calculate regression constants (A, B, C, and D) of the Francken model to find 

the FN for each test.  
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2.5 RESULTS AND DISCUSSION 

This section presents the results of SCB tests to evaluate cracking performance of high RAP 

asphalt mixtures of this study. FN tests were used to quantify the rutting performance of asphalt 

mixtures. DM test results were used to quantify the viscous and elastic behavior of all mixes. 

Regression equations were developed and Monte Carlo simulations were performed using the 

developed equations to determine the required binder content, binder grade, and RAP content of 

asphalt mixtures to meet rutting and cracking resistance requirements.  

 

2.5.1 Semi-circular bend test 

SCB tests were conducted at 25 oC in this study to evaluate cracking performance of asphalt 

mixtures. A full factorial experimental plan with two RAP contents (30% and 40%), three different 

binder contents (6%, 6.4%, and 6.8%), and three binder grades (PG 58-34, PG 64-22, and PG 76-

22) is followed in this study (See Table 2.2). Four replicates were tested for each combination. In 

total, 72 tests were conducted. Applied peak load (Ppeak), fracture energy (G𝑓), fracture toughness 

(KIC), secant stiffness (S), and flexibility index (FI) are the testing parameters obtained from the 

test results. The results of SCB tests are presented in Figure 2.15 to Figure 2.18. Appendix E shows 

the SCB parameters calculated for every sample.  

 

As it is shown in Figure 2.15, FI increases as the binder content increases for mixtures with the 

same RAP contents. Asphalt mixtures with lower binder contents are more brittle and more 

susceptible to cracking. Results of this study show that asphalt mixtures with 30% RAP have 

higher FI than the asphalt mixtures with 40% RAP. Higher RAP contents result in more brittle 

mixes and less crack resistance. Moreover, using softer binders increases FI. As it is expected, the 

mixture with the softest binder grade (PG 58-34), the highest binder content (6.8%), and the lowest 

RAP content has the greatest FI. Conversely, the mixture with PG 76-22 binder grade, 6% binder 

content, and 40% RAP content shows the lowest FI value. Al-Qadi et al. (Al-Qadi et al. 2015) 

defined a threshold for FI representing the cracking performance of asphalt mixtures. Mixtures 

with FI higher than 10 were considered to have high cracking performance (Al-qadi and Ozer 

2015). Also, some samples of production mixes were collected from the plant and compacted in 

the laboratory in ODOT SPR785 project (Coleri 2017). Average FI for the non-polymer mix used 
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for construction on a major highway in Oregon was around 9, and the mix with the best cracking 

resistance had FI of 14. Therefore, this study suggests 9 to 14 as a possible range of FI values of 

mixtures with acceptable cracking performance. In this study six mixtures met the threshold: 1) 

BC 6%, RAP 30%, PG 58-34, 2) BC6 6.8%, RAP 30%, PG 58-34, 3) BC 6.8%, RAP 30%, PG 64-

22, 4) BC 6.8%, RAP 40%, PG 58-34, 5) BC 6.8%, RAP 40%, PG 64-22, and 6) BC 6.4%, RAP 

30%, PG 58-34. It can be concluded that the FI is a good performance indicator since it can 

differentiate the cracking performance of asphalt mixtures with different RAP contents, binder 

contents, and binder grades. 

 

 
 

Figure 2.15. Flexibility index for mixtures with different RAP contents (30% and 40%), 

binder grades (PG 58-34, PG 64-22, and PG 76-22), and binder contents (6%, 6.4%, and 

6.8%) 

 

 

As fracture energy (Gf) increases, the work required for crack formation and propagation increases. 

Therefore, asphalt mixtures with higher Gf values are expected to show higher resistance to 

                                                 

6 Binder content 

Limit for acceptance 
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cracking (Ozer et al. 2016). Results of this study show that there is not a strong correlation between 

the properties of asphalt mixtures and Gf. This is evident especially for mixtures with PG 64-22 

binder. As binder content increases, increase in Gf cannot be observed (Figure 2.16). Moreover, 

Gf has slightly changed for the mixtures with PG 58-34 and PG 76-22 for different binder contents. 

Also, Gf could not differentiate the cracking performance of the mixtures with different RAP 

contents. These results suggest that Gf, the most common parameter that has been used to 

characterize cracking resistance of asphalt mixtures in several research studies, is not an effective 

parameter to use for cracking performance evaluation.  

 

 
 

Figure 2.16. Fracture energy for mixtures with different RAP contents (30% and 40%), 

binder grades (PG 58-34, PG 64-22, and PG 76-22), and binder contents (6%, 6.4%, and 

6.8%) 

 

KIC and S correlate well with cracking resistance and brittleness. Higher values for these two 

variables indicate higher resistance to crack formation and higher brittleness. Figure 2.17 and 

Figure 2.18 show that mixtures with BC 6.8%, RAP 30%, PG 58-34 and BC 6%, RAP 40%, PG 

76-22 have the lowest and the highest S and KIC, respectively. Asphalt mixtures with lower KIC 

and S values and higher FI require less energy for crack initiation, but since they are more ductile, 
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they have higher crack propagation resistance. In this study, although the mixture with 40% RAP, 

6% binder content, and PG 76-22 has the highest KIC and S values, it has the lowest FI value. It 

means that it requires higher energy for crack initiation, but once the crack starts, it propagates 

rapidly. All possible combinations of RAP content, binder content, and binder grade to achieve 

acceptable cracking and rutting performance are determined using regression equations and 

provided in Section 2.5.4. 

 

 

 
 

Figure 2.17. Secant stiffness for mixtures with different RAP contents (30% and 40%), 

binder grades (PG 58-34, PG 64-22, and PG 76-22), and binder contents (6%, 6.4%, and 

6.8%) 
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Figure 2.18. Fracture toughness for mixtures with different RAP contents (30% and 40%), 

binder grades (PG 58-34, PG 64-22, and PG 76-22), and binder contents (6%, 6.4%, and 

6.8%) 

 

 

2.5.2 Flow number test 

Flow number (FN) test is a simple performance test for evaluating rutting performance of asphalt 

concrete mixtures (Bonaquist et al. 2003). High FN values indicate that asphalt mixtures have high 

rutting resistance. FNs for all experiments are given in Appendix G. Figure 2.19 to Figure 2.21 

summarize the FN values for all tested asphalt mixtures.  

 

Minimum required FNs suggested by AASHTO TP 79-13 for different traffic levels are presented 

in Table 2.5. Suggested FN for the traffic level of 10 million to 30 million ESALs is specified as 

190 while the FN limit for roadways with ESALs more than 30 million were specified as 740. In 

Figure 2.19 to Figure 2.21 dashed red line and solid red line show the recommended FN for the 

traffic level of 10 to <30 and ≥30 million ESALs, respectively. FN values for all the asphalt 

mixtures were greater than 50, which is the recommended FN for the traffic level of 3 million to 

10 million ESALs. All the asphalt mixtures with PG 64-22 and PG 76-22 binders had FN values 

higher than 740, except for the mixture with BC 6.8%, RAP 30%, and PG 64-22. Mixtures with 
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PG 58-34 had acceptable rutting resistance for the traffic level of 10 to <30 million ESALs (with 

FN greater than 190) except for the mixture with BC 6.8%, RAP 30%, and PG 58-34 (FN=171). 

Only two mixtures (BC 6%-RAP 40%-PG 58-34 and BC 6.4%-RAP 40%-PG 58-34) had FN 

greater than 740, meaning that they show acceptable rutting performance for a traffic level of ≥30 

million ESALs. FN values for all tested asphalt mixtures are presented in Figure 2.22. 

 

 
 

Figure 2.19. Flow number of the mixtures with different RAP contents (30% and 40%), 

binder grade of PG 58-34, and different binder contents (6%, 6.4%, and 6.8%) 
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Figure 2.20. Flow number of the mixtures with different RAP contents (30% and 40%), 

binder grade of PG 64-22, and different binder contents (6%, 6.4%, and 6.8%) 

 

 
 

Figure 2.21. Flow number of the mixtures with different RAP contents (30% and 40%), 

binder grade of PG 76-22, and different binder contents (6%, 6.4%, and 6.8%) 
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Figure 2.22. Average flow number of the mixtures for all the combinations of RAP contents, 

binder contents, and binder grades 

Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 

 

 

2.5.3 Dynamic modulus test 

In this study, DM tests were conducted on prepared asphalt mixtures with different RAP contents 

(30% and 40%), binder contents (6%, 6.4%, and 6.8%), and binder grades (PG 58-34, PG 64-22, 

and PG 76-22). Two replicate experiments were conducted for each combination of the variable 

of interests. Therefore, 36 mixtures were totally tested at the testing frequencies and temperatures 

given in Section 2.4.2. The testing procedure was followed as the procedure described in AASHTO 

TP 79-13 for unconfined mixtures. Dynamic modulus and phase angle master curves are presented 

and discussed in the following sections. 
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2.5.3.1 Master curves for dynamic modulus 

This section represents the dynamic modulus master curves for asphalt mixtures. Average of test 

results for two replicate mixtures were used to develop each master curve as recommended by 

AASHTO TP 79-13.  

 

Master curves of dynamic modulus for the mixtures with different RAP contents (30% and 40%), 

different binder contents (6%, 6.4%, and 6.8%), and different binder grades (PG 58-34, PG 64-22, 

and PG 76-22) are presented in Figure 2.23 to Figure 2.25. Reference temperature for all the master 

curves is 20oC. In general, higher RAP content and lower binder content resulted in higher dynamic 

modulus. RAP content plays a significant role in cracking resistance of the mixtures. For the same 

binder grade, the mixtures with 40% RAP had higher dynamic modulus than the mixtures with 

30% RAP for all the binder contents.  

 

 
 

Figure 2.23. Master curves of dynamic modulus for the mixtures with different RAP contents 

(30% and 40%), binder grade of PG 58-34, and different binder contents (6%, 6.4%, and 

6.8%) 
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Figure 2.24. Master curves of dynamic modulus for the mixtures with different RAP contents 

(30% and 40%), binder grade of PG 64-22, and different binder contents (6%, 6.4%, and 

6.8%) 

 

 
 

Figure 2.25. Master curves of dynamic modulus for the mixtures with different RAP contents 

(30% and 40%), binder grade of PG 76-22, and different binder contents (6%, 6.4%, and 

6.8%) 
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To see the effect of binder grade on dynamic modulus, Figure 2.26 to Figure 2.28 were created. It 

can be seen that binder grade had a significant effect on the stiffness of the mixtures. The mixtures 

with softer binder had lower dynamic modulus compared to the mixtures with stiffer binder 

regardless of their RAP contents. Moreover, dynamic modulus decreased with a higher slope with 

respect to the load frequency for the softer binder, especially at low frequency levels. Moreover, 

the mixture with BC 6%, RAP 30%, and PG 64-22 had almost the same dynamic modulus as the 

mixture with BC 6%, RAP 40%, and PG 58-34 for all the frequencies. These two mixtures also 

had close FI in SCB tests. This result proves that FI in SCB test can describe mixture properties 

properly. The mixture with BC 6%, RAP 40%, and PG 64-22 seems to have almost the same 

master curve as the mixture with BC 6%, RAP 30%, and PG 76-22 at higher frequencies (higher 

vehicle speed condition). However, the mixture with BC 6%, RAP 40%, and PG 64-22 has lower 

dynamic modulus at lower frequency levels (lower vehicle speed condition), meaning that it has 

higher rutting resistance.  

 

 
 

Figure 2.26. Master curves of dynamic modulus for the mixtures with different RAP contents 

(30% and 40%), different binder grades (PG 58-34, PG 64-22, and PG 76-22), and 6% binder 

content 
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Figure 2.27. Master curves of dynamic modulus for the mixtures with different RAP contents 

(30% and 40%), different binder grades (PG 58-34, PG 64-22, and PG 76-22), and 6.4% 

binder content 

 

 

 
 

Figure 2.28. Master curves of dynamic modulus for the mixtures with different RAP contents 

(30% and 40%), different binder grades (PG 58-34, PG 64-22, and PG 76-22), and 6.8% 

binder content 
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Based on AASHTO TP 79-13, the coefficient of variation (CV) of the dynamic modulus of each 

pair of tested samples should not be greater than 9.2%. Figure 2.29 to Figure 2.34 show the 

dynamic modulus of the mixtures at the frequencies of 10 Hz and 0.1 Hz, temperatures of 4 oC, 20 

oC, and 40 oC, all the combinations of RAP contents, binder contents, and binder grades. In these 

figures, B1 is PG 58-34, B2 is PG 64-22, and B3 is PG 76-22. Also, R30 is RAP 30%, R40 is RAP 

40%, and BC refers to binder content. For all the mixtures shown, CV of the paired tested mixtures 

were less than 9.2% at 4 oC, and 20 oC (except for the mixtures with 30% RAP, 6.8% binder 

content, and PG 58-34 at 20 oC and 0.1 Hz). However, some of the paired mixtures had higher CV 

at 40- oC. Bonaquist (2011) reported in NCHRP Report 702 that the CV could be more than 10% 

for mixtures with low dynamic modulus. Therefore, observing higher CV dynamic modulus at the 

test temperature of 40 °C is not unexpected. Moreover, it can be seen that the dynamic modulus 

decreases as the binder content increases for all the frequency levels and temperatures. It has an 

opposite trend as the RAP content increases.  
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Figure 2.29. Dynamic modulus of the mixtures at 4 oC and 0.1 Hz and all the combinations 

of RAP contents, binder contents, and binder grades 
Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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Figure 2.30. Dynamic modulus of the mixtures at 4 oC and 10 Hz and all the combinations of 

RAP contents, binder contents, and binder grades 
Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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Figure 2.31. Dynamic modulus of the mixtures at 20 oC and 0.1 Hz and all the combinations 

of RAP contents, binder contents, and binder grades 
Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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Figure 2.32. Dynamic modulus of the mixtures at 20 oC and 10 Hz and all the combinations 

of RAP contents, binder contents, and binder grades 
Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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Figure 2.33. Dynamic modulus of the mixtures at 40 oC and 0.1 Hz and all the combinations 

of RAP contents, binder contents, and binder grades 
Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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Figure 2.34. Dynamic modulus of the mixtures at 40 oC and 10 Hz and all the combinations 

of RAP contents, binder contents, and binder grades 
Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 

 

2.5.3.2 Master curves for phase angle 

The time delay between the time point at which peak stress applied and the time point at which 

peak strain observed is used to calculate phase angle. Phase angle shows energy absorption 

capacity of an asphalt mixture and represents viscoelastic characteristics of asphalt mixtures. 

Higher phase angle indicates that the asphalt mixture is more viscous, more susceptible to rutting, 

and more resistant to cracking (Darnell Jr. and Bell 2015). Dynamic modulus and phase angle are 

inversely related to each other. A mixture with a comparatively high dynamic modulus (high 

stiffness) at a frequency level has a low phase angle at the same frequency (Darnell Jr. and Bell 

2015).  

 

Phase angle master curves for all test results are plotted in Figure 2.35 to Figure 2.40. The same 

shift factor values, which were calculated and used for developing the master curves for DM tests, 
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are used to develop the master curves for phase angles. Therefore, these master curves are not as 

smooth as the master curves of the dynamic modulus. Reference temperature for all master curves 

is 20 oC.  

 

Figure 2.37 shows that stiff mixtures with binder grade of PG 76-22 had lower phase angles at 

lower binder contents and higher RAP contents. For the same binder grade, asphalt mixtures with 

40% RAP had smaller phase angles than the asphalt mixtures with 30% RAP for all the binder 

contents. Mixtures with softer binders (PG 64-22 and PG 58-34 [Figure 2.35 and Figure 2.36]) 

showed similar trends for the all the frequency levels, except for the lowest frequencies (low-speed 

condition). For 40% RAP-PG76-22, binder content effect on phase angle is minimal since high 

RAP content and stiff binder (PG 76-22) create a stiff mixture with low flexibility. 

 

 
 

Figure 2.35. Master curves of phase angles for the mixtures with different RAP contents 

(30% and 40%), binder grade of PG 58-34, and different binder contents (6%, 6.4%, and 

6.8%) 

 



Page 72 

 

 

 
 

Figure 2.36. Master curves of phase angles for the mixtures with different RAP contents 

(30% and 40%), binder grade of PG 64-22, and different binder contents (6%, 6.4%, and 

6.8%) 
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Figure 2.37. Master curves of phase angles for the mixtures with different RAP contents 

(30% and 40%), binder grade of PG 76-22, and different binder contents (6%, 6.4%, and 

6.8%) 

 

To compare the effect of binder grade on phase angle, Figure 2.38 to Figure 2.40 were developed. 

In general, mixtures with stiffer binder had less phase angles with respect to frequency. Also, it 

can be seen that the effect of RAP content was significant for the mixtures with PG 64-22 and PG 

76-22; Mixtures with 40% RAP had less phase angles than the mixtures with 30% RAP, regardless 

of their PG grades. On the contrary, mixtures with PG 58-34 had higher phase angles than the 

mixtures with PG 64-22 and PG 76-22 for the same binder content, regardless of their RAP 

contents. It can be concluded that RAP content has more significant effect on the phase angle than 

binder grades for the mixtures with PG 64-22 and PG 76-22 binders. However, the effect of binder 

grade on phase angle is more significant than RAP content for the mixtures with the softer binder 

(PG 58-34).  
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Figure 2.38. Master curves of phase angles for the mixtures with different RAP contents 

(30% and 40%), different binder grades of (PG 58-34, PG 64-22, and PG 76-22), and 6% 

binder content 

 

 
 

Figure 2.39. Master curves of phase angles for the mixtures with different RAP contents 

(30% and 40%), different binder grades of (PG 58-34, PG 64-22, and PG 76-22), and 6.4% 

binder content 



Page 75 

 

 

 

 
 

Figure 2.40. Master curves of phase angles for the mixtures with different RAP contents 

(30% and 40%), different binder grades of (PG 58-34, PG 64-22, and PG 76-22), and 6.8% 

binder content 

 

 

2.5.4 Summary of test results 

Results of SCB, DM, and FN tests were presented in Sections 2.5.1 to 2.5.3 to evaluate the cracking 

and rutting performance high RAP asphalt mixtures of this study. This section summarizes the 

general results of all conducted tests. 

 

Although some of the asphalt mixtures show high cracking resistance (high FI), their rutting 

performance can be low due to high binder content and softer binders. Figure 2.41 shows the 

average FI (average of four replicate SCB tests) of the asphalt mixtures with all combinations of 

RAP contents, binder contents, and binder grades. Average FN of the asphalt mixtures (average of 

two replicate FN tests) is also illustrated on top of each bar. Asphalt mixture with BC 6.8%, RAP 

40%, and PG 64-22 showed a high rutting and cracking performance. It has a FN of 1230, which 

is higher than the recommended FN (FN=740) for high traffic level (≥30 million ESALs). Also, 

its FI is within the acceptable range of cracking performance (FI=9-14) based on ODOT SPR785 
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project (Coleri 2017). Although some mixtures including 1) BC 6.8%, RAP 30%, PG 58-34, 2) 

BC 6.8%, RAP 30%, PG 64-22, 3) BC 6.8%, RAP 40%, PG 58-34, and 4) BC 6.4%, RAP 30%, 

PG 58-34 met the threshold for cracking performance, they did not meet the FN criteria required 

for the high traffic levels (≥30 million ESALs). However, they still can be used for the traffic level 

of 10 to <30 million ESALs since their FNs are greater than 190. Since the mixtures with BC 6.8%, 

RAP 40%, and PG 76-22 showed high rutting performance but low cracking performance, asphalt 

mixtures with 40% RAP, higher binder content (higher than 6.8%) and PG 76-22 may have 

acceptable cracking and rutting performance. Moreover, mixtures with higher RAP content (higher 

than 40%), 6.8% binder content, and PG 58-34 may show high resistance to rutting and cracking. 

In the following section (Section 2.5.5), regression equations were developed and Monte Carlo 

simulations were performed using the developed equations to determine the required binder 

content, binder grade, and RAP content of asphalt mixtures to meet rutting (FN>740) and cracking 

resistance (FI>10) requirements. 

 

 
 

Figure 2.41. Flexibility index and flow number (numbers on each bar) of the mixtures with 

different RAP contents (30% and 40%), binder grades (PG 58-34, PG 64-22, and PG 76-22), 

and binder contents (6.0%, 6.4%, and 6.8%) 
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To evaluate possible correlations of dynamic modulus of mixtures at different temperatures and 

frequencies with FI and FN, Figure 2.42 to Figure 2.53 were created. It can be seen that dynamic 

modulus at 40 oC and 0.1 Hz has the highest correlation with FN. Therefore, dynamic modulus 

results at 40 oC and 0.1 Hz can be used to predict FN (rutting resistance of the asphalt mixtures). 

In general, there is not a strong correlation between dynamic modulus and FI, especially for PG 

76-22. However, dynamic modulus has a strong correlation with FI at 20 oC and 4 oC for mixtures 

with PG 58-34 and can be used to predict FI. As the binder becomes stiffer, the correlations 

between FI and dynamic modulus become weaker. 

 

 
 

Figure 2.42. Dynamic modulus of mixtures at 40 oC and 10 Hz versus flow number for all the 

combinations of RAP content, binder content, and binder grades  
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Figure 2.43. Dynamic modulus of mixtures at 40 oC and 10 Hz versus flexibility index for all 

the combinations of RAP content, binder content, and binder grades  

 

 
 

Figure 2.44. Dynamic modulus of mixtures at 40 oC and 0.1 Hz versus flow number for all 

the combinations of RAP content, binder content, and binder grades 
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Figure 2.45. Dynamic modulus of mixtures at 40 oC and 0.1 Hz versus flexibility index for all 

the combinations of RAP content, binder content, and binder grades 
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Figure 2.46. Dynamic modulus of mixtures at 20 oC and 10 Hz versus flow number for all the 

combinations of RAP content, binder content, and binder grades 

 

 

 
 

Figure 2.47. Dynamic modulus of mixtures at 20 oC and 10 Hz versus flexibility index for all 

the combinations of RAP content, binder content, and binder grades 
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Figure 2.48. Dynamic modulus of mixtures at 20 oC and 0.1 Hz versus flow number for all 

the combinations of RAP content, binder content, and binder grades 

 

 

 
 

Figure 2.49. Dynamic modulus of mixtures at 20 oC and 0.1 Hz versus flexibility index for all 

the combinations of RAP content, binder content, and binder grades 
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Figure 2.50. Dynamic modulus of mixtures at 4 oC and 10 Hz versus flow number for all the 

combinations of RAP content, binder content, and binder grades 

 

 

 
 

Figure 2.51. Dynamic modulus of mixtures at 4 oC and 10 Hz versus flexibility index for all 

the combinations of RAP content, binder content, and binder grades 
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Figure 2.52. Dynamic modulus of mixtures at 4 oC and 0.1 Hz versus flow number for all the 

combinations of RAP content, binder content, and binder grades 

 

 

 
 

Figure 2.53. Dynamic modulus of mixtures at 4 oC and 0.1 Hz versus flexibility index for all 

the combinations of RAP content, binder content, and binder grades 
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Figure 2.54 shows the correlation between FI and FN results for all test results. Although there is 

a non-linear correlation between FN and FI, correlation is not strong enough to be able to predict 

FI results using the FN results and vice versa. For this reason, both experiments need to be 

conducted to evaluate rutting and cracking resistance of asphalt mixtures.   

 

 
 

Figure 2.54. Correlation between FI and FN 

 

 

2.5.5 Regression modeling and Monte Carlo simulations to determine asphalt mixtures with 

high rutting and cracking performance 

Regression analysis is a statistical procedure describing the relationship between a dependent 

variable (response variable) and independent variables (predictors). In this section, regression 

analysis was performed to create linear models correlating FN and FI with RAP content, binder 

content, and binder grade. Results of the FN and SCB tests (Sections 2.5.1 and 2.5.3) were used 

for FN and FI values, as dependent variables, in the regression model. Firstly, analysis of variance 

was performed to which independent variables (RAP content, binder content, and binder grade) 

were important. Then, regression models were developed. Finally, to find possible asphalt 
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mixtures with acceptable cracking and rutting performance, FI and FN of asphalt mixture with 

different RAP contents (25% to 45%), binder contents (5% to 8%), and binder grades (PG 58-34, 

PG 64-22, and PG 76-22) were predicted using the developed regression models (Monte Carlo 

simulations). All dependent and independent variables used for model development are shown in 

Table 2.6. 

 

Table 2.6. Independent and dependent variables used for regression models 

  

Variable Type Symbol Description Range 

Dependent 

FI Flexibility Index 1.19 to 32.57 

FN Flow Number 135 to 10000 

Independent 

RAP RAP Content 30 and 40 

BC Binder Content 6, 6.4, and 6.8 

Category 

Independent PG Binder Grade 

PG 58-34, PG 64-22, 

and PG 76-22 

 

 

2.5.5.1 ANOVA table 

Analysis of Variance (ANOVA) was performed to estimate the effects of RAP content, binder 

content, and binder grade on the dependent variables FI and FN. F value in ANOVA analyses 

shows the statistical significance of each independent variable (Seber 1977). FN and FI were 

transformed logarithmically and linearly correlated with the dependent variables. As shown in 

Table 2.7, although all independent variables are important, binder content has the most effect on 

FI since it has the highest F value. Binder type and RAP content are the second and third significant 

variables, respectively. Table 2.8 shows that all the independent variables have a significant effect 

on FN, with binder type being the first, RAP content being the second, and binder content being 

the third significant variables. The effects of RAP content, binder content, and binder grade on FI 

and FN were significant based on ANOVA analysis. Therefore, all the independent variables were 

used for regression model development. 
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Table 2.7. ANOVA table for the regression model correlating FI test results with RAP 

content, binder grade, and binder content  

 

 Degrees of Freedom Sum of Squares Mean Square F Value Pr(F) Value 

RAP 1 2.45 2.45 31.58 0.0000 

BC 1 13.32 13.32 171.71 0.0000 

Binder type 2 14.90 7.45 96.01 0.0000 

Residuals 66 5.12 0.08   

 

Table 2.8. ANOVA table for the regression model correlating FN test results with RAP 

content, binder grade, and binder content 

 

 Degrees of Freedom Sum of Squares Mean Square F value Pr(F) Value 

RAP 1 5.84 5.84 72.72 0.0000 

BC 1 5.28 5.28 65.73 0.0000 

Binder type 2 29.78 14.89 185.31 0.0000 

Residuals 31 2.49 0.08   

 

2.5.5.2 Linear regression model for FI 

FI values obtained from SBC tests were logarithmically transformed in order to allow the model 

to be estimated by linear regression. Figure 2.55 shows ln(FI) for each combination of RAP 

content, binder content, and binder grade. The model correlating ln(FI) with the independent 

variables was estimated as follows: 

ln(FI) = -4.831715 - 0.037713*RAP + 1.317014*BC - 0.239761*(PG64-22) 
            (0.0000)              (0.0000)                  (0.0000)                       (0.0044) 

 -1.063465*(PG76-22) 
    (0.0000)                                                                                                 (R2 = 0.85) 

2.5.1 

 

In Equation 2.5.1, P-value of the estimated regression coefficients are presented in parenthesis 

below each coefficient. The coefficient of determination (R2) for the developed model is 0.85, 

indicating that 85 percent of the variance in the response would be explained by the explanatory 

variables.  

 

The residual plots for the regression model are shown in Figure 2.56. Figure 2.56a shows that the 

assumption of the constant variance in linear regression is met since the residuals are randomly 

scattered around the zero line. Figure 2.56b represents the observed data versus fitted values. 
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Figure 2.56c shows that residuals follow a normal distribution. Finally, Figure 2.56d is developed 

to find the possible outliers (points with standardized residual values greater than 2 or less than -

2). Most of the points fall between -2 and 2, so there are no outliers in the data.  

 

 
 

Figure 2.55. ln(FI) for each combination of RAP content, binder content, and binder grade 

Note:  B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

  

Figure 2.56. Residual plots for the regression model correlating ln(FI) with RAP content, 

binder content, and binder grade 

 

  

2.5.5.3 Linear regression model for FN 

The FN values obtained from FN tests were logarithmically transformed in order to allow the 

model to be estimated by linear regression. ln(FN) for all the tested mixtures in Section 2.5.2 are 

presented in Figure 2.57. Following equation shows the estimated model correlating ln(FN) with 

RAP content, binder content, and binder grade. P-value of each estimated coefficient is shown in 

parenthesis. Adjusted R2 is 0.94, meaning that 94 percent of the variance in response can be 

explained by the explanatory variables. 
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ln(FN) = 11.230864 + 0.080577*RAP - 1.172814*BC + 0.723180*(PG64-22) 
              (0.0000)             (0.0000)                   (0.0000)                       (0.0000) 

 +2.186587 *(PG76-22) 

       (0.0000)                                                                                                 (R2 = 0.94) 

2.5.2 

 

Residual plots of the developed regression model are presented in Figure 2.58. The residuals are 

scattered randomly around zero in Figure 2.58a, meaning that the assumption of the constant 

variance in the regression model is met. Figure 2.58b shows observed values versus predicted 

values. Figure 2.58c shows that the assumption of normality in linear regression is met as well. 

Finally, the outliers can be identified in Figure 2.58d, with the absolute value of standardized 

residuals greater than 2. One of the points seems to be an outlier since its standardized residual is 

around -3. To further investigate the effect of outliers, Figure 2.58e was developed. It can be seen 

that none of the observations had Cook’s distance greater than 0.5. Therefore, the outlier is not 

expected to create any bias in the developed linear regression model. 
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Figure 2.57. ln(FN) for each combination of RAP content, binder content, and binder grade 

Note:  B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

Figure 2.58. Residual plots for the regression model correlating ln(FN) with RAP content, 

binder content, and binder grade 

 

 

Standardized Residuals 



Page 92 

 

 

2.5.5.4 Determination of asphalt mixtures with high cracking and rutting performance – 

Suggested strategies 

To determine asphalt mixtures with high cracking and rutting performance, FI and FN of asphalt 

mixtures with different RAP contents (25% to 45%), binder contents (5% to 8%), and binder 

grades (PG 58-34, PG 64-22, and PG 76-22) were predicted using the regression models developed 

in Sections 2.5.5.2 and 2.5.5.3. All independent variables and their numerical ranges used for FI 

and FN predictions are presented in Table 2.9.  

 

Predicted FI and FN for different RAP contents, binder contents, and binder grades, along with the 

region of acceptance for cracking and rutting performance, are presented in Figure 2.59. Then, 

mixtures falling within the region of acceptance [FI greater than 10 and FN greater than 740 

(AASHTO TP 79-13)] were found and presented in Table 2.10 as suggested mixtures. It is 

worthwhile to note that asphalt mixtures with RAP 40%, BC 6.6%, and PG 58-34 showed 

acceptable predicted cracking (FI=10.51) and rutting performance (FN=823). Also, asphalt 

mixtures with RAP 45%, BC 6.8%, and PG 58-34 fell within the region of acceptance although 

the same mixture with 40% RAP fails in rutting. Asphalt mixtures with 45% RAP and PG 64-22 

required higher binder contents (6.9% to 7.6%) than mixtures with PG 58-34 to be resistant to 

cracking and rutting. For mixtures with RAP 40%, 35% and 30% and PG 64-22, binder content 

should be between 6.8%-7.3%, 6.7%-6.9%, and 6.5%-6.6%, respectively. For the lowest RAP 

content (25%), only mixtures with PG 76-22 and BC 7%-7.5% had acceptable predicted FI and 

FN. For mixtures with RAP 45%, 40%, 35%, and 30% and PG 76-22, mixtures with binder 

contents of 7.6%-8%, 7.4%-8%, 7.3%-8%, and 7.1%-8.5%, respectively, fell within the region of 

acceptance. 

 

Table 2.9. Independent variables and their ranges for FI and FN predictions 

 

Variable Type Symbol Description Range 

Independent 

RAP RAP Content 
25 to 45 with 5 

increments 

BC Binder Content 
5 to 8 with 0.1 

increments 

Category 

Independent 
PG Binder Grade 

PG 58-34, PG 64-22, 

and PG 76-22 
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Figure 2.59. Predicted FI and FN for different RAP contents, binder contents, and binder 

grades 

 

Region of Acceptance 

FN=740 

FI=10 
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Table 2.10. Suggested strategies - Mixtures with FN greater than 740 and FI greater than 

10  

 

#Sample RAP Content Binder Content Binder Grade FN FI 

1 45 6.8 PG 58-34 974 11.3 

2 45 6.9 PG 58-34 866 12.9 

3 45 7 PG 58-34 771 14.7 

4 45 6.9 PG 64-22 1786 10.2 

5 45 7 PG 64-22 1588 11.6 

6 45 7.1 PG 64-22 1412 13.2 

7 45 7.2 PG 64-22 1256 15.1 

8 45 7.3 PG 64-22 1117 17.2 

9 45 7.4 PG 64-22 993 19.6 

10 45 7.5 PG 64-22 883 22.4 

11 45 7.6 PG 64-22 786 25.6 

12 45 7.6 PG 76-22 3395 11.2 

13 45 7.7 PG 76-22 3019 12.8 

14 45 7.8 PG 76-22 2685 14.6 

15 45 7.9 PG 76-22 2388 16.7 

16 45 8 PG 76-22 2124 19.0 

17 40 6.6 PG 58-34 823 10.5 

18 40 6.8 PG 64-22 1342 10.8 

19 40 6.9 PG 64-22 1194 12.3 

20 40 7 PG 64-22 1061 14.0 

21 40 7.1 PG 64-22 944 16.0 

22 40 7.2 PG 64-22 840 18.2 

23 40 7.3 PG 64-22 747 20.8 

24 40 7.4 PG 76-22 2869 10.4 

25 40 7.5 PG 76-22 2551 11.9 

26 40 7.6 PG 76-22 2269 13.5 

27 40 7.7 PG 76-22 2018 15.5 

28 40 7.8 PG 76-22 1795 17.6 

29 40 7.9 PG 76-22 1596 20.1 

30 40 8 PG 76-22 1419 22.9 

31 35 6.7 PG 64-22 1009 11.4 

32 35 6.8 PG 64-22 897 13.0 

33 35 6.9 PG 64-22 798 14.8 

34 35 7.3 PG 76-22 2156 11.0 

35 35 7.4 PG 76-22 1918 12.6 

36 35 7.5 PG 76-22 1705 14.3 
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Table 2.10. Suggested strategies - Mixtures with FN greater than 740 and FI greater than 

10 (Continued)  

 

#Sample RAP Content Binder Content Binder Grade FN FI 

37 35 7.6 PG 76-22 1517 16.4 

38 35 7.7 PG 76-22 1349 18.7 

39 35 7.8 PG 76-22 1200 21.3 

40 35 7.9 PG 76-22 1067 24.3 

41 35 8 PG 76-22 949 27.7 

42 30 6.5 PG 64-22 852 10.6 

43 30 6.6 PG 64-22 758 12.1 

44 30 7.1 PG 76-22 1822 10.2 

45 30 7.2 PG 76-22 1620 11.7 

46 30 7.3 PG 76-22 1441 13.3 

47 30 7.4 PG 76-22 1282 15.2 

48 30 7.5 PG 76-22 1140 17.3 

49 30 7.6 PG 76-22 1014 19.7 

50 30 7.7 PG 76-22 902 22.5 

51 30 7.8 PG 76-22 802 25.7 

52 25 7 PG 76-22 1369 10.8 

53 25 7.1 PG 76-22 1218 12.3 

54 25 7.2 PG 76-22 1083 14.1 

55 25 7.3 PG 76-22 963 16.1 

56 25 7.4 PG 76-22 857 18.3 

57 25 7.5 PG 76-22 762 20.9 
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2.6 SUMMARY AND CONCLUSIONS 

Recycling highway construction materials and minimizing the use of virgin materials can reduce 

the pavement life cycle costs, improve highway network condition, conserve natural resources, 

and protect the environment. Although recycling of asphalt pavements is beneficial in most cases 

by reducing the need for virgin materials and construction costs, asphalt pavements with high RAP 

contents should be carefully designed to avoid premature cracking. This study evaluates the effects 

of binder-grade bumping and high virgin binder content on cracking performance of asphalt 

mixtures. These two strategies were determined to be effective in improving cracking 

performance. SCB, DM, and FN tests were conducted on lab prepared samples with two RAP 

contents (30% and 40%), three binder contents (6%, 6.4%, and 6.8%), and three binder grades (PG 

58-34, PG 64-22, and PG 76-22) to assess their cracking and rutting performance. Linear 

regression models correlating FI and FN (dependent variables) with RAP content, binder content, 

and binder grade (independent variables) were also developed. Then, possible combinations of 

these three independent variables to produce asphalt mixtures with acceptable cracking and rutting 

performance were predicted by using the developed regression models. The following conclusions 

can be drawn based on the results of this study: 

 

 As RAP content increases, asphalt mixtures get more susceptible to cracking and more 

resistant to rutting. Increasing the binder content and using softer binder increases cracking 

resistance, but make mixtures more susceptible to rutting. Hence, rutting and cracking tests 

should be conducted for asphalt mixture design to produce high-performance mixtures. 

 

 The mixture with 40% RAP, 6.8% binder content, and PG 64-22 showed high rutting (FN 

greater than 740) and cracking performance (FI greater than 9). 

 

 Although mixtures with binder grade of PG 76-22 showed high rutting resistance, none of 

them had FI greater than 9, meaning that they are susceptible to cracking. Higher binder 

content (higher than 6.8%) could enhance their cracking performance. On the contrary, 

mixtures with binder grade of PG 58-34 had higher cracking resistance, but none of them 

can be used in highways with the traffic level greater than 30 million ESALs.  
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 Developed regression models showed that mixture with RAP 40%, BC 6.6%, and PG 58-

34 has acceptable predicted cracking (FI=10.5) and rutting performance (FN=823). Also, 

to increase RAP content up to 40% for mixtures with PG 76-22, binder content should be 

higher than 7.4%. 

 

 FI is a good performance indicator since it can differentiate the cracking performance of 

mixtures with different RAP contents, binder contents, and binder grades. Therefore, this 

study suggests conducting the SCB tests to evaluate cracking performance of asphalt 

mixtures since it is more practical and easier to perform.  

 

 Although there is a non-linear correlation between FN and FI, correlation is not strong 

enough to be able to predict FI results using the FN results and vice versa. For this reason, 

both experiments need to be conducted to evaluate rutting and cracking resistance of 

asphalt mixtures.   

 

 Dynamic modulus results at 40 oC and 0.1 Hz can be used to predict FN (rutting resistance 

of the asphalt mixtures). In general, there is not a strong correlation between dynamic 

modulus and FI, especially for PG 76-22. However, dynamic modulus has a strong 

correlation with FI at 20 oC and 4 oC for mixtures with PG 58-34 and can be used to predict 

FI. As the binder becomes stiffer, the correlations between FI and dynamic modulus 

become weaker. 
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2.7 FUTURE STUDY 

Based on the conclusions from this research, the following recommendations are suggested: 

 Effect of rejuvenators on rutting and cracking resistance of asphalt mixtures should be 

evaluated. 

 

 This study considers a complete blending of RAP binder and virgin binder. Further 

investigation is required to assess how much RAP binder is blended with virgin binder after 

mixing virgin aggregates, virgin binders, and RAP materials. 

 

 To estimate the service life and field performance of asphalt mixtures with RAP, 

Mechanistic-Empirical Pavement Design Guide (MEPDG) modeling should be conducted 

using the DM test results and AASHTOWare Pavement ME Design (2008) software.  

 

 Suggested mixtures should be used to construct pilot sections in Oregon to determine the 

in-situ rutting and cracking performances. This field investigation will validate the results 

of this research study and open up the way for implementation. 

 

 Cost analysis should be performed to find the most cost-effective combinations of RAP 

content, binder content, and binder grade. 
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3. CHAPTER 3 - A NETWORK-LEVEL DECISION-MAKING TOOL FOR 

PAVEMENT MAINTENANCE AND USER SAFETY 

Sogol Sadat Haddadi7 , Erdem Coleri8 , and Blaine Wruck9 

 

Abstract: Although inflation has raised the cost of paving, pavement program funding levels are 

about 30% lower than a decade ago. Resurfacing treatments typically last 10 to 20 years but current 

pavement funding only allows for resurfacing every 30 years or longer. Thus, higher user costs 

(mostly related to vehicle maintenance and fuel consumption) are expected to be observed due to 

the increased pavement roughness. The goal of this study is to develop a network-level decision-

making tool (software) suggesting the most efficient maintenance and rehabilitation strategies by 

minimizing user and agency costs and maximizing their benefits. This study also investigated the 

use of a maximum roughness level of 5 m/km to increase user safety. Effects of different trigger 

roughness levels (trigger IRIs) and different treatment methods (1. Considering one value for 

trigger IRI for all the sections regardless of the traffic levels, and 2. Considering different trigger 

IRIs for sections based on their traffic levels) on user benefits and agency costs were evaluated. 

This study found the first method more optimal. In addition, results showed that optimal trigger 

IRI depends on the available budget level. Considering a lower value for trigger IRI requires a 

higher budget level and increases user benefits. 

 

 

 

Keywords: Pavement roughness, user safety, user benefits, agency costs, trigger IRI, pavement 

maintenance, decision-making tools. 
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3.1 INTRODUCTION 

The 2012 Pavement Condition Report released by ODOT (2013) indicated that pavement program 

funding levels are about 30% less than they were a decade ago, while inflation has simultaneously 

raised the cost of paving. Resurfacing treatments typically last 10 to 20 years but current pavement 

rehabilitation funding only allows for resurfacing every 30 years at minimum. Thus, higher user 

costs (mostly related to vehicle maintenance and fuel consumption) are expected to be observed 

due to increased pavement roughness. Although performance-based pavement design procedures 

have been implemented by all state DOTs, pavement roughness and vehicle operating costs are 

not directly considered in the decision-making process. Recent research by Chatti and Zaabar 

(2012) and European Asphalt Pavement Association (EAPA) (2004) showed that consideration of 

vehicle maintenance and fuel consumption costs in pavement design can change the current 

maintenance and rehabilitation strategies. International Roughness Index (IRI) is used for 

quantifying the longitudinal profile of the traveled wheel track and it is computed as the cumulative 

suspension displacement per unit of distance traveled and expressed as m/km or inches/mile. 

Trigger IRI, a value for IRI indicating failure of the pavement, values for different climate regions 

and traffic levels in the Pacific Northwest need to be determined by considering agency-user costs 

and safety. When the IRI reaches the trigger point, maintenance and rehabilitation are required.  

 

A National Transportation Research Group (TRIP) (2015) reported that more than 28 percent of 

urban roads including interstates, freeways and arterial routes are in substandard conditions with 

IRIs above 170 inches/mile (2.68 m/km), providing poor ride quality and increased 

fuel/maintenance costs for road users.  TRIP (2015) goes on to say that 41 percent of urban roads 

are in mediocre and fair condition with IRIs between 95 and 170 inches/mile and acceptable 

driving quality and 31 percent are in good condition with IRI ratings below 95 inches/mile. TRIP 

(2015) also manifested that road users in urban areas with population exceeding 500,000 pay an 

additional $516 annually by driving on poor condition pavements because of increased fuel 

consumption, vehicle maintenance/repair costs and accelerated vehicle deterioration. Substandard 

road conditions cost drivers on a national level about $109.3 billion annually in terms of Vehicle 

Operating Costs (VOC). 

 



Page 108 

 

 

The impact of road roughness and surface texture on user safety is also an important issue in the 

decision-making process. Although reducing road roughness and surface texture decreases road 

user costs, it can also reduce skid resistance which can increase accident rates, especially during 

rain events. On the other hand, although skid resistance increases over time due to increased 

roughness and texture of roads, accumulation of severe cracks, rutting, and potholes on roads can 

also create safety issues. For this reason, the impact of pavement distresses and changes in 

roughness and texture (during the use phase and after construction) on road user safety should be 

considered in the pavement maintenance and rehabilitation decision-making process. Upper and 

lower roughness, texture and distress limits (trigger values) should be set to assure user safety. 

This study considers maximum IRI of 5 m/km for pavement maintenance and rehabilitation to 

increase safety and to reduce accident rates (Tighe et al. 2000). 

 

3.1.1 Key objectives of this study 

The objectives of this study are given as follows: 

 Develop a network-level decision-making tool to select the most efficient pavement 

maintenance and rehabilitation strategies to minimize agency and user costs and maximize 

their benefits; 

 Find the optimal trigger IRI for different budget levels to maximize user benefits by 

considering user safety; 

 Compare different treatment methods (1. Considering one value for trigger IRI for all the 

sections regardless of the traffic levels, and 2. Considering different trigger IRIs for 

sections based on their traffic levels); and  

 Integration of the developed decision-making tool with Geographic Information Systems 

(GIS). 

 

3.1.2 Organization of the chapter 

This introduction section is followed by the literature review in Chapter 3.2. Research 

methodology and procedure for developing the decision-making tool are discussed in Chapter 3.3. 

Chapter 3.4 shows the results of simulations conducted with the developed decision-making tool. 

In addition, different treatment methods (1. Considering one value for trigger IRI for all the 
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sections regardless of the traffic levels, and 2. Considering different trigger IRIs for sections based 

on their traffic levels) are compared, and optimal trigger IRIs for different budget levels are 

suggested in Chapter 3.4. Chapter 3.5 summarizes the process followed for the integration of the 

developed decision-making tool with Geographic Information Systems (GIS). Summary and 

conclusions are presented in Chapter 3.6 while future recommendations are discussed in 

Chapter 3.7. 
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3.2 LITERATURE REVIEW 

3.2.1 Pavement roughness 

Roughness refers to the irregularity of the pavement surface resulting in poor ride quality for road 

users. Roughness can be measured by the Present Serviceability Rating (PSR). PSR is the mean 

roughness on the 0 to 5 scale given by a panel of passengers in a vehicle (Al-Omari and Darter 

1994). PSR is a subjective/judgmental observation about the serviceability of the pavement and it 

reflects the ride quality based on passenger interpretations. Therefore, it can be considered to be a 

measurement of roughness since roughness and ride quality are correlated (Pavement Interactive 

2017). Figure 3.1 shows the chart used for rating pavement serviceability. Roughness can be also 

measured by International Roughness Index (IRI). IRI is the most common index used for 

quantifying road roughness (Pavement Interactive 2017). IRI is computed as the cumulative 

vertical suspension displacement per unit of distance traveled and expressed as m/km or 

inches/mile. It is used for quantifying the longitudinal roughness of the traveled wheel track. 

Figure 3.2 represents the IRI scale for different pavement types and conditions (Pavement 

Interactive 2017). To measure IRI, vehicles equipped with inertial profilers are driven at highway 

speeds to measure surface profiles. Quarter-car model, a mathematical model representing a single 

wheel moving on a pavement texture, is used to convert the surface profile to vertical vehicle 

suspension movement and roughness (Sayers 1989). 

 

 
 

Figure 3.1. PSR rating (Pavement Interactive 2017) 
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Figure 3.2. IRI roughness scale (Pavement Interactive 2017) 

 

3.2.2 Effects of roughness on vehicle operating costs 

Costs related to operating a vehicle, such as fuel consumption, oil and lubrication, tire wear, repair 

and maintenance, depreciation, license and insurance are referred to as vehicle operating costs 

(VOC). VOC models attempt to model fuel and oil consumption, repair and maintenance, 

depreciation, and tire wear separately and estimate total vehicle operating costs by summing them 

all together (Chatti and Zaabar 2012). Since the IRI directly affects VOCs and ride quality (user 

comfort), it is used to describe the condition of the roadways (Sayers et al. 1986). 

 

The Highway Development and Management model (HDM) is developed by the World Bank in 

1977.  It is a computer model used for cost estimation of construction, maintenance, and roadway 

use.  Since roadway user cost is a major part of transportation costs, it is the most important part 

to be precisely evaluated. In the HDM-4 model, fuel consumption, oil and lubricant consumption, 

labor hours, parts usage, depreciation, interest and overhead are included in the total VOCs.  These 

costs can be affected by pavement condition, roadway geometry, operating speed and other factors 

related to vehicle type and technology (Bennett and Greenwood 2003). Although HDM-4 is 

expected to be an effective tool for VOC calculations, HDM-4 models were developed based on 

the data from developing countries and needed to be calibrated using the data for the USA. 
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Chatti and Zabaar (2012) calibrated HDM-4 models by considering United States’ vehicle types, 

load levels, and pavement conditions. Fuel consumption, tire wear, and repair and maintenance 

costs, which are the factors most heavily affected by pavement conditions, were measured and 

evaluated. To accomplish this objective, surveys were conducted to collect data on pavement 

condition and field tests were performed in order to collect fuel consumption and tire wear data. 

Then, the collected data were used to validate and calibrate the HDM-4 fuel consumption and tire 

wear models. Additionally, mechanistic-empirical repair and maintenance models were developed 

for a full range of vehicle types and were designed to be compatible with the pavement conditions 

of the United States. Results showed that for the speed of 55 mph (88 km/h) at 30oC with a mean 

profile depth (MPD) of 1 mm and a surface grade of 0%, increasing the IRI from 63.4 inches/mile 

to 190.2 inches/mile (1 m/km to 3 m/km) increased the fuel consumption around 1.8% and 2.9% 

for light trucks and articulated trucks, respectively. An IRI increase of 63.4 inches/mile (1 m/km) 

resulted in a fuel consumption increase of around 2% for passenger cars regardless of their speed. 

This study also manifested that, for a 17oC temperature, a 1 mm (0.04 inches) MPD and a 0% 

grade, a 63.4 inches/mile (1 m/km) reduction in IRI reduced the tire wear costs by around 1%.  

This reduction had a tendency to increase with vehicle speeds for passenger cars. Moreover, it was 

concluded that there is no significant effect of IRI on vehicle maintenance and repair costs when 

IRI values are lower than 190.08 inches/mile (3 m/km).  After this threshold, an increase in IRI of 

about 1 m/km increased the repair and maintenance costs around 10% for passenger cars and heavy 

trucks. Increases in IRI up to 316.8 inches/mile (5 m/km) resulted in maintenance cost increases 

of 40% for passenger cars and 50% for heavy trucks. 

 

The WesTrack research study (Mitchell 2000) was conducted in Nevada for estimating the effect 

of pavement smoothness on fuel and maintenance costs of trucks. Four trucks applied about 4.9 

million 80-kN Equivalent Single Axle Loads10 (ESALs) in this project before and after 

rehabilitation of a specific pavement section. The section was milled around 100 mm and 

                                                 

10ESAL is a concept to compare the pavement damage caused by wheel loads with different magnitudes and 

repetitions. For this reason, different axle types with various carried loads are converted to a reference axle load. The 

reference axle load is an 18000-lb single-axle with dual tires (Pavement Interactive 2017). 
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resurfaced to improve the IRI of the pavement by at least 10 percent. The average fuel consumption 

of four trucks over the eight-week period prior to rehabilitation was estimated to be 4.2mi/gal (1.79 

km/l) and about 4.4 mi/gal (10.35 km/l) over the seven-week period after rehabilitation. The 

improvement in fuel economy due to the reduction of IRI was about 4.5 percent. Moreover, this 

project stated that as the roughness of the pavement increased, the frequency of the failure of truck 

components increased as well. The four trucks’ trailers tested in this study had a total of 40 springs. 

Eight trailer springs failed 8 weeks prior to the resurfacing during the application of 265,000 

ESALs. However, only one trailer spring failed in the 7-week period after rehabilitation during the 

application of 350,000 ESALs. Figure 3.3 shows the number of spring failures per million ESALs. 

 

 
 

Figure 3.3. Effect of pavement condition on truck health (Mitchell 2000) 

 

 

Barnes and Langworthy (2004) estimated per mile costs of operating automobiles and trucks by 

applying adjustment factors to costs derived from previous studies. Fuel consumption, 

maintenance and repair, tire replacement and depreciation were estimated as marginal VOCs. A 

smooth pavement condition (PSI=3.5, IRI=80 inches/mile) was considered as the baseline 

pavement condition. Marginal VOCs were measured for automobiles, pickups (including other 

large personal vehicles such as vans and SUVs), as well as commercial trucks. Results showed 

that fuel consumption was the primary cost component followed by maintenance/repair costs and 
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tire wear/replacement costs. Comparing the baseline condition with a city driving condition 

(frequent stops and starts), total marginal costs increased about 3.8 cents per mile for automobiles 

and about 9.5 cents per mile for trucks. Rough pavements (PSI=2, IRI=170 inches/mile) increased 

the total marginal baseline costs about 2.7 cents per mile for personal vehicles and 5.5 cents per 

mile for trucks. Barnes and Langworthy (2004) did not include the effect of roughness on fuel 

consumption. Detailed representations of the influence of pavement roughness and city driving 

conditions on VOCs are shown in Table 3.1 to Table 3.3.  It was reported that city driving 

condition, with frequent stops and starts, could increase fuel consumption from 5.0 to 7.0 cents per 

mile for automobiles, 7.8 to 10.1 cents per mile for pickups/vans/SUVs, and 21.4 to 28.0 cents per 

mile for commercial trucks. Since the effect of roughness on fuel consumption was not considered, 

rough roadways with poor ride quality did not increase the fuel consumption in Barnes and 

Langworthy (2004) report (Table 3.3). Rough pavements with PSI=2 increased the maintenance 

and repair costs around 0.8, 0.9 and 2.6 cents per mile for automobiles, pickups/vans/SUVs and 

commercial trucks, respectively. Likewise, tire wear/replacement costs on extremely rough 

pavements were estimated to be 17.9, 22.0 and 48.9 cents per mile for automobiles, 

pickups/vans/SUVs and commercial trucks, respectively. 

  

Table 3.1. Baseline costs (cents per mile) (Barnes and Langworthy 2004) 

 

Cost Category Automobiles Pickup/Van/SUV Commercial Trucks 

Total Marginal Costs 15.3 19.2 43.4 

Fuel 5.1 7.8 21.4 

Maintenance/Repair 3.1 3.7 10.5 

Tires 0.9 1.0 3.5 

Depreciation 6.2 6.7 0.8 
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Table 3.2. Costs with city driving conditions (cents per mile) (Barnes and Langworthy 

2004) 

 

Cost Category Automobiles Pickup/Van/SUV Commercial Trucks 

Total Marginal Costs 19.1 23.1 52.9 

Fuel 7.0 10.1 28.0 

Maintenance/Repair 3.7 4.2 12.1 

Tires 0.9 1.0 3.5 

Depreciation 7.5 7.7 9.2 

 

Table 3.3. Costs for poor pavement quality (cents per mile) (Barnes and Langworthy 2004) 

 

Cost Category Automobiles Pickup/Van/SUV Commercial Trucks 

Total Marginal Costs 17.9 22.0 48.9 

Fuel 5.1 7.8 21.4 

Maintenance/Repair 3.9 4.6 13.1 

Tires 1.1 1.2 4.4 

Depreciation 7.8 8.4 10.0 

 

Islam and Buttlar (2012) derived equations relating the IRI factor to fuel consumption, tire-wear 

costs, rehabilitation and maintenance costs, and depreciation costs based on the results of previous 

studies. This study also estimated the impact of different maintenance and rehabilitation scenarios 

on VOCs. They used the Mechanical-Empirical Pavement Design Guide (MEPDG) for predicting 

the roughness of the pavement in terms of IRI at different traffic levels, initial IRIs, and weather 

conditions. The increase in VOCs with increasing IRI is illustrated in Table 3.4. They also 

suggested new maintenance and rehabilitation strategies, such as resurfacing every seven years 

instead of every 10 years and concluded that it is possible to save  $5.1 million to $5.7 million 

(37% to 52%) in user costs over a 35-year life cycle period with an additional $108,000 investment 

from agencies. 
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Table 3.4. Increase in user costs for passenger cars and pickup trucks due to pavement 

roughness (Islam and Buttlar 2012) 

 

IRI 

(in./mi) 

Increase 

in Fuel 

Cost 

($/mi) 

Increase 

in R&M 

costs 

($/mi) 

Increase in 

depreciation 

costs ($/mi) 

Increase 

in tire 

costs 

($/mi) 

Total 

increase 

in user 

costs 

($/mi) 

Total cost 

per year 

for 

10,000 

vehicles 

($) 

Total 

costs per 

year per 

vehicle 

($) 

63.00 0.00000 0 0 0 0.00000 ---------- ---------- 

76.3 0.00031 0 0.00008 0 0.00039 46,428 5 

80.1 0.00040 0 0.00024 0 0.00063 75,841 8 

83 0.00046 0 0.00035 0 0.00082 98,113 10 

86.6 0.00055 0.000742 0.00050 0 0.00179 214,581 21 

89.6 0.00062 0.001575 0.00061 0.00016 0.00297 356,126 36 

93.5 0.00071 0.002648 0.00077 0.00036 0.00449 538,386 54 

98.5 0.00083 0.004009 0.00096 0.00061 0.00641 769,284 77 

101.4 0.00090 0.00479 0.00106 0.00076 0.00751 901,780 90 

104.3 0.00097 0.005565 0.00117 0.00090 0.00861 1,033,230 103 

1083 0.00106 0.006625 0.00132 0.00110 0.01011 1,212,824 121 

100a 0.00087 0.004413 0.00101 0.00069 0.00698 837,947 84 

110b 0.00111 0.007072 0.00138 0.00118 0.01074 1,288,548 129 

125c 0.00146 0.010931 0.00190 0.00188 0.01618 1,941,125 194 

175d 0.00265 0.022673 0.00340 0.00390 0.03262 3,914,234 391 

200e 0.00324 0.027896 0.00401 0.00472 0.03987 4,784,164 478 

Note: — = not applicable. 

a) IRI level for adequate smooth pavement of Interstate highways.  

b) IRI level for adequate smooth pavement of primary roads.  

c) IRI level for adequate smooth pavement of secondary roads.  

d) IRI level for inadequate smooth pavement of Interstate highways.  

e) IRI level for inadequate smooth pavement of primary roads.  
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3.2.3 Effect of roughness on user safety 

Pavement roughness has a direct correlation to road user safety. It alters vehicle handling 

characteristics and user driving habits. Skidding, reduced steering control, and vehicle bouncing 

are notable safety hazards attributable to rough pavement surfaces. Below are summaries of two 

research studies that focused on the relationship between road accident rate and road roughness. 

 

The effect of road features (roughness, skid resistance, and terrain) on user safety is important in 

roadway design and maintenance. Road roughness and human error can result in accidents. Bester 

(2003) evaluated the effect of riding quality and road roughness on accident rates in South Africa. 

Different factors associated with accident rates and severity were considered including terrain type, 

riding quality and different types of accidents. According to Bester (2003), continuous vehicle 

vibration due to road roughness causes fatigue. Moreover, the suspension movement induced by 

roughness could be magnified when the road roughness is out of phase with the vehicle suspension 

frequency, which could lead to cornering problems and inconsistent braking characteristics. Bester 

(2002) also claimed that potholes alter the user’s driving habits, causing them to swerve to avoid 

potholes and potentially lose control of the vehicle. Therefore, it was concluded that road 

roughness is influential of vehicle steering capabilities, vehicle braking, and road accidents. This 

study suggested that the most typical accidents associated with road roughness are loss of control, 

running off the road and hitting fixed or moving objects. To evaluate the impact of road roughness 

on user safety, data related to daily traffic volume, the terrain description, riding quality (PSI), and 

number of accidents and their severity over a three-year period were collected. It was found that 

road roughness, shoulder width, and topography affect the accident rates simultaneously. Rough 

roads increase accident rates only in rolling terrains.  

 

A study conducted by Anastasopoulos et al. (2008) quantified the impact of IRI on accident rates 

on interstate highways using a Tobit regression analysis technique.  This study focused on accident 

data collected from a highway in Indiana over a 5-year period.  Anastasopoulos et al. (2008) found 

that a 27.1% decrease in number of accidents per 100M vehicle miles traveled (VMT) can be 

realized if the pavement IRI is kept below 75 inches/mile (1.1 m/km), based on a Tobit regression 

analysis of the Indiana highway data.   
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Most of the above studies advocate for a decrease in pavement roughness. Tighe et al. (2000) 

looked at pavement roughness from another perspective. It was reported that 97 percent of all 

reported fatal and personal-injury accidents are on roadways that are in good conditions with low 

roughness levels, whereas only 1.8 percent of reported fatal accidents and 1.5 percent of reported 

personal-injury accidents were on roadways with poor-conditions. It was concluded that the 

tendency of drivers to exercise more caution and travel at lower speeds on poor-condition 

roadways would decrease the number of single-vehicle accidents with high severity on two-way 

roadways. On the contrary, multiple-vehicle accident rates increase with an increase in roughness 

level. It was proposed that due to road defects, including potholes and improper patching, drivers 

change their speeds and paths abruptly. Such changes in driving behavior could be the reason for 

an increase in multiple-vehicles accidents on two-way primary roads. Figure 3.4 shows the 

relationship between road accident rate and road roughness. Tighe et al. (2000) suggested that to 

increase safety and to reduce accident rates IRI should be below 316.8 inches/mile (5 m/km).  

 

 
 

Figure 3.4. Relation between road accident rate and road roughness (Tighe et al. 2000) 

 

In general, pavement surface roughness creates a safety hazard for the whole of road users.  

Although roughness may discourage unsafe driving on a per user basis, the uncommon maneuvers 
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that drivers perform give rise to higher probability of multiple vehicle accidents.  Roughness is 

also hazardous in the sense that it decreases the effectiveness of vehicle handling characteristics 

that are necessary for safe driving, such as braking and turning forces.  A combination of these 

road user behavioral and vehicular handling factors indicates that roughness is a serious problem 

for roads in the USA.  Therefore, pavement roughness level and user safety should be considered 

in pavement management along with other important factors including user and agency costs. 

 

3.2.4 Pavement life cycle assessment 

Annually, around $160 billion and $320 million metric tons of raw materials are used for activities 

related to highway construction, maintenance, and rehabilitation in the USA. This significant use 

of materials requires excessive energy consumption, which results in production of a vast amount 

of emissions including greenhouse gases (GHGs), other air pollutants and water pollutants, among 

other environmental impacts (Harvey et al. 2010). By applying Life-Cycle Assessment (LCA), the 

environmental impacts of pavements are characterized and quantified. LCA is an approach that 

assesses environmental impacts, energy consumption, material used and other factors contributing 

to a product system throughout its life cycle, and quantifies these factors from cradle-to-grave 

stages. Due to data intensity, LCA should be framed in a systematic and standardized way, so that 

it can be used as a comprehensive and accurate pavement analysis technique. As shown in 

Figure 3.5, pavement LCA includes five phases: 1) material production; 2) construction; 3) use; 

4) maintenance (recycled pavement materials are used in this phase); and 5) end-of life (Santero 

et al. 2011). Using LCA combined with Life-Cycle Cost Analysis (LCCA) leads to selection of 

the best pavement type and maintenance/rehabilitation method in single or multiple projects and 

road networks. 
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Figure 3.5. Phases and components of the pavement life-cycle (Santero et al. 2011) 

 

There are two methods to perform LCA: 1) a process-based method, and 2) an economic input-

output-based method. The process-based method divides each system into individual process and 

measures the environmental impacts of each process separately. In this method, boundaries are 

defined for the LCA system and emissions for each activity are calculated within those boundaries. 

Materials used and environmental impacts of each material are evaluated in detail. While creating 

boundaries makes the model more practical and easier to use, sometimes the choice of boundaries 

is not clear, leading to the elimination of some life cycle impacts of a product or process. On the 

other hand, the economic-input-output-based method contributes to economic transactions and 

resource interactions between a set of economic sectors using the 480*480 input-output matrix of 

United States economy to recognize the entire chain of suppliers (Hendrickson et al. 2006).  In this 

method, the entire US economy is broken into 480 sectors including transportation, metal 

production, and etc., and inputs and outputs (transactions) from different sectors are measured in 

dollars.   

 

Most state highway agencies use a single standard rehabilitation method for all pavements in life-

cycle assessment based on their historical performance. However, historical data are not 

representative of the performance of the new design since they are based on old pavement design 
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features (Mack et al. 2014). There are various rehabilitation scenarios that could be applied to 

pavements, which may be different from the method used in standard LCA, leading to 

environmental LCA results that do not represent the actual rehabilitation implemented on 

pavements. Mack et al. (2014) suggested using a decision-making tree analysis to evaluate 

different rehabilitation methods in LCA. Accordingly, decision trees of different rehabilitation 

scenarios were developed for Portland Cement Concrete (PCC) and Asphalt Concrete (AC) 

pavements. The probability of occurrence of each activity was assigned based on the Ohio 

Department of Transportation’s (ODOT) suggestions. The expected value of each scenario was 

then calculated by multiplying the probability of each activity by the global warming potential 

(GWP) of that activity. By comparing the GWP of standard rehabilitation schedules with different 

rehabilitation scenarios obtained from decision tree, it was concluded that decision-making tree 

analysis could give a range of potential GWP instead of a single LCA output. As a result, the 

associated risk profile of each alternative could be included in the analysis. Consequently, more 

robust LCAs could be developed. 

 

Incorporating LCA along with LCCA to pavement design and rehabilitation provides more 

realistic solutions. LCA is important to assess environmental impacts, energy consumption, 

material used, and other factors contributing to a pavement life-cycle from cradle-to-grave. 

Material production, construction, and use phases of LCA are discussed in the next sections.   

 

3.2.4.1 Material production and construction phases 

Asphalt is a byproduct of petroleum refining, which was estimated to produce 268 million metric 

tons of energy-related carbon dioxide emissions in 2013 (EIA 2015). Asphalt production consists 

of six phases: 1) extraction; 2) transportation and storage; 3) heating; 4) distillation; 5) cooling; 

and 6) final processing (Zapata and Gambatese 2005). Around 40% of energy consumption in the 

refining process is attributed to bitumen and the rest is used for lighter products (Stripple 2001). 

For asphalt concrete mixture production, asphalt is heated to keep its fluidity and mixed with 

aggregates. Prior to mixing, aggregates are dried by heating them to a temperature between 150 oC 

to 170oC. The final mix is transported to the roadway section for construction.  
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EIA (2015) reported that cement and lime production released around 30 million metric tons of 

energy-related carbon dioxide emissions in 2013. Energy consumption in phases of PCC 

production, including mixing and transportation, are insignificant compared to the energy 

consumption in production of Portland cement (Zapata and Gambatese 2005). Aggregates do not 

need to be preheated prior to mixing with cement. Therefore, the major proportion of energy 

consumption in PCC pavements is related to raw material production for PCC. Even energy 

consumed in the transportation of raw materials is negligible compared to the energy used in the 

production of the cement (Zapata and Gambatese 2005). 

 

Zapata and Gambatese (2005) provided a Life-Cycle Inventory Assessment (LCI)11 on 

Continuously Reinforced Concrete Pavement (CRCP) and asphalt pavement in terms of energy 

consumption in the construction of roadways. A one-kilometer road section of a two-lane highway 

(each lane was 3.6 m wide) with a high traffic volume (10 million 80 kN single-axle loads) was 

selected for this study. The CRCP had a 220 mm thickness with longitudinal and transverse steel 

reinforcement spaced 100mm and 1.3m on center, respectively. The PCC was designed to have 

12% cement, 43% coarse aggregate, 28% fine aggregate and 17% water by weight. The asphalt 

concrete had 300 mm thickness with 5% asphalt binder content and 95% aggregate content by 

weight. Information about energy consumption attributed to materials was gathered through 

literature reviews of previous works and interviews with two national heavy-civil construction 

contractors. Then, the average values of energy consumption were reported for three phases of 

pavement life-cycle: 1) raw material extraction and initial material transformation; 2) 

manufacturing of asphalt, PCC and rebar; and 3) placing the materials on the construction site. 

Results showed that energy consumed for CRCP and asphalt pavement were around 4.58 ∗ 106 

MJ and 3.78 ∗ 106 MJ per kilometer, respectively, showing that CRCP required 21% more energy 

than asphalt pavement over the three phases of the pavement life-cycle. However, PCC has a 

higher average design life than asphalt pavement. Life Cycle Cost Analysis (LCCA) needs to be 

conducted in order to be able to compare the energy consumption of PCC and asphalt pavements. 

Extraction of raw materials and concrete placement, cement production, steel production and the 

                                                 

11 LCI quantifies and gathers inputs and outputs in life cycle assessment. An LCI can also be conducted as a separate 

part from LCA (ISO 14040, 2006).  
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concrete mixing process constituted 6%, 65%, 34%, and 1% of total energy consumptions for 

CRCP, respectively. For asphalt pavements, extraction of raw materials and asphalt pavement 

placement, asphalt mixing and drying of aggregates, production of bitumen and storage accounted 

for 8.46%, 53%, 43%, and 4% of total energy consumed, respectively. These results suggested that 

energy consumption for the extraction of aggregates and placing of pavement materials were 

insignificant compared to other activities in the procurement of asphalt and PCC concrete 

surfacings. It should be noted that Zapata and Gambatese (2005) only focused on material 

production and construction (placing the materials on the construction site) stages while the 

contribution of use phase to the total energy use was not investigated. Moreover, the benefits of 

using RAP was not considered for asphalt pavements. 

 

3.2.4.2 Use phase 

The pavement use phase consists of VOCs (additional fuel consumption, tire wear costs and 

vehicle maintenance costs due to pavement roughness), the heat island effect12, the non-GHG 

climate change effect13, electricity used in roadway lighting, carbonation14 and water pollution 

from leachate and runoff (Harvey et al. 2010). It is crucial to assess costs contributing to different 

pavement preservation methods in the life-cycle period of pavements. Below are summaries of 

previous studies focused on energy use, GHG emissions and associated costs for the use phase.  

 

Chehovits and Galehouse (2010) evaluated energy usage and GHG emissions of different 

pavement preservation methods for asphalt concrete pavements. Pavement preservation treatments 

were compared based on annualized energy usage and GHG emissions within the extended 

pavement life-time due to applied treatments. Results of this study showed that HMA overlays, 

                                                 

12 Due to albedo, a portion of incoming solar radiation reflects back to the surrounding area. Therefore, temperature 

of metropolitan areas usually become warmer than their surrounding rural areas. Additionally, since pavements trap 

subsurface water and do not allow it to evaporate, temperature rises even more (Harvey et al. 2010).  

13 High albedo could result in global cooling since only a portion of incoming radiation reflects back to space. This 

negative radiative forcing can be converted to CO2 equivalents (Harvey et al. 2010).  

14 “Carbonation occurs when the components of cement, such as Ca(OH)2, react with CO2, and sequester it in the 

pavement” (Harvey et al. 2010). 
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hot in-place recycling, new construction and major rehabilitation had the highest annualized 

energy use (around 4.9-15.4 MJ/m2-yr) and the highest GHG emissions (around 0.4-1.3 kg/m2-yr). 

Chip seals, micro-surfacing and crack fill exhibited 1.0-3.3 MJ/yd2-yr energy use and 0.13 to 0.07-

0.20 kg/m2-yr GHG emissions per year of extended pavement life. Fog sealing and crack sealing 

had the lowest annualized energy use, ranging from 0.4 to 1.1 MJ/m2-yr, and GHG emissions 

ranging from 0.02 to 0.08 kg/m2-yr. It was concluded that pavement preservation treatments could 

reduce energy use and emissions substantially compared with conventional rehabilitation and 

reconstruction methods.  

 

A study carried out by Wang et al. (2013) developed a LCA approach to evaluate the impact of 

network-level pavement maintenance and rehabilitation methods on GHG emissions and energy 

use within the California highway network. This study included finding the optimal trigger 

roughness values (IRI) at which life-cycle energy consumption and GHG emissions are minimized. 

Cost-effectiveness of implementing the trigger values are considered as well. Three treatment 

methods were considered: 1) a medium-thickness asphalt overlay on asphalt-surfaced pavement; 

2) diamond grinding and concrete slab replacement on concrete-surfaced pavement; and 3) 

concrete lane replacement. A ten-year analysis period was used. Due to heterogeneity, the network 

was divided into groups based on traffic levels in order to develop different IRI trigger values for 

each group. Different IRI trigger values were considered to estimate the optimal trigger value for 

each group, in which the GHG emission reduction is at a maximum. Results showed that 

congestion and road gradient had an insignificant effect on changes in fuel economy. Compared 

to a “do nothing” scenario (keeping the IRI at or below 279 inches/mile (4.4 m/km) with minimal 

maintenance of the pavement) and the current California Department of Transportation (Caltrans) 

IRI trigger value (170 inches/mile [2.68 m/km] on all pavements), implementing optimal trigger 

IRI values resulted in GHG reduction of 1.38 MMT and 0.57 MMT, respectively. Moreover, 

smoothness achieved after treatment had a significant effect on GHG reduction.  
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3.2.5 Decision-making tools 

Due to limited budget of agencies, finding an optimized solution to allocate road maintenance and 

repair resources is critical. Not only do pavement management approaches influence costs to 

agencies and users (Li and Madanat 2002; Ouyang and Madanat 2006), but they also have 

significant environmental impacts (Wang et al. 2013). Below are summaries of previous models 

and tools developed to find optimal pavement management strategies.  

 

Li and Madanat (2002) suggested a steady-state approach for optimizing the frequency and 

intensity (thickness) of pavement resurfacing based on the minimum serviceability index 

(maximum allowable roughness). This approach was created for continuous time and continuous 

state cases with deterministic pavement deterioration. In Li and Madanat (2002) study, the 

pavement condition state represented in an infinite time period. The first resurfacing occurred at 

the trigger point, where the minimum serviceability, or trigger IRI value, was reached. The 

treatment strategy was considered to be the same for the remaining life of the pavement. This 

approach did not depend on the initial condition of the pavement, provided that the initial condition 

had a higher serviceability index than the condition after resurfacing. The purpose of this study 

was to minimize present value of costs to users and agencies associated with pavement conditions, 

using the following expressions: 

 

min J=∑{∫ C(s(t))e-rtdt+M(wn)e-rtn

tn

tn-1

}

∞

n=1

 

s.t.       
ds(t)

dt
=F(s(t)), 

  s2n-s1n=G(wn,s2n), 
  s(0)=s0 

3.2.1 

 

Where: 

J  = present value of agency and user cost, 

tn   = the time of nth resurfacing, 

s(t)  = the pavement roughness as a function of time, 

C(s(t))  = the user cost rate as a function of pavement roughness, 

wn  = the intensity (thickness) of nth resurfacing, 
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M(wn)  = the agency cost as a function of resurfacing intensity, 

r  = the discount rate, 

F(s(t))  = the deterioration as a function of pavement roughness, and 

G(wn, s2n) = improvement in pavement condition as a function of resurfacing intensity and 

pavement roughness immediately before resurfacing. 

 

Pavement deterioration and increase in roughness (s) were assumed to follow a saw-tooth 

trajectory (Tsunokawa and Schofer 1994) for every cycle time (τ), as shown in Figure 3.6, with a 

fixed maximum roughness before resurfacing (S2) and after resurfacing (S1). This study manifested 

that the discounted life-time cost was not very sensitive to the cycle time (τ), but rather the 

roughness levels were more influential. 

 
 

Figure 3.6. System enters the steady state at the time of the first resurfacing(Li and Madanat, 

2002) 

 

Sathaye and Madanat (2011) developed an optimized approach for determining the frequency and 

intensity of resurfacing for multiple highway facilities. This study used deterministic, continuous-

state formulation to address performance predictions and maintenance/repair decision-making. 

Bottom-up pavement management formulation, which considered the heterogeneous facilities, 

was used. Methodology for solving the problem was formulated as follows:  
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min∑Vj

J

j=1

=∑
Mj+Uj

1-e-rτj

J

j=1

 

s.t. ∑
Mj

τj

J

j=1

≤B 

3.2.2 

 

Where: 

Vj = Total infinite horizon costs, 

Mj = The maintenance cost for a single resurfacing activity, 

Uj = User cost incurred between resurfacing activities, 

r < 1 = The discount rate,  

τj = The time between overlays, and 

B = Agency budget per time for resurfacing activities. 

 

Results for a three-facility network was developed based on the above methodology. The effect of 

yearly budget (B) on trigger roughness values (sj
-) and network-level optimal costs (∑ Vj

J
j=1 ) are 

shown in Figure 3.7 and Figure 3.8, respectively. When the yearly budget is low, an increase in 

budget resulted in a significant decrease in the total costs, and likewise, the trigger roughness 

values. However, as yearly budget increased, the incremental decrease in total cost and trigger 

roughness values waned.   
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Figure 3.7. Effect of budget on trigger roughness values (Sathaye and Madanat 2011) 
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Figure 3.8. Effect of budget on network-level optimal costs (Sathaye and Madanat 2011) 

 

Zhang et al. (2010) developed a LCA-LCCA model, a pavement overlay deterioration model, and 

a Life-Cycle Optimization (LCO) model to find the optimal overlay preservation method. The 

LCA model was divided into costs and environmental impacts related to material production, 

construction, distribution, traffic congestion, usage and end of life stages (Zhang et al. 2009). 

Results of the LCA model were used in the LCCA model to estimate agency and user life-cycle 

costs. In pavement overlay deterioration model, distress index (DI) was used to predict the 

pavement performance rather than IRI. DI is a measurement of pavement condition including 

pavement roughness and deterioration. The LCO model estimated the optimized method for 

evaluating the energy consumption, environmental impacts, and costs associated with all stages of 

products and life-cycle. Traffic congestion, traffic growth, overlay deterioration and pavement 

roughness impacts were considered in this model as well. Three overlay systems were used 

including: 1) a concrete overlay with 175 mm thickness; 2) an engineered cementitious composite 

(ECC) with 100 mm thickness; and 3) a HMA overlay with 190 mm thickness. The objective of 

this model was to minimize life-cycle burdens (energy consumption, environmental impacts (GHG 
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emissions) and costs to users and agencies). The constraint was to keep the system within a defined 

performance standard ( DI<50) within the 40 year analysis period, using the following expression: 

 

𝐵𝑏[𝑖, 𝑗, 𝐷𝐼(𝑖)] =

{
 
 

 
 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 

[𝑖, 𝑗, 𝐷𝐼(𝑖)]𝑤𝑏
𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛[𝑖, 𝑗, 𝐷𝐼(𝑖)]𝑤𝑏

𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛       

+ 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛[𝑖, 𝑗, 𝐷𝐼(𝑖)]𝑤𝑏
𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 + 𝑐𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛[𝑖, 𝑗, 𝐷𝐼(𝑖)]𝑤𝑏

𝑐𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛

+𝑢𝑠𝑎𝑔𝑒[𝑖, 𝑗, 𝐷𝐼(𝑖)]𝑤𝑏
𝑢𝑠𝑎𝑔𝑒

+ 𝐸𝑂𝐿[𝑖, 𝑗, 𝐷𝐼(𝑖)]𝑤𝑏
𝐸𝑂𝐿                                , 𝑖𝑓 𝑖 > 0

0                                                                                                                         , 𝑖𝑓 𝑖 = 0 

 

 

3.2.3 

Where: 

b = life cycle energy consumption, GHG emissions, or costs, 

i  = index of year, 

j  = maintenance alternative decisions (0, 1 and 2 mean no action, minor 

maintenance, and major maintenance, respectively), 

DI(i) = distress index value at year I, 

wb = life cycle energy consumption, GHG emissions or costs associated 

with one unit of raw material, utility or process, 

𝐵𝑏[𝑖, 𝑗, 𝐷𝐼(𝑖)] = burden life-cycle energy consumption, GHG emissions or costs at 

year i with decision j for one DI value, 

𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙[𝑖, 𝑗, 𝐷𝐼(𝑖)]           = material consumption costs at year i with decision j for one DI value, 

𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛[𝑖, 𝑗, 𝐷𝐼(𝑖)] = construction equipment usage at year i with decision j for one DI 

value, 

𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛[𝑖, 𝑗, 𝐷𝐼(𝑖)] = transportation of materials and equipment at year i with decision j for 

one DI value, 

𝑐𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛[𝑖, 𝑗, 𝐷𝐼(𝑖)] = construction-related traffic congestion at year i with decision j for 

one DI value, 

𝑢𝑠𝑎𝑔𝑒[𝑖, 𝑗, 𝐷𝐼(𝑖)] = pavement surface roughness impact at year i with decision j for one 

DI value, and 

𝐸𝑂𝐿[𝑖, 𝑗, 𝐷𝐼(𝑖)] = end of life management of pavement system at year i with decision j 

for one DI value. 
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Results showed that, by implementing the optimal strategy, which is shown in Figure 3.9, 

reductions in life-cycle energy consumption of around 5-30%, GHG emission around 4-40% and 

cost by 0.4-12% could be realized for the three overlay systems compared to conventional 

MDOT15 preservation strategies. Moreover, by evaluating impacts of traffic growth, it was 

concluded that this model could create more benefits than the MDOT conventional method. 

Additionally, it was stated that the ECC overlay system had a greater influence on the reduction 

of energy consumption, GHG emissions and costs compared to concrete and HMA overlays. 

 

 
 

Figure 3.9. Optimal preservation strategies for three overlay systems without considering 

the traffic growth (Zhang et al. 2010) 

 

 

                                                 

15 Michigan Department of Transportation 
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3.3 RESEARCH METHODOLOGY 

3.3.1 Analysis of framework – code development 

In this study, a prototype network-level decision-making tool was developed to select the most 

efficient pavement maintenance and rehabilitation strategies to minimize agency and user costs 

and maximize their benefits. Field data from 91 roadway sections in Oregon, Idaho, Washington, 

and California were used to develop and test the developed tool. Field data associated with 

maintenance history, location, pavement structure, profile, and traffic were obtained from Federal 

Highway Administration (FHWA) website (LTPP InfoPave 2016) for all the sections. Dataset 

included previous treatment types, previous treatment thicknesses, annual average daily traffic 

(AADT), annual average daily truck traffic (AADTT) and annually collected IRI of the last 

treatments. Treatment types used in this study were dense graded asphalt concrete (DGAC) 

overlay, chip seal on dense graded asphalt concrete (DGAC-CS), slurry seal on dense graded 

asphalt concrete (DGAC-SS), chip seal with modified binder (DGAC-CSMB), asphalt concrete 

pavement on concrete pavement (CP), asphalt concrete pavement with recycled asphalt pavement 

(RAP) on concrete pavement (CPR), central plant mixed and cold-laid16 RAP (RAPCL), central 

plant mixed and hot-laid17 RAP (RAPHL) and open-graded asphalt concrete pavement (OGAC). 

Pavement history and structures for each section are presented in Appendix H in detail. 

 

In this study, pavement conditions were evaluated over a 40-year analysis period. Traffic data in 

terms of AADTT and AADT for the past years were used to develop linear models to predict the 

traffic for each section over the analysis period. Having annually collected IRI data for the past 

years and treatments, nonlinear models were developed to predict the pavement performance in 

terms of IRI for each section. To find the optimal budget allocation for pavement maintenance and 

rehabilitation, a code was developed using MATLAB 2016. The general framework for the 

decision-making tool development is given in Figure 3.10. Data corresponding to traffic, treatment 

types and thicknesses, annual IRI, and material and construction costs were used as inputs to the 

software. For each section, IRI and Net Present Value (NPV) of user benefits were estimated for 

                                                 

16 Placement temperatures below 175 oF 

17 Placement temperatures above 175 oF 
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each year. If the estimated IRI reached the trigger IRI, a treatment was applied and NPV of agency 

cost was estimated. If the predicted IRI was less than the trigger IRI, a “do nothing” scenario was 

chosen and the IRI for the next year was predicted for the existing treatment type. This procedure 

was continued until the 40-year analysis period was reached. Having agency costs and user benefits 

based on the treatment types and the frequency of resurfacing of each section, sections were ranked 

according to benefit-to-cost (B/C) ratios over the analysis period. Subsequently, the available 

budget was allocated to the sections with higher priority for treatment (sections with higher B/C 

ratios). This process was continued until the budget was expended. 
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Figure 3.10. Flowchart of procedure to develop the decision-making tool (MATLAB code) 

Input Data for All Sections: Traffic, Treatment 

Types and Thicknesses, Annual Collected IRI, 

and Material and Construction Costs 

Estimate IRI for each year 

IRI ≥ Trigger IRI  

 

 

Yes No Do the 

treatment 
Do Nothing 

Estimate NPV 

of Agency Costs 

Estimate NPV 

of User Benefits 

 Is the Analysis 

Period Reached? 

  

  

Yes 

No 

Go to the Next Year 

Rank the Sections Based on 

their Benefit to Cost Ratios 

Draw Efficient Frontier 

Curve and Choose the 

Sections to Treat 
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The steps followed for model development are as follows. Each step is discussed in detail in 

Section 3.3.2. 

 

1. Traffic data in terms of AADTT and AADT for the approximate 40 years (from 1970s to 

2010s) were used to develop linear models to predict traffic for each section over the 40-

year analysis period. 

2. Annually collected IRI data for the last applied treatment were used to develop nonlinear 

models to predict pavement performance in terms of IRI for each section over the 40-year 

analysis period. 

3. Data corresponding to traffic, treatment types and thicknesses, annual IRI, and material 

and construction costs were used as inputs to the software. 

4. Pavement performance in terms of IRI was predicted for each section based on the 

nonlinear IRI models developed in Step 2 after new treatment. 

5. Failure points, at which the treatments were applied, were determined over the analysis 

period for each section. 

6. Initial IRIs after each treatment were estimated. 

7. NPV of agency costs (traffic handling, materials, lane closure, and labor and equipment 

costs) were estimated for each section according to their treatment types and layer 

thicknesses. 

8. Having failure points for each section, the NPV of user benefits was calculated over the 

analysis period. 

9. Sections were ranked and selected for treatment based on their B/C ratios, and an efficient 

frontier curve was developed. The priority for treatment was given to the sections with 

higher B/C ratios. This process was continued until the budget was expended.  

 

3.3.2 Steps followed for model development 

Field data from 91 roadway sections in Oregon, Idaho, Washington, and California were used to 

develop and test the decision-making tool. Field data associated with history, pavement structure, 

profile, and traffic were obtained from Federal Highway Administration (FHWA) website (LTPP 
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InfoPave 2016) for all the sections. Below is the description of each step followed for model 

development. 

3.3.2.1 Step 1 – LTPP traffic data 

Traffic levels, as dependent variables, were categorized into two groups (AADTT and AADT) and 

were linearly correlated with year, the independent variable. The traffic equation is shown below: 

Traffic=a+b*Year 3.3.1 

  

In the equation above, Traffic is traffic level in terms of AADTT or AADT, Year is number of 

years since the last treatment is applied, a is the initial AADTT or AADT, and b is a coefficient 

indicating the rate of change of traffic over each year. Coefficients a and b are estimated over the 

analysis period for all the sections by conducting a linear regression in software RStudio 2015. 

 

Figure 3.11 shows an example of AADTT versus year for a section in Washington where chip seal 

was the last treatment. The AADTT data was annually gathered from 1973 to 2009. As illustrated, 

the linear model was fitted to the data as follows: 

AADTT=54.72+7.697*Year 3.3.2 

 

The last treatment (chip seal) was applied in the year of 1990. To predict the AADTT over the 40-

year analysis period, the base year was considered as 1990. Therefore, the coefficient a was shifted 

to 185.57 from 54.72.  
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Figure 3.11. Example of AADTT versus year for a section in Washington where chip seal is 

the last treatment (WA-C350-DGAC-CS) 

 

3.3.2.1 Step 2 – LTPP IRI data  

In this study, IRI was considered as the only pavement performance variable indicating pavement 

life and failure point. Having annually collected IRI data of the last treatments, performance 

equations for IRI were developed, with the value of IRI for that section in each future year being 

the dependent variable and number of years being the independent variable. Figure 3.12 shows the 

annually collected IRI versus year for all the sections in Oregon. 

 The performance equation for average IRI was formulated as follows: 

IRI (
m

km
)=a+b*Age

c
 3.3.3 

  

In this equation, IRI is the average IRI in each year of the analysis period, a is the initial IRI, Age 

is the number of years since the last treatment, and b and c are the coefficients indicating the rate 

of change of IRI in each year. To predict the annual average IRI for each section since the last 

treatment was applied, coefficients a, b, and c were estimated by performing non-linear regressions 

using RStudio 2015. The initial IRI depends on the quality of the construction. It was possible to 

The year chip seal applied 

Coefficient a =185.57 
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have very rough pavements after construction in the past, but the new requirements force 

contractors to have roughness levels of 0.95-1.1 m/km (60-70 inches/mile) after construction. In 

order to make the initial IRIs more consistent and comparable, averages of initial IRIs for chip 

seals and slurry seals were taken and their performance equations were shifted to the average value. 

Similarly, performance equations for overlays were shifted to their average initial IRI. Thus, value 

a in Equation 3.3.3 for chip seal and slurry seal was 1.2814 m/km (81.19 inches/mile) and for 

overlays was 0.9727 m/km (61.63 inches/mile). 

 

 
Note: 

DGAC: dense graded asphalt concrete. 

CP: composite pavement. 

CPR: composite pavement having RAP. 

Figure 3.12. Annually collected IRI of the last treatment versus year of the last treatment for 

all the sections in Oregon 

 

3.3.2.2 Step 3 – Input data 

Data corresponding to treatment types, treatment thicknesses, and material and construction costs 

were used as inputs to the software. All the data was obtained from Federal Highway 

Administration (FHWA) website (LTPP InfoPave 2016). Moreover, coefficients of traffic and IRI 

equations for each section were inputted to the software to predict their traffic levels and pavement 

performance over the analysis period.  

 



Page 139 

 

 

3.3.2.3 Step 4 - Prediction of pavement performance (IRI) after new treatment 

To estimate user benefits for each section, the IRI was predicted for new treatments using 

performance equations developed in Step 2. Figure 3.13 shows the predicted IRI versus age for 

the section in Washington where chip seal was the last treatment. It can be seen that the initial IRI 

immediately after construction is 0.911 m/km (57.72 inches/mile). The IRI has an increasing trend 

over time (age). The IRI performance equation of this section is as follows: 

IRI (
m

km
) = 0.911 + 0.0042 ∗ Age2.5349 3.3.4 

 

After predicting the performance curves, initial IRIs were shifted to the specified values mentioned 

in Step 2. For this section, the initial IRI was shifted to 1.2814 m/km (81.19 inches/mile) since 

chip seal was the applied treatment. Shifted predicted pavement performance curve is also 

illustrated in Figure 3.13. 

 

 
 

Figure 3.13. Example of performance equation of IRI versus year for a section in Washington 

where chip seal is the last treatment (WA-C350-DGAC-CS) 

 

3.3.2.4 Step 5 - Indicating the failure points 

The IRI was considered as the only pavement performance variable used to calculate pavement 

life and failure point. The Failure Point was defined as the year at which the pavement reached the 
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trigger IRI and the treatment was applied. For a 40-year analysis period, it was assumed that similar 

treatment types with the same IRI performance were repeated over the analysis period for each 

section. For instance, if the last treatment was chip seal, when pavement reaches its failure point, 

a chip seal treatment is applied again, and the application of chip seal is subsequently repeated 

over the remaining years in the analysis period to maintain the same pavement performance. Each 

treatment is applied to reduce IRI to a specified level and this process is repeated over the 40 year-

period. Figure 3.14 shows the methodology of this study for finding the frequency of resurfacing 

and treating a section in California (CA-0504-DGAC) with a dense graded asphalt concrete 

(DGAC) overlay. As it is presented in Figure 3.14, the first failure point was in the year 19 and the 

second treatment occurred in year 38. The trigger IRI was 1.66 m/km (105 inches/mile) for this 

section. It can be seen that at the year where the trigger IRI is reached, a treatment was applied. 

The initial IRI right after construction was 0.9727 inches/mile (61.63 inches/mile). The IRI 

performance equations determined in Step 2 were used to estimate the annual IRI in this step.  
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Figure 3.14. Example of the approach for obtaining the frequency of resurfacing and treating 

for the CA-0504-DGAC section 

 

3.3.2.5 Step 6 - Finding IRI after each treatment 

Average decrease in pavement IRI after application of chip seal and slurry seal is around 20 

inches/mile, thin overlay (<0.1 ft) is 0.71 m/km (45 inches/mile), medium overlay (≥0.1 ft and ≤ 

0.25 ft) is 0.95 m/km (60 inches/mile), and thick overlay (>0.25 ft) is 1.58 m/km (100 inches/mile) 

(Harvey et al. 2010) After each treatment, the maximum of actual IRI and decreased IRI was taken 

as the initial IRI. For instance, if the trigger IRI is 177 inches/mile, application of thin overlay 

reduces the IRI to 177-45=132 inches/mile. LTPP IRI data shows the average initial IRI (actual 

IRI) for overlays as 61.63 inches/mile (0.973 m/km). Thus, the maximum of these two numbers 

(132 inches/mile) is taken as the initial IRI for this treatment. 

 

3.3.2.6 Step 7 - Calculating Net Present Value (NPV) of agency costs  

Agency costs were comprised of material, equipment, total labor, traffic handling and lane closure 

costs, which are described as follows: 

 

Trigger IRI 
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 Material costs 

In this study, each section was assumed to be a single-lane having a width of 3.7 m and a length 

of 1 km, and material costs were calculated for all the sections based on their treatment types and 

thicknesses.  

 

Unit costs of the materials for slurry seal, dense-graded asphalt concrete, and open-graded asphalt 

concrete were obtained from State of California Business, Transportation and Housing Agency 

Department of Transportation contract cost data (2015). The average price per unit (tonne) of the 

materials were estimated based on their quantity per project. Figure 3.15 shows the average price 

per unit (tonne) versus quantity per project for OGAC. The dashed line represents the fitted power 

curve to the data. The fitted curve is shown in Equation 3.3.5. Coefficients a and b are estimated 

to be 640.12 and -0.239, respectively, for OGAC. 

 

Average price per unit (tonne)=a*quantity per project
b
 3.3.5 

 

Then, total material costs were estimated for each section based on the quantity of materials used 

for treatment. For instance, the total quantity of OGAC was calculated, and Equation 3.3.5 was 

used to predict the average price per unit (tonne) of OGAC. Total OGAC costs were estimated by 

multiplying the average price per unit (tonne) by the total OGAC used for treatment. The volume 

of the materials used for treating and resurfacing each section was estimated based on the treatment 

thicknesses and section assumptions described above. To calculate the quantity of materials in 

tonnes, densities of 2.4 kg/m3, 2.2 kg/m3, and 1.2 kg/m3 were considered for DGAC, OGAC and 

slurry seal, respectively.  

 

Using RAP materials varying between 20% and 50% could result in cost savings ranging from 

14% to 34% compared with using HMA (Hossain et al. 2012). To estimate material costs for 

sections with RAP, it was assumed that using RAP reduced material costs around 20%. Average 

costs of chip seal application is reported to be $2.50 to $5.00 per square yard (Stroup-Gardiner et 

al. 2009). In this study, costs associated with chip seal and chip seal with modified binder were 

considered as 3 dollars and 5 dollars per square yard, respectively. 
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Figure 3.15. Average price per unit tonne of DGAC versus quantity per project 

 

 Traffic handling, lane closure, labor, and equipment costs 

Costs corresponding to lane closure and traffic handling were considered to be 4000 dollars per 

day (Caltrans 2013). North Carolina Department of Transportation (NCDOT) (2014) has reported 

the rate of application of asphalt pavement to be around 200 to 500 tons/day. In order to estimate 

operation days, lane closure, and traffic handling costs, a rate of application of 500 tons/day was 

assumed for overlays. The Chip Seal process is generally accomplished in one day for a one-kilometer 

section. Thus, a one-day closure lane was estimated for chip seal applications.  

 

Based on the data obtained from Berkeley Lab (Berkeley Lab 2017), equipment and total labor 

costs for different treatments are estimated using the following relationships:  

 

1) Slurry seal: 0.38 *(total construction costs including material costs); 

2) Chip seal: 0.39*(total construction costs including material costs); 

3) Overlay: 0.19*(total construction costs including material costs). 

 

Total agency costs were calculated by summing up the equipment, total labor, material, traffic 

handling and lane closure costs. After finding the failure points, agency costs were estimated for 
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each year at which the treatment was applied. NPV of agency costs were determined afterwards 

using 4 percent interest rate by Equation 3.3.6. At the end of the analysis period, NPV of the 

salvage value of the pavements were computed as the agency benefits and added up to NPV of 

agency costs.  

 

NPV = ∑
Ct

(1+r)t

T

t=0

 

3.3.6 

 

Where: 

Ct = estimated user benefit or agency costs at year t, 

r  = interest rate, and 

T = number of time periods. 

 

3.3.2.7 Step 8 - Calculating Net Present Value (NPV) of user benefits 

Road-user costs are calculated from the total user-cost equations developed in the World Bank’s 

HDM4 models (Bennett and Greenwood 2003). These equations give higher priority for road 

maintenance and rehabilitation to roads with greater percentages of trucks. 3-axle trucks and 

passenger cars are two vehicle classes considered in this study. Four percent interest rate was 

considered to estimate the NPV of user benefits. NPV was calculated using the Equation 3.3.6. 

 

User benefit was estimated as the difference in road user costs between IRI after treatment and 

maximum IRI (IRImax). User benefit was weighted for traffic volume by multiplying user costs by 

the number of vehicles (trucks and passenger cars) using the lane. In this study, IRImax was 

considered to be 5.05 m/km (320 inches/mile) since the suggested maximum trigger IRI for all the 

sections is 5 m/km (316.8 inches/mile) (an IRI limit for user safety) (Tighe et al. 2000). IRImax 

should be greater than all the suggested trigger IRI values, which is 5 m/km (320 inches/mile) in 

this study. Because this study aims to compare user benefits for different sections with different 

traffic levels and treatment types, predicted user benefits are non-monetary. This approach, 

however, could appropriately compare user benefits for different strategies. Moreover, the cost 

equations from HDM4 models are not adjusted for inflation and they are not the actual costs. 

Figure 3.16 shows how the user benefit was calculated. The difference in user costs between IRImax 
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and IRI after treatment was estimated for each year (presented as vectors in Figure 3.16). Then, 

weighted user benefits at each year were converted to NPV and summed up to find the total 

benefits of applying the treatment. 

 

 
 

Figure 3.16. Illustration of user benefits for a section in Washington where chip seal is the 

last treatment (WA-C350-DGAC-CS) 

 

3.3.2.8 Step 9 - Efficient frontier curve 

Developing efficient frontier curve can be depicted by the plot of cumulative benefit versus 

cumulative cost for all the sections. The arrow showing benefits and costs of the section with the 

highest B/C ratio comes first on the plot. The arrows of benefits and costs of other sections are 

connected end-to-end in order of decreasing B/C ratio.  This plot is called “Efficient frontier curve” 

(Merton 1972; Mbwana 2001), and it is presented in Figure 3.17. After plotting the efficient 

frontier curve, sections having the highest benefit to cost ratios can be selected for maintenance 

and rehabilitation with the currently available budget. For the example given in Figure 3.17, if the 

available budget is $2.8 ∗ 105, sections CA-2051-DGAC, CA-8150-DGAC, WA-6048-RAPHL, 

and CA-0567-OGAC should be selected for maintenance. Additionally, required budget to achieve 

a specific benefit level can be estimated using the developed efficient frontier curve. User benefits 
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and required budgets associated with treating the sections are presented in Table 3.5 in tabular 

form.  

 

 
 

Figure 3.17. Illustration of efficient frontier curve for 7 sections of this study 

 

Table 3.5. User benefits, available budget, and B/C ratios of 7 sections  

 

Section IDs 

User 

Benefits Budget ($) B/C 

CA-2051-DGAC 20,180,862 7,750 2,604 

CA-8150-DGAC 45,008,923 104,072 432 

WA-6048-RAPHL 19,685,652 91,873 214 

CA-0567-OGAC 16,382,191 77,000 213 

OR-7018-CP 32,873,537 170,644 193 

CA-A321-DGAC-SS 5,514,009 28,700 192 

 

Current Budget 

User Benefits after 

treating the sections 
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3.3.3 Methodology of finding the trigger IRI by considering user safety, user cost benefits, and 

agency costs 

This study follows two methods to find the trigger IRI and apply the treatments: 1) Considering 

one value for the trigger IRI for all the sections regardless of the traffic levels, and 2) Considering 

different trigger IRIs for sections based on their traffic levels (Madanat 2014). 

 

The first approach considers one value for trigger IRI for all the sections regardless of the traffic 

levels. As the IRI reaches that trigger IRI, a treatment is applied and the IRI is reduced to a certain 

value. For example, if the trigger IRI is assumed to be 177 inches/mile, the failure point for all the 

sections is when the IRI reaches 177 inches/mile over the analysis period. 

 

The second approach follows Madanat (2014) method. Sathaye and Madanat suggested to use 

different trigger IRI values for different traffic levels (Figure 3.18). Suggested trigger IRIs for 

different traffic levels are: 

  Trigger IRI = 1.6 m/km (101 inches/mile) for 30% of roadway network with highest 

traffic (top 30% traffic volume) 

  Trigger IRI = 2 to 2.8 m/km (127 to 177 inches/mile) for 25% to 70% of roadway 

network traffic (medium traffic level) 

  Trigger IRI = 5 m/km (316.8 inches/mile) for 25% of roadway network with lowest 

traffic (lowest 25% traffic volume) 

 

Tighe et al. (2000) suggested that to increase safety and to reduce accident rates, IRI should be 

below 5 m/km (316.8 inches/mile). Therefore, this study considers a trigger IRI of 5 m/km (316.8 

inches/mile) for lower 25% percentile network traffic level. Following the procedure developed 

by Madanat (2014), sections were ranked based on their traffic levels, and trigger IRIs were 

assigned to sections according to their traffic levels in the network. 
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Figure 3.18. Optimal trigger IRI for different traffic levels (Madanat 2014) 
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3.4 RESULTS AND DISCUSSION  

The decision-making tool was developed for two trigger IRI methods discussed in the previous 

section. Results are given as follows: 

 

3.4.1 One value for trigger IRI 

In this section, efficient frontier curves were developed for different trigger IRI values, ranging 

from 1.42 to 5.05 m/km (90 to 320 inches/mile). As shown in Figure 3.19, reducing trigger IRI 

values increases user benefits but requires higher budgets for paving. As the trigger IRI increased, 

user benefits and required budget for treating and resurfacing the sections both decreased. 

Figure 3.19 shows that budget levels control the optimal selected IRI levels. For instance, if the 

available budget is greater than $9.5 ∗ 106, a trigger IRI of 1.58 m/km (100 inches/mile) over the 

analysis period creates higher user benefits. On the other hand, if the available budget is less than 

$9.5 ∗ 106, a trigger IRI of 1.74 m/km (110 inches/mile) results in higher user benefits. 
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Figure 3.19. Efficient frontier curve for different values of trigger IRI regardless of traffic 

levels 

 

3.4.2 Different trigger IRI values based on traffic levels 

In this section, traffic levels are considered in developing the efficient frontier curve (Sathaye and 

Madanat 2012). Since different values for the trigger IRI are considered for 25% to 70% of network 

traffic, ranging from 2 to 2.8 m/km (127 to 177 inches/mile), the efficient frontier curve was 

developed for different trigger IRIs for this middle range of traffic. According to Sathaye and 

Madanat (2012), sections should be ranked based on the daily passenger car equivalent. To 

estimate the passenger car equivalents of the 3-axle trucks, AADTTs were multiplied by the 

coefficient of 1.2175 and ranked based on their traffic levels in each year of the analysis period 

(Ahmed, 2010). Optimal trigger IRIs were annually assigned to the sections after each year. 

Figure 3.20 shows the efficient frontier curve for trigger IRI values of 2 m/km, 2.5 m/km and 2.8 

m/km (127 inches/mile, 157 inches/mile, and 177 inches/mile). As is shown in the figure, a lower 
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trigger IRI for 25% to 70% of network traffic (medium traffic level) could increase the required 

budget and user benefits slightly, but not significantly. 

 

 
 

Figure 3.20. Efficient frontier curve for different values of trigger IRI by considering traffic 

levels 

 

3.4.3 Optimal trigger IRI according to the available budget 

In this section, efficient frontier curves for different values of trigger IRI and different methods 

are compared. The first method is using one value for the trigger IRI for all sections regardless of 

traffic levels (Section 3.4.1) and the second is using different trigger IRI values for different traffic 

levels (section 3.4.2). Figure 3.21 shows the efficient frontier curves for different scenarios. The 

“line of maximum benefit for different trigger IRI values” was found in order to find the optimal 

trigger IRI for different budget levels at which the user benefit was at a maximum. To find the 

“line of maximum benefit for different trigger IRI values”, the budget level was divided into small 
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intervals, and in each interval maximum user benefit and the corresponding trigger IRI value were 

determined. Subsequently, the optimal trigger IRI versus budget was plotted as is presented in 

Figure 3.23. It can be seen that as the budget increased, the trigger IRI at which the user benefit 

was maximum decreased. Figure 3.22 shows that considering one trigger IRI for all the sections 

regardless of their traffic level will give higher benefits than following the Madanat (2014) method. 

Suggested trigger IRI for different budget levels is also shown in Table 3.6. 

 

 
 

Figure 3.21. Illustration of finding optimal IRI for different budget levels 
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Figure 3.22. Illustration of optimal IRI for different budget levels and efficient frontier curve 

for different values of trigger IRI by considering traffic levels 
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Figure 3.23. Optimal trigger IRI versus agency costs (budget) 

 

Table 3.6. Suggested optimal trigger IRI for different budget levels 

 

Trigger IRI 

(inches/mile) 

Budget ($) 

from to 

Value of trigger IRI 

does not matter 
0 7.75E+03 

190 7.75E+03 3.28E+06 

160 3.28E+06 3.32E+06 

150 3.32E+06 4.38E+06 

140 4.38E+06 5.90E+06 

140 5.90E+06 5.98E+06 

130 5.98E+06 6.06E+06 

120 6.06E+06 7.97E+06 

110 7.97E+06 9.39E+06 

100 9.39E+06 1.24E+07 

90 1.24E+07 1.57E+07 
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3.5 INTEGRATION OF THE DEVELOPED DECISION-MAKING TOOL WITH 

GEOGRAPHIC INFORMATION SYSTEMS (GIS) 

The network-level decision-making tool is immensely useful for analyzing which roadway 

sections within the network will provide the most efficient allocation of agency maintenance 

budgets and yield the most benefit to road users.  This tool could be even more useful if the 

roadway sections were spatially cataloged such that users of the tool could visually analyze which 

sections are more critical to maintain or rehabilitate.  An extension of this tool is the integration of 

MATLAB code results with a Geospatial Information Systems (GIS) map.  Although this was an 

auxiliary focus of this study, the potential benefits of pursuing a GIS map are discussed below.   

 

GIS is a powerful tool that is used to spatially catalog information.  It is incredibly useful for asset 

management, decision-making and client outreach in a variety of fields, including transportation 

engineering.  GIS is comprised of one or more databases that store information about objects of 

interest which are spatially referenced in a map.  This information is stored in data layers, or feature 

classes, that have attribute tables detailing pertinent information about an object of interest.  

Information can be stored as point, line or polygon features within the GIS map.  A common 

software used in GIS operations is ArcGIS.  This software provides an environment that allows a 

user to examine, process and prepare spatial data efficiently for a variety of purposes.  A GIS user 

can query and expand upon information stored in a database readily and easily using built-in tools 

within the ArcGIS environment.  Also, a GIS developer has the ability to create custom tools that 

can suit any data processing need.  GIS data is easily shareable, meaning that it can be viewed by 

anyone with GIS software installed on their computer. What is even more powerful is the use of 

online maps, which involves publishing a GIS database to an online web server; an inherent 

function of ArcGIS software.  This way, any interested party can view GIS data easily from within 

a web browser, eliminating the necessity of having a GIS software license.   

 

The utility of GIS in the framework of pavement management is to allow for accurate and 

expedient record keeping of past maintenance strategies and easy access to data by multiple 

stakeholders.  Many state DOTs, including Oregon and Utah, have successfully implemented web-

based GIS portals that allow interested parties to view and query information about the state’s 

transportation infrastructure (Oregon Department of Transportation 2017; Esri 2015).  These maps 
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have valuable information, but for the purposes of this study, they are currently limited by their 

ability to provide a means of decision-making in terms of choosing maintenance strategies for road 

sections.   

 

To extend the utility of the network-level decision-making tool developed in this study, a prototype 

GIS map was created using ArcGIS in order to investigate the feasibility of integrating results of 

the decision-making tool with the spatial referencing power of GIS.  The goal of the GIS map was 

to create the ability for users to import LTPP road section data and the tool’s MATLAB results 

into the GIS environment, spatially catalog this information and finally rank, highlight, and export 

selected roadway sections that present the highest benefit-to-cost ratios, or highest maintenance 

priority.  This output illustrates which sections should receive maintenance and rehabilitation first 

for a given budget and trigger IRI value and shows where they are located geographically.  It is 

essentially a spatial representation of the Efficient Frontier Curve for a given trigger IRI and state’s 

roadway network.   

 

To prove the methodology of the GIS process, 20 sections in the LTPP database, namely five 

sections in Oregon and 15 sections in Idaho, were selected to spatially catalog.  MATLAB outputs 

for single trigger IRI of 170 inches/mile were selected as arbitrary trial subjects.  A custom 

geodatabase was created and base data for the Oregon and Idaho highway networks was obtained 

from online geospatial data clearinghouses for each respective state.  A custom feature class, or 

data layer, containing point features was created for each state in order to import LTPP road section 

data from Excel spreadsheet files into the respective data layer’s attribute table.  These feature 

classes utilized the State Plane coordinate systems of each respective state.  The MATLAB code 

outputs were also imported to these custom feature classes.  A custom ArcGIS tool was created 

using Python scripting that allowed the user to calculate the benefit-to-cost ratios for each road 

section.  Another custom tool was created that ranked each section sequentially based on which 

benefit-to-cost ratios were greatest.  

 

Figure 3.24 shows the LTPP sections for Oregon spatially cataloged within the GIS map. 
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Figure 3.24. Map of Oregon highway network with LTPP sections shown 

 

Table 3.7 shows the attribute table for Oregon LTPP sections, including imported MATLAB 

output data as well as GIS-derived benefit-to-cost ratios and ranking.   

 

Table 3.7. Attribute table for Oregon LTPP sections with MATLAB outputs, benefit-to-cost 

ratios and ranking 

 

 

 

Once data processing was complete, the attributes of the point feature classes for Oregon and Idaho 

were migrated to the highway line features for each state.  This was done by using built-in ArcGIS 

Buffer, Clip and Join functions, which allow the user to select a portion of a dataset based on 
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proximity and copy attribute information to the newly selected features.  The resulting data layer 

was a line feature class comprised of 1km test sections for each LTPP pavement section of interest 

and containing all MATLAB and Efficient Frontier Curve information previously obtained in the 

above steps.   

 

Figure 3.25 shows a zoomed-in view of one of the LTPP sections in Oregon, with highway network 

line data clipped to a 1km test section.   

 

 
 

Figure 3.25. Close-up view of Oregon LTPP section with clipped line data 

 

To further integrate the GIS map with the decision-making tool results, all sections that should be 

maintained based on a given budget were selected in the ArcGIS attribute table based on their 

benefit-to-cost ratio rankings.  This relates to the Efficient Frontier Curve, essentially allowing the 

user to select all road sections that have the highest priority for maintenance for a given budget 

(i.e. all the sections to the left of the budget amount) based on their benefit-to-cost ratios. Then, 

these sections were exported to a new feature class/data layer using built-in ArcGIS functionality.  

This way, the data can be shared with other stakeholders who can easily load the data layer in a 

GIS environment to see the spatial location of the road sections and all accompanying attribute 

data in the attribute table.   
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For instance, consider an example for select LTPP road sections in Oregon and Idaho for a trigger 

IRI of 170 inches/mile where the available budget is $500,000 for each state.  A plot of the efficient 

frontier curve for both states for this situation is shown below in Figure 3.26 and Figure 3.27. 

 

 
 

Figure 3.26. Efficient Frontier Curve for Oregon at an IRI value of 170 inches/mile 

 

As is shown in Figure 3.26, the sections in Oregon that can be treated for this budget are OR-2002-

DGAC, OR-7018-CP, OR 5006-CPR, OR-5008-CPR and OR-7019-CP.  Therefore, for the budget 

level of $500,000, Oregon can treat all of these LTPP road sections. 
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Figure 3.27. Efficient Frontier Curve for Idaho at an IRI value of 170 inches/mile 

 

As is shown in Figure 3.27, the sections in Idaho that can be treated for this budget are ID-A320-

DGAC-SS, ID-9032-DGAC-CS, ID-1001-DGAC, ID-1020-DGAC-CS, ID-C320-DGAC-SS, ID-

A350-DGAC-CS, ID-A330-DGAC-CS, ID-A310-DGAC, ID-1007-DGAC-CS, ID-1010-DGAC-

CS, ID-1009-DGAC-CSMB and ID-9034-DGAC.  Therefore, for a budget of $500,000, Idaho can 

treat these select LTPP road sections.   

 

After obtaining these results from the Efficient Frontier Curve, a user of the GIS tool can then 

select these particular sections on the GIS map from within the attribute table for each state and 

export the selection to a new data layer.  This data layer representing the highest priority sections 

to be maintained for a given budget based on benefit-to-cost ratios could be easily shared with 

other stakeholders and interested parties.   

 

Figure 3.28 shows a methodology flowchart for GIS operations. 
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Figure 3.28. Flowchart for GIS Methodology 
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This section illustrates a brief overview of how GIS can be applied as an extension to the decision-

making tool.  It adds an element of spatial visualization to the decision-making tool results, making 

it easier for stakeholders to pinpoint where particular sections are and why they should be 

maintained.  The creation of a shareable data layer with a small file size including the sections to 

be maintained for a given budget allows for easy communication of road maintenance needs.  Since 

state DOTs are beginning to increase use of GIS for asset management, their organizations will be 

able to access the contents of this data layer easily.  Furthermore, this data layer could be published 

to an online web map so that stakeholders can easily view it from a web browser, regardless if they 

have access to GIS software.   

 

This GIS tool can also be applied to multiple trigger IRI scenarios.  Using the custom tools created 

within the ArcGIS environment, a user can easily import MATLAB results for other trigger IRI 

values in order to produce a robust array of data layers encompassing multiple maintenance 

scenarios.   
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3.6 SUMMARY AND CONCLUSIONS 

The goal of this study is to develop a network-level decision-making tool for efficient budget 

allocation for road maintenance and rehabilitation. Data associated with pavement structure, 

profile and traffic were obtained for 91 sections in Oregon, Idaho, Washington, and California. 

The IRI was considered as the only pavement performance variable indicating pavement life and 

failure point. Two methods were used to estimate the failure points over 40 year-period for each 

section: 1) Considering one value for trigger IRI for all the sections regardless of the traffic levels, 

and 2) Considering different trigger IRIs for sections based on their traffic levels (Madanat 2014). 

After estimating the user benefits and agency costs, efficient frontier curves were developed for 

different trigger IRI values. Efficient frontier curves were compared with each other and the 

optimal trigger IRI for different budget levels, at which the user benefit was maximum, were 

obtained.  

 

The results of this study show that as the budget increases, the trigger IRI at which the user benefit 

is maximum decreases. It was also concluded that the method of considering one value for trigger 

IRI regardless of the traffic levels is more optimal for maximizing benefits than the Madanat 

(2014) method. It was also concluded that budget level controls the most optimal trigger IRI. By 

allocating a higher budget level to road maintenance  (considering a lower value for trigger IRI), 

higher user benefits can be obtained. 

 

Finally, to extend the utility of the network-level decision-making tool developed in this study, a 

prototype GIS map was created using ArcGIS. The goal was to create the ability for users to import 

LTPP road section data and the tool’s MATLAB results into the GIS environment, spatially catalog 

this information and finally rank, highlight, and export selected roadway sections that present the 

highest benefit-to-cost ratios, or highest maintenance priority. To prove the methodology of the 

GIS process, 20 sections (5 sections in Oregon and 15 sections in Idaho) in the LTPP database 

were selected to spatially catalog.  MATLAB outputs for single trigger IRI of 170 inches/mile 

were selected as arbitrary trial subjects. Then, sections with higher priority to receive maintenance 

and rehabilitation first for a given budget and trigger IRI value were located geographically. Spatial 

visualization of the decision-making tool results facilitates stakeholders to pinpoint where 

particular sections are and which sections should be maintained. 
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3.7 FUTURE STUDY 

Based on the conclusions from this research, the following recommendations are suggested: 

 

  In this study, only IRI is used as a performance indicator. Structural number, wheel path 

cracking and other performance variables from pavement management systems should be 

considered for characterizing pavement performance. 

 

 Decision trees should be developed to choose the best treatment type at the end of the 

pavement life rather than repeating the same treatment type over the analysis period. 

 

 Reduction in energy consumption and GHG emissions should also be included in user 

benefits. 

 

 The developed decision-making tool should be used to analyze the entire network for a 

state (all sections) using the automated pavement condition survey data.  

 

 Currently, section coordinates are manually imported to GIS. A complete integration of 

MATLAB code with the GIS map system is needed so that section will be selected by 

MATLAB. Then, sections’ information should be sent to GIS to be automatically 

highlighted. 
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3.8 SUGGESTED IMPLEMENTATION STRATEGY 

After following the recommendations suggested in section 1.7, finalized decision-making tool can 

be implemented. Two possible implementation strategies are given as follows: 

 

1. State DOTs can allocate budget to districts based on pavement condition ratings. Each 

district will use the developed tool to identify the sections (or road segments) that will 

provide the highest level of user and agency benefits by considering user safety. The 

network for the analysis will be each district, not the whole state. 

 

2. The tool can perform the budget allocation for the entire state DOTs highway network. 

DOTs can also incorporate their priorities (safety, structural integrity, minimum allowed 

pavement ratings, critical commercial areas, and etc.) into the software to change-modify 

the tools recommendations. The tool will estimate required budget for each district, and 

those amounts will be directed to every district. Then, each district will make their own 

prioritization to maintain the sections. Districts can consider tool’s recommendation in 

their decision process to maximize user benefits and safety. 

 

Maps and tables showing the IRI trigger levels for different climate regions and traffic levels 

should also be developed. These maps and tables can be used by DOTs pavement engineers and 

managers during the maintenance and rehabilitation decision-making process. Using the 

developed software, case studies should be developed to evaluate software decisions. A report and 

a presentation file will be prepared to document research findings and recommendations. It is 

expected that state DOTs Maintenance Departments will implement the research findings to more 

effectively and efficiently manage roadway maintenance and rehabilitation. 
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4. CHAPTER 4 – CONCLUSION 

Due to a general reduction in pavement program funding levels over the past decade, optimal 

pavement maintenance and rehabilitation strategies should be developed for the available budget 

levels. Using RAP in asphalt pavements can reduce pavement life cycle costs and save more 

resources for roadway treatments. However, careful considerations are required in RAP mixture 

design since mixtures with high RAP contents are susceptible to cracking.  

 

In this thesis, Chapter 2 investigated the effects of binder-grade bumping and high virgin binder 

contents on rutting and cracking performance of asphalt mixtures with high amounts of RAP. To 

evaluate rutting and cracking performance of asphalt mixtures with two RAP contents (30% and 

40%), three binder contents (6%, 6.4%, and 6.8%), and three virgin binder grades (PG 58-34, PG 

64-22, and PG 76-22), SCB, DM, and FN tests were conducted. Only the asphalt mixture with 

40% RAP content, 6.8% binder content, and PG 64-22 showed high cracking and rutting 

performance. This study found that flexibility index (FI) is a promising indicator of asphalt 

mixtures’ cracking performance. Therefore, SCB test is suggested to evaluate the cracking 

performance of asphalt mixtures. Also, regression models correlating FI and FN (dependent 

variables) with RAP content, binder content, and binder grade were developed (independent 

variables), and possible combinations of the independent variables to produce asphalt mixtures 

with high cracking and rutting performance were suggested.  

 

Chapter 3 evaluated the impacts of developing a network-level decision-making tool and selecting 

the most efficient pavement maintenance and rehabilitation strategies on agency costs and user 

benefits. Different treatment methods (1. Considering one value for trigger IRI for all the sections 

regardless of the traffic levels, and 2. Considering different trigger IRIs for sections based on their 

traffic levels) were compared, and optimal trigger IRI were determined for different budget levels. 

Finally, developed decision-making tool was integrated with GIS to provide the ability for 

agencies to import LTPP road section data and the tool’s MATLAB results into the GIS 

environment and visually illustrate roadway sections with highest maintenance priority. 
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Implementation of the developed decision-making tool, along with the use of high-performance 

asphalt pavements with high RAP contents, are expected to reduce agency costs, increase user 

benefits, and enhance drivers’ safety. Integration of the decision-making tool to GIS will facilitate 

stakeholders to visually pinpoint where particular sections are and which sections should be 

maintained. 
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APPENDIX A: GRADATION AND BINDER CONTENT OF RAP 

 

This section represents the gradation, binder content, and theoretical maximum specific gravity 

(G
mm

) of RAP materials provided by ODOT. The RAP was provided by Old Castle for this study. 

 

 
 

Figure A 1. RAP aggregate gradation 

 

 

Sieve Mass Ret. % Ret. %Pass 

3/4 0 0 100 

1/2 32 2.0 98.0 

3/8 158.3 9.7 88.3 

1/4 286.6 17.5 70.8 

No. 4 155 9.5 61.3 

No. 8 281.1 17.2 44.1 

No. 16 213.2 13.1 31.1 

No. 30 124.3 7.6 23.4 

No. 50 104.1 6.4 17.1 

No. 100 68.3 4.2 12.9 

No. 200 54.5 3.3 9.6 

Pan 21.1   
Mass After 1498.5 Sieve Dev. 0.0 

 

Sieve Mass Ret. % Ret. %Pass 

3/4 0 0 100 

1/2 19.4 1.2 98.8 

3/8 180.2 11.1 87.7 

1/4 239.4 14.7 73.0 

No. 4 149.3 9.2 63.9 

No. 8 279.5 17.2 46.7 

No. 16 213.5 13.1 33.6 

No. 30 129.3 7.9 25.7 

No. 50 113.1 6.9 18.7 

No. 100 78 4.8 13.9 

No. 200 60.6 3.7 10.2 

Pan 20.5   
Mass After 1482.8 Sieve Dev. 0.0 

 

Sieve Mass Ret. % Ret. %Pass 

3/4 0 0 100 

1/2 24.2 1.5 98.5 

3/8 186.4 11.4 87.1 

1/4 305 18.6 68.5 

No. 4 165.8 10.1 58.4 

No. 8 300.4 18.3 40.1 

No. 16 209 12.8 27.3 

No. 30 111 6.8 20.5 

No. 50 87 5.3 15.2 

No. 100 57.5 3.5 11.7 

No. 200 51 3.1 8.6 

Pan 17.5   
Mass After 1514.8 Sieve Dev. 0.0 

 

Sieve Percent Passing 

3/4 100 

1/2 98.3 

3/8 88.3 

1/4 71.3 

No. 4 61.9 

No. 8 44.1 

No. 16 31.1 

No. 30 23.3 

No. 50 17.1 

No. 100 12.9 

No. 200 8.4 

 

Mass Initial Dry: 1633.4 Mass Initial Dry: 1633.5 Mass Initial Dry: 1628.5 

Mass Before Sieve: 1498.9 Mass Before Sieve: 1503.8 Mass Before Sieve: 1483.2 

 

Mass Initial Dry: 1627.5 Mass Initial Dry: 1637.8 

Mass Before Sieve: 1496.4 Mass Before Sieve: 1515.5 

 

GRADATION OF RAP WORKSHEET 
 
 
 

 
Project Name: 

Mix Type: 

Seperated Size: 

Sample :  1 

Contract # : 

Date : 

Sample : 2 

10/28/15 

Sample : 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample : 4 

 

 
 
 
 

Sieve Mass Ret. % Ret. %Pass 

3/4 0 0 100 

1/2 38.7 2.4 97.6 

3/8 165 10.1 87.5 

1/4 302.7 18.5 69.0 

No. 4 143.7 8.8 60.2 

No. 8 288.7 17.7 42.5 

No. 16 203.1 12.4 30.1 

No. 30 128.3 7.9 22.2 

No. 50 93.5 5.7 16.5 

No. 100 66.5 4.1 12.4 

No. 200 53.2 3.3 9.2 

Pan 18.9   
Mass After 1502.3 Sieve Dev. 0.1 

 
Sample : 5 

 
 
 

DESIGN AVERAGE 

 
Sieve Mass Ret. % Ret. %Pass 

3/4 0 0 100 

1/2 24.4 1.5 98.5 

3/8 125.8 7.7 90.8 

1/4 253.7 15.6 75.2 

No. 4 156.1 9.6 65.6 

No. 8 298.1 18.3 47.3 

No. 16 222.8 13.7 33.6 

No. 30 144.8 8.9 24.7 

No. 50 105.6 6.5 18.2 

No. 100 77.2 4.7 13.5 

No. 200 62.7 3.9 9.6 

Pan 24.8   
Mass After 1496 Sieve Dev. 0.0 
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Figure A 2. Binder content and theoretical maximum specific gravity (Gmm) of RAP 

MIX CLASS  
LEVEL (2,3,4)  
PROJECT MANAGER  
CMDT JMF MIX ID NO  
 

Sample 1 2 3 4 5  
Basket Tare 3044.9 3046.2 3043.7 3045.7 3043.3 

Mass of Coated RAP + Basket 4794.4 4795.8 4793.1 4795.1 4793.7 

Mass of Agg and Basket 4678.3 4679.7 4672.2 4673.2 4681.1 

Mass Initial, Mi 1749.5 1749.6 1749.4 1749.4 1750.4 

Mass Final, Mf 1633.4 1633.5 1628.5 1627.5 1637.8 

%I = {[Mi - Mf]/[Mi]}x100 6.64 6.64 6.91 6.97 6.43 

Corrected Pb, Cf = 0.50 6.14 6.14 6.41 6.47 5.93 6.22 

 RAP Gse 2.713 

 

Size + #4 Average 

Source Various  
A) Mass of Dry Sample 2013.7 2039.5 

B) Mass of SSD Sample 2055.4 2083.5 

C) Mass of Sample Immersed 1282.3 1295.7 

Bulk Specific Gravity (Gsb) 2.605 2.589 2.597 

Bulk Specific Gravity (SSD) 2.659 2.645 2.652 

Apparent Specific Gravity (Gsa) 2.753 2.742 2.748 

Absorption (%) 2.07 2.16 2.11 

 

Size 1/2"-0 

Split Sieve #4 

Percent Retained Split Sieve 38.1 

Burnt Bulk Specific Gravity (Gsb) 2.611 

Burnt Bulk Specific Gravity (SSD) 2.662 

Burnt Apparent Specific Gravity 2.753 

Absorption (%) 2.0 

 
Size - #4 Average 

Source Various  
S) Mass of SSD Sample 500.0 500.0 

B) Mass of Pyc. + Water 658.9 654.2 

C) Mass of Pyc.+H2O+Sample 971.5 966.9 

Mass of Dry Sample + Pan   
Mass of Pan   
A) Mass of Dry Sample 490.8 490.6 

Bulk Specific Gravity (Gsb) 2.619 2.619 2.619 

Bulk Specific Gravity (SSD) 2.668 2.670 2.669 

Apparent Specific Gravity (Gsa) 2.754 2.758 2.756 

Absorption (%) 1.87 1.92 1.9 

 

 

PROJECT 2016 RAP 

CONTRACT NO.  
MIX PRODUCER  
CMDT (print)  
  RAP WORKSHEET   

 

Separated Size 1/2" - 0 Gb 1.026 

 

AASHTO T-209: Theoretical Maximum Specific Gravity 
 

Sample 1 2 3 

Mass of Dry RAP (Rhot) 1746.8 1794.2 1744.7 

Mass of Added Binder (Bindernew) 52.4 53.8 52.3 

Pb-new, % 2.912 2.911 2.910 

Mass of Coated Sample (C) 1800.5 1849.3 1795.3 

Actual Dry Mass Uncoated Sample (A) 1748.1 1795.5 1743.0 

Actual Mass of Added Binder (C-A) 52.4 53.8 52.3 

Mass @ SSD 1803.8 1853.6 1800.5 

Pycnometer + Water 7391.5 7391.5 7391.5 

Pycnometer + Water + Mix 8433.2 8462.0 8434.7 

RAP Gmm SSD 2.459 2.457 2.468 

 

Asphalt Content of RAP 

 
 
 
 
 
 
 

Average 

 
 
 

AASHTO T-85: Specific Gravity and Absorption of Coarse Aggregate 

 
 

Combined Specific Gravity 

T-84 & T-85 

 
 
 
 
 
 

AASHTO T-84: Specific Gravity and Absorption of Fine Aggregate 
 

Combined RAP Specific Gravity 

ODOT TM-319 
 

RAP Gsb 2.636 

RAP Gsa 2.766 

 
 
 
 
 
 
 
 

Certified Technician and Card Number: 
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APPENDIX B: TEMPERATURE CURVES FOR VIRGIN BINDERS 

 

The data below represents binder temperature curves used for this study. All temperature curves 

were provided by McCall Oil.  

 

Table B 1. Mixing and compaction temperatures of PG 76-22 binder 

 

Binder PG 76-22       

Temp (F) Viscosity (cp) Mixing Temperature Range, F 345 - 359 

275 768 Compaction Temperature Range, F 318 - 329 

329 250       

         

Specific Gravity@ 

60F 1.0377       

 

Table B 2. Mixing and compaction temperatures of PG 64-22 binder 

 

Binder PG 64-22       

Temp (F) Viscosity (cp) Mixing Temperature Range, F 303 - 314 

275 363 Compaction Temperature Range, F 281 - 291 

329 113       

         

Specific Gravity@ 

60F 1.0306       

 

Table B 3. Mixing and compaction temperatures of PG 58-34 binder 

 

Binder PG 58-34       

Temp (F) Viscosity (cp) Mixing Temperature Range, F 292 - 308 

275 250 Compaction Temperature Range, F 262 - 275 

329 113       

         

Specific Gravity@ 

60F 1.0291       
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Figure B 1. Temperature curve of PG 58-34 binder 

 

 
 

Figure B 2. Temperature curve of PG 64-22 binder 
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Figure B 3. Temperature curve of PG 76-22 binder 

 

 

The following figures show the binder properties provided by McCall Oil. 
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Figure B 4. PG 58-34 binder properties 
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Figure B 5. PG 64-22 binder properties 
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Figure B 6. PG 76-22 binder properties 
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APPENDIX C: THEORETICAL MAXIMUM SPECIFIC GRAVITIES  

 

Table C 1. Theoretical maximum specific of the mixtures with 30% RAP content, binder 

contents of 6%, 6.4%, and 6.8%, and binder grades of PG 58-34, PG 64-22, and PG 76-22 

 

Sample 

A B C D E F G 

Bag 

Weight 

(g) 

Sample 

Weight 

in Air 

(g) 

Weight 

of 

Bags+ 

Sample 

in Water 

Volume 

in Water 

(A+B-C) 

Volume 

of Bag 

(A/Vc) 

Sample 

Volume 

(D-E) 

Gmm 

(g/cm3) 

PG 58-34, BC6, RAP30% 78.4 1929.4 1129.4 878.4 103.17 775.23 2.49 

PG 58-34, BC6, RAP30% 78.0 1984.6 1133.4 929.2 102.89 826.31 2.40 

PG 58-34, BC6, RAP30% 77.6 1952.0 1141.8 887.8 102.28 785.52 2.48 

PG 58-34, BC6.4, RAP30% 78.6 1953.4 1145.6 886.4 103.50 782.90 2.50 

PG 58-34, BC6.4, RAP30% 78.8 1974.4 1153.6 899.6 103.83 795.77 2.48 

PG 58-34, BC6.4, RAP30% 78.8 1982.8 1158.0 903.6 103.86 799.74 2.48 

PG 58-34, BC6.8,RAP30% 78.2 1922.6 1122.2 878.6 102.90 775.70 2.48 

PG 58-34, BC6.8, RAP30% 78.0 1963.4 1143.6 897.8 102.81 794.99 2.47 

PG 58-34, BC6.8, RAP30% 77.6 1957.6 1138.8 896.4 102.30 794.10 2.47 

PG 64-22, BC6, RAP30% 77.6 1966.4 1157.2 886.8 102.33 784.47 2.51 

PG 64-22, BC6, RAP30% 78.0 1957.2 1151.0 884.2 102.79 781.41 2.50 

PG 64-22, BC6, RAP30% 77.6 1981.6 1164.2 895.0 102.39 792.61 2.50 

PG 64-22, BC6.4, RAP30% 78.0 1964.2 1151.2 891.0 102.81 788.19 2.49 

PG 64-22, BC6.4, RAP30% 77.6 1960.4 1148.8 889.2 102.31 786.89 2.49 

PG 64-22, BC6.4, RAP30% 77.8 1977.4 1157.2 898.0 102.62 795.38 2.49 

PG 64-22, BC6.8, RAP30% 77.8 1917.0 1121.4 873.4 102.39 771.01 2.49 

PG 64-22, BC6.8, RAP30% 77.8 1939.0 1134.6 882.2 102.47 779.73 2.49 

PG 64-22, BC6.8, RAP30% 78.2 1948.4 1137.6 889.0 103.00 786.00 2.48 

PG 76-22, BC6, RAP30% 79.4 1942.6 1142.2 879.8 104.44 775.36 2.51 

PG 76-22, BC6, RAP30% 78.0 1936.0 1140.2 873.8 102.70 771.10 2.51 

PG 76-22, BC6, RAP30% 78.0 1960.0 1152.2 885.8 102.80 783.00 2.50 

PG 76-22, BC6.4,RAP30% 78.4 1960.0 1146.4 892.0 103.29 788.71 2.49 

PG 76-22, BC6.4, RAP30% 78.0 1964.8 1147.8 895.0 102.82 792.18 2.48 

PG 76-22, BC6.4, RAP30% 78.2 1946.2 1140.0 884.4 102.99 781.41 2.49 

PG 76-22, BC6.8,RAP30% 78.0 1941.0 1133.0 886.0 102.72 783.28 2.48 

PG 76-22, BC6.8, RAP30% 77.6 1960.8 1142.2 896.2 102.31 793.89 2.47 

PG 76-22, BC6.8, RAP30% 77.2 1970.6 1147.6 900.2 101.86 798.34 2.47 

Note: BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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Table C 2. Theoretical maximum specific of the mixtures with 40% RAP content, binder 

contents of 6%, 6.4%, and 6.8%, and binder grades of PG 58-34, PG 64-22, and PG 76-22 

 

Sample 

A B C D E F G 

Bag 

Weight 

(g) 

Sample 

Weight 

in Air 

(g) 

Weight 

of Bags+ 

Sample 

in Water 

Volume 

in Water 

(A+B-C) 

Volume 

of Bag 

(A/Vc) 

Sample 

Volume 

(D-E) 

Gmm 

(g/cm3) 

PG 58-34, BC6, RAP40% 78.6 1959.8 1158.6 879.8 103.53 776.27 2.52 

PG 58-34, BC6, RAP40% 78.6 1959.0 1158.0 879.6 103.53 776.07 2.52 

PG 58-34, BC6, RAP40% 78.6 2018.8 1192.2 905.2 103.76 801.44 2.52 

PG 58-34, BC6.4, RAP40% 79.0 1941.0 1145.2 874.8 103.94 770.86 2.52 

PG 58-34, BC6.4, RAP40% 78.8 1999.2 1177.6 900.4 103.93 796.47 2.51 

PG 58-34, BC6.4, RAP40% 78.2 1988.6 1171.8 895.0 103.15 791.85 2.51 

PG 58-34, BC6.8, RAP40% 78.2 1933.8 1134.4 877.6 102.94 774.66 2.50 

PG 58-34, BC6.8, RAP40% 78.0 1933.4 1134.6 876.8 102.69 774.11 2.50 

PG 58-34, BC6.8, RAP40% 77.6 2026.2 1182.8 921.0 102.57 818.43 2.48 

PG 64-22, BC6, RAP40% 80.2 1957.9 1151.0 887.1 105.47 781.63 2.50 

PG 64-22, BC6, RAP40% 80.3 1956.5 1150.0 886.8 105.59 781.21 2.50 

PG 64-22, BC6, RAP40% 80.5 1952.8 1148.6 884.7 105.82 778.88 2.51 

PG 64-22, BC6.4, RAP40% 78.2 1967.6 1155.2 890.6 103.07 787.53 2.50 

PG 64-22, BC6.4, RAP40% 77.4 1954.4 1149.2 882.6 102.04 780.56 2.50 

PG 64-22, BC6.4, RAP40% 80.2 1963.4 1155.6 888.0 105.50 782.50 2.51 

PG 64-22, BC6.8, RAP40% 79.8 1947.4 1140.2 887.0 104.94 782.06 2.49 

PG 64-22, BC6.8, RAP40% 80.0 1960.4 1150.2 890.2 105.24 784.96 2.50 

PG 64-22, BC6.8, RAP40% 77.2 1935.2 1134.2 878.2 101.73 776.47 2.49 

PG 76-22, BC6, RAP40% 79.4 1979.4 1163.8 895.0 104.58 790.42 2.50 

PG 76-22, BC6, RAP40% 79.2 1969.2 1157.8 890.6 104.30 786.30 2.50 

PG 76-22, BC6, RAP40% 79.4 1942.4 1146.0 875.8 104.44 771.36 2.52 

PG 76-22, BC6.4, RAP40% 77.6 1962.2 1151.6 888.2 102.32 785.88 2.50 

PG 76-22, BC6.4, RAP40% 77.0 1959.4 1150.2 886.2 101.58 784.62 2.50 

PG 76-22, BC6.4, RAP40% 76.8 1942.6 1141.4 878.0 101.27 776.73 2.50 

PG 76-22, BC6.8, RAP40% 78.2 1942.8 1137.6 883.4 102.97 780.43 2.49 

PG 76-22, BC6.8, RAP40% 77.8 1950.8 1138.4 890.2 102.52 787.68 2.48 

PG 76-22, BC6.8, RAP40% 77.0 1963.0 1144.8 895.2 101.59 793.61 2.47 

Note: BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 
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APPENDIX D: ONE EXAMPLE OF BATCHING 

 

The following example shows the procedure of calculating the quantity of materials for the mixture 

with 30% RAP, 6% binder content, and binder grade of PG 58-34. 

 

Table D 1. Quantity of coarse, medium, and fine aggregates and RAP materials for the 

mixture with 30% RAP, 6% binder content, and binder grade of PG 58-34 

 

 

 

stockpile coarse medium fine RAP

stockpile percentage, Psi 32 18 20 30

total percentage

sieve size %retained cum. Retained %passing

3/4" 100.0 100.0 100.0 100.0 0.0 0.0 100.0 100 0.0 0.0

1/2" 95.8 100.0 100.0 98.3 1.9 1.9 98.1 98 -0.1 0.0

3/8" 53.1 98.2 100.0 88.3 16.8 18.7 81.3 83 1.7 2.9

1/4" 21.9 64.9 100.0 71.3 21.0 39.7 60.3 59 -1.3 1.7

#4 13.2 38.0 99.9 61.9 10.5 50.2 49.8 49 -0.8 0.7

#8 2.3 3.3 83.3 44.1 18.5 68.6 31.4 31 -0.4 0.1

#16 1.3 1.3 55.1 31.1 10.3 78.9 21.1 22 0.9 0.8

#30 1.2 1.2 35.8 23.3 6.3 85.2 14.8 16 1.2 1.5

#50 1.1 1.1 23.7 17.1 4.3 89.5 10.5 11 0.5 0.3

#100 1.1 1.1 15.6 12.9 2.9 92.5 7.5 8 0.5 0.2

#200 0.9 1.0 10.7 8.4 2.4 94.8 5.2 6.3 1.1 1.3

pan 0 0 0 0 5.2 100.0 0.0 0 0.0 0.0

binder conent --- ---- ---- 6.22 9.4root mean square error

Comparison: Combined vs. Target

100 combined aggregate

target %pass Diff Diff^2percentage passing

stockpile coarse medium fine RAP coarse medium fine RAP (agg)

stockpile percentage, Psi 32 18 20 30 32 18 20 30

total percentage

sieve size

3/4" 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1/2" 4.2 0.0 0.0 1.7 91.9 0.0 0.0 34.9 91.9 26.5 1.2

3/8" 42.7 1.8 0.0 10.0 923.5 22.8 0.0 205.1 946.2 429.5 19.6

1/4" 31.2 33.3 0.0 17.0 674.9 414.0 0.0 348.7 1088.9 596.6 27.3

#4 8.7 26.9 0.1 9.4 187.4 335.0 0.9 192.8 523.3 251.8 11.5

#8 10.9 34.7 16.6 17.8 236.5 432.1 228.7 365.2 897.3 366.8 16.8

#16 1.0 1.9 28.3 13.0 21.2 24.2 389.5 266.7 434.9 205.5 9.4

#30 0.1 0.1 19.3 7.8 2.9 1.8 266.3 160.0 271.0 125.3 5.7

#50 0.1 0.1 12.1 6.2 1.3 0.6 166.3 127.2 168.2 89.5 4.1

#100 0.1 0.0 8.1 4.2 1.3 0.5 112.1 86.2 114.0 43.0 2.0

#200 0.1 0.1 4.9 4.5 2.4 1.0 67.1 92.3 70.6 25.3 1.2

pan 0.9 1.0 10.7 8.4 20.5 12.6 147.4 172.3 180.5 27.6 1.3

2163.63 1244.66 1378.40 2051.43 4786.7 2187.49

total weight

100

batch mass, gramspercentage retained

Virgin 

Agg (g)

RAP 

(total,g)

RAP + 

binder 

%remained
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Table D 2. Quantity of binder, RAP materials, and total aggregates for the the mixture 

with 30% RAP, 6% binder content, and binder grade of PG 58-34 

 

 
 

target binder content % 6

aggregate mass, g 6838.107495

mixture mass, g 7274.582441

RAP binder (gr) 136.06

RAS binder (gr) 0

virgin binder (gr) 300.4127948

Gmm 2.487

Gmb 2.31291

airvoid content (%) 7

gyratory height 0.17

 mass of sample in GC (g) 6928.173754
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APPENDIX E: SEMI-CIRCULAR BEND TEST RESULTS 

 

The following tables and figures show output data from UTM device of SCB test of the mixture 

with 30% RAP content, 6% binder content, and PG 58-34 binder grade. 

 

 
 

Figure E 1. An example of output SCB test of the sample with 30% RAP content, 6% binder 

content, and PG 58-34 binder grade 

 

The following tables represent the parameters calculated from the conducted SCB tests on the 

samples with different combinations of RAP contents, binder contents, and binder grades.  
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Table E 1. SCB output parameters of the mixtures with RAP contents of 30% and 40%, 

binder contents of 6%, 6.4%, and 6.8%, and binder grade of PG 58-34 

 

Sample ID Ppeak(KN) G𝑓(KJ/m) S(N/mm) KIC (MPa×m^0.5) FI 

SCB-B1-R30-BC6-N1-R1 1.334739 0.932583 0.747716 0.165827 6.065515 

SCB-B1-R30-BC6-N1-R2 1.01861 0.660832 0.665133 0.127035 7.353682 

SCB-B1-R30-BC6-N1-R3 1.300811 1.003422 0.752647 0.1626 9.604394 

SCB-B1-R30-BC6-N1-R4 0.944208 0.801379 0.540906 0.11969 13.06569 

SCB-B1-R30-BC6.4-N1-R1 0.992688 0.882511 0.52462 0.134064 10.85301 

SCB-B1-R30-BC6.4-N1-R2 0.884587 0.773015 0.523993 0.11911 13.38828 

SCB-B1-R30-BC6.4-N1-R3 0.732918 0.688381 0.451726 0.106011 12.20928 

SCB-B1-R30-BC6.4-N1-R4 0.944208 0.801379 0.540906 0.11969 13.06569 

SCB-B1-R30-BC6.8-N1-R1 0.554409 0.664644 0.255929 0.075043 21.59776 

SCB-B1-R30-BC6.8-N1-R2 0.659996 0.871872 0.282231 0.087932 30.38775 

SCB-B1-R30-BC6.8-N1-R3 0.517494 0.510292 0.284172 0.067537 14.95304 

SCB-B1-R30-BC6.8-N1-R4 0.680646 0.778366 0.303828 0.089655 15.94785 

SCB-B1-R40-BC6-N1-R1 1.713902 0.995252 1.018796 0.233018 3.342299 

SCB-B1-R40-BC6-N1-R2 1.7313 1.010353 1.004071 0.224833 3.434897 

SCB-B1-R40-BC6-N1-R3 1.578773 1.115036 0.894637 0.213934 6.81095 

SCB-B1-R40-BC6-N1-R4 1.43726 0.974227 0.869208 0.186826 6.005766 

SCB-B1-R40-BC6.4-N1-R1 1.650921 1.241505 0.8708 0.218231 7.209115 

SCB-B1-R40-BC6.4-N1-R2 1.659602 1.26043 0.949409 0.219498 7.879071 

SCB-B1-R40-BC6.4-N1-R3 1.316 0.847397 0.88124 0.176959 5.603601 

SCB-B1-R40-BC6.4-N1-R4 1.25529 0.853148 0.820595 0.163873 7.067049 

SCB-B1-R40-BC6.8-N1-R1 1.377683 1.292614 0.666054 0.18734 14.22936 

SCB-B1-R40-BC6.8-N1-R2 1.415205 1.348643 0.722117 0.183784 13.43798 

SCB-B1-R40-BC6.8-N1-R3 0.895037 0.769656 0.545391 0.121284 11.37469 

SCB-B1-R40-BC6.8-N1-R4 0.925418 0.850085 0.511584 0.120242 11.65955 

Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 

 R1= replicate 1, R2 = replicate 2, R3 = replicate 3, and R4 = replicate 4. 
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Table E 2. SCB output parameters of the mixtures with RAP contents of 30% and 40%, 

binder contents of 6%, 6.4%, and 6.8%, and binder grade of PG 64-22 

 

Sample ID Ppeak(KN) G𝑓(KJ/m) S(N/mm) KIC (MPa×m^0.5) FI 

SCB-B2-R30-BC6-N1-R1 1.690027 1.00423 1.092149 0.225821 4.881555 

SCB-B2-R30-BC6-N1-R2 2.099718 1.338342 1.286017 0.276906 6.066062 

SCB-B2-R30-BC6-N1-R3 2.115344 1.218491 1.317466 0.293268 4.075961 

SCB-B2-R30-BC6-N1-R4 1.795603 1.241341 1.054114 0.245573 6.77194 

SCB-B2-R30-BC6.4-N1-R1 1.536024 1.178503 0.912176 0.204693 8.741626 

SCB-B2-R30-BC6.4-N1-R2 1.589597 1.279484 0.907322 0.21745 9.545497 

SCB-B2-R30-BC6.4-N1-R3 2.468214 2.082823 1.310117 0.319166 6.581691 

SCB-B2-R30-BC6.4-N1-R4 1.390283 0.986151 0.970261 0.184109 8.190074 

SCB-B2-R30-BC6.8-N1-R1 1.789496 1.818763 0.696907 0.243718 11.85493 

SCB-B2-R30-BC6.8-N1-R2 1.295952 1.094757 0.688757 0.171199 9.614523 

SCB-B2-R30-BC6.8-N1-R3 1.316622 1.637103 0.637763 0.18263 32.56863 

SCB-B2-R30-BC6.8-N1-R4 1.399538 1.254098 0.703601 0.192902 11.04857 

SCB-B2-R40-BC6-N1-R1 2.063133 1.13688 1.344699 0.286016 4.445504 

SCB-B2-R40-BC6-N1-R2 2.543138 1.590926 1.382835 0.345878 3.345155 

SCB-B2-R40-BC6-N1-R3 2.070894 1.2 1.038394 0.266025 3.881941 

SCB-B2-R40-BC6-N1-R4 3.122043 1.647958 1.692796 0.408557 2.482492 

SCB-B2-R40-BC6.4-N1-R1 2.307711 1.708995 1.101531 0.317075 6.128718 

SCB-B2-R40-BC6.4-N1-R2 1.910275 1.28316 1.162412 0.257219 6.967571 

SCB-B2-R40-BC6.4-N1-R3 2.032226 1.458394 1.235774 0.268286 8.575698 

SCB-B2-R40-BC6.4-N1-R4 1.740358 1.3493 1.018307 0.238658 10.06147 

SCB-B2-R40-BC6.8-N1-R1 1.838985 1.602558 0.872794 0.240791 11.94607 

SCB-B2-R40-BC6.8-N1-R2 1.658912 1.246585 0.968992 0.220448 9.835788 

SCB-B2-R40-BC6.8-N1-R3 1.602207 1.428913 0.703132 0.220104 13.78655 

SCB-B2-R40-BC6.8-N1-R4 1.726532 1.380802 0.956447 0.237689 9.497141 

Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 

 R1= replicate 1, R2 = replicate 2, R3 = replicate 3, and R4 = replicate 4. 
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Table E 3. SCB output parameters of the mixtures with RAP contents of 30% and 40%, 

binder contents of 6%, 6.4%, and 6.8%, and binder grade of PG 76-22 

 

Sample ID Ppeak(KN) G𝑓(KJ/m) S(N/mm) KIC (MPa×m^0.5) FI 

SCB-B3-R30-BC6-N1-R1 2.324836 1.029629 1.704005 0.304545 2.927766 

SCB-B3-R30-BC6-N1-R2 2.781805 1.200177 1.858606 0.368451 2.027122 

SCB-B3-R30-BC6-N1-R3 1.972 0.857019 1.545747 0.288286 1.98266 

SCB-B3-R30-BC6-N1-R4 2.635283 1.308486 1.870414 0.375222 3.28077 

SCB-B3-R30-BC6.4-N1-R1 2.423966 1.053417 1.531824 0.282257 3.039504 

SCB-B3-R30-BC6.4-N1-R2 2.655942 1.065503 1.848318 0.31404 2.767431 

SCB-B3-R30-BC6.4-N1-R3 2.472496 1.443253 1.430282 0.349264 3.10105 

SCB-B3-R30-BC6.4-N1-R4 2.924412 1.023371 1.557565 0.289192 2.591482 

SCB-B3-R30-BC6.8-N1-R1 1.585272 1.05925 1.054538 0.207382 7.884061 

SCB-B3-R30-BC6.8-N1-R2 1.816852 1.252314 1.098874 0.239521 8.224557 

SCB-B3-R30-BC6.8-N1-R3 1.537192 1.237848 0.880737 0.215386 9.834032 

SCB-B3-R30-BC6.8-N1-R4 1.748545 1.293349 0.943271 0.239379 8.01912 

SCB-B3-R40-BC6-N1-R1 2.236957 0.915777 1.651589 0.316687 1.961986 

SCB-B3-R40-BC6-N1-R2 3.163744 1.159176 2.382182 0.444139 1.3602 

SCB-B3-R40-BC6-N1-R3 2.964227 1.187105 2.178698 0.389669 1.923276 

SCB-B3-R40-BC6-N1-R4 2.852603 0.971445 2.171937 0.370327 1.186711 

SCB-B3-R40-BC6.4-N1-R1 2.15281 0.929704 1.685622 0.29732 2.164295 

SCB-B3-R40-BC6.4-N1-R2 2.833779 1.411908 1.896534 0.396284 3.603897 

SCB-B3-R40-BC6.4-N1-R3 2.455876 1.304901 1.747539 0.339116 4.241639 

SCB-B3-R40-BC6.4-N1-R4 2.519657 1.243322 1.74455 0.343277 3.07051 

SCB-B3-R40-BC6.8-N1-R1 1.705179 1.024928 1.154806 0.231898 4.166839 

SCB-B3-R40-BC6.8-N1-R2 2.621298 1.398095 1.603476 0.346566 3.510713 

SCB-B3-R40-BC6.8-N1-R3 2.063202 1.255936 1.197876 0.285003 4.52651 

SCB-B3-R40-BC6.8-N1-R4 2.518905 1.80119 1.420546 0.35347 8.18842 

Note: B1= PG 58-34, B2= PG 64-22, and B3 = PG 76-22. 

 R30 = 30% RAP, and R40 = 40% RAP. 

 BC6= 6% binder content, BC6.4 =6.4 % binder content, and BC6.8 = 6.8% binder content. 

 R1= replicate 1, R2 = replicate 2, R3 = replicate 3, and R4 = replicate 4. 
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APPENDIX F: EXAMPLE OF DATA GENERATED BY UTM DEVICE FOR DYNAMIC 

MODULUS TEST AND DEVELOPING THE MASTER CURVES 

 

The following tables show output data from UTM device of dynamic modulus test for the mixture 

with 30% RAP content, 6% binder content, and PG 58-34 binder grade. 

 

 
 

Figure F 1. An example of output dynamic modulus test of mixture with 30% RAP content, 

6% binder content, and PG 58-34 binder grade 
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An example of the data used to make the dynamic modulus and phase angle master curves is shown 

in the tables below. 

 

Table F 1. VMA and VFA of the mixture with 30% RAP content, 6% binder content, and 

PG 58-34 binder grade 

 

VMA 

Volume, 

% 15.4 

VFA 

Volume, 

% 74.0 

     

Reference 

Temp 20  

 

Table F 2. Dynamic modulus and phase angles of mixture with 30% RAP content, 6% 

binder content, and PG 58-34 binder grade at different temperatures and frequencies 

 

Conditions Specimen 1 Specimen 2 

Averag

e 

Modulu

s 

Averag

e 

Std 

Dev 

Temperatu

re 

Frequenc

y 

Modulu

s 

Phase 

Angle 

Modulu

s 

Phase 

Angle 

Modulu

s CV Phase Phase 

C Hz Ksi Degree Ksi Degree Ksi % Deg Deg 

4 0.1 1165.7 16.0 1222.4 15.7 1194.0 3.4 15.9 0.2 

4 0.5 1482.6 13.4 1552.6 13.2 1517.6 3.3 13.3 0.1 

4 1 1628.8 12.5 1706.5 12.3 1667.6 3.3 12.4 0.1 

4 5 1977.6 10.4 2073.2 10.3 2025.4 3.3 10.3 0.1 

4 10 2138.1 9.7 2231.8 9.5 2185.0 3.0 9.6 0.1 

20 0.1 363.6 26.6 389.1 27.0 376.4 4.8 26.8 0.3 

20 0.5 554.2 23.9 593.6 24.2 573.9 4.9 24.1 0.2 

20 1 649.9 23.1 700.4 23.4 675.2 5.3 23.2 0.2 

20 5 924.0 20.0 999.0 20.1 961.5 5.5 20.1 0.1 

20 10 1055.4 18.8 1150.7 18.9 1103.1 6.1 18.8 0.1 

40 0.01 24.6 27.0 33.7 26.2 29.1 22.2 26.6 0.6 

40 0.1 53.0 30.6 66.6 29.7 59.8 16.1 30.2 0.6 

40 0.5 99.6 31.3 116.5 33.1 108.0 11.0 32.2 1.3 

40 1 130.6 31.7 148.2 34.0 139.4 9.0 32.8 1.6 

40 5 241.3 30.8 256.3 32.5 248.8 4.2 31.6 1.2 

40 10 304.6 31.0 316.8 31.4 310.7 2.8 31.2 0.3 

 

Shift factors and the best-fit curves are presented in the following tables and figures. Dynamic 

modulus data collected at various temperatures (See Figure F 2) can be shifted with respect to the 

loading frequencies so that the different curves can be aligned to form a single smooth master 

curve (See Figure F 4). The shift factor is the mechanism that allows horizontal shifting of the data 
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on the master curve. Actual loading frequencies at different temperature are shifted with respect 

to the reference temperature (20 oC in this thesis) using the shift factors to create the master curves. 

For example, in Figure F 2 loading frequencies at 4 oC are shifted to the right and frequencies at 

40 oC are shifted to the left to make the master curve. Shift factors for different temperature are 

presented in Figure F 5. The same shift factors created for dynamic modulus were used to create 

the master curves for phase angles (See Figure F 6). 

 

 
 

Figure F 2. Dynamic modulus of the mixture with 30% RAP content, 6% binder content, 

and PG 58-34 binder grade at different temperatures and frequencies 

 



Page 203 

 

 

 
Figure F 3. An example of procedure of creating master curve 
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Figure F 4. An example of the master curve of dynamic modulus for the mixture with 30% 

RAP content, 6% binder content, and PG 58-34 binder grade 

 

 
 

Figure F 5. Shift factor curve of the mixture with 30% RAP content, 6% binder content, and 

PG 58-34 binder grade 
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Figure F 6. An example of the master curve of phase angle for the mixture with 30% RAP 

content, 6% binder content, and PG 58-34 binder grade  
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APPENDIX G: FLOW NUMBER TEST RESULTS 

 

An example of the data produced by UTM device Flow Number Test for the sample with 30% 

RAP content, 6% binder content, and PG 58-34 binder grade is presented as follows. This data 

was used to estimate the flow numbers using Francken Model and compare the rutting resistance 

of asphalt mixtures with different binder grades, RAP contents, and binder contents. 

 

 
 

Figure G 1. An example of flow number test output data for the sample with 30% RAP 

content, 6% binder content, and PG 58-34 binder grade 
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APPENDIX H: PAVEMENT HISTORY AND STRUCTURES FOR EACH SECTION 

 

Table H 1. Pavement history for all  

 

Section ID 

Thickness 

(inches) Section ID 

Thickness 

(inches) Section ID 

Thickness 

(inches) 

CA-0501-DGAC-CS 0.3 CA-8149-DGAC 1.9 ID-A320_DGAC_SS 0.2 

CA-0502-DGAC-CS 0.2 CA-8150-DGAC 3.3 ID-A330_DGAC_CS 0.2 

CA-0503-DGAC-CS 0.2 CA-8153-DGAC-CS 0.3 ID-A350_DGAC_CS 0.2 

CA-0504-DGAC 5 CA-8156-DGAC-CS 0.1 ID-C320_DGAC_SS 0.2 

CA-0505-DGAC-CS 0.2 CA-8201-DGAC-CS 0.2 ID-C330_DGAC_CS 0.6 

CA-0506-DGAC 2.2 CA-8202-DGAC-CS 0.3 ID-C350_DGAC_CS 0.4 

CA-0507-DGAC 4.6 CA-8534-OGAC 0.7 OR-2002_DGAC 2.3 

CA-0508-RAPHL 4.3 CA-8535-DGAC-CS 0.1 OR-5006_CPR 2 

CA-0509-RAPHL 2.1 CA-A310-DGAC 1.3 OR-5008_CPR 2 

CA-0559-DGAC-CS 0.3 CA-A311-DGAC 1.4 OR-7018_CP 1.6 

CA-0561-DGAC 1.9 CA-A320-DGAC-SS 0.3 OR-7019_CP 2.1 

CA-0562-DGAC 2 CA-A321-DGAC-SS 0.2 WA-1005_DGAC 2.1 

CA-0563-DGAC 2.2 CA-A330-DGAC-CS 0.2 WA-1006_DGAC_CS 0.1 

CA-0565-DGAC 2.7 CA-A340-DGAC-CS 0.2 WA-1007_DGAC 2.3 

CA-0566-OGAC 0.6 CA-A350-DGAC-CS 0.3 WA-1008_DGAC 1.7 

CA-0567-OGAC 0.8 CA-A351-DGAC-CS 0.2 WA-1501_DGAC 1.9 

CA-0568-DGAC 4.4 CA-A352-DGAC-CS 0.4 WA-1801_DGAC 4.5 

CA-0569-DGAC 1.7 CA-A353-DGAC-CS 0.3 WA-6020_DGAC 2.7 

CA-0570-DGAC-CS 0.4 CA-A361-DGAC 2 WA-6048_RAPHL 2.8 

CA-0571-RAPHL 1.8 CA-A362-DGAC 1 WA-6056_RAPCL 1.8 

CA-1253-DGAC-CS 0.2 CA-A363-DGAC-CS 0.2 WA-7322_DGAC 1.8 

CA-2002-DGAC 3.5 ID-1001_DGAC 1.2 WA-A320-DGAC-SS 0.2 

CA-2004-OGAC 0.7 ID-1005_DGAC_CS 0.4 WA-A350-DGAC-SS 0.2 

CA-2038-DGAC-CS 0.2 ID-1007_DGAC_CS 0.2 WA-B310-DGAC 1.3 

CA-2041-DGAC 3.4 ID-1009_DGAC_CSMB 0.6 WA-B320-DGAC-SS 0.2 

CA-2051-DGAC 0.1 ID-1010_DGAC_CS 0.2 WA-B330-DGAC 2 

CA-2053-DGAC 4.1 ID-1020_DGAC_CS 0.2 WA-B350-DGAC-CS 0.5 

CA-2647-DGAC-CS 0.1 ID-9032_DGAC_CS 0.4 WA-C310-DGAC 1.1 

CA-6044-DGAC 4.8 ID-9034_DGAC 2 WA-C320-DGAC-SS 0.2 

CA-7452-DGAC 1.4 ID-A310_DGAC 1 WA-C350-DGAC-CS 0.3 

CA-7491-DGAC 4         

DGAC: dense graded asphalt concrete. 

DGAC_CS: chip-seal on dense graded asphalt concrete overlaid. 

DGAC_SS: slurry-seal on dense graded asphalt concrete overlaid. 

DGAC_CSMB: chip-seal with modified binder on dense graded asphalt concrete overlaid. 

CP: composite pavement. 

CPR: composite pavement having RAP. 

RAPCL: cold-laid recycled asphalt pavement. 

RAPHL: hot-laid recycled asphalt pavement. 


